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Resveratrol (RES) displays strong antioxidant and anti-inflammatory properties in protecting the animals from various stressors and inflammatory injuries, but its interrelationship with the gut microbiota remained largely unclear. This study was carried out to investigate the effects of dietary RES supplementation on growth performance, antioxidant capacity, intestinal immunity and gut microbiota in yellow-feathered broilers challenged by lipopolysaccharide (LPS). A total of 240 yellow-feathered broilers were randomly assigned to four treatment groups in a 2 × 2 factorial design. The broilers were fed with the control diet or control diet supplemented with 400 mg/kg RES, followed by challenge with LPS or the same amount of saline. Dietary RES supplementation significantly alleviated the decreases in the final body weight (BW), average daily gain (ADG), and ADFI induced by LPS (P < 0.05). LPS challenge significantly increased plasma concentrations of triglyceride, high-density lipoprotein cholesterol (HDL-C), aspartate aminotransferase (AST), and cortisol levels, but decreased triiodothyronine (T3) and insulin levels (P < 0.05). Dietary supplementation with RES significantly reversed the elevated creatinine concentrations and the decreased concentrations of T3 and insulin caused by LPS (P < 0.05). Moreover, dietary RES supplementation significantly increased plasma total antioxidant capacity (T-AOC) and catalase (CAT) activities and superoxide dismutase (SOD) and T-AOC activities in jejunal mucosa and reduced malondialdehyde (MDA) concentration in the plasma (P < 0.05). The reduction in the villus height to crypt depth ratio in duodenum, jejunum and ileum and the shortening of villus height in jejunum and ileum caused by LPS were also alleviated by RES treatment (P < 0.05). Furthermore, the increased concentrations of intestinal tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and IL-1β caused by LPS were significantly decreased by RES treatment (P < 0.05). Dietary RES treatment increased the mRNA expression of claudin-1, claudin-5, occludin, and zonula occludens-1 (ZO-1), and decreased mRNA expression of IL-1β, IL-8, IL-17, and TNF-α after LPS challenge (P < 0.05). Dietary RES treatments significantly decreased the dominance of cecal microbiota, and increased the Pieiou-e and Simpson index. Moreover, dietary RES supplementation increased relative abundance of UCG_ 009, Erysipelotrichaceae, Christensenellaceae_R-7_group, Anaerotruncus, RF39, and Ruminococcus while decreasing the abundance of Alistipes at genus level. Spearman correlation analysis revealed that the microbes at the order and genus levels significantly correlated with indicators of growth performance, antioxidant capacity, and intestinal health. Collectively, dietary supplementation with 400 mg/kg RES could improve growth performance and antioxidant capacity, and modulate intestinal immunity in yellow-feathered broilers challenged by LPS at early stage, which might be closely associated with the regulation of gut microbiota community composition.

KEYWORDS
lipopolysaccharide, resveratrol, yellow-feathered broilers, growth performance, gut microbiota


Introduction

With the increasing demands for animal products, the intensive systems has greatly developed over the last few decades. However, the improvement of intensive production makes poultry more vulnerable to various stressors including pathogenic and toxin infections (Kumar et al., 2012). Immune stress represents a great threat to the poultry farming industry. Under immune stress, the overproduction of inflammatory cytokines would lead to impaired intestinal structure and barrier function, thereby affecting the nutrient digestion and absorption and increasing the risk of intestinal inflammation and diseases (Chen et al., 2018; Sun et al., 2021). Moreover, prolonged immune stress can cause suppression of immune function, especially in the early growth stage when the immune system of broiler has not yet well developed (Song et al., 2021). Lipopolysaccharide (LPS) is a major component of the outer membrane of Gram-negative bacteria and has been widely used as a non-pathogenic immune activator to induce immune stress in broilers. Therefore, finding the effective nutrient regulation strategies to protect the intestinal health and maintain immune function are important for improving the production efficiency and disease resistance of poultry.

Resveratrol (RES) (trans-3,5,4′-trihydroxystilbene) is a naturally polyphenol found in a variety of plants, and displays strong antioxidant and anti-inflammatory properties (Liang et al., 2019; Meng et al., 2021), which has great application prospects in animal production. Previous study has shown that RES can effectively alleviate the damages of intestinal morphology and barrier integrity induced by heat stress in broilers (He et al., 2019a,2020). Moreover, dietary RES treatment can reduce diarrhea and intestinal inflammation in piglets by altering intestinal gene expression and gut microbiota (Meng et al., 2019). Indeed, gut microbiota play an important role in the digestion and absorption of nutrients and in the immune response of animals, thus affecting the growth development and health of the host animal (Yao et al., 2021). Previous study has shown that the improvement of growth performance and immunity might be associated with the balanced cecum microbiota in broilers challenged by Escherichia coli (Mohebodini et al., 2019). However, it remained unclear whether the protective effect of RES on the growth performance and intestinal health was involved with the changes of gut microbiota composition and diversity in yellow-feathered broilers challenged with LPS.

Therefore, the purpose of this experiment was to investigate the effects of dietary supplementation with RES on growth performance, plasma biochemical parameters, hormones levels, antioxidant capacity and intestinal health, and tempted to identify their potential relationships with the alterations of gut microbiota in yellow-feathered broilers challenged with LPS.



Materials and methods


Experimental design, diets and management

The experimental protocol (FOSU2022004) was approved by Animal Care and Use Committee of Foshan University (Foshan, China). A total of 240 healthy 1-day-old yellow-feathered broiler male chicks with initial body weight (BW) of 34.43 ± 0.24 g were randomly divided into four treatment groups in a 2 × 2 factorial design, which included the control group (CON), RES group, LPS group, and RES + LPS group. The broilers in CON group and LPS group were fed the basal diet, while those in RES group or RES + LPS group were fed with the basal diet supplemented with 400 mg/kg RES. Each treatment group had five replicates of 12 birds each replicate. The basal diet (Table 1) was formulated according to the nutritional levels recommended by Ministry of Agriculture of the People’s Republic of China. (2020). RES (purity ≥ 98%) was purchased from Shaanxi Sciphar Natural Products Co., Ltd., while LPS (E. coli O55:B5) was provided from Sigma-Aldrich (Saint Louis, MO, United States).


TABLE 1    The composition and nutrient levels of the basal diet for yellow-feathered broilers.
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The experiment lasted 21 days. The chickens of each replicate were kept in individual cage and had free access to feed and drinking water during the whole experiment. At days 16, 18, and 20 of the experiment, the broilers in LPS group and RES + LPS group were injected intraperitoneally with LPS solution (1 mg/kg BW, LPS dissolved in 0.9% saline at a concentration of 1 mg/mL), while the broilers in CON and RES groups were received the same amount of sterilized saline. The challenge dosage and treatment of LPS was chosen accordingly to the previous study (Han et al., 2020).



Sample collection

The boilers in each group were weighed on days 1, 16, 18, 20, and 21 of the experiment, and one chicken with average BW of each replicate was selected for sample collections on day 21. After fasting for 12 h, the blood (10 mL) was collected from the wing veins of the chickens, and centrifuged at 3,000 rpm for 10 min to get the plasma samples for the determination of plasma biochemical parameters, hormone levels and antioxidant indicators. After blood collection, the chickens were subjected for slaughter. Briefly, the middle sections (about 2 cm) of the duodenum, jejunum, and ileum were collected and placed in 10% formalin fixation to determine the intestinal morphology. Then, the mucosal samples were gently scraped from another portion of middle jejunum (about 10 cm) after rinsing with ice-cold saline, and placed into 1.5 mL EP tubes for the determinations of antioxidant indicators and intestinal cytokines. Moreover, the samples of cecum contents were collected and immediately snap-frozen in liquid nitrogen and stored at −80°C to determine the changes of gut microbiota in yellow-feathered broilers.



Determinations


Growth performance

Feed consumption of each replicate was recorded before each weighing or in case of mortality. The average daily gain (ADG), average daily feed intake (ADFI), and feed-to-gain ratio (F/G) were calculated accordingly.



Plasma biochemical parameters and hormones concentrations

The plasma biochemical parameters, including total protein, uric acid, glucose, cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), none-esterified fatty acid (NEFA), total bile acid, aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatine kinase, creatine kinase-MB, and creatinine concentrations were determined according to the methods described previously (Zhu et al., 2020).

The plasma concentrations of hormones including triiodothyronine (T3), thyroxine (T4), insulin, and cortisol concentrations were determined by commercial Elisa kits according to the instructions of the manufacturer (Beijing North Institute of Biotechnology Co., Ltd., Beijing, China).



Analyses of antioxidant capacity in the plasma and jejunal mucosa

The antioxidant indexes of plasma and jejunal mucosa samples including glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC), and malondialdehyde (MDA) were measured using the commercial kits from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China) according to the manufacturer’s instructions.



Measurement of intestinal morphology

The mid-sections of duodenum, jejunum, and ileum were fixed in 10% formalin for 24 h. The fixed samples were embedded in paraffin, and cross sections of each sample were fixed on slides coated with polylysine, deparaffinized, rehydrated, and then stained with hematoxylin-eosin (HE). Sections were observed using an Olympus MD50-T microscope. The villus height and crypt depth of at least 25 villus samples were measured by MShot Image Analysis System (Guangzhou, China), and the ratio of villus height to crypt depth was calculated accordingly.



Measurement of intestinal cytokine secretions

Intestinal cytokines including intestinal tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), IL-1β, IL-17, and transforming growth factor-β (TGF-β) were quantified using the commercial Elisa kits according to manufacturer protocols (Cusabio, Barksdale, DE, United States).



RNA extraction, cDNA synthesis and real time quantitative PCR

Total RNA was isolated from jejunal mucosa samples using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. The purity and concentration of RNA were determined using a model DS-11 spectrophotometer (DeNovix, Wilmington, DE, United States). The total RNA (1 μg) was used to synthesize cDNA using a T100 Thermal Cycler (Bio-Rad, Hercules, CA, United States). The real time quantitative PCR (RT-qPCR) analysis was performed in triplicate using a final volume of 10 μL of SYBR Green (Bio-Rad, Hercules, CA, United States) by a 10-fold dilution of cDNA. The targeted gene-specific primers (Table 2) were designed by Primer 5.0 and synthesized by Tsingke Biotechnology Co., Ltd. (Beijing, China). The RT-qPCR conditions were 95°C for 5 min, followed by 40 amplification cycles (95°C for 15 s, 60°C for 30 s, and 72°C for 30 s). The β-actin was used as an internal control and the fold change of targeted genes was calculated with β-actin for each sample using the 2–ΔΔCt method.


TABLE 2    Sequence, product size and accession number of primers for quantitative real-time PCR.

[image: Table 2]



Analysis of gut microbial composition and diversity

The 16S RNA sequencing technique was used to determine the potential changes in the composition and diversity of the gut microbiota in yellow-feathered broilers fed with RES-supplemented diets followed by challenge with LPS. Microbial DNA was extracted from cecum contents using a DNA kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The qualified extracted DNA samples were then diluted to 1 ng/μL using sterile water and the V3–V4 variable region of the 16S rRNA gene was amplified using specific primers (341 F: 5′-CCTAYGGGRBGCASCAG-3′; 806 R: 5′-GGACTACNNGGGTATCTAAT-3′). PCR amplicons were purified using the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The PCR products that meet the library construction requirements were used for library construction using TruSeq DNA PCR-Free Sample preparation library construction kit (Illumina, San Diego, CA, United States) and then sequenced by HiSeq 2500 PE 250 platform (Novogene Bioinformatics Technology Co., Ltd., Tianjin, China). The 16S rRNA sequencing data was performed using the QIIME software package. The high-quality sequences of operational taxonomic units (OTUs) at a 97% identity were aligned against the SILVA database (Ribocon GmbH, Bremen, Germany) after removing chimeric sequences via UCHIME software (Tiburon, CA, United States). The Venn diagram with shared and unique OTUs was used to identify the similarity and difference among treatments. The alpha-diversity parameters included Chao 1, Dominance Observed-OTUs, Pieiou-e, Shannon index, and Simpson index. The principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS) were accessed to calculate the β-diversity between groups. The differences in the relative abundances of microbiota among treatments were compared using the linear discriminant analysis effect size (LEfSe) and Metastat analysis. The Spearman correlations between the representative bacteria at phylum, order, and genus levels and the significant phenotype parameters concerning growth performance, antioxidant capacity, intestinal health were plotted as heatmaps using the R package (version 2.15.3).




Statistical analysis

The data were subjected to two-way ANOVA by SPSS 23.0 (SPSS, Inc., Chicago, IL, United States) to analyze the main effects of LPS or RES and their interactions. Significant differences between means were compared using Duncan’s multiple comparison. The replicates (n = 5) were considered as experimental units. The results were expressed as mean and combined standard error (SEM). P < 0.05 was considered as significantly different while P < 0.10 indicated a trend.




Results


Growth performance

As shown in Table 3, LPS challenge caused significant decreases in final BW at days 21, ADG and ADFI during days 16–21 (post-challenge with LPS) and the whole period (days 1–21) in yellow-feathered broilers (P < 0.01), but dietary supplementation with 400 mg/kg RES significantly alleviated the decreases in these growth performance parameters during this period caused by LPS (P < 0.05). Moreover, no significant RES × LPS interaction for final BW, ADG, ADFI, or F/G during days 16–21 was observed after LPS challenge (P > 0.05). Additionally, dietary supplementation with 400 mg/kg RES significantly increased the ADFI during days 1–16 (pre-challenge) in yellow-feathered broilers compared to those fed with the basal diets (P < 0.05) (data not shown).


TABLE 3    Effect of dietary resveratrol supplementation on growth performance in yellow-feathered broilers with lipopolysaccharide1.
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Plasma biochemical parameters and hormones concentrations

Lipopolysaccharide challenge resulted in significant increase of plasma concentrations of triglyceride, HDL-C, AST, total bile acid, creatine kinase, creatine kinase-MB and creatinine in yellow-feathered broilers (P < 0.05) (Table 4). In contrast, dietary supplementation with 400 mg/kg RES significantly alleviated the elevated creatinine concentrations and decreased the concentration of creatine kinase-MB caused by LPS (P < 0.05). Moreover, there was a significant RES × LPS interaction in plasma NEFA concentrations of yellow-feathered broilers (P = 0.038). However, the plasma concentrations of total protein, glucose, urea acid, cholesterol, ALT, and LDL-C in yellow-feathered broilers were not significantly changed among different treatments (P > 0.05).


TABLE 4    Effect of dietary resveratrol supplementation on plasma biochemical parameters and hormones concentrations in yellow-feathered broilers with lipopolysaccharide1.
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According to Table 4, the plasma hormone concentrations of T3, T4, and insulin was significantly decreased and plasma cortisol concentrations was significantly increased in yellow-feathered broilers (P < 0.05). In contrast, dietary supplementation with 400 mg/kg RES significantly reversed the decrease in plasma T3 and insulin concentrations and the increase in cortisol concentrations induced by LPS challenge (P < 0.05).



Antioxidant capacity

The results of antioxidant capacity of plasma and jejunal mucosa are shown in Table 5. LPS challenge caused a significant decrease in plasma GSH-Px, SOD, CAT, and T-AOC activities and a significant increase in plasma MDA concentrations in yellow-feathered broilers (P < 0.05). Dietary supplementation with 400 mg/kg RES significantly the increase in plasma CAT and T-AOC activities caused by LPS (P < 0.05). Moreover, a significant increase in SOD and T-AOC activities was found in the jejunal mucosa of yellow-feathered broilers by LPS challenge (P < 0.05). Dietary supplementation with 400 mg/kg RES significantly increased jejunal SOD and T-AOC activities (P < 0.05). However, no significant LPS × RES interaction for these variables was observed. And there were no significant changes in plasma SOD activity as well as the CAT and MDA activities in jejunal mucosa among different treatments (P > 0.05).


TABLE 5    Effect of dietary resveratrol supplementation on antioxidant capacity in yellow-feathered broilers with lipopolysaccharide1.
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Intestinal morphology

The analysis of intestinal morphology (Figure 1) showed that LPS challenge resulted in intestinal damages in the duodenum, jejunum, and ileum of yellow-feathered broilers, as evidenced by a significant shortening of villus height and a highly significant decrease in villus height to crypt depth ratio of duodenum, jejunum, and ileum (P < 0.01) and an increase in crypt depth of duodenum and ileum (P < 0.05). However, the addition of RES at 400 mg/kg significantly alleviated the reduction in the ratio of villus height to crypt depth in the duodenum, jejunum and ileum and prevented the shortening of villus height in jejunum and ileum caused by LPS (P < 0.05), and significantly reduced the crypt depth in the ileum in yellow-feathered broilers (P < 0.05).
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FIGURE 1
Effect of dietary resveratrol supplementation on intestinal morphology in yellow-feathered broilers with lipopolysaccharide. (A) Duodenum. (B) Jejunum. (C) Ileum. (D) The represent images of HE staining. Original magnification 40×, scale bar 20 μm. Values are means and standard error of the means, n = 5 per treatment. abc Means in the columns with different superscripts differ (P < 0.05). CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.




The mRNA expression and secretion of cytokines in the jejunal mucosa

The real-time PCR analysis (Figure 2A) showed that LPS challenge upregulated (P < 0.01) the mRNA expression levels of IL-1β, IL-8, IL-17, and TNF-α and downregulated (P < 0.01) the mRNA expression levels of TGF-β in the jejunum mucosa of yellow-feathered broilers. However, the addition of RES significantly alleviated the changes in the above inflammatory factors caused by LPS (P < 0.01). Specially, dietary supplementation with RES significantly decreased the mRNA expression levels of IL-6, IL-8, and IL-17 in the jejunal mucosa of yellow-feathered broilers (P < 0.05).
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FIGURE 2
Effect of dietary resveratrol supplementation on intestinal gene expression in yellow-feathered broilers with lipopolysaccharide. (A) The mRNA expression of intestinal cytokines. (B) The mRNA expression of tight junctions. Values are means and standard error of the means, n = 5 per treatment. abc Means in the columns with different superscripts differ (P < 0.05). CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.


The Elisa assays (Table 6) also showed that LPS challenge caused a significant increase in TNF-α level and a significant decrease in TGF-β level in the jejunal mucosa of yellow-feathered broilers (P < 0.05). In contrast, the addition of RES at 400 mg/kg significantly alleviated the significant elevation of jejunal TNF-α, IL-6, and IL-1β concentrations compared to LPS group (P < 0.05). However, there is no significant difference in IL-17 level at jejunal mucosa and no significant LPS × RES interaction for these variables observed in present study (P > 0.05).


TABLE 6    Effect of dietary resveratrol supplementation on cytokine secretion in jejunal mucosa of yellow-feathered broilers with lipopolysaccharide1.
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The mRNA expression of intestinal tight junctions

As shown in Figure 2B, LPS challenge significantly decreased (P < 0.01) the mRNA expression levels of claudin-1, claudin-5, occludin, and ZO-1 in jejunal mucosa. Furthermore, dietary supplementation with RES at 400 mg/kg significantly increased the mRNA expression levels of claudin-5, occludin, and ZO-1 in jejunal mucosa of yellow-feathered broilers (P < 0.01).



Gut microbiota composition and diversity

There were 1139, 846, 932, and 345 unique OTUs in the CON group, LPS group, RES group, and RES + LPS group, respectively. A total of 578 common OTUs were found among four treatment groups (Figure 3A). At the phylum level (Figure 3B), the top 10 phyla bacteria were Firmicutes, Proteobacteria, Bacteroidota, Acidobacteriota, Spirochaetota, Campylobacterota, Cyanobacteria, Verrucomicrobiota, Desulfobacterota, and others. At the order level (Figure 3C), the top 10 bacteria were Oscillospirales, Lachnospirales, Lactobacillales, Clostridia_UCG-014, Enterobacterales, Bacteroidales, Pseudomonadales, Clostridia_vadinBB60_group, RF39, Erysipelotrichales, and others. At the genus level (Figure 3D), the top 10 genera bacteria were Faecalibacterium, Clostridia_UCG-014, Lactobacillus, Escherichia-Shigella, CHKC1001, Ruminococcus_torques_group, Streptococcus, Enterococcus, PseuDomonas, Clostridia_vadinBB60_group, and others.
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FIGURE 3
The Venn diagram and relative abundances of bacteria at the phylum, order, and genus levels. (A) Venn diagram. (B) Top 10 bacteria at phylum level. (C) Top 10 bacteria at order level. (D) Top 10 bacteria at genus order. CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.


As shown in Figure 4, the LPS challenge did not affect the alpha diversity of cecal microbiota in yellow-feathered broilers, but the RES treatments significantly decreased the dominance (P = 0.047) of cecal microbiota, and significantly increased the Pieiou-e (P = 0.015) and Simpson index (P = 0.047). There was significant interaction effect of LPS × RES in Pieiou-e of cecal microbiota of yellow-feathered broilers (P = 0.027).
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FIGURE 4
The effect of dietary resveratrol supplementation on the alpha diversity of cecal microbiota in yellow-feathered broilers. ab Means in the columns with different superscripts differ (P < 0.05). CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.


The PCoA analysis (Figure 5A) and NMDS analysis (Figure5B) showed that the distances between CON group and LPS groups or between Control and RES groups were significantly distributed separately. The LEfSe analysis (Figure 5C) also indicated that three bacteria including Lachnospiraceae (Family), Lachnospirales (order), and Ruminococcus_torques_group (genus) were enriched in LPS when comparing to the CON group which enriched Faecalibacterium (genus). In contrast to control, LPS group enriched Lachnospiraceae (family) and Lachnospirales (order), while the CON group enriched Deltia (genus), Ruminococcaceae (family), Faecalibacterium (genus), and Oscillospirales (order). However, the RES + LPS group enriched four bacteria including Firmicutes (phylum), and Clostridia_UCG-014 (order, family, and genus), while the LPS challenge enriched the Enterobacteriaceae (family), Enterobacterales (order), Escherichia_Shigella (genus), and Proteobacteria (phylum).
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FIGURE 5
The effect of dietary resveratrol supplementation on the beta-diversity of cecal microbiota in yellow-feathered broilers. (A) The principal coordinate analysis (PCoA) plot; (B) Non-metric multidimensional scaling (NMDS) plot. (C) The LEfSe analysis (LDA score > 4). CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.


The Metastat analysis (Figure 6) showed that compared to the CON group, the relative abundances of PeH15, UCG-009, Succinivibrio, Acetitomacuium, Christensenellaceae_R-7_group, Fibrobacter, Lachnospiraceae_NK3A20_group, and Rikenellaceae_RC9_gut_group were significantly decreased while those of CHKC1002, IS-44, Leptonema, and Alkaliphilus were significantly increased in LPS group. Compared to the CON group, the relative abundances of PeH15, C39, Fibrobacter, Lachnospiraceae_NK3A20_group, Alistipes, Pseudobutyrivibrio, Saccarofermentans, and Eubacterium_ruminantium_group were significantly decreased while those of Enterococcus, Weissella, Nesterenkonia, and Bacteriap25 were significantly increased in RES group. However, compared to the LPS group, the relative abundances of IS-44, Leptonema, Alkaliphilus, Clostridium_innocuum_group, Catenibacillus, and Castellaniella were significantly decreased while those of UCG_009, Erysipelotrichaceae, Christensenellaceae_R-7_group, Anaerotruncus, RF39, and Ruminococcus were significantly increased in RES + LPS group.
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FIGURE 6
The Metastat analysis of cecal microbiota between treatments of cecal microbiota changes in yellow-feathered broilers. (A) Control group vs. LPS group. (B) Control group vs. RES group. (C) LPS group vs. RES + LPS group. CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.


The Spearman correlation analysis showed that there was no significant correlation between top 10 phyla bacteria with the representative significant phenotypes of the yellow-feathered broilers challenged with LPS (Figure 7A) (P > 0.05). However, at the order level, the relative abundance of Lachnospirales was negatively associated with jejunal SOD and T-AOC activities as well the villus height in the jejunum (Figure 7B) (P < 0.05). Moreover, the Clostridia_vadinBB60_group at both order and genus level was positively correlated with the plasma T-AOC activity and ileal villus height (Figures 7B,C) (P < 0.05). In addition, the intestinal IL-1β concentration was positively correlated with the relative abundance of Lactobacillus at both order (P < 0.05) and genus levels (P < 0.01) (Figures 7B,C), whereas the plasma CAT activity was negatively correlated with the Lactobacillus abundance at genus level (Figure 7C) (P < 0.01). Furthermore, the relative abundance of Streptococcus at the genus level was positively correlated with ADG at 1–21 days (P < 0.05), plasma T-AOC activity (P < 0.05) and jenunal villus height (P < 0.01), but was negatively correlated with intestinal TNF-α (P < 0.01) and IL-1β concentrations (Figure 7C) (P < 0.05). Additionally, the genera Blautia abundance was negatively associated with ileal villus height while plasma MDA concentration was negatively correlated with that of UCG_005 and bacteria p.251.05 (Figure 7C) (P < 0.05). Notably, there was a negative correlation between the relative abundance of genera Alistipes and ADFI at 1–21 days and ileal villus height in yellow-feathered broilers (Figure 7C) (P < 0.05).
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FIGURE 7
The Spearman correlation analysis of gut microbial composition at phylum, order, and genus levels with growth performance, antioxidant capacity, and intestinal health in yellow-feathered broilers. Spearman correlation coefficients of BW at 21 days, ADG and ADFI during 1–21 days, plasma and jenual antioxidant capacity, villus height at jejunum and ileum, and cytokine concentrations with representative cecal microbiota at phylum (A), order (B), and genus (C) level, are represented by color ranging from red (positive correlation) to blue (negative correlation), respectively. * and ** indicates statistically significant difference (P < 0.05) and (P < 0.01), respectively. BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; T-AOC, total antioxidant capacity; CAT, catalase; SOD, superoxide dismutase; MDA, malondialdehyde; VH, villus height; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β.





Discussion

Resveratrol is a natural polyphenolic compound with strong antioxidant and anti-inflammatory activities, which have been widely used for the prevention and treatments of many human diseases and disorders (Wang et al., 2016; Mayangsari and Suzuki, 2018). Increasing evidence also suggested that RES can effectively improve intestinal barrier function (Wang et al., 2022), alleviate the oxidative stress and intestinal inflammation for the enhancement of gut health and performance in piglets (Cao et al., 2019; Qiu et al., 2021), ducks (Yang C. et al., 2021), rats (Wang et al., 2022), and mice (Hao et al., 2022) under different experimental models. It has been well demonstrated that LPS could be used to mimick pathogen infection in broilers for studying immune inflammatory responses (Zhang et al., 2020, 2021; Erinle et al., 2022a). However, studies on the effects of RES on the growth performance, antioxidant capacity, intestinal health and gut microbiota of yellow-feathered broilers at early stage under LPS challenge conditions remained limited. Moreover, whether the protective of RES on broiler performance and health involved with the alterations of gut microbiota remained largely unknown.

Therefore, we investigated the effects of RES on the growth performance, antioxidant capacity and intestinal barrier function and gut microbiota in yellow-feathered broilers challenged with LPS. As expected, the present results showed that LPS significantly impaired the growth performance of yellow-feathered broilers by reducing ADG and ADFI and increasing the F/G during days 16–21. Consistently, previous studies have clearly demonstrated that immune stress induced by LPS excitation severely affected ADG and ADFI in broiler chickens; Yang S. et al., 2021; Zhang et al., 2021 (Kamboh et al., 2016; Li X. et al., 2021). Moreover, the induction of immune stress by LPS injection after 14 days significantly affected the growth performance in weaned piglets (Li Y. S. et al., 2021). Similarly, treatment with LPS for 3–10 times significantly reduced the ADG of rats (Zhong et al., 2018). However, we found that dietary supplementation with RES significantly improved the final BW, as well as the ADG and ADFI during days 16–21 and days 1–21, and significantly reduced the F/G during days 16–21 of yellow-feathered broilers, which indicated that dietary RES supplementation was able to mitigate the LPS-induced decline in growth performance of yellow-feathered broilers at early stage. Our results was consistent with the previous report on the protective effect of RES on the growth performance of broilers under heat stress (He et al., 2019b; Wang et al., 2021) or when receiving conventional vaccinations (Zhang et al., 2014). Additionally, these above results may strengthen the rationale for applying RES to broiler production to improve the growth performance of broilers under LPS challenge as observed in current study.

Plasma biochemical biomarkers are generally used to reflect the physiological and health status of animals. The concentrations of plasma AST and ALT indirectly indicate the health status of the liver and their abnormal activities imply potential hepatic tissue damage (Nyblom, 2004; Zhang et al., 2017a). The present results showed that the injection of LPS could increase the plasma AST level in yellow-feathered broilers. Our results were in accordance with previous study demonstrating an increase in plasma AST activity in response to stress in broilers injected with Salmonella-derived LPS (Erinle et al., 2022a). Previous study also showed that the activity of AST in yellow-feathered broilers was increased by heat stress (He et al., 2019b). Besides, triglyceride mainly participates in body fat and energy metabolism, and infection and inflammation can be leading to multiple alterations in lipid and lipoprotein metabolism (Khovidhunkit et al., 2004). Moreover, HDL-C and LDL-C possess a core structure composed of total cholesterol and triglyceride that associates with the hydrophobic portion of LPS (Feingold and Grunfeld, 2011). The present results showed that LPS challenge resulted in significant increases of plasma creatine kinase, HDL-C and triglyceride concentrations in yellow-feathered broilers, but dietary RES supplementation had no significant mitigating effect on the elevated plasma triglyceride levels, which is consistent with the previous study (Mohebodini et al., 2019). However, the current study showed that RES had a significant alleviating effect on the elevated creatine kinase-MB and creatinine concentrations induced by LPS stress. This is consistent with previous findings that mice pre-treated with RES almost completely counteracted the deleterious effects of LPS-induced creatinine elevation in the liver and kidney (Sebai et al., 2010).

Stressors often cause dynamic changes in the hormones in the hypothalamic-pituitary-adrenal (HPA) axis (Khilji et al., 2018). The activation of the HPA axis in broilers under heat stress conditions leads to elevated plasma glucocorticoid corticosterone (Quinteiro-Filho et al., 2012). Besides, thyroid hormones (T3 and T4) are major metabolic hormones of the body to regulate liver, skeletal muscles, and kidney energy metabolism, as well as maintenance of physiological body temperature (Decuypere et al., 2005). The current results showed that LPS significantly reduced the plasma concentrations of T3, T4 and insulin and significantly increased cortisol levels in yellow-feathered broilers. Our results were in consistent with previous study that heat stress increased the cortisol levels and decreased the T3 and T4 levels in broilers (He et al., 2019b). However, our study shows that dietary supplementation with RES could alleviate the increase of cortisol concentration and the decrease of T3 and insulin caused by LPS stimulation, which might partially explain the improved growth performance of broilers after RES supplementation. Similarly, previous study has shown that supplementation with RES can reduce serum cortisol, T3 and T4, which is beneficial in reducing stress in broilers (Zhang et al., 2017b). This suggested that dietary supplementation with RES might positively regulated the abnormal levels of plasma hormones under LPS challenge to support the enhancements in growth performance.

The broilers are prone to oxidative stress when invaded by pathogenic microorganisms or stimulated by the environment which lead to the imbalance of antioxidant system. In the present study, the plasma GSH-Px, SOD, CAT, and T-AOC activities were significantly reduced and MDA concentration was significantly increased by LPS challenge in yellow-feathered broilers, which is consistent with previous studies that significantly increased MDA levels and reduced GSH-Px and SOD activities in broilers under LPS stimulation (Li X. et al., 2021; Xing et al., 2021). However, RES has a strong antioxidant capacity to capture and scavenge free radicals, which helps to alleviate oxidative stress-induced intestinal damage. Previous study has confirmed that RES can promote the expression of antioxidant genes, regulate the expression of inflammatory cytokines, and can effectively inhibit the apoptosis of piglet intestinal epithelial cells and alleviate the oxidative stress caused by deoxynivalenol (Yang et al., 2019). In our study, dietary addition of RES alleviated the decrease in plasma CAT and T-AOC activities caused by LPS, while increasing the activities of SOD and T-AOC in jejunal mucosa and decrease plasma MDA concentration, which suggested the potential of RES in alleviating the LPS-induced oxidative damages in yellow-feathered broilers. These results might be partially attributed to the hepatoprotective effects and antioxidant capacity of RES (Yang C. et al., 2021). Similarly, dietary RES supplementation has been demonstrated to effectively alleviate the decrease of SOD and CAT activities induced by heat stress with reducing the concentration of MDA at the same time (Liu et al., 2014). These results confirm that RES could effectively exert its antioxidant function to ensure the intestinal health and growth of animals (Kim et al., 2011).

The gastrointestinal tract is not only the main site to digest and absorb nutrients, but also represents the biggest immune organ and endocrine organ in the body (Cannon et al., 2011). Villus height, crypt depth, and their ratio are often used as indicators of gut integrity and maintenance of normal intestinal function (Erinle and Adewole, 2022). Indeed, the increase in the villus height is closely related to enhanced digestive ability, thus promoting the growth and development of animals (Erinle et al., 2022b). In this study, LPS significantly decreased the villus height and the ratio of villus height to crypt depth in the duodenum, jejunum and ileum of broilers. We found that the addition of RES could increase the villus height, and alleviate the intestinal morphological damages induced by LPS, thus improving the intestinal mucosa integrity in yellow-feathered broilers. These results are consistent with previous studies on the protective effect of RES on intestinal morphology and structure (Liu et al., 2016; Zhuang et al., 2021; Hong et al., 2022). Moreover, the intestine mucosal barrier represents the first line of the host defence against invading enteric pathogens and toxins, which plays key roles in nutrient digestion and absorption (Turner, 2009). LPS stimulation can cause intestinal barrier damage, oxidation and immune stress, and then affect the intestinal development and growth performance of livestock and poultry (Gu et al., 2022). Tight junctions (TJs) are protein complexes in intestinal epithelial cells that can regulate intestinal epithelial permeability and maintain the intestinal barrier integrity (Suzuki, 2020). The most commonly recognized TJs included both the intracellular proteins zona occludens (ZO-1, ZO-2, and ZO-3) and transmembrane proteins (claudins and occludin) (Suzuki, 2013). In our study, LPS caused a decrease in the relative mRNA expression of ZO-1, claudin-1, and claudin-5 in jejunal mucosa of yellow-feathered broilers. The previous results showed that LPS-induced duck ileitis accompanied with the destruction of intestinal structure and permeability alteration, severe oxidative stress, mitochondrial dysfunction, and inflammatory response (Wang et al., 2021; Yang H. et al., 2021). Dietary RES supplementation has been demonstrated to effectively alleviated LPS-induced intestinal dysfunction and the increase of intestinal permeability by linearly increasing mRNA levels of several tight junction protein genes (claudin-1, occludin-1, and ZO-1) as well as the protein expression of claudin-1 (Xun et al., 2021). In our study, the claudin-1, occludin, ZO-1 mRNA expression was also significantly increased by RES treatment, which was consistent with a previous study in pigs (Chen et al., 2020). These above results suggested that RES might facilitate the maintenance of intestinal physical barrier function by increasing the expression of tight junction proteins.

The specificity and efficiency of the defense mechanism of intestinal immune response depend on the intestinal mucosa integrity (Ziegler et al., 2003). When the body is stimulated by microbial antigens such as LPS, it will stimulate macrophages, monocytes and endothelial cells to release a series of inflammatory mediators such as cytokines, oxygen free radicals and histamine to cause inflammatory reaction and reduce barrier function (Wu et al., 2015). The classical LPS cytokine cascade system includes IL-1β, IL-6, and TNF-α (Reisinger et al., 2021). In broilers, LPS could result in elevated inflammatory cytokines and reduced immune function, which lead to the damage to the gut integrity and thus causes intestinal immune dysfunction and impaired performance (Kamboh and Zhu, 2014; Wu et al., 2015). In this study, compared with the control group, LPS increased the concentration of TNF-α, IL-6, and IL-1β in jejunal mucosa of broilers, and decreased the concentration of TGF-β. Similarly, LPS significantly increased the mRNA expression of IL-1β, IL-8, IL-17, and TNF-α in jejunal mucosa. In addition, pro-inflammatory cytokines are effective stimulators of the HPA axis. It has been shown that excess of these cytokines may increase energy consumption and reduce food intake (Dec et al., 2020), which might account for the decline in growth performance of broilers by LPS observed in this experiment. However, we found that dietary RES inhibited the increase of the concentration of TNF-α, IL-6, and IL-1β, and increased the TGF-β concentration, as well as inhibiting the mRNA expression of IL-1β, IL-8, IL-17, and TNF-α in jenual mucosa. These results suggested that dietary RES supplementation might effectively reduce the intestinal inflammation to alleviate intestinal injury induced by LPS. Similarly, Qian et al. (2021) also showed that RES could attenuate the prostatic inflammation and reduce the expression of IL-6, IL-8, and TNF-α in rat with oestradiol-induced chronic prostatitis.

The maintenance of the dynamic balance of gut microbiota plays an important role in alleviating inflammation and improving animal intestinal health. The change of cecal microbial community is an important index of intestinal non-specific immune response (Jiang et al., 2021). Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Cyanobacteria are the main phyla of broiler (Chen et al., 2020). Moreover, previous studies have shown that the addition of RES can regulate the balance of intestinal microflora (Sung et al., 2017; Cai et al., 2020). Consistently, our results showed that RES + LPS group increased the abundance of Firmicutes and decreased the abundance of the Proteobacteria compared to the LPS group. Similarly, previous study found that RES (200 mg per kg/day) attenuated the intestinal microflora dysbiosis in mice fed with a high-fat diet especially by increasing the ratio of Bacteroides to Firmicutes ratio, and enhancing the abundance of Lactobacillus (Qiao et al., 2014). Moreover, at the genus level, RES treatments significantly increased the relative abundances of Erysipelotrichaceae and Ruminococcus in the cecal digesta of yellow-feathered broilers. Previous study has demonstrated that the abundance of intestinal Erysipelotrichaceae are positively correlated with carbohydrate consumption (Cox et al., 2012), while the abundance of Erysipelotrichaceae and Ruminococcus has a positive association with short-chain fatty acids (SCFAs) levels (Kong et al., 2019; Li L. et al., 2020). Moreover, we found that the relative abundance of Lachnospirales negatively associated with jejunal SOD and T-AOC activities as well the villus height in the jejunum by Spearman correlation analysis. Importantly, Lachnospiraceae (family) and Lachnospirales (order) was found to be enriched in LPS-induced immune stress group, coupled with reduced antioxidant capacity and impaired intestinal morphology found in current study. Accordingly, a recent study also revealed close correlations between bacterial communities belonging to Bacteroidales and Lachnospirales orders and putative reactive aldehydes covariated with oxidative stress and leaky gut phenotype in mice (Mazenc et al., 2022). Furthermore, another study also showed that the abundance of butyrate-producing bacteria Lachnospiraceae was significantly reduced in rats with stress-induced visceral hypersensitivity (Zhang et al., 2019). However, due to the fact that SCFAs play an important role as an energy substrate to influence the host energy metabolism (Besten et al., 2013), it requires further investigations to clarify whether RES could regulate the SCFAs production and energy metabolism of broilers by modulating the gut microbiota community.

In addition, dietary supplementation with RES significantly reduced the abundance of genera Alistipes in the cecal digesta of yellow-feathered broilers when compared to the control group. Alistipes is highly associated with dysbiosis and inflammation and has been identified as a potential opportunistic pathogen for many diseases, such as liver fibrosis, colorectal cancer, cardiovascular disease, and mood disorders (Rodríguez-Nogales et al., 2017; Kong et al., 2019). Here, the significant negative correlations were found between the relative abundance of cecal Alistipes and ADFI during days 1–21 and villus height in the ileum. So, the reduced abundances of Alistipes by dietary supplementation with RES might be associated with the restore of intestinal morphology and improvement of performance in yellow-feathered broilers. Our results was consistent with previous study in layer pullets demonstrating a significant negative correlation between growth parameters (including ADFI and feed conversion ratio) and Alistipes (Liu et al., 2021). Furthermore, the microbial alpha diversity analysis showed that RES treatments significantly decreased the dominance of cecal microbiota, but increased the Simpson index and Pieiou-e in yellow-feathered broilers, indicating RES impact on regulation of microbial diversity. This was in accordance with previous study that dietary RES altered microbial composition and restored microbial community diversity in dextran sulfate sodium-treated mice (Li F. et al., 2020). In summary, dietary supplementation with RES could cause dynamic changes in the bacterial community as well as microbial diversity in the cecal digesta in yellow-feathered broilers under LPS challenge at early stage, which might be associated with the enhancement of the broiler growth performance and antioxidant capacity, and restore intestinal health and immunity disturbed by LPS.



Conclusion

Collectively, the present results suggest that dietary supplementation with 400 mg/kg of RES could improve the growth performance, antioxidant capacity and immunity, which might be closely linked with the alterations in the gut microbiota community composition in yellow-feathered broilers. The results of this study may provide scientific basis for the application of RES as a feed additive for protecting intestinal health and performance in yellow-feathered broilers. However, further investigations are necessary to elucidate the potential mechanism of gut microbiota as biomarker targets interacting with animal performance and wellbeing through nutritional intervention strategies.
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Silage is rich in nutrients, which can make up for the lack of seasonal roughage, and has a certain promotion effect on the intensive feeding of ruminants. In addition, silage can maintain the rumen function of ruminants to a certain extent and reduce the risk of rumen acidosis and abomasum translocation. The purpose of this study was to investigate the effects of the mixed silage of Chinese cabbage waste and rice straw (mixed silage) on antioxidant performance, rumen microbial population, and fermentation metabolism of Hu sheep. The 16 healthy Hu sheep (eight rams and eight ewes, 39.11 ± 1.16 kg, 5.5 months) were randomly divided into two groups (the control group and the mixed silage group) with eight animals (four rams and four ewes) in each group. The control group was fed with farm roughage (peanut seedlings, corn husk, and high grain shell) as forage, and the mixed silage group was fed with the mixed silage as forage. The results showed that the mixed silage had no effect on the growth performance of Hu sheep (p > 0.05). Ruminal butyric acid, total volatile fatty acids (TVFA), and ammonia nitrogen (NH3-N) concentration in the mixed silage group were increased, whereas the pH was decreased (p < 0.05). The blood and rumen total antioxidants capacity (T-AOC) concentration in the mixed silage group was higher, and the malondialdehyde (MDA) content in rumen, serum, liver, and kidney was lower than that in the control group (p < 0.05). PCoA and ANOSIM results of Illumina sequencing indicated that the mixed silage affected the bacterial composition of the rumen microbes. The mixed silage increased the proportion of Prevotellaceae UCG-004 which was in a positive correlation with Vitamin C (Vc). In addition, PICRUSt functional prediction analysis showed that ascorbate and aldarate metabolism were up-regulated in the mixed silage group (p < 0.05). In conclusion, higher contents of VC and acid detergent fiber (ADF) in the mixed silage were beneficial to the growth and reproduction of Prevotellaceae UCG-004, resulting in increased production of the butyric acid significantly upregulated the metabolism of ascorbate and aldarate metabolism, thereby improving the antioxidant properties of Hu sheep.

KEYWORDS
 mixed silage, Hu sheep, antioxidant properties, high-throughput sequencing, bacterial community


Introduction

As the global population increases, so does the demand for animal products. The growing demand for animal products has also created a huge requirement for animal feed, and the efficient use of existing feed is essential for efficient livestock farming and food safety (Makkar and Ankers, 2014). Chinese vegetable production accounts for 50% of the world’s total production (FAOSTAT, 2016), but it is also accompanied by a large amount of vegetable waste. Vegetable waste, such as cabbage tails, accounts for the majority of food waste, especially in supermarkets, fresh food markets and households (Ma et al., 2017). The rational use of vegetable waste can not only reduce environmental pollution (water and soil pollution, bacteria reproduction, etc.) but also reduce the harm to consumers’ health (Qiao et al., 2020). In addition, vegetable tails contains minerals, vitamins and other nutrients, which can promote the antioxidant properties of ruminants (Seong et al., 2016; Sahoo et al., 2021). The annual production of rice straw in China is about 21 million t/year, accounting for about 47% of the straw production (Wang et al., 2010; Chen, 2016). Fresh crop stalks dry and wilt rapidly, resulting in reduced nutrients such as moisture and soluble substances (Liu et al., 2019). Furthermore, The lower nutritional value and higher silica content of straw results in lower feed utilization and digestibility of rice straw (Cherdthong et al., 2020; Suntara et al., 2020).

There is a certain complementary effect between Chinese cabbage waste and rice straw in terms of physical structure, nutrients, and water content. Air-dried straw stalks and Chinese cabbage waste are available to complete common silage (Ren et al., 2018). Previous studies showed that vegetable waste can be mixed with straw for silage, leading to the higher rate of utilization, for example, broccoli by-products were mixed with wheat straw (Partovi et al., 2020); corn stover were mixed with cabbage (Ren et al., 2018), co-ensiling of sugar beet waste, and wheat straw (Hillion et al., 2018).

Silage treatment can be used for feed utilization of unconventional feed, and has certain positive impacts on the health status, physiology and rumen microorganisms of ruminants (Bampidis and Robinson, 2006; Abd El Tawab et al., 2020). Broccoli by-product and wheat straw (ratio 69:31) mixed feed did not affect rumen fermentation parameters in Fasander lambs (Partovi et al., 2020). In addition, adding 10% silage mulberry leaves to the total mixed diet of Hanwoo cattle can improve the activities of antioxidant enzymes such as total superoxide dismutase (T-SOD) and glutathione peroxidase (GSH-Px; Cheong et al., 2012). Hassanat et al. (2013) found that by increasing the proportion of maize silage in the diet, the richness and diversity of bacterial communities was decreased, but the number of total bacteria and Prevotella spp., was increased which favored the propionate production.

The rumen environment and microflora structure are crucial to the digestion and absorption of nutrients, production performance, and health. The rumen is home to a large number of microorganisms that grow in an anaerobic environment and can adhere to the feed surface and ferment (Palma-Hidalgo et al., 2021). Diet level, geographic distribution, feeding management, and health status are several factors that affect the rumen environment and microbial community structure while the diet level is the biggest factor affecting rumen fermentation and microbial population changes (Henderson et al., 2015; van Lingen et al., 2016).

We hypothesized that the mixed silage could improve the rumen environment and microbial flora structure, thereby enhancing the antioxidant properties of Hu sheep. Therefore, in the present study, we fed Hu sheep mixed silage to explore its effects on the antioxidant properties, rumen fermentation and microorganisms, so as to provide some reference for the application of mixed silage in Hu sheep.



Materials and methods


Mixed silage source and production process

The rice straw was collected from the experimental farms of Yangzhou University in Jiangsu Province. The Chinese cabbage waste was collected from the East Garden Farmers Market in Yangzhou City, Jiangsu Province, China. Lactobacillus plantarum and cellulase used in the experiment were purchased from Guangzhou Lvhui Biotechnology Co., Ltd.

The rice straw and Chinese cabbage tails were cut to 2–3 cm, and then were mixed thoroughly with Lactobacillus plantarum and cellulase in a ratio of 4:6. Lactobacillus plantarum 0.035 g/kg and cellulase 0.25 g/kg were added to each kilogram of mixed silage. After mixing, it was put into silage bags, vacuum-treated with a Meggis vacuum machine, sealed in a cool place for 45 days, and then silaged and sampled after anaerobic fermentation.



Determination of vitamin content

After the mixed silage was completed, the contents of vitamin A (VA), vitamin B2 (VB2), VC, and vitamin E (VE) were determined by commercial kits (Shanghai Enzyme Link Biotechnology Co., Ltd.).



Experimental animals and feeding

We selected 16 healthy Hu sheep with an initial weight of 39.97 ± 1.22 kg and an age of about 5.5 months, and randomly divided them into two groups (n = 8, four rams and four ewes). We took the sheep farm roughage (peanut seedlings, corn husks and high grain husks) as the control group, and the mixed silage group took the mixed silage as the roughage. Both the control group and the mixed silage group were fed 50% roughage and 50% concentrate (based on dry matter (DM), Table 1). Feed formulations were designed according to the nutritional requirements of mutton sheep (NRC, 2007). The feeding experiment was carried out for a total of 5 weeks. The first week was the pre-feeding period, and the remaining period from the second to the fifth week was the experimental period. The experimental Hu sheep were raised in single pens, and the sheep house was cleaned and disinfected before the experiment. All sheep were uniformly dewormed and immunized before entering into the sheep house. In the pre-feeding period and the formal experimental period, each Hu sheep was fed twice a day (8:00 and 18:00). During the experiment, each Hu sheep was free to get clean drinking water.



TABLE 1 Experimental diet formula and nutrition level (DM basis).
[image: Table1]



Determination of growth performance

We recorded the fasting weight of each sheep before the formal start and end of morning feeding, that is, the initial weight (IW) and final weight (FW), to calculate the average daily gain (ADG). The amount of feed and leftovers fed to each sheep was recorded during the experiment to calculate the mean daily feed intake (DMI). Finally, the feed-to-weight ratio (F/W) was calculated according to ADG and DMI.
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Sampling

Before morning feed, 5 Hu sheep were randomly selected from the experimental group and the control group for slaughter after fasting for 24 h and having no access to water for 2 h. The sheep were euthanized by injecting thiopental sodium (0.125 mg/kg BW) and potassium chloride (5–10 ml), and then immediately bloodletting. After slaughtering, the rumen fluid was collected. About 50 ml of rumen fluid from each sheep was collected and filtered with four layers of gauze, and the pH value was measured by a pH meter (Mettler Toledo, Switzerland) immediately. Then, it was sub-packed into four 15 ml centrifuge tubes and stored at −80°C for analysis. Rumen fluid for VFA determination requires the addition of deproteinized solution (100 g metaphosphoric acid and 0.6 g crotonic acid per L) in a 1:1 ratio. During slaughter, we immediately collected blood, muscle (longissimus dorsi), rumen, kidney, spleen, liver, and small intestine (duodenum, jejunum, ileum) samples of Hu sheep.



Determination of rumen fermentation parameters

The content of NH3-N in rumen fluid was determined by phenol sodium hypochlorite colorimetry (Broderick and Kang, 1980). Microprotein (MCP) content was determined by the trichloroacetic acid method (Cotta and Russell, 1982). The content of VFA in rumen fluid was determined by gas chromatography (GC-14B, Kyoto, Japan) meteorological chromatography internal standard method (Pan et al., 2016), and the TVFA and the ratio of acetate to propionate were calculated. The instruments and conditions of gas chromatography were the same as Zhang’s method (Zhang et al., 2021).



Determination of antioxidant enzymes

The levels of superoxide dismutase (SOD), total antioxidant capacity (T-AOC), GSH-Px, malondialdehyde (MDA) and Catalase (CAT) in blood, muscle (longissimus dorsi), rumen, kidney, spleen, liver, and small intestine (duodenum, jejunum and ileum) samples were measured. The kit for index determination was purchased from Nanjing Jiancheng Biotechnology Co., Ltd., Nanjing, China.



DNA extraction, PCR amplification, and computer

After the rumen fluid samples were thawed, the total microbial DNA of the rumen fluid was extracted using the HiPure Soil DNA Kit (purchased from D3142B, Magen Biotechnology Co., Ltd., GuangZhou, China). The extracted DNA was tested for purity and concentration (OD260/280 and OD260/230) with an ultra-micro spectrophotometer (NzanoDrop-1000, Thermo Fisher Scientific Co., Ltd., United States), and then 1% agarose gel electrophoresis was used.

Amplification was performed using bacterial V3-V4 variable region universal primers 341F (5′-CCTACGGGNGGCWGCAG-3′), 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR used 2× Phanta Master Mix, 30 μl reaction system: 10 ng Genomic DNA, 15 μl 2 × Phanta Master Mix, 1 μl Bar-PCR primer F (10 μM), 1 μl Primer R (10 μM), ddH2O supplemented to 30 μl. Reaction program: initial denaturation at 95°C for 5 min; 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 45 s; stretch for 10 min at 72°C. After PCR amplification, the obtained products were detected by 2% gel electrophoresis. The PCR products with correct band size and appropriate concentration were sequenced on the computer. The sequencing company was Genepioneer Biotechnologies Co., Ltd (Nanjing, China) and the platform was Illumina miseq.



Data analysis

We used SPSS Statistics V20.0 Software to test the normal distribution and homogeneity of the data. Vitamin content (VA, VB2, VC and VE) and rumen fermentation parameters (pH, VFA, MCP and NH3-N) were tested in SPSS using independent samples T-test.

Species richness (Chao1 index) and diversity (Simpson and Shannon index) were calculated with the R language picante package and the difference test was performed with Mann–Whitney U nonparametric rank-sum test using IBM SPSS Statistics 20.0 software. Venn diagrams and Principal coordinate analysis (PCoA) diagrams were drawn through the ggplot2 package of the R language. At the same time, the similarity analysis (ANOSIM) calculated by the vegan package of R language shows the similarity between groups, where 0 = indistinguishable, 1 = identical. Determination of ANOSIM’s p-value based on 999 permutation tests. Canonical correlation analysis (CCA) was used to analyze the influence of environmental factors on microorganisms, which was performed through the vegan and ggrepel packages and visualized with ggplot2. Only those bacterial taxa with an abundance >0.1% in at least one sample were analyzed. KEGG microbial gene function prediction analysis was performed using PICRUSt according to previous protocol (Zhang et al., 2022). The Pearson correlations between differential flora and rumen fermentation parameters, as well as differential flora and differential metabolic pathways, were completed by the complot package in R language. When the correlation coefficient (R) was >|0.65| and the p-value was <0.05, the bacterial community and rumen fermentation parameters were considered to be significantly correlated (Wang et al., 2016).




Results


Vitamin content of roughage

In Table 2, the contents of VB2 and VC in the mixed silage group were higher than those in the control group (p < 0.05), and there was no difference in the contents of VA and VE (p > 0.05).



TABLE 2 Comparison of vitamin contents between mixed silage and control.
[image: Table2]



Effects of mixed silage on growth performance of Hu sheep

It can be seen from Figure 1 that the mixed silage did not affect the DMI (Figure 1A), ADG (Figure 1B) and F/W (Figure 1C) of Hu sheep (p > 0.05).

[image: Figure 1]

FIGURE 1
 Effects of the mixed silage on growth performance of Hu sheep. (A) Average daily feed intake; (B) Average daily gain; (C) Feed meat ratio. Control: Based on peanut seedling, corn husk and sorghum shell for roughage in the diet; Mixed Silage: Based on the mixed silage for roughage in the diet.




Effects of mixed silage on antioxidant properties of Hu sheep

Figure 2 shows the comparison of antioxidant properties of blood and organs between mixed silage group and control group. Compared with the control group, the mixed silage increased the concentration of T-AOC in serum and SOD in kidney (p < 0.05). In addition, the content of MDA in serum, liver and kidney decreased (p < 0.05). The effects of the mixed silage on intestinal antioxidant performance of Hu sheep is shown in Figure 3. The mixed silage could increase the content of T-AOC and CAT in rumen and duodenum. In addition, it could reduce the content of MDA in rumen (p < 0.05). The results showed (Table 3) that the content of MDA in the mixed silage group was lower (p < 0.05), while the antioxidant indexes such as T-AOC, SOD, GSH-Px, and CAT were higher than those in the control groups with no differences (p > 0.05).

[image: Figure 2]

FIGURE 2
 Effects of the mixed silage on antioxidant capacity of Hu sheep. (A) MDA content. (B) SOD vitality. (C) T-AOC vitality. (D) GSH-PX vitality. (E) CAT vitality. Control: Based on peanut seedling, corn husk and sorghum shell for roughage in the diet; Mixed Silage: Based on the mixed silage for roughage in the diet. “*” means indicates a significant difference (p < 0.05). No “*” indicates that the difference is not significant (p > 0.05). The same as below.


[image: Figure 3]

FIGURE 3
 Effects of the mixed silage on antioxidant capacity in the digestive tract of fattening Hu sheep. (A) T-AOC vitality. (B) SOD vitality. (C) CAT vitality. (D) GSH-PX vitality. (E) MDA content. Control: Based on peanut seedling, corn husk and sorghum shell for roughage in the diet; Mixed Silage: Based on the mixed silage for roughage in the diet.




TABLE 3 Effects of the mixed silage on muscle anti-oxidation of Hu sheep.
[image: Table3]



Rumen fermentation parameters

The results in the Table 4 showed that the mixed silage could reduce the pH and the concentrations of isovalerate and isobutyrate (p < 0.05). In addition, it increased the concentrations of TVFA, NH3-N, butyrate, and valerate in rumen fluid (p < 0.05).



TABLE 4 Effects of the mixed silage on rumen fermentation parameters in Hu sheep.
[image: Table4]



Rumen microbial diversity, richness, and structure

The results in the Supplementary Table 1 showed that the OTU, Chao1 index, Shannon index and Simpson index of the silage group were higher than those of the control group (p < 0.05). It can be seen from the species accumulation curve (Supplementary Figure 1A) that when the number of samples taken reaches 8, the detection rate of new species is further slowed down, and the species accumulation curve becomes flat (close to the horizontal state), indicating that adding new sequencing samples was important for the discovery of rumen. The contribution of new microbial species was getting smaller and smaller, so the sequencing samples in this experiment can completely cover most of the microorganisms in the rumen environment of Hu sheep. Clustering of sequences with 97% similarity revealed that the two groups shared 1,187 OTUs, 348 were shared by the silage group, and 172 were exclusively shared by the control group (Supplementary Figure 1B). PCoA based on Bray–Curtis distance was drawn for comparison of the two treatments. As it can be seen from Figure 4A that the samples of the mixed silage group were completely separated from the samples of the control group. The results of ANOSIM analysis showed that mixed silage could affect the rumen microflora structure of the fattening Hu sheep (R = 0.536, p = 0.011).

[image: Figure 4]

FIGURE 4
 Structure of rumen bacterial flora in Hu Sheep. (A) Principal coordinate analysis (PCoA) of the bacterial community structure of ruminal microbiota in the control and mixed silage groups. (B) The composition of the top 10 phyla in rumen fluid. (C) Ratio of the proportion of phyla Firmicutes to the proportion of Bacteroidetes. (D) The phyla with the difference in the top 10 phyla. (E) The proportion of the bacterial genus with significant differences among the two groups. Generas with a proportion >0.1% in any one sample will be analyzed. Control: Based on peanut seedling, corn husk and sorghum shell for roughage in the diet; Mixed Silage: Based on the mixed silage for roughage in the diet. PCoA plots were constructed using Bray–Curits distance.


At the phyla level, Bacteroidetes and Firmicumtes were the dominant phyla in both the mixed silage group and the control group (Figure 4B). Furthermore, the ratio of Firmicutes to Bacteroidetes was not different between the two groups (p > 0.05; Figure 4C). Compared with the control group, the mixed silage group increased the proportion of Synergistetes and Kiritimatiellaeota in rumen fluid (p < 0.05; Figure 4D). At the genera level, 21 genera (relative abundance of more than 0.1%) were different between the two groups (p < 0.05; Figure 4E). Compared with the control group, the mixed silage group increased the proportion of Olsenella, Prevotellaceae NK3B31 group, Prevotellaceae UCG-001, Prevotellaceae UCG-004, Elusimicrobium, Anaerovorax, Lachnoclostridium 10, probable genus 10, Papillibacter, Syntrophococcus, Erysipelotrichaceae, Ruminiclostridium 1, Ruminococcaceae UCG-005, Quinella, Schwartzia, Veillonellaceae UCG 001 and Psychrobacter (p < 0.05), but decreased the proportion of Howardella, Lachnospiraceae AC2044 group, Veillonellaceae UCG 001, CPla 4 termite group and M2PT2 76 termite group relative abundance (p < 0.05).



CCA of rumen microflora and differential rumen fermentation parameters

The relationship between the rumen bacterial community and rumen fermentation parameters were analyzed by Canonical correspondence analysis (CCA). As shown in Figure 5A, the relationship between the rumen microflora and isovalerate (p = 0.002), NH3-N (p = 0.003), butyrate (p = 0.021), pH (p = 0.022), valerate (p = 0.048) and TVFA (p = 0.064) contributed to the flora.

[image: Figure 5]

FIGURE 5
 Correlation results between rumen microbiota structure and fermentation parameters or vitamins. (A) CCA to prove the associations between the rumen fermentation parameters and the bacterial community structure. The length of an arrow expresses the relative influence of its corresponding rumen fermentation parameters on the distribution of the bacterial community analyzed. Centroid is displayed for each treatment. The samples are represented by circles and square symbols, respectively. (B) Correlation analyses between proportion of differential bacteria genera and ruminal fermentation parameters and vitamins.




Correlation analysis of microorganisms, vitamins and fermentation parameters

As shown in Figure 5B, there was a negative correlation between pH and Anaerovorax, and a positive correlation with Erysipelotrichaceae UCG-004 (p < 0.05). NH3-N showed a positive correlation with Prevotellaceae UCG-001, Lachnoclostridium 10 and probable genus 10, but a negative correlation with Schwartzia and Howardella (p < 0.05). There was a positive correlation between TVFA and Prevotellaceae NK3B31 group, Papillibacter and probable genus 10 (p < 0.05). Propionate showed a positive correlation with Psychrobacter, Papillibacte and CPla-4 termite group (p < 0.05). Isobutyrate showed a negative correlation with Anaerovorax and Papillibacter. Butyrate showed a positive correlation with Prevotellaceae NK3B31 and Prevotellaceae UCG 004 (p < 0.05). Valerate showed a positive correlation with Quinella, Elusimicrobium, Lachnoclostridium 10 and probable genus 10 (p < 0.05). VB2 was positively correlated with Elusimicrobium, Quinella, and Lachnoclostridium 10 (p < 0.05). VC was positively correlated with Anaerovorax, Prevotellaceae UCG-004 and Prevotellaceae UCG-001, but negatively correlated with Erysipelotrichaceae UCG-004 (p < 0.05).



Prediction of rumen bacterial function

There were 10 significantly different metabolic pathways in the microbiota prediction function between the mixed silage group and the control group (Figure 6A). The mixed silage up-regulated epithelial cell signaling in helicobacter pylori infection, phosphotransferase system (PTS), primary immunodeficiency and ascorbate and aldarate metabolism (p < 0.05), while downregulated aminobenzoate degradation, ethylbenzene degradation, glycolysis/gluconeogenesis, lysine degradation, propanoate metabolism and spliceosome metabolic pathways (p < 0.05).
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FIGURE 6
 Prediction of metabolic pathways and their correlation with rumen microbes. (A) Analysis of differences in functional prediction pathways of rumen flora between the control group and the mixed silage group. (B) Correlation analysis between differential microorganisms and differential pathways. In this graph, each row represents differential metabolic pathways and each column represents differential microorganisms at the genera level. Red circles indicate positive correlations, and blue circles indicate negative correlations.




Correlation analysis between microorganisms and pathways

As shown in Figure 6B, aminobenzoate degradation had a positive correlation with Erysipelotrichaceae UCG-004, Howardella and Schwartzia, and a negative correlation with Prevotellaceae UCG-001 (p < 0.05). Ascorbate and aldarate metabolism were positively correlated with Veillonellaceae UCG-001, Prevotellaceae UCG-004, Elusimicrobium and Quinella (p < 0.05). Epithelial cell signaling in helicobacter pylori infection was positively correlated with Anaerovorax, Prevotellaceae NK3B31 group, Papillibacter and CPla-4 termite group, while negatively correlated with Erysipelotrichaceae UCG-004 and Schwartzia (p < 0.05). Ethylbenzene degradation showed a positive correlation with Schwartzia and a negative correlation with Anaerovorax and Prevotellaceae UCG-004 (p < 0.05). Glycolysis/gluconeogenesis showed a positive correlation with Schwartzia, and a negative correlation with Elusimicrobium, Ruminiclostridium 1, Quinella, Papillibacter, M2PT2–76 termite group, Lachnoclostridium 10, and probable genus 10 (p < 0.05). Lysine degradation had a positive correlation with Erysipelotrichaceae UCG-004 and Howardella, while a negative correlation with Anaerovorax (p < 0.05). Phosphotransferase system (PTS) had a positive correlation with Prevotellaceae UCG-004 (p < 0.05). Primary immunodeficiency was positively correlated with Prevotellaceae UCG-001, Prevotellaceae UCG-004 and Elusimicrobium, but negatively correlated with Quinella (p < 0.05). Spliceosome had a positive correlation with Erysipelotrichaceae UCG-004 and Howardella (p < 0.05). In addition, propanoate metabolism was found negatively correlated with Ruminiclostridium 1 (p < 0.05).




Discussion

The production, utilization and elimination of free radicals in the body are in a dynamic balance. When this balance is broken, the body produces oxidative stress, the reactive oxygen species cause lipid peroxidation, giving rise MDA as a final product (Honaramooz et al., 2011). The complex antioxidant system in the body is influenced by dietary intake of antioxidants (taurine, etc.), vitamins (VC and VE), and minerals (Zn etc.; Agarwal and Gupta, 2005). SOD is an intracellular antioxidant enzyme that protects against oxidative stress (Bhatia et al., 2003). CAT exists in red blood cells and peroxides in certain tissues, and can make H2O2 react to generate water and oxygen molecules (Zhao et al., 2017). Serum T-AOC is primarily considered to be a proxy for the balance between oxidative and antioxidant compounds in the body, and it provides more biologically relevant information than any other individual antioxidants (Ghiselli et al., 2000). The results showed that T-AOC in serum and rumen of the mixed silage group were significantly higher than those in the control group. SOD activity in the kidney was observed significantly higher, while CAT activity in the rumen and duodenum was seen higher significantly. In addition, MDA content in the muscle, serum, liver, kidney and rumen of the mixed silage group was significantly lower than that of the control group. This may be caused by the higher content of VC in the mixed silage. Sahoo et al. (2021) results showed that the addition of fresh fruit and vegetable tails to the diet increased the ability of T-AOC in the blood of ewes. VC can be used to maintain the oxidation state of cells and remove other oxidizing substances, so as to improve the T-AOC of cells (Sordillo and Aitken, 2009). A study by Seifzadeh et al. (2022) also showed that by adding 20 mg of VC to prenatal dairy cow diets significantly reduced blood MDA concentration. By adding 50 mg/ml VC to drinking water can increase the level of T-AOC in the myocardium and serum of chickens, and improves its antioxidant capacity (Yin et al., 2020). In addition, by adding VC to the diet can also increase the activity of MnSOD (a kind of SOD) in chicken liver and kidney (Ozturk-Urek et al., 2001).

Partovi et al. (2020) fed Fasander lambs with a mixed diet of broccoli by-products and wheat straw (ratio 69:31) and found that the mixed diet did not affect the rumen fermentation of lambs. In our experiment, the mixed silage increased the concentrations of TVFA, NH3-N and butyric acid in the rumen fluid, while the pH of the rumen fluid decreased. The normal range of rumen pH is 5.5–7.0, but it may also reach to 7.5 (Kim et al., 2012; Anantasook et al., 2013). The pH of the rumen in the two groups of diets was within the normal range, whereas the pH of the mixed silage group was lower than that of the control group, which may be caused by the increase of TVFA. The NH3-N in the rumen originates from the degradation of endogenous nitrogenous substances or exogenous nitrogenous substances, and is also the main substance for the synthesis of MCP, which can reflect the utilization of nitrogenous substances by rumen microorganisms to a certain extent. All animals in both groups had NH3-N concentrations in the rumen above 5 mg/dl, which is the minimum concentration required to ensure optimal growth of rumen microorganisms (Satter and Slyter, 1974). The differences in NH3-N in the two groups of diets indicated that the mixed silage could affect the release of N in the rumen and the efficiency of MCP synthesis after being absorbed by microorganisms. The increase of VFA content in the mixed silage group may be caused by the increase of rumen microbial reproduction and activity. VFAs which account for 75% of the total energy requirements provided by ruminants, are the main product of rumen microbial fermentation, and are critical to the overall metabolism of ruminants (Bergman, 1990; Dijkstra, 1994). Butyrate can effectively stimulate the proliferation and growth of the rumen epithelium (Gorka et al., 2018). The increase of butyric acid in the mixed silage group in this experiment may be due to the increase of butyric acid-producing bacteria in the rumen.

The rumen microbes are complex and diverse, and play an important role in the digestion of nutrients and the functioning of the rumen. Diet type, structure and feeding method can significantly affect the species and quantity of ruminant microorganisms in ruminants (van Lingen et al., 2016). The mixed silage increased the species diversity and richness of rumen microorganisms, which may be due to the higher metabolizable and digestible energies of the silage group, promoted the growth and reproduction of microorganisms, and improved the richness and diversity of microorganisms. The results of PCoA and ANOSIM clearly showed that the mixed silage significantly improved the rumen microbial composition. Additionally, CCA analysis showed that among the different rumen fermentation parameters, isovalerate, NH3-N, butyrate, pH, valerate and TVFA had the greatest influence on rumen microorganisms.

The ecosystem of rumen microorganisms is dominated by its core flora which is not affected by the nutrients from feed sources (Petri et al., 2012; Henderson et al., 2015). Bacteroidea and Firmicutes are two dominant microflora in the structure of rumen microbial flora (Singh et al., 2012; Pitta et al., 2014). Previous studies have shown that the main function of Bacteroidea members is to hydrolyze proteins and degrade carbohydrates, while Firmicutes members are mainly involved in energy utilization (Wu et al., 2011; Chen et al., 2015). The ratio of Firmicutes to Bacteroidetes is generally considered to be related to the metabolic potential of the intestinal microbiota and can regulate the metabolism, physiology and health of the host (Tilg and Kaser, 2011; Clemente et al., 2012). Our results showed that the mixed silage did not have a significant effect on Firmicutes, Bacteroidetes or their ratios, which is consistent with previous studies (Zhang et al., 2014). Notably, at the level of the top 10 phyla in relative abundance, the mixed silage increased the proportion of Synergistetes and Kiritimatiellaeota. Synergistetes is part of the gut microbiota of healthy animals and can degrade amino acids (Leser et al., 2002; Menes and Muxi, 2002; Godon et al., 2005). Studies have pointed out that Synergistetes isolated from sheep rumen can not only utilize arginine and histidine to improve nitrogen utilization, but also degrade toxins present in feed (McSweeny et al., 1993; Jumas-Bilak et al., 2009). Kiritimatiellaeota is a supergroup of the planktonic Chlamydia verrucobacterium (PVC) whose primary function is to break down complex polysaccharides and glycoproteins (Spring et al., 2016; Mu et al., 2020).

The experimental results showed that the proportions of Prevotellaceae NK3B31 group, Prevotellaceae UCG-001 and Prevotellaceae UCG-004 were increased in the mixed silage group. Prevotellaceae UCG-001, Prevotellaceae UCG-004 and Prevotellaceae NK3B31 group, all belong to the Prevotellaceae family. The results of association analysis showed that Prevotellaceae UCG-004 was positively correlated with Vc, ascorbate and aldarate metabolism. In mammals, VC is abundant and an effective water-soluble antioxidant for reducing oxidative stress, but its impact on the rumen ecology is unknown (Ghanem et al., 2008; Matsui, 2012). The use of antioxidants to improve animal health and product quality has received increasing attention (Schelling et al., 1995). The basic physiological needs of the organism are thought to be met by L-ascorbic acid (or VC) generated in the liver of ruminants (Ranjan et al., 2012). Compared to other animals, ruminants may require vitamin supplementation during feeding because microbes in the rumen completely destroy VC in the feed (Kim et al., 2012; Ranjan et al., 2012). Another in vitro study has shown that high doses of VC have a certain positive effect on rumen microorganisms (Tagliapietra et al., 2013). Therefore, it is speculated that the higher VC content in the mixed silage group could increase the proportion of Prevotellaceae UCG-004, but it remains to be studied. Prevotellaceae is positively correlated with the content of ADF and NDF in the diet (An et al., 2020). In this experiment, the ADF content in the mixed silage group was higher, which may be another reason for the increase in the relative abundance of Prevotellaceae UCG-004. Prevotellaceae UCG-004 can ferment carbohydrates and produce SCFAs including acetate and butyrate. The process of butyrate metabolism is linked to the interconversion of “pentose and glucuronic acid,” and the “ascorbate and aldarate metabolism” through dehydrogenases together (Heinritz et al., 2016; Shi et al., 2020).



Conclusion

In summary, the mixed silage could improve rumen fermentation and enhance the antioxidant capacity of Hu sheep. In this experiment, the mixed silage also increased the concentrations of TVFA, NH3-N and butyric acid in the rumen, whereas the pH of the rumen fluid was reduced. In addition, the mixed silage increased the activity of T-AOC in blood, SOD in liver and kidney, and decreased the content of MDA in blood. The improvement of the antioxidant capacity of Hu sheep may be directly caused by the higher VC content in the mixed silage, or it may be caused by the up-regulation of ascorbate and aldarate metabolism in Hu sheep. The upregulation of ascorbate and aldarate metabolism may be related to the increased proportion of Prevotellaceae UCG-004 caused by higher VC or ADF content in the mixed silage.
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The effects of Rhodotorula benthica culture (RBC) and antibiotics (AB) on the growth performance, nutrients digestibility, morphological indicators, and colonic microbiota of weaning piglets were explored. Ninety-six (Duroc × Landrace × Large) weaned piglets (21-day-old) weighing 7.7 ± 0.83 kg, were randomly allocated to 4 dietary treatments. They were fed with basal diet (CON), basal diet + 25 mg/kg bacitracin zinc + 5 mg/kg colistin sulfate (AB), 5 g/kg reduction in soybean meal of basal diet + 5 g/kg RBC (RBC1), or 10 g/kg reduction in soybean meal of basal diet + 10 g/kg RBC (RBC2). The results showed that dietary RBC1 improved the body gain/feed intake (G/F) of weaned piglets than the CON diet, and the RBC2 diet improved the average daily gain and G/F than CON and AB diets from days 15 to 28 (P < 0.05). Supplementation of RBC2 improved the apparent total tract digestibility of dry matter, nitrogen, and gross energy in weaned piglets compared to controls from days 15 to 28 (P < 0.05). Dietary AB, RBC1, and RBC2 enhanced the ileal villus height (VH) and VH/crypt depth (CD), and these two indicators were greater in the RBC2-treated piglets than in the AB- and RBC1-treated piglets (P < 0.05). The activity of serum superoxide dismutase (SOD) was enhanced by dietary AB, RBC1, and RBC2 (P < 0.05). Serum glutathione (GSH) concentration was elevated by dietary RBC1 and RBC2 (P < 0.05). According to 16S rRNA sequence analysis, AB- and RBC2-treated piglets had a higher relative abundance of Firmicutes and Lachnospiraceae in the colon digesta, and more abundant Lactobacillus was found in RBC1-treated piglets, as compared to the CON group. Additionally, RBC2 supplementation increased the α diversity [Chao1, PD-whole-tree, and observed operational taxonomic units (OTUs)] compared to the CON group. Taken together, the dietary RBC improved the growth performance of weaned piglets. In addition, 10 g/kg of RBC2 in the diet achieved better effects on higher ADG, ileal villi morphology, and stronger antioxidant capacity than dietary AB and RBC1 in weaning piglets.

KEYWORDS
 weaning piglets, growth performance, nutrients digestibility, antioxidant property, intestinal morphology, microbiota community


Introduction

From the onset of weaning, piglets face many stressors including changed diet (from breast nursing to pelleted feed), separation from sows, and living with unacquainted piglets (Montagne et al., 2004; Campbell et al., 2013). Upon weaning, changes in diet have a profound influence on newly weaned piglets since they are equipped with an immature digestive system that cannot digest and absorb feed adequately, leading to the proliferation of Escherichia coli easily in the gut (Upadhaya et al., 2018; Shuai et al., 2019). Meanwhile, adverse effects of weaning are also followed by villous atrophy, crypt hyperplasia, and descendent brush border enzyme activity (Pluske et al., 1997). These issues affect the normal growth speed of piglets.

Reportedly, the presence of antibiotics (AB) alleviates diarrhea by killing or preventing the proliferation of pathogenic bacteria (Neuman et al., 2018), prompting animal growth from weaning stress (Ma et al., 2021). In 2006, the European Union banned AB, and China followed suit in 2020 because AB residues in meat products affect the food chain and its resistance genes can be altered by microbiota in the gut and soil (Lin et al., 2017; Ma et al., 2021). Therefore, healthy alternatives are urgently needed to replace AB.

As a fermented product, yeast culture (YC) fermented by live yeast, like Saccharomyces cerevisiae (Saied et al., 2011; Dávila-Ramírez et al., 2020), is commonly used as a feed additive, and it contains yeast cell wall polysaccharides, vitamins, minerals, proteins, and enzymes (Song et al., 2021). One of them, marine Rhodotorula benthica culture (RBC) is obtained by fermentation of Rhodotorula benthica and contains astaxanthin compared to YC but no live Rhodotorula benthica. Probiotic Rhodotorula benthica unusually secretes astaxanthin which is the source of vitamin A in animals and effectively scavenges free radicals more than vitamin E in the body (Elwan et al., 2018; Wang et al., 2018). According to research, YC has advantages on livestock embodying improved feed intake, average daily gain (ADG), feed conversion ratio (G: F) of finishing pigs, and ADG of fattening lambs (Haddad and Goussous, 2005; Lei and Kim, 2014; Dávila-Ramírez et al., 2020; Song et al., 2021). These benefits from increased nutrient digestibility by YC and mannan-oligosaccharide (yeast component) enhance the intestinal morphology of the small intestine by inducing more goblet cells and higher ileal villous height (De Los Santos et al., 2007; Ayiku et al., 2020). Since Rhodotorula benthica is frequently used in the feed of aquatic animals, few studies have been conducted on livestock (Wang et al., 2015). In 2020, a study reported that dietary fermentation product of Rhodotorula improved the egg quality and modulated the intestinal microbiota of hens (Sun et al., 2020). After that, Ge et al. (2021) found that mice drinking water with Rhodotorula mucilaginosa for half-month exhibited higher immunoglobulin G (IgG) and immunoglobulin A (IgA) in the serum, and a high abundance of Firmicutes and Lactobacillus in the feces. However, there has been no reported data regarding the effect of RBC on the weaned piglets. Therefore, this trial aimed to explore the effects of RBC supplementation in diets on the growth performance, nutrient digestibility, and intestinal health of weaned piglets.



Materials and methods

This experiment was conducted at the experiment base in Ya'an (Sichuan, China). All experimental and animal management procedures conformed to the Animal Care and Use Committee of Sichuan Agricultural University (Sichuan, China) and followed animal protection law (approval number: 20160125).


RBC preparation

Marine Rhodotorula benthica strains are detached, selected, and purified after culturing on a slant medium containing seawater. The strains undergo liquid fermentation expansion and transformation for 36 h on a solid fermentation medium under anaerobic conditions. With a temperature of 50–60°C, marine Rhododendron benthica break their wall after fermentation for 6–10 h and then are dried under 50–60°C. The product is in powder form and not in pellet form, and its ingredients have been assayed using the Food Standards of China (GB/T 15673-2009 for crude protein, GB/T 23745-2009 for astaxanthin, DB22/T 2462-2016 for methionine, and GB/T 18868-2002 for lysine). The RBC contained crude protein ≥45% (w/w), yeast cell wall polysaccharides (β- glucan and mannan oligosaccharide) ≥100 mg/kg, small peptide ≥5% (w/w), lysine ≥2.8% (w/w), astaxanthin ≥0.01% (w/w), and methionine ≥0.65% (w/w). The product was provided by Prosyn Biological Technology Feed CO., LTD. (Guangzhou, China).



Experimental design and animal care

The experiment consisted of 96 Duroc × Landrace × Yorkshire weaning piglets (21-day-old) that were split based on body weight and sex into 4 treatment groups. Each treatment group included 6 replicate pens of 4 pigs per pen (2 males: 2 females) with a similar piglet weight of 7.7 ± 0.83 kg. Pigs were supplemented with one of four diets, namely basal diet without any additives (CON), basal diet + 25 mg/kg bacitracin zinc + 5 mg/kg colistin sulfate (antibiotics group, AB), and 5 g/kg reduction in soybean meal of basal diet + 5 g/kg RBC (RBC1 group) or 10 g/kg reduction in soybean meal of basal diet +10 g/kg RBC (RBC2 group). Since the RBC product had more than 45% protein content, we replaced the soybean meal with the same percentage of RBC in the diet. The basal diets [phase 1 (days 1–14) and phase 2 (days 15–28)], shown in Table 1, were formulated to meet the recommendations of the National Research Council (NRC, 2012; USA) for piglets weighing 11 to 25 kg. The period of the feeding trial was 28 days. Pigs were reared in the house where chamber temperature (24–28°C) and humidity of 55-70% were controlled. Additionally, they can drink and consume feed ad libitum via a nipple drinker and feeder. Bacitracin zinc (purity of 15% w/w) was purchased from Shenzhen Tongde Veterinary Medicine Co., Ltd (Shenzhen, China), and colistin sulfate (purity of 10% w/w, effectiveness ≥19,000 IU/mg) was bought from Hebei Baipin Biological Technology Co., Ltd. (Heibei, China).


TABLE 1 Ingredients and composition of basal diet.
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Growth performance and diarrhea score

Before checking individual body weight (BW) on the morning of days 15 and 29, the feed was withdrawn 8 h in advance. The given feed and the residual feed by individual pen were recorded daily. Growth performance parameters included ADG, average daily feed intake (ADFI), and G/F which was calculated by dividing the ADG by ADFI. The dead piglets were recorded daily to revise performance indices.

Diarrhea scores for each piglet were checked twice per day at 09:00 h and 17:00 h, respectively. The calculation for diarrhea rate was done using the formula of Giang et al. (2012). Feces consistency scores criterion was as follows: 0, hard bar or granular; 1, soft stools but shapeable; 2, unshaped; 3, watery stool. According to the criterion, the piglet was in diarrhea when the diarrhea score was not <2 scores. The diarrhea rate = total number of piglets with diarrhea/ (number of all piglets × days of this experiment) × 100%.



Sample collection

Immediately after BW measurement on days 15 and 29, one female piglet/pen with BW closest to the average BW of treatment was selected. Blood samples taken from the anterior vena cava were put in two 5 mL vacuum tubes (with /without heparin sodium). Then, all heparin sodium tubes were immediately sent to Sichuan Agricultural University Pet Hospital (Ya'an, China) to determine the number of white blood cells (WBCs) and lymphocytes (LYMs) through a BC-2600 automatic blood cell analyzer (Mindray, China) for quantitative analysis. The unit of WBC was 109/L, and the LYM was %. The remaining tubes without heparin sodium were centrifuged (3,500 × g, 4°C for 15 min) to obtain serum that was analyzed for immunoglobulin and antioxidant indicators and stored (−20°C).

The digestion trial was implemented twice from days 8 to 14 and from days 22 to 28. Chromic oxide (Cr2O3) as an analytical marker, was mixed in diets (0.25% w/w). After 4-day adaptation, fresh fecal samples were obtained by stimulating the anal sphincters from 2 piglets in each pen from days 12 to 14 and from days 26 to 28; then 3-day feces per pen were mixed in equal proportions and stored (−20°C).

At the termination of this trial, 7 piglets from each treatment with BW closest to the average BW of treatment were chosen and euthanized by injecting sodium pentobarbital according to the manual. Their intestine was stripped from the mesentery and immediately placed on ice. Sections (about 2 cm) from the middle of the individual duodenum, jejunum, and ileum were cut and placed into 4% (v/v) paraformaldehyde solution for histomorphometry measurement. Colonic chyme was aseptically collected into sterile Eppendorf tubes and stored in liquid nitrogen, then removed to the fridge at −80°C for analyzing microbiota.



Serum IgG, IgM, and antioxidant index determination

Concentrations of serum IgG and IgM were determined with porcine IgG and IgM ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) with a microplate reader (SpectraMax®190, Molecular Devices, USA) at 450 nm. The logistic curves of IgG and IgM were built according to the manufacturer's instructions, and used the analysis software of ELISA calc. The limits for IgG and IgM concentrations were 0.3–90 mg/mL and 0.1–30 mg/mL, respectively. Coefficients of intra- and inter-sample variations were all <10 and 12% for IgG and IgM, respectively.

The content of reduced glutathione (GSH) and malondialdehyde (MDA) and the activity of superoxide dismutase (SOD) were assayed using specific assay kits (Product code: A006-2, A003-1, A001-3, Nanjing Institute of Jiancheng Biological Engineering, Nanjing, China) according to the manufacturer's instruction. A microplate reader (SpectraMax®190, Molecular Devices, USA) with the absorbance of 405, 532, and 450 nm for GSH, MDA, and SOD, respectively was recommended to read the numbers. Parallel determination was conducted for each sample.



Detection of intestinal morphology

The fixed jejunal segments were rinsed with running water for 30 min and subsequently dehydrated with absolute ethanol at varying concentrations. These tissues were cleared with xylene, embedded in wax, and sliced into 5 μm-thick slices using a Leica RM2235 microtome (Leica, Germany). Finally, these slices were dewaxed and stained with hematoxylin-eosin. For each well-oriented villus, 10 measurements were recorded for both villus height (VH) and crypt depth (CD) using Image Pro Plus 6.0. The average of these 10 measurements was taken to represent the VH and CD for each tissue. The V/C ratio was obtained by dividing the VH by the CD value.



16S ribosomal RNA (rRNA) sequencing

The frozen colonic digesta at −80°C were thawed and extracted for total DNA using QIAamp PowerFecal Pro DNA kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The DNA samples for purity and integrity examination were analyzed using a NanoDrop 2000 spectrophotometer (Thermo, Waltham, USA) and electrophoresis (2% w/v gel). DNA concentration was quantified by Equalbit1 × dsDNA HS Assay Kit (Vazyme Biotech Co., Ltd., Nanjing, China) and diluted to 1 ng/μL, and purified by Qiagen Gel extraction kit (Qiagen, Germany). Library construction using Ion Plus Fragment Library Kit 48 rxns (Thermos Scientific, USA) and Illumina MiSeq sequencing on IonS5™ was performed in Novogene Bioinformatics Technology (Beijing, China). The hypervariable region primers of V3-V4 and amplicons library of 16S rRNA kept consistent with our previous description (Zhang Q. et al., 2020). Raw reads were obtained from the spliced sequences by removing the primer sequences and barcode, and primers and adapters were removed from the raw reads using the Cutadapt (V1.9.1), then clean reads were obtained. Operational taxonomic units (OTUs) were clustered by clean reads using Uparse software (http://www.drive5.com/uparse/) with 97% identity. The feature classifiers were trained according to SILVA 132 database (http://www.arb-silva.de/). Alpha and beta diversities were analyzed using QIIME (version 1.9.1; Caporaso et al., 2010). Differential taxonomic markers for each group were determined using linear discriminant analysis effect size (LEfSe; Segata et al., 2011).



Statistical analysis

The data were analyzed by mixed procedure with PDIFF (SAS 9.4 Inst., Inc., Cary, NC). The results were expressed as means ± pooled standard error. The P-value was used for the comparison of every 2 treatment groups from the least square means. P < 0.05 was considered significant. Replicate pen was the statistics for growth performance, diarrhea, and ATTD. Intestinal morphology, serum indices, and grouped microbial were analyzed using each euthanized piglet as an experiment unit. The relative abundance of microorganisms was used as the result of Metastat analysis. The Principal Co-ordinates Analysis (PCoA) was visualized by the “vegan” package of R (2.15.3).




Results


Growth performance and diarrhea score

Supplementary RBC1 in the diet notably improved (P < 0.05) the G/F compared with the CON diet (Table 2) from days 15 to 28 and from days 1 to 28. Higher ADG and G/F (P < 0.05) were found in the RBC2-treated piglets than in the controls from days 15 to 28 and from days 1 to 28 (P < 0.05). Compared with AB-treated piglets, the piglets fed with RBC2 diet had higher ADG and G/F from days 15 to 28 and greater G/F from days 1 to 28 (P < 0.05). However, the differences were not observed between CON vs. AB, AB vs. RBC1, or RBC1 vs. RBC2 groups. As shown in Table 3, diarrhea scores of weaning piglets were similar among groups.


TABLE 2 Effect of dietary RBC and AB supplementation on the growth performance of weaning piglets.
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TABLE 3 Effect of dietary RBC and AB supplementation on the diarrhea score of weaning piglets (%).
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Apparent total tract digestibility

Compared with the CON group, the piglets in the AB group had higher ATTD of DM (P < 0.05) from days 1 to 14 and from days 15 to 28 (Table 4), and this index was also higher in the RBC1 group from days 15 to 28 (P = 0.004). The ATTD of GE from days 1 to14, DM, N, and GE from days 15 to 28 were higher (P < 0.05) in the RBC2 group than those in the CON group.


TABLE 4 Effect of dietary RBC and AB supplementation on nutrients digestibility of weaning piglets (%).
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Intestinal morphology

Compared to piglets in the CON group, the basal diet supplemented with AB or RBC1 was conducive to higher VH and greater V/C ratio of piglets in the ileum (P < 0.01, Table 5); while dietary RBC2 improved the jejunal VH, ileal VH, and V/C (P < 0.05). Additionally, AB-treated piglets exhibited a higher (P < 0.05) duodenal VH and V/C ratio, as compared to RBC1-treated piglets. However, a greater ileal VH and V/C ratio of piglets were found in the RBC2 group, as compared to the AB group (P < 0.001). The RBC2 dose exhibited a better effect than the RBC1 dose on piglets, showing a higher VH in the duodenum and ileum, shallower ileal CD, and greater ileal V/C ratio (P < 0.05).


TABLE 5 Effect of dietary RBC and AB supplementation on the intestinal morphology of weaning piglets.
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Blood characteristics and antioxidant properties

Serum IgG, IgM, WBC, and LYM were not different among groups on days 14 and 28 (Table 6). Serum SOD activity on day 14 from piglets fed with the AB diet was elevated (P = 0.001), as shown in Table 7 when compared with the controls. The RBC1-treated piglets had higher concentration of (P < 0.01) serum GSH on days 14 and 28 and the SOD activity on day 28, as compared to the piglets in the CON group, while piglets fed with the RBC2 diet exhibited a higher GSH concentration on days 14 and 28 and the SOD activity on day 14 compared with the controls (P < 0.001). The GSH concentration on days 14 and 28 was increased (P < 0.001), while the SOD activity was reduced on day 14 but elevated on day 28 in piglets fed with RBC1 diet (P < 0.05), as compared to that in the AB group; additionally, RBC2-treated piglets had a higher GSH concentration on days 14 and 28 than AB-treated piglets (P < 0.001). Moreover, when compared to RBC1-treated piglets, the dietary RBC2 induced higher SOD activity on days 14 and 28 and GSH activity on day 14 (P < 0.05).


TABLE 6 Effect of RBC and AB supplementation on the blood profiles of weaning piglets.
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TABLE 7 Effect of dietary RBC and AB supplementation on serum antioxidant properties of weaning piglets.
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Microbial composition in colonic digesta

In the present study, an average of 77,665 raw reads and 72,560 clean reads were obtained for each group with the length of the sequences ranging between 409 and 420 bp. The sequence number at the OTU level was 440,028 (Supplementary Figure S1), and it tended to reach a plateau, suggesting that the majority of OTU samples were captured. The α diversity indices in Figures 1A–F, 2A are represented by richness (observed-OTUs, ACE, and Chao1), diversity (Simpson and Shannon), goods-coverage (sequencing depth index), and PD_ whole_ tree (index of phylogenetic diversity). A sharp contrast between PRC2 and CON groups showed an increase in Chao1, PD-whole-tree, and observed-OTUs (P < 0.05) in the RBC2 group. Shannon and Simpson indicators were similar among groups (P > 0.05). The unweighted Unifrac PCoA plot (Figure 2B) visually indicated no separation of microbial communities among groups (P > 0. 05). The ANOSIM R-value of unweighted Unifrac distance (R = 0.026, P = 0.027; Figure 2C) was close to zero, which represented the weak separation of the microbiota community between CON and RBC2 groups.


[image: Figure 1]
FIGURE 1
 Effect of dietary RBC and antibiotics (AB) supplementation on the α and β diversity in the colonic digesta of weaning piglets. (A–F) Goods-coverage, Shannon, Simpson, ACE, Chao1, and Ph-whole tree indices of α diversity. n = 7 for each treatment. CON, basal diet; AB, basal diet + 25 mg/kg bacitracin zinc+5 mg/kg colistin sulfate; RBC1, 5 g/kg reduction in soybean meal of basal diet +5 g/kg RBC; RBC2, 10 g/kg reduction in soybean meal of basal diet +10 g/kg RBC. *Means P < 0.05.
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FIGURE 2
 Effect of dietary AB and RBC on the relative abundance of microbiota at the phylum and genus level, and PCoA and Adonism of weaned piglets. (A) Operational taxonomic units (OTUs) number in each treatment group. (B) Principal coordinates analysis (PCoA). (C) Analysis of similarities (ANOSIM) between CON and RBC2 group. (D) Microbiota abundance at the phyla level. (E) Microbiota abundance at the genus level. n = 7 for each treatment. CON, basal diet; AB, basal diet + 25 mg/kg bacitracin zinc+5 mg/kg colistin sulfate; RBC1, 5 g/kg reduction in soybean meal of basal diet + 5 g/kg RBC; RBC2, 10 g/kg reduction in soybean meal of basal diet + 10 g/kg RBC. *Means P < 0.05.




Relative abundance of microbiota at phylum and genus levels

The top 10 predominant microorganisms at the phylum level depicted in Figure 2D (Supplementary Table S1) showed that bacteria belonging to Firmicutes (51.99%), Bacteroidetes (31.04%), and Proteobacteria (5.27%) occupied more than 88% of the total sequences. Supplementation of RBC and AB seemed to change the microbiota abundance as Firmicutes (44.48%) and Proteobacteria (9.95%) in the CON group, Firmicutes (55.28%) and Proteobacteria (3.97%) in the AB group, and Firmicutes (50.86%) and Proteobacteria (4.95%) in the RBC1 group, Firmicutes (57.32%) and Proteobacteria (2.18%) in the RBC2 group. The relative abundance of Firmicutes in the AB and RBC2 groups was higher (P = 0.015) when compared with the CON group. The relative abundance of Euryarchaeota was higher (P < 0.05) in the RBC2 group than in the RBC1 and CON groups, and in the AB group than in the RBC1 group, while that of Proteobacteria was lower in the RBC2 group than in the CON group (P = 0.019).

At the genus level (Figure 2E, Supplementary Table S2), a heatmap showed the top 30 microorganisms in the genus level among the total number of 185 genera. Lactobacillus (6.73%), Prevotella_9 (9.69%), Mitsuokella (4.86%), Succinivibrio (4.65%), and Dialister (3.94%) had high relative abundance in all colon digesta samples. Supplementation of RBC1 and RBC2 diets both lowered the relative abundance of Acidaminococcus, as compared to the CON and AB diets (P < 0.05). The Succinivibrio population was lowered in the RBC2 group compared to the CON group (P = 0.023). The relative abundance of Prevotella, Prevotellaceae_UCG-003, and Ruminococcus were enriched in the RBC1-treated piglets than in the piglets of the AB group (P < 0.05). Rikenellaceae_RC9_gut_group and g__UCG-002 population were enriched in the RBC2 group compared with the RBC1group (P < 0.05).



LEfSe analysis in the OUT level

LEfSe analysis is used to assess the represented biomarker for comparison among groups. Linear discriminant analysis (score set 4) depicted in Figure 3A shows that the AB group had a higher relative abundance of p_Firmicutes, f _Lachnospiraceae, and o_ Lachnospirales in comparison to the CON group. While in Figure 3B, the RBC1 group exhibited enriched f _Lactobacillaceae, o_Lactobacillales, g_Lactobacillus, and s_Lactobacillus_ johnsonii, as compared to the CON group whereas g_Provotella_7 was abundant. In Figure 3C, p_Firmicutes, c_Clostridia, s_Lactobacillus_ johnsonii, f_Lachnospiraceae, o_Lachnospirales, and f_Paludibacteraceae were increased in the RBC2-treated piglets when compared to the CON group where g_Prevotella_7, o_Veillonellales_ Selenomonadales, and c_ Negativicutes were enriched. Compared to the microbiota abundance of AB-treated piglets (Figure 3D), piglets fed with RBC1 diet had more g_Prevotella populations in the colon, while o_Erysipelotrichales and g_ Acidminococcus were enriched in the AB-treated piglets; meanwhile, s_Lactobacillus_johnsonii and g_UCG_002 were enriched in the colon digesta from piglets fed withRBC2 diet (Figure 3E). When compared to RBC1-treated piglets (Figure 3F); more abundant g_UCG_002 was found in piglets fed with RBC2 diet.
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FIGURE 3
 LEfSe analysis of digesta microbiota. (A) CON vs. AB group, (B) CON vs. RBC1 group, (C) CON vs. RBC2 group, (D) AB vs. RBC1group, (E) AB vs. RBC2 group, (F) RBC1 vs. RBC2 group. n = 7 for each treatment. CON, basal diet; AB, basal diet + 25 mg/kg bacitracin zinc+5 mg/kg colistin sulfate; RBC1, 5 g/kg reduction in soybean meal of basal diet +5 g/kg RBC; RBC2, 10 g/kg reduction in soybean meal of basal diet +10 g/kg RBC.





Discussion

Natural marine red yeast strains are rich in protein, astaxanthin, and enzyme and characterize high salt tolerance; therefore, they are commonly used as feed additives in aquaculture (Matrosova and Politaeva, 2021; Yun et al., 2021). RBC without live yeast also has the above features but it has fewer applications on animals. For a long time, overcoming weaning syndrome in piglets has always been a research hotspot; thus, we look forward to the influences of RBC on weaning piglets.

In this study, RBC1 and RBC2 supplementation as the alternative to soybean meal in the basal diet improved the ADG and G/F of piglets except in the phase of days 1–14. This result was partially in line with the findings of Dávila-Ramírez et al. (2020), that dietary Saccharomyces cerevisiae culture at the dose of 0.2% and 0.3% both improved the final BW, ADG, and ADFI of growing pigs, and the results of Lee et al. (2018), showed that 0.5% fermented YC improved the ADG and feed intake of weaned piglets. Moreover, supplementation of RBC at the dose of 10 g/kg improved the ADG and G/F of piglets more than the effect of diet-containing AB. To our knowledge, the feed intake is a vital factor for growth speed (Bruininx et al., 2001), but there was a similar ADFI among groups. Indeed, supplementary RBC and AB in the diet did not change the dietary nutritional value or physical character; consequently, there was no improvement in the feed intake, and it was normal. Meanwhile, the immunity response of piglets was not affected by RBC although RBC could promote serum protein and albumin synthesis (Saied et al., 2011). Of note, Cui et al. (2019) and Song et al. (2021) reported that the elevated growth may not be related to the feed intake but to digestibility.

The nutrient digestibility and absorption and piglet diarrhea indicators are also decisive factors for growth performance (Haddad and Goussous, 2005; Hu et al., 2015). In this study, although the diarrhea scores were not affected by dietary additives, the RBC2 supplementation improved DM, GE, and N digestibility, and greater DM digestibility was also found in AB and RBC1-treated piglets. These agreed with the effects of fermented YC products on elevating the nutritional digestibility and growth performance of lambs without affecting intakes (Lei and Kim, 2014; Zhang et al., 2019). RBC product contains biologically active substances, such as bioactive peptide, which can be absorbed by villous epithelial cells of the small intestine and stimulates the activity of chorionic brush border enzymes (Wang et al., 2017), as well as modulates the nutrient digestibility (Bao and Wu, 2021). Additionally, the protein from fermented RBC is the most water-soluble protein with easy absorption, which may increase the ATTD of N (Hu et al., 2008). Moreover, RBC containing lysing also prompts nutrient absorption (Zeng et al., 2013). Of course, it was no doubt that improvements in nutritional absorption and growth performance were closely related to the improved gut environment induced by ingredients of RBC.

Intestinal morphology indices that are common standards to estimate the ability of the intestine for nutrient digestion and absorption are widely reported. The potential of yeast derivative that induces morphology on higher VH and greater V/C ratio of weaned piglets or growing-finishing pigs (Zhang et al., 2005; Gang et al., 2017; He et al., 2021), and goblet cell density of broilers (Reisinger et al., 2012) have been reported. In the current study, the RBC induced a higher ileal V/H and V/C ratio, and the dietary RBC2 greatly affected the ileal morphology more than the AB and RBC1 diet. Earlier studies prove that mannan-oligosaccharides, a component of yeast cells, prevent the villi from contacting pathogens (Sims et al., 2004; Castillo et al., 2008), like Clostridium perfringens and Salmonella, is beneficial to maintain the normal function of mucosa and reduce diarrhea during the weaning period (Gao et al., 2008). Admittedly, AB had the capability of improving the VH and V/C in the small intestine (Oliver and Wells, 2013; Long et al., 2018) due to inhibiting harmful bacteria. This result exhibited that the supplementation of RBC at the dose of 10 g/kg improved the ileal VH and V/C compared to AB-treated piglets. On the one hand, a higher villus manifests faster cell renewal and more mature epithelia and increases the absorptive area of the villus (Gao et al., 2008). On the other hand, taller VH improves the secretion of digestive enzyme activity from the tips of the villi (Hampson, 1986), leading to elevated ATTD. Additionally, a higher magnitude of the V/C ratio directly indicates the strength of absorption (Pluske et al., 1996). Hence, in this research, the larger V/C ratio in RBC treatments may contribute to the higher digestibility.

Oxidant stress results in weaker growth performance and lower nutrient digestibility of weaned pigs (Yuan et al., 2007). In the current study, the dietary inclusion of RBC improved the GSH content more than CON and AB diets on days 14 and 28, with RBC2 achieving the optimal effect. The GSH can be an index to evaluate the antioxidant capacity of the body because it possesses vital physiological functions, such as free radical scavenging, detoxication, and maintaining cellular immunity (Tang et al., 2008). Supplementation of AB, RBC1, and RBC2 enhanced the SOD activity in the serum. SOD is a type of antioxidant enzyme that removes harmful free radicals from the cellular environment (Fattman et al., 2003). According to researchers, the astaxanthin that is present in the RBC with the structure of a hydroxyl and a keto group can neutralize free radicals, and scavenge singlet oxygen, peroxyl, and hydroxyl radicals (Hardo et al., 2020), and this function has been proved in finishing pigs and fishes (Lei and Kim, 2014; Li et al., 2017). Subsequently, methionine was reported to eliminate reactive oxygen species by methionine residues or through GSH synthesis (Zeitz et al., 2017). The RBC containing methionine is attributed to its higher GSH; this was not observed in the AB group, which was in response to stronger antioxidant capacities in the RBC groups than in the AB group.

Reportedly, gut microbial populations in pigs are influenced by dietary ingredients, such as trace elements, AB, and beneficial bacteria (Zhang et al., 2016). Meanwhile, they also modulate nutrient digestibility and serve as an important barrier pathogen (Fouhse et al., 2016).

The increased PD_ whole_ tree, observed-OTUs, and Chao1 in the RBC2 group indicated that the dietary RBC at the dose of 10 g/kg increased the richness of colonic flora compared to the controls. At the phylum level, Firmicutes, more abundant in AB and RBC2 group, are positively interrelated in energy absorption and produce acetate and lactate (Hu et al., 2020; Oh et al., 2021). Also, Euryarchaeota enriched in the RBC2 is well-known for working at metabolizing nutrients and metabolites of other bacteria, resulting in elevated short-chain fatty acid concentration, such as acetate (Primec et al., 2019). The abundant 2 phyla may be connected to improved GE digestibility of RBC piglets. The increased Acidaminococcus in the AB group, Lachnospiraceae, and Paludibacteraceae in the RBC2 group, involve fermenting fibers, polysaccharides, and glutamate (Ren et al., 2019; Tian et al., 2019; Zhang L. et al., 2020; Ryazanov et al., 2021). As we know, RBC contains abundant yeast cell polysaccharides, which may stimulate the proliferation of Euryarchaeota, Lachnospiraceae, and Paludibacteraceae. Importantly, Lachnospiraceae and Paludibacteraceae protect intestinal cells from injury (Berger et al., 2021). In addition, the abundant genus, Lactobacillus in the RBC1 group is well-known to improve nutrient digestibility and against intestinal Escherichia coli in weaned piglets (Dowarah et al., 2017; Wang et al., 2019). Moreover, Lactobacillus_ johnsonii belonging to the genus, Lactobacillus is useful for inhibiting Clostridium perfringens in the chicks (La Ragione et al., 2004). Prevotella with the characteristic of decomposing starch and plant polysaccharides has strong catabolism of mucin (Gao et al., 2022). This changed abundance of microbiota reflected the dietary supplementation of AB and RBC at the dose of 5 and 10 g/kg, respectively, played a function in modulating the microbiota.



Conclusion

In this study, the comparative effect of AB and RBC doses on weaning piglets was explored. The RBC1 supplementation at the dose of 5 g/kg improved the G/F and ATTD of DM of weaned piglets than the CON diet, while 10 g/kg of RBC improved the G/F and ADG than CON and AB diet; it also improved the ATTD of DM, N, and GE than the AB diet. These improved indicators may result in elevating the intestinal morphology of the jejunum and ileum and antioxidant properties in the serum (GSH and SOD) of weaning piglets by RBC. Meanwhile, AB supplementation also elevated the digestibility of DM, N, and GE, and the ileum intestinal morphology of weaning piglets than the controls. Additionally, the supplementation of AB, RBC1, and RBC2 modulated the microbiota in the colon but the RBC2 had a more profound influence on improving the α diversity than the controls. Taken together, the dietary RBC at the dose of 10 g/kg achieved a better effect on the weaning piglets than AB; thus, 10 g/kg of RBC could be an alternative to AB.
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The yak (Bos grunniens), an indigenous bovine on the Qinghai-Tibetan plateau (QTP), is reported to digest low quality forage to a greater extent and to require less protein and energy for maintenance than the introduced Qaidam cattle (Bos taurus). Ruminal bacteria play a major role in feed degradation, and therefore, we hypothesized that ruminal bacteria composition would differ between yaks and cattle, and confer an advantage to yaks for poor quality diets. To test our hypothesis, we determined the ruminal bacteria profiles, rumen fermentation parameters, and enzyme activities in these bovine species consuming a low-protein diet differing in energy level. Six castrated yaks (155 ± 5.8 kg) and 6 castrated Qaidam cattle (154 ± 8.0 kg) were used in two concurrent 4 × 4 Latin square designs with 2 additional animals of each species in each period. The animals were offered a low-protein diet of 70.4 g/kg dry matter (DM) and one of four metabolizable energy levels, namely 6.62, 8.02, 9.42, and 10.80 MJ/kg. Ruminal pH, concentrations of ammonia-N and total volatile fatty acids (VFAs), the molar proportion of acetate, and the ratio of acetate to propionate (A:P) were greater (P < 0.05), whereas the molar proportion of propionate was lesser (P = 0.043) in yaks than in cattle. With increasing dietary energy level, ruminal pH, the molar proportion of acetate and the ratio of A:P decreased linearly (P < 0.05), whereas, the concentration of total VFAs, molar proportions of propionate, butyrate, iso-butyrate, and iso-valerate and concentration of ammonia-N increased linearly (P < 0.05). The relative abundance (RA) of Firmicutes increased linearly (P < 0.01), whereas, the RA of Bacteroidetes decreased linearly (P < 0.001) with increasing energy level in both bovine species. The RAs of Prevotella and Rikenellaceae_RC9_gut_group decreased linearly (P < 0.05) with increasing energy level in both yaks and cattle. The RAs of fibrolytic (e.g., Rikenellaceae_RC9_gut_group), and H2-incorporating (e.g., Quinella) bacteria were greater (P < 0.05) in yaks than in cattle. We concluded that the two bovines differ in ruminal bacterial profiles and rumen fermentation parameters, and confer an advantage to yaks over cattle in consuming a low protein diet with differing energy level.

KEYWORDS
yaks, rumen bacterial community, Qaidam cattle, low protein diet, energy levels


Introduction

The high-altitude Qinghai-Tibetan Plateau (QTP), known as “the roof of the world,” originated about 40 million years ago. The plateau is characterized by prolonged cold weather, strong ultraviolet radiation, heavy winds, and low air oxygen content. There is a short forage growing season of 120 days, with very sparse pasture of poor quality over the long winter. Yaks (Bos grunniens) were domesticated by the ancient Qiang people approximately 7300 years ago (Qiu et al., 2012), and are well-adapted to the extreme conditions of the QTP. There are currently more than 16 million domestic yaks worldwide, of which 15.2 million are raised on the QTP (Zhang et al., 2015). The yak has been closely linked with human civilization and daily life, providing meat, milk, leather, and dung, as well as transportation. Qaidam cattle (Bos taurus) were introduced to the QTP by Tibetans approximately 1700 years ago (China National Commission of Animal Genetic Resources, 2011; Chen et al., 2018), and the current population is close to 10,000. The yaks graze alpine grassland at altitudes between 3,000 and 6,000 m above sea level (a. s. l.) all year round without supplements. During the long, cold winter, yaks mobilize their body reserves as energy intake is insufficient, and lose substantial body weight. Cattle are raised in agro-pastoral transition zones at altitudes between 2,600 and 3,600 m a. s. l. and require supplements and shelter at night in winter. The two bovine species co-graze over their overlapping ranges.

Although yaks and Qaidam cattle are both capable of subsisting on high-fiber diets, it has been reported that yaks are less discriminate herbivores, digest fiber to a greater extent, and produce more volatile fatty acids (VFAs) and microbial protein than cattle when fed the same diet (Zhou et al., 2018; Liu et al., 2022). These differences between bovine species suggest they differ in their rumen microbial communities (Huang et al., 2012; Zhang et al., 2016; Huang X. D. et al., 2021), that enable yaks to cope with a low-quality diet better than cattle. It was reported that the CAZymes (degradation carbodydrates) and fibrolytic activities were greater in yaks than in cattle (Guo, 2021). Yaks also had greater relative abundances (RAs) of Thermoplamatales-affiliated Linage C (TALC), Christensenellaceae_R7_group, and Lachnospiraceae_UCG_008 group but lesser RAs of Prevotella and Succiniclasticum than cattle (Huang et al., 2012; Xin et al., 2019). We hypothesized that the ruminal bacterial profiles and fermentation parameters would differ between the two bovine species when fed different quality diets. To test this hypothesis, we determined the rumen bacterial profiles, and rumen fermentation parameters of yaks and cattle when fed a low protein diet differing in energy levels.



Materials and methods

This experiment was carried out at Wushaoling Yak Research Facility of Lanzhou University (102°51.7’E, 37°12.4’N, altitude 3,154 m. a. s. l.), situated in the northeastern part of the QTP, Tianzhu Tibetan Autonomous County, Wuwei City, Gansu Province, China.


Animals, design, and diets

Six yaks (155 ± 5.8 kg) and 6 Qaidam cattle (154 ± 8.0 kg), all castrated males and 2.5 years of age, were held individually in metabolic cages (2.2 m × 1.0 m). The experiment was a 2 (genotypes) × 4 (energy levels) factorial arrangements and conducted as two concurrent 4 × 4 Latin square designs balanced for carry-over effects, with 2 additional yaks and cattle in each period. Treatment sequences for the two additional animals of each species were selected randomly from columns of a separate Latin square (Bailey et al., 2012). In each period of 28 days, 4 yaks and 4 cattle received one of 4 diets differing in energy level, and the two additional animals of each species received one of the four diets (Sarraseca et al., 1998). The six animals of each species consumed all four dietary treatments.

To ensure each animal consumed all the feed offered daily, the least voluntary intake was determined before the study and offered throughout the feeding trial. Therefore, 2.75 kg/d DM per animal of pellets (total mixed ration; Gansu Runmu Biological Engineering Co., Ltd, Jinchang, China) were offered in equal portions at 08:00 and 18:00 with water freely available. The diets were formulated to be isonitrogenous with low crude protein (CP, 74 g/kg DM), but with incremental levels of metabolizable energy (ME): 6.62, 8.02, 9.42, and 10.80 MJ/kg (Table 1; 14). The dietary CP content was lower than the recommendation of NRC (National Research Council, 2000) for beef cattle, but was similar to the average CP content of forage in on the QTP during the cold season (Xie et al., 1996). The diets provided 0.8, 0.9, 1.0, and 1.1 times maintenance energy requirement of growing beef cattle according to NRC (National Research Council, 2000).


TABLE 1    Ingredients and chemical composition of experimental diets.
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Procedures and sample collection

In each period, approximately 100 g of each diet were collected daily from d 23 to 28. Two h after morning feed was offered on d 28, an oral stomach tube (Anscitech Co. Ltd., Wuhan, China) was used to collect 150 mL of rumen fluid. The first 50 mL of fluid were discarded to avoid saliva contamination. The pH of the rumen fluid was measured immediately using a pH meter (PB-10, Sartorius Co., Göttingen, Germany), and then the fluid was filtered through 4 layers of cheesecloth. Five mL of filtrate were mixed with 5 mL of deproteinizing solution (100 g metaphosphoric acid and 0.6 g crotonic acid per liter) for VFAs analysis; 5 mL of filtrate were mixed with 5 mL hydrochloric acid solution (0.5 mmol/L) for ammonia N measurement; and the rest was stored at −80°C for analyzing bacterial community and enzyme the activity.



Feed analysis

Feed samples were dried at 65°C in a forced air oven for 72 h, and ground through a 1-mm sieve (JFSO-100, Topu Yunnong Instrument, Hangzhou, China). The DM (method 925.45), organic matter (method 942.05), and ether extract (method 920.29) were determined according to the Association of Official Analytical Chemists (AOAC, AOAC, 2006). Total nitrogen content was determined using a nitrogen analyzer (K1000, Hannon Instruments, Jinan, China), and CP was calculated as total N × 6.25. Neutral detergent fiber (aNDF) and acid detergent fiber (ADF) were determined by an automatic fiber analyzer (Ankom Technology, Fairport, NY, United States) according to Robertson and Van Soest (1981) and Van Soest et al. (1991), respectively. Ten g of sodium sulfate per aNDF solution and 0.5 g heat-stable α-amylase per sample were added to the aNDF solution. The ADF was determined on the residue of the aNDF. Gross energy of feed was determined by bomb calorimetry (6400 Calorimeter, Parr Instrument Company, Moline, Illinois, United States).



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 a Shimadzu 2010 plus system (Shimadzu Corporation, Kyoto, Japan) following Liu et al. (2021b). Ammonia-N concentration was analyzed using a spectrometer (SpectraMax M5, Molecular Devices, San Jose, United States) at an absorbance of 630 nm, following Hristov et al. (2001).

Ruminal enzyme activities of carboxymethylcellulase (CMCase), amylase, xylanase, and pectinase were measured by commercial enzyme-linked immune sorbent assay (ELISA) kits (product No: BYE98162, BYE98329, BYE98332, and BYE99021, respectively; Shanghai Bangyi Biological Technology Co. Ltd., Shanghai, China). The rumen fluid was centrifuged at 800 × g for 5 min at 4°C, and the supernatant was shaken ultrasonically for 3 min. The enzyme activities were determined using a spectrometer (SpectraMax M5, Molecular Devices, San Jose, United States) at an absorbance of 450 nm.



DNA extraction, 16S rRNA gene amplification, and sequencing

After the rumen fluid was thawed on ice, total genomic DNA of rumen bacteria was extracted from 1 mL by using the E.Z.N.A® kit (Omega Bio-tek, Norcross, GA, United States), and following the manufacturer’s instructions. The concentration and the purity of the extracted DNA were determined by the 260/280 nm ratio (1.8 to 2.2) using a NanoDrop 2000 UV-vis Spectrophotometer, (Thermo Scientific, Wilmington, DE, United States). The quality of the extracted DNA was tested using 1% agarose gel electrophoresis (Axygen Biosciences, Union City, CA, United States). The extracted DNA samples were stored in sterile centrifuge tubes (Thomas Scientific, Wilmington, DE, United States) at –80°C for later analysis.

The conventional polymerase chain reaction (PCR) amplification and bioinformatic analysis of extracted DNA samples were done by Shanghai Majorbio Bio-Pharm Technology Co., Ltd (Shanghai, China). The hypervariable V3-V4 region of the bacterial 16S rDNA gene was amplified using primers pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTAC HVGGGTWTCTAAT-3′). The bacterial 16S amplification and the quality-filter, cluster, and analysis of 16S rRNA sequencing data followed Liu et al. (2019). The reaction conditions and procedures of PCR amplification of the 16S rRNA gene were as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and a final single extension at 72°C for 10 min. The PCR mixtures were prepared in triplicate 20 μL volumes which consisted of 4 μL of 5 × TransStart FastPfu buffer, 2 μL of 2.5 mM deoxyribonucleotides triphosphate (dNTPs), 0.8 μL of forward primer (5 μM), 0.8 μL of reverse primer (5 μM), 0.4 μL of TransStart FastPfu DNA Polymerase, 10 ng of template DNA, and ddH2O added to 20 μL. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), according to the manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, Madison, WI, United States).

After amplification, purified amplicons were pooled equimolarly and paired-end sequenced (2 × 300 bp) on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

The raw 16S rDNA gene sequencing reads were demultiplexed and quality-filtered by Trimmomatic and merged by FLASH (version 1.2.7) according to the following criteria: (1) the 300-bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and reads shorter than 50-bp or containing ambiguous characters were discarded; (2) only overlapping sequences longer than 10-bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region was 0.2. Reads that could not be assembled were discarded; and (3) individual samples were distinguished according to the barcode (exactly matching) and primers (allowing 2 nucleotide mismatches) in primer matching.



Statistical analyses

Data were analyzed according to a 2 × 4 factorial arrangement in two concurrent 4 × 4 Latin squares using the mixed model procedure of SAS statistical package (SAS version 9.4, SAS Inst. Inc., Cary, NC). The design was not orthogonal, as there were 4 rows, 6 columns and 4 treatments, with one treatment measured three times per period (row). However, the effect of period was not significant, and, therefore, could be omitted (Sarraseca et al., 1998). Dietary energy level, animal species, and the interaction were fixed effects, and experimental animal was a random effect. When there was a significant interaction between energy level and animal species, a t-test was used to compare the measured variable between animal species at the same energy level. Polynomial contrasts were used to determine whether the effect of energy level on the measured variable was linear or quadratic. A level of P < 0.05 was accepted as significant and a trend at 0.05 ≤ P < 0.10.

The α-diversity (observed operational taxonomic units – OTU) for the rumen bacterial community of different energy levels were calculated with QIIME (Version 1.9.1) and analyzed by the Kruskal-Wallis test and Wilcoxon rank test using R package. The constrained principal coordinate analysis (CPCoA) was used to visualize classical multi-dimensional scaling of Bray-Curtis distance matrices using functions capscale and anova.cca of vegan package in R (version 3.4.1, United States), and the P value were calculated by permutation tests. The top 50 relatively abundant bacteria at the genus level were visualized as a heatmap using the R package “pheatmap”. Spearmen’s rank correlation tested the relationships between the relative abundances of the top 50 abundant ruminal bacteria (at genus level) and fermentation parameters (VFA concentration and enzyme activities) using the “corrplot” package in R (version 3.4.1, United States). Linear discriminant analysis effect size (LEfSe) determined the difference in rumen bacteria between species and among energy levels by coupling the Kruskal-Wallis Test for statistical significance with additional tests accessing biological consistency and effect relevance. Taxa with an LDA Score > 3 were considered as exhibiting a significant effect size. PICRUSt2 software predicted microbiota function and determined the differences between species and among energy levels.




Results


Ruminal pH, fermentation parameters and enzyme activities

Ruminal pH (average, 6.96 vs. 6.81, P = 0.036), ammonia-N concentration (average, 5.61 vs. 5.08 mg/dL, P = 0.041), and total VFAs concentration (average, 78.6 vs. 74.4 mM, P < 0.001) were greater in yaks than cattle (Table 2). The molar proportion of acetate (average, 73.4 vs. 72.5 mol/100 mol, P = 0.049) was greater, whereas of propionate was lesser (average, 15.2 vs. 15.6 mol/100 mol, P = 0.043), and, as a result, the ratio of acetate to proportionate (A:P) was greater (average, 4.85 vs. 4.70, P = 0.048) in yaks than cattle. There was no difference (P > 0.10) in molar proportions of butyrate, isobutyrate, valerate, and isovalerate between yaks and cattle. With increasing energy level of the diet, ruminal pH decreased linearly (P < 0.001), whereas the concentrations of ruminal ammonia-N and total VFAs increased linearly (P < 0.001) in both bovine species. The molar proportion of acetate and the ratio of A:P decreased linearly (P < 0.001), while the molar proportions of propionate, butyrate, isobutyrate, and isovalerate increased linearly (P < 0.05) with increasing energy level. The molar proportion of valerate tended to increase linearly with increasing energy level (P = 0.07). There was no interaction between bovine species and dietary energy level for ruminal pH and fermentation parameters (P > 0.10). In addition, the activities of ruminal CMCase, amylase, xylanase, and pectinase were not affected by bovine species, energy level, or their interactions (P > 0.10).


TABLE 2    Ruminal fermentation parameters and enzyme activities in yaks and cattle offered diets of different energy levels.
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Collective sequencing data summary

A total of 1,292,848,899 raw reads were generated from the rumen fluid samples, and 3,094,821 high quality sequences remained after quality-filtering and removal of chimeric sequences. A total of 2,744 OTUs were obtained based on 97% nucleotide sequence identity analysis among reads.

A total of 1,183 OTUs were shared among the 8 treatment groups, accounting for 56.6, 56.9, 60.1, and 59.7% of the total OTUs in yaks, and 54.6, 57.2, 58.5, and 61.4% of the total OTUs in cattle for the 6.62, 8.02, 9.42, and 10.80 MJ ME/kg DM diets, respectively (Figure 1). The number of OTUs specific to the diets containing 6.62, 8.02, 9.42, and 10.80 MJ ME/kg DM were 26, 14, 21, and 28 for yaks and 38, 7, 4, and 21 for cattle, respectively.
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FIGURE 1
Flower plot showing different and similar OTUs in yak (Y) and Qaidam cattle (C) offered low protein diets differing energy levels (MJ ME/kg DM).


There was no difference in alpha diversity (ACE) between yaks and cattle, and it decreased linearly (P < 0.05) with increasing dietary energy level (Figure 2A). The CPCoA revealed differences in rumen bacterial communities between the bovine species and among dietary energy levels. Of the total variance, 19.3% was explained by species and dietary energy level (P = 0.001; Figure 2B), and 17.6% and 21.8% were explained by dietary energy level in yaks (P = 0.019; Figure 2C) and cattle (P = 0.001; Figure 2D), respectively. The rumen bacterial profiles were distinguished and affected significantly by dietary energy level, but not by bovine species (ANOSIM R = 0.0318, P = 0.098).
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FIGURE 2
Effects of dietary energy levels on α and β diversity of the ruminal bacterial community in yak (Y) and in Qaidam cattle (C) offered low protein diets differing in energy levels (MJ ME/kg DM). (A) Ace index between the bovine species and among dietary energy levels; (B) CPCoA between the bovine species and among dietary energy levels; (C) CPCoA among dietary energy levels for yaks; (D) CPCoA among dietary energy levels for Qaidam cattle.




Microbial community composition in the rumen fluid

A total of 22 ruminal bacterial phyla were identified across the 4 energy levels and 2 animal species. The dominant phylum was Bacteroidetes with 66.9, 57.4, 38.9, and 34.7% for yaks, and 60.9, 51.0, 45.7, and 38.0% for cattle for the diets containing 6.62, 8.02, 9.42, and 10.80 MJ ME/kg DM, respectively (Figure 3 and Supplementary Table 1). Firmicutes was the second dominant phylum with 29.1, 35.9, 53.3, and 50.9% in yaks and 34.3, 43.1, 49.1, and 56.2% in cattle for the diets containing 6.62, 8.02, 9.42, and 10.80 MJ ME/kg DM, respectively. The RAs of Firmicutes and Actinobateriota increased linearly (P < 0.05), whereas the RA of Bacteroidetes decreased linearly (P < 0.05) with increasing dietary energy level. Dietary energy level was correlated negatively with the A:P ratio and positively with the Firmicutes to Bacteroidetes (F:B) ratio in both yaks and cattle (Figure 4).
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FIGURE 3
Effects of dietary energy level (MJ ME/kg DM) on the yak (Y) and Qaidam cattle (C) rumen bacterial composition at the phylum level. Each bar and color represents the average relative abundance of each phylum.
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FIGURE 4
Correlation between average daily gain and Firmicutes/Bacteroidetes (F/B; ■) ratio, and acetate/propionate (A/P; ▲) ratio in yaks and in Qaidam cattle.


In total, 356 bacterial genera were identified. The dominant genera were Prevotella with 17.3% for yaks and 18.8% for cattle, and Rikenellaceae_RC9_gut_group with 16.3% for yaks and 14.9% for cattle (Figure 5 and Supplementary Table 2). The RAs of Ruminococcaceae NK4A214_group, Butyrivibrio, and norank_f__Muribaculaceae were lesser (P < 0.05), whereas, the RAs of Rikenellaceae_RC9_gut_group and Quinella were greater (P < 0.05) in yaks than in cattle. Moreover, the RAs of Ruminococcaceae NK4A214_group, Succiniclasticum, Ruminococcus, Lachnospiraceae_NK3A20_group, Acetitomac ulum, DNF00809, unclassified_f__Lachnospiraceae, Marvinbry antia, Ruminococcus gauvreauii_group, Anaerovibrio, and SP3-e08 increased linearly (P < 0.05), while the RAs of Prevotella, Rikenellaceae_RC9_gut_group, Prevotellaceae_UCG-003, norank_f__Bacteroidales_RF16_group, norank_f__Bacteroi dales_BS11_gut_group, Prevotellaceae_UCG_001, norank_ f__Bacteroidales_UCG-001, and Papillibacter decreased linearly (P < 0.05) with increasing dietary energy level.
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FIGURE 5
Relative abundances of the top 50 bacterial sequence variants at the genus level in the rumen of yaks (Y) and Qaidam cattle (C) fed diets differing in energy level (MJ ME/kg DM).


Differential microbiota that varied with energy level were further identified using linear discriminant analysis effect size (LEfSe; Figures 6A,B). With a default LDA cut-off of ±2.0, differential taxa totaling 12, 9, 11, and 22 in yaks and 21, 4, 2, and 16 in cattle were observed for the 6.62, 8.02, 9.42, and 10.80 MJ ME/kg DM, respectively. The bacteria biomarkers in the 6.62 MJ ME/kg DM group were Bacteroidota for yaks and Prevotellaceae_UCG-003, Prevotellaceae_UCG-001, Butyrivibrio, and Pseudobutyrivibrio for cattle and in the 10.80 MJ ME/kg DM group were Actinobacteriota, Atopobium, Family_XIII_AD3011_group, Syntrophococcus, Mogibacterium, Schwartzia, norank_f_no rank_o_chloroplast, norank_f_Christensenellaceae, vadinHA49, norank_o_norank_o_Coriobacteriales, and Enbacterium_ brachy_group for yaks and Firmicutes, Ruminococcus, Lachnospiraceae_NK3A20_group, Acetitomaculum, and Ruminococcus_gauvreauii_group for cattle.
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FIGURE 6
Linear discriminant analysis effect size (LEfSe) results for rumen microbiota in yaks consuming diets with different energy levels (MJ ME/kg DM). (A) Linear discriminant analysis. (B) Cladogram reported. Prefixes represent abbreviations for the taxonomic rank of each taxon, class (c–) order (o–), family (f–) and genus (g–).




Correlations between ruminal bacteria and fermentation parameters

A Spearman rank correlation tested the relationships between ruminal microbiota and rumen fermentation parameters (Figure 7). A total of 83 positive (P < 0.05) and 74 negative (P < 0.05) correlations emerged (Figure 7). Prevotella was correlated positively with xylanase activities (r = 0.385; P < 0.001) and negatively with the concentration of total VFAs (r = –0.353; P = 0.016). Rinenellaceae_RC9_gut group was correlated positively with the A:P ratio (r = 0.311; P = 0.035), but negatively with the molar proportion of propionate (r = –0.331; P = 0.025) and pectinase activities (r = –0.328; P = 0.025). Christensenellaceae_R-7_group was correlated positively with the molar proportions of iso-butyrate (r = 0.335; P = 0.023) and iso-valerate (r = 0.329; P = 0.026), and negatively with xylanase activities (r = –0.505; P < 0.001). Ruminococcaceae NK4A214_group was correlated positively with the ruminal concentrations of ammonia-N (r = 0.511; P < 0.001) and total VFAs (r = 0.431; P = 0.003) and molar proportions of propionate (r = 0.479; P = 0.001) and isovalerate (r = 0.447; P = 0.002), but negatively with ruminal pH (r = –0.439; P = 0.002), the molar proportion of acetate (r = –0.485; P = 0.001), the ratio of A:P (r = –0.473; P = 0.001), and xylanase activities (r = –0.327; P = 0.026). Prevotellaceae_UCG-003 was correlated positively with ruminal pH (r = 0.425; P = 0.003), the molar proportion of acetate (r = 0.542; P < 0.001), and the A:P ratio (r = 0.460; P = 0.001), and negatively with the ruminal concentrations of ammonia-N (r = –0.358; P = 0.018) and total VFAs (r = –0.498; P < 0.001), and the molar proportions of propionate (r = –0.392; P = 0.007), butyrate (r = –0.510; P < 0.001), isobutyrate (r = –0.296; P = 0.046), and isovalerate (r = –0.336; P = 0.023). Ruminococcus, Lachnospiraceae_NK3A20_group, Acetitomaculum, and Ruminococcus_gauvreauii_group were correlated positively with the ruminal concentrations of ammonia-N and total VFAs, and the molar proportions of propionate, butyrate, isobutyrate, and isovalerate, but negatively with pH, the molar proportion of acetate, the A:P ratio, and xylanase activities. Prevotellaceae_UCG-001 was correlated positively with ruminal pH (r = 0.324; P = 0.020), the molar proportion of acetate (r = 0.362; P = 0.014) and the ratio of A:P (r = 0.315; P = 0.033), but negatively with the ruminal concentrations of ammonia-N (r = –0. 380; P = 0.011) and total VFAs (r = –0.578; P < 0.001), and molar proportions of butyrate (r = –0.374; P = 0.010), isobutyrate (r = –0.296; P = 0.046), and isovalerate (r = –0.331; P = 0.025). DNF00809 was correlated positively with the concentration of total VFAs (r = 0.436; P = 0.002) and the molar proportion of valerate (r = 0.335; P = 0.023), and negatively with ruminal pH (r = –0.334; P = 0.023) and the molar proportion of acetate (r = –0.322; P = 0.030). Butyrivibrio was correlated positively with the molar proportions of propionate (r = 0.352; P = 0.016) and isovalerate (r = 0.311; P = 0.035).
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FIGURE 7
Spearman’s rank correlation analysis between the top 50 bacteria at the genus level and rumen fermentation parameters. *P < 0.05, and **P < 0.01 according to Spearman’s rank correlation coefficient.




PICRUSt2 function prediction

The top 40 functions of the rumen bacterial communities in yaks and cattle were predicted. There were 19 and 3 predictive metabolic pathways that were affected (P < 0.05) by energy level and species, respectively, and there was no interaction between species and energy level (P > 0.10; Supplementary Table 3). Overall, the most abundant pathway was ribosome (26.0%), followed by ABC transporters (24.8%), and then purine metabolism (22.2%). Starch and sucrose metabolisms were lesser (P < 0.05), whereas valine, leucine and isoleucine biosyntheses were greater (P < 0.05) in yaks than in cattle (Figures 8A,B). Starch and sucrose metabolisms, valine, leucine and isoleucine biosyntheses, glycolysis/gluconeogenesis, and the pentose phosphate pathway increased linearly (P < 0.01) with increasing dietary energy level (Figures 8C,D).
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FIGURE 8
Significant differences of the functional pathways between species and among dietary energy levels (MJ ME/kg DM).





Discussion


Effect of dietary energy on rumen fermentation parameters

Ruminal pH, which is influenced by the concentrations of VFAs and ammonia-N and by saliva secretions, affect the growth and proliferation of ruminal microbes. In the current study, the greater ruminal pH in yaks than in cattle across the 4 energy levels was inconsistent with the greater concentration of VFAs in yaks. It was reported that the chewing activity was greater in yaks than cattle (Ding et al., 2008; Thanner et al., 2014), and this could have led to a greater saliva secretion to the rumen in yaks than in cattle. In addition, the endogenous urea recycled to the rumen was reported to be greater in yaks than in cattle (Zhou et al., 2017). The urea is hydrolyzed to ammonia, which increases the ruminal pH. Furthermore, yaks have 36 up-regulated genes related to VFA transport and absorption compared with cattle (Zhang et al., 2016), which could increase the rate of VFA absorption and reduce the ruminal concentration of VFAs. The linear decrease in ruminal pH with an increase in energy level is consistent with the linear increase in concentration of total VFAs (Liu et al., 2021b).

Ruminal ammonia-N concentration was greater in yaks than in cattle, which implied a greater microbial protein synthesis in yaks than in cattle (Zhou et al., 2017). However, the concentrations in both bovine species consuming the 6.62 and 8.02 MJ ME/kg DM diets were below the optimal range of 5 to 25 mg/100 mL (Preston and Leng, 1987), which suggests reduced activities of fibrolytic bacteria. The ammonia-N concentration increased linearly with increasing energy level, which indicated increased protein degradability and more N available for rumen microbial production, although the N intake was similar for all energy levels (Zhou et al., 2019).

Rumen VFAs are the end products of microbial fermentation, and are the main energy source for the host animal. The greater concentration of total VFAs in yaks than in cattle is in agreement with previous findings in an in vivo study when the two species were co-grazing a Kobresia pasture (Huang et al., 2012), and in an in vitro study when the same substrate was used with rumen inocula (Zhang et al., 2016). Furthermore, an ultra-deep metagenomic sequencing study demonstrated greater VFA-yielding pathways of rumen microbial genes in yaks than in cattle (Zhang et al., 2016). These findings could explain, at least in part, the greater ruminal concentration of VFAs in yaks than in cattle. The increase in concentration of ruminal total VFAs with increasing energy level was expected, as the non-fiber carbohydrate (NFC) contents of the concentrate increased (Liu et al., 2021b). A high-forage diet increased the molar proportion of acetate, whereas, a high concentrate diet increased the molar proportions of propionate and butyrate (Wang et al., 2019a). In the present study, the molar proportion of acetate decreased, whereas, of propionate and butyrate increased when the dietary energy increased. The greater molar proportion of acetate, along with the greater A:P ratio in yaks than in cattle, indicated a greater fiber digestibility in yaks (Wang, 2009), which was supported by the greater RA of fibrolytic bacteria (for example, Rikenellaceae_RC9_gut_group) in yaks than in cattle. Isobutyrate and isovalerate are derived mainly from hydrolyzation of branched-chain amino acids (BCAA; Apajalahti et al., 2019) and they are particularly important for fibrolytic bacteria (Van Gylswyk, 1970). The linear increase in iso-VFAs with increasing energy level indicated an increased protein degradability (Liu et al., 2022).



Effect of dietary energy on bacterial community composition

Bacteroidetes and Firmicutes were the dominant bacteria phyla, as was reported in cattle (Xin et al., 2019), dairy cows (Wang et al., 2019b), goats (Xue et al., 2022), and sheep (Castro-Carrera et al., 2014). These findings suggest that these two phyla play important roles in feed digestion and metabolism in the rumen. The mean RAs of Firmicutes for yaks (42.3%) and cattle (45.7%), and of Bacteroidetes for yaks (49.5%) and cattle (48.9%) were either below (56% for Firmicutes) or above (31% for Bacterioidetes) values from a meta-analysis of all curated 16S rRNA gene sequences from a NCBI database for ruminants (Kim et al., 2011). This could be due to differences in animal species, growth stage, and dietary nutritional levels and composition among studies. In the present study, the RA of Bacteroidetes decreased linearly and of Firmicutes increased linearly with increasing energy level, as was also reported in other yaks (Hu et al., 2020) and in goats (Min et al., 2019). The increased F:B ratio with increasing energy levels is in agreement with Liu et al. (2022), who also reported a linear increase in average daily gain (ADG) in yaks and cattle with increasing energy levels. A lower ratio of F:B was linked to an inhibition of fat deposition and decreased ADG of the host animal (Liu et al., 2015; Hu et al., 2020).

The maximum RA of Actinobacteria, a gram-positive bacteria, was 3% for both cattle and sheep (Sul’ák et al., 2012), and decreased with increasing energy level in Holstein heifers (Bi et al., 2018). In the present study, there was a larger variation in the RA of Actinobacteria (0.79% to 7.63%) in yaks than in cattle (0.66% to 1.57%), which suggests that Actinobacteria may be more sensitive to dietary energy change in yaks than in cattle.

Prevotella was the most dominant genus, which is in agreement with previous studies in steers (Xin et al., 2019), dairy cows (Wei et al., 2021), goats (Dao et al., 2021), and sheep (Huang et al., 2022). In the present study, Prevotella contained a number of metabolic versatile species, which secrete enzymes to degrade protein, starch, peptides, hemicellulose, and pectin into VFAs and amino acids (Stevenson and Weimer, 2007; Dao et al., 2021). This variability can be associated with the maintenance of RA balance under different fermentation conditions. The RA of Prevotella decreased linearly with increasing energy level, which is in agreement with a study in Angus cows (Chen et al., 2021). In addition, the RAs of Prevotellaceae_UCG-001 and Prevotellaceae_UCG-003, which belong to the Prevotellaceae family, also decreased linearly with increasing energy level. The reduction in RAs of these bacteria could be explained by a decrease in dietary fiber contents with increasing energy level. The Rikenellaceae_RC9_gut_group was the second most dominant genus, which is consistent with a study in grazing yaks (Liu et al., 2021a) and cattle (Xin et al., 2019). Rikenellaceae_RC9_gut_group, a member of the Rikenellaceae family, degrades cellulose and hemicellulose, with acetate as the main end product (Sha et al., 2020), and this could explain the linear decrease in RA with an increase in energy level (i.e., decrease in fiber content). The greater RA of Rikenellaceae_RC9_gut_group in yaks than in cattle could explain, at least in part, the greater fiber digestibility (Liu et al., 2022) and greater molar proportion of acetate in yaks than in cattle.

Ruminococcus is a fibrolytic bacteria and occurs predominantly in the rumen of ruminants fed high-fiber diets (Wei et al., 2021). However, in the present study, the RA of Ruminococcus increased linearly with increasing energy level and decreasing fiber content. This genus also exhibits amylolytic activity and the increasing dietary energy could have stimulated its grow and proliferation (Hu et al., 2020). This could explain why Ruminococcus was associated positively with total VFAs concentration, and negatively with pH. Ruminococcus_gauvreauii_group, which increased with increasing energy level in the present study, is a gram-positive and obligate anaerobic bacteria that produces acetate as the main end-product of glucose fermentation (Domingo et al., 2008). It was correlated negatively with pH and acetate and positively with the molar proportion of propionate. The ammonia-N concentrations in both bovine species consuming the 6.62 and 8.02 MJ ME/kg DM diets were below the optimal range of 5 mg/100 mL, which could explain why the proliferation of Ruminococcus_gauvreauii_group was inhibited. Ruminococcus_NK4A214 group, another bacterium belonging to the Ruminococcus family, was associated positively with total VFAs, and the molar proportion of propionate, which is in agreement with Li et al. (2019).

Succiniclasticum utilizes succinate to produce propionate (Van Gylswyk, 1995). In the present study, the increased RA of Succiniclasticum with increasing energy level was likely associated with the increased dietary NFC. Lachnospiraceae_NK3A20_group was characterized by cellulose-decomposing activity and starch hydrolysis, which could produce acetate and formate (Russell and Rychlik, 2001). In addition, Lachnospiraceae_NK3A20_group was correlated positively with total VFAs concentration, and the molar proportions of propionate, butyrate, isobutyrate, and isovalerate, and negatively with pH, the molar proportion of acetate, the ratio of A:P, and xylanase activities. These results suggest that the fermentation pattern of Lachnospiraceae_NK3A20_group favor propionate production in high-energy diets when consuming a low protein diet. A low concentration of ammonia-N could inhibit the proliferation of this genus, which could explain this occurrence. Acetitomaculum utilizes monosaccharides to produce acetate and occurs mainly in ruminants fed a high-concentrate diet (Huang C. et al., 2021). Accordingly, the RA of Acetitomaculum increased with increasing energy level, which was in line with Wang et al. (2019a).

Quinella ferments sugars equimolarly to acetate and propionate. It was reported that a greater RA of Quinella was associated with a lower methane emission in ruminants (Krumholz et al., 1993). The greater RA of Quinella in yaks than in cattle could explain, at least in part, the lesser methane emissions from yaks than cattle (Mi et al., 2017; Bai et al., 2021). In agreement with a report by Mao et al. (2016), the RA of Papillibacter decreased with increasing energy levels. Papillibacter was correlated positively with the molar proportion of acetate and the ratio of A:P, and negatively with total VFAs concentration and the molar proportion of butyrate.

To further understand the effects of energy level and bovine species on the bacterial community, we used LEfSe analysis. Bacteroidetes was the most differentially abundant bacteria in the yaks fed the low energy (6.62 MJ ME/kg DM) diet, inferring that Bacteroidetes was important for yaks with sparse forage availability. In addition, the RA of Firmicutes was greatest in cattle consuming the high energy (10.40 MJ ME/kg DM) diet, suggesting that a high-quality diet was linked with this phylum (Hu et al., 2020).



Correlations between bacterial communities at genera level and fermentation parameters and PICRUSt2 prediction of functions

The Rikenellaceae_RC9_gut_group was correlated negatively with the molar proportion of propionate and pectinase activity, and positively with the A:P ratio, suggesting fibrolytic activity, which is in agreement with previous studies (Zhao et al., 2017; Wang et al., 2019a). In the present study, Pseudobutyrivibrio was correlated positively with the molar proportion of acetate and negatively with total VFAs concentration, which is in accordance with the reports that this bacterium is cellulotytic (Poonko et al., 2015). Therefore, it was correlated positively with dietary fiber content and negatively with dietary protein and starch (Hao et al., 2021). The reason for the negative correlation of Prevotella, Prevotellaceae_UCG-001, and Prevotellaceae_UCG-003 with total VFAs concentration is not clear. Prevotella degrades most fibers and protein, but its function and metabolism are still unknown. There were 11 ruminal bacteria that were not associated with rumen fermentation parameters.

By using PICRUSt2 to predict the potential functions of bacteria, numerous metabolism related pathways emerged. The most prominent functional categories were ribosome and ABC transporters at the KEGG level 3 metabolic categories. These functions are vital for the survival, reproduction, and growth of livestock (Lamendella et al., 2011). In the present study, there were 17 predictive metabolic pathways that were affected by energy levels. The BCAAs, including valine, leucine, and isoleucine, are vital contributors to microbial protein synthesis (Allison et al., 1966). Ruminal microbial protein supplies up to 85% of the total amino acids absorbed in the small intestine (Westreicher-Kristen et al., 2020). In the present study, molar proportions of valine, leucine and isoleucine were greater in yaks than in cattle, and increased linearly with increasing energy level, inferring that BCAA biosynthesis in the rumen of yaks produce more microbial protein than in cattle (Zhou et al., 2018). The Prevotella genus has a strong relationship with BCAA synthesis (Xue et al., 2020). However, in the present study, no difference in the RA of Prevotella was observed between yaks and cattle.




Conclusion

The greater ruminal concentration of total VFAs and acetate to propionate ratio in yaks than in cattle was supported by the greater RA of fibrolytic bacteria, such as Rikenellaceae_RC9_gut_group. In addition, Bacteroidetes and Firmicutes were the dominant phyla, and Prevotella and Rikenellaceae_RC9_gut_group were the dominant genera, regardless of energy level and bovine species. The different bacterial profiles between yaks and Qaidam cattle explain how yaks are better adapted to the poor forage on the QTP than cattle. This study provides insight in the response of ruminal bacteria in yaks and cattle to a low protein diet with differing energy levels, as is common at high altitudes.
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In recent years, the three-way crossbred commercial pigs are extensively cultured in Tibet. However, there have been few studies about the effect of high-altitude hypoxic environment on intestinal health of them. Therefore, we selected Tibetan pigs (TP) and the three-way crossbred commercial pigs (CP-H) living in the Tibet (3,500–3,700 m in altitude) as a positive control group and treatment group, respectively. The three-way crossbred commercial pigs (CP-L) living at altitudes 800–1,000 m sea level were selected as a negative control group. The colonic chyme, colonic mucosa, colonic tissue and serum samples were collected for the detection of gut microbiota and intestinal inflammation. The results showed that high-altitude hypoxic environment promoted the occurrence of colonic inflammation, disrupted the colonic barrier to some extent. And Hematoxylin–Eosin (HE) staining revealed that mild inflammatory cell infiltration was observed in colon of CP-H. 16S rRNA gene sequencing revealed that the microbial community composition of CP-H was changed compared with CP-L. Gut bacterial communities formed distinctly different clusters in principal coordinates analysis (PCoA) space, and Chao 1 index of CP-H was also decreased. At the genus level, Terrisporobacter showed greater enrichment in the CP-H than lower-altitude pigs. Colstridium-sensu-stricto-1 showed lower enrichment in the CP-H than lower-altitude pigs. However, the concentration of valeric acid in colonic chyme of CP-H was higher than CP-L and TP. Correlation analysis indicated that Terrisporobacter was positively associated with the relative mRNA expression level of IL-1β and the content of lipopolysaccharide (LPS), and was negatively correlated with the relative mRNA expression level of IL-10. The Streptococcus was positively associated with the concentrations of valerate. In summary, high-altitude hypoxic environment changed compositions of gut microbiota, promoted the occurrence of colonic inflammation, and disrupted intestinal barrier of the three-way crossbred commercial pigs.

KEYWORDS
 three-way crossbred commercial pigs, high-altitude hypoxic environment, intestinal barrier, gut microbiota, inflammatory cytokines, short-chain fatty acids


Introduction

In recent years, with the rapid development of society and the increasing demand for a better life, the demand of people living in Tibet is more diversified for meat products, especially for pork of three-way crossbred commercial pigs. To resolve this contradiction, the breeding of three-way crossbred commercial pigs was rapidly implemented under the unified leadership of the local government. According to statistics of the local government, in recent years, the scale of breeding for three-way crossbred commercial pigs has been more than 300,000 in Tibet, and the scale of breeding is steadily increasing.

At present, high-altitude hypoxic environment has been shown to increase the development of inflammation throughout the body or multiple-organ dysfunction possibly (Pham et al., 2021). For example, high-altitude hypoxic environment induces acute mountain sickness, high altitude pulmonary edema, and high altitude cerebral edema (Purushothaman et al., 2011), and can even also affect the growth and intestinal health (Jensen and Moore, 1997; Xu et al., 2014). In addition, it has also been shown that inflammatory signaling in response to high altitude hypoxic environment exist an adaptive mechanism (Pham et al., 2021). Tibetan pigs, also known as ginseng pigs, are the indigenous breed native to the Qinghai-Tibet Plateau. In order to adapt to high-altitude environments, Tibetan pigs have developed unique physiological mechanisms during the long process of evolution and have acquired stable structural and functional characteristics (Yang et al., 2021). In the last few years, the commercial pigs had also been raised in Qinghai-Tibet Plateau because of its higher growth rate, higher feed efficiency, and superior meat yield (Zhang et al., 2018). However, the three-way crossbred commercial pigs were purchased from plain areas of China soon after weaning. They may face immense living challenges from high altitude hypoxic environment due to environmental changes (Lanikova et al., 2017).

As is well known, the gut is an important physiological function organ (Brestoff and Artis, 2013). The microbiota located in the gut exerts important functions for gut homeostasis and host health. Studies have proven that intestinal microbiota is strongly linked to intestinal barrier function and systemic inflammation (Pickard et al., 2017). For example, enteric pathogen C. rodentium is a major hallmark of diarrheal disease for mice, its expansion can result in dramatic colonic mucosal hyperplasia and a local Th1 inflammatory response. Clostridium difficile infection can result in the occurrence of inflammatory bowel disease (Sokol et al., 2018). In contrast, the abundances of intestinal beneficial bacteria are positively related to the intestinal health, such as Lactobacillus and Bifidobacterium maybe improve intestinal barrier function and reduce intestinal inflammation (Wu et al., 2020). Meanwhile, gut microbiome is also influenced by many factors, such as genetic, foods and environmental factors (Goodrich et al., 2017), and it has been the widely validated. In addition to above factors, high-altitude environments affect the composition and function of the gut microbiota (Suzuki et al., 2019). At high altitude, there is a decrease in the barometric pressure and a consequent reduction in the oxygen partial pressure, which will lead to the increased abundances of the obligate anaerobes (Moreno-Indias et al., 2015). At present, a few studies have explored the microbial community composition of mammals living at different altitudes, including ruminants (Zhang et al., 2016), humans (Lan et al., 2017), and pikas (Li et al., 2016). However, the studies about that the effects of high-altitude hypoxic environment on colonic inflammation, intestinal barrier and gut microbiota in three-way crossbred commercial pigs have so far hardly been explored. Therefore, we selected Tibetan pigs and three-way crossbred commercial pigs living at 3500–3700 m as a positive control group and treatment group in the present trial, respectively. Moreover, three-way crossbred commercial pigs living at 800–1000 m were also selected as negative control group. We used 16S rRNA gene sequencing to analyze the microbiota between Tibetan pigs and three-way crossbred commercial pigs, analyzing the relationship between gut microbiota and intestinal parameters such as intestinal inflammation and intestinal barrier. This study thus sought to explore the effects of high-altitude hypoxic environment on gut microbiota and gut health of pigs.



Materials and methods


Ethics statement

All procedures in the current study including animal experiments and sample collection were approved by the Experimental Animal Welfare and Ethical Committee of the Institute of Animal Science, Chinese Academy of Agricultural Sciences (No. IAS2021-241).



Animal and sample collection

Tibetan pigs (TP) and three-way crossbred commercial pigs (CP-H) were cultured under the research farm (Shannan District, Tibet, China) of Institute of Animal Science and Veterinary, Tibet Academy of Agricultural and Animal Husbandry Sciences (3,500–3,700 m above sea level). Three-way crossbred commercial pigs (CP-L; with the same genetic background as three-way crossbred commercial pigs above) were cultured under a commercial pig farm in Shanxi Province (800–1,000 m above sea level). All the pigs were reared according to the feeding standards and water ad libitum (Huang et al., 2021), and were fed with the same standard diet (Table 1). The pigs were euthanized for 6 randomly selected pigs per group when reached slaughter weights in this study. The blood was collected in order to obtain serum. Fresh colonic chyme and mucosa were fleetly collected, immersed in liquid nitrogen immediately, then stored at-80°C until further analysis. Finally, the colonic tissue samples were taken out and fixed in 4% formaldehyde.



TABLE 1 Composition and nutrient levels of diet.
[image: Table1]



Tissue sample and intestinal morphology

The colon tissues were immersed and fixed with 4% formaldehyde. Then, they were removed from formalin and embedded in paraffin. Subsequently, the paraffin blocks were sectioned at 5 μm thick sections using a semi-automatic microtome (LONGSHOU, China). Next, they were stained with hematoxylin and eosin according to methods of Luo et al. (2021), and observed under optical microscope and calculated histologic colitis score according to a pathology score system. Methods of pathology score system are described briefly below. Inflammation score was graded from 0 to 3 depending on the severity of the inflammation and infiltration of immune cells. Inflammation extent was graded from 0 to 3 with regard to the width of colon membrane affected by colitis including mucosa, sub-mucosa and transmural layers. Crypt damage was graded from 0 to 4 considering the damage of crypt and epithelial cells. Histologic colitis score was calculated by summing inflammation severity, inflammation extent and crypt damage.



Concentrations of SCFAs

Approximately 1 g of the colonic chyme was collected and immersed in 10 ml of ddH2O in 15-mL screw capped vials, after shaked for 30 min, refrigerated at 4°C overnight. The mixture was centrifuged at 10,000 rpm for 10 min for the concentration analysis of SCFAs. Concentrations of SCFAs were determined by gas chromatography according to the method of Wu et al. (2016).



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

Approximately 0.5–1 g the colonic chyme was collected, respectively, from each sample, and microbial community genomic DNA was extracted microbial community genomic DNA according to the manufacturer’s instructions of the E.Z.N.A.® soil DNA Kit (D5625-02, Omega Bio-Tek Inc., Norcross, GA, United States). Then it was stored at-80°C until the time of analysis. In addition, the purity and DNA concentration were checked by 1% agarose gel electrophoresis and NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) separately. The V3-V4 regions of bacterial 16S rRNA gene were amplified with the following primer set: 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The reaction system, determination of amplified fragments and purification were performed according to methods of Luo et al. (2021). The raw microbial sequence data were analyzed and processed by the Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The sequences were analyzed and assigned to operational taxonomic units (OTUs; 97% identity). What is more, the alpha-diversity, whose coverage was based on the Chao 1 and Shannon index within each sample was generated by QIIME (Version 174 1.7.0; Qingsen et al., 2017), and beta diversity was estimated by computing the unweighted Unifrac distance and visualized using PCoA.



Genes expression

Total RNA of colonic mucosa was extracted using TransZol reagent (Ambion, UT, United States). Then the integrity and quality of total RNA were tested by electrophoresing on a 1.0% agarose gel and the Nano Drop® ND-1000 spectrophotometer (Nano-Drop Technologies, Wilmington, DE, United States), respectively. The cDNA was synthesized by a reverse transcription kit. The cDNA was stored at-20°C for quantitative real-time PCR (qRT-PCR). All primers were designed according to the method of Luo et al. (2019), and were synthesized by Sangon Biotech Corporation (Sangon Biotech, China). The primer sequences were listed in Table 2. qRT-PCR assays were performed according to the method of Luo et al. (2021). The expression levels of all were calculated by 2−ΔΔCT methods (Luo et al., 2019).



TABLE 2 The nucleotide sequences of primer.
[image: Table2]



LPS, DAO and D-lactide

LPS in serum was measured using the commercially available tachypleus amebocyte lysate kit (Chinese Horseshoe Crab Reagent Manufactory Co., Ltd., Xiamen, China) according to the method of quantitative Chromogenic Limulus Amebocyte Lysate assay. DAO and D-lactide in serum were measured by kit from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Statistical analysis

Morphology of colon, colonic permeability, mRNA expression, and concentrations of SCFAs date were analyzed using SPSS (23.0). The correlation matrix between the bacterial species, and intestinal barrier, inflammatory cytokines, SCFAs and blood biochemical parameters were generated using Pearson’s correlation coefficient. The p-value below 0.05 was considered significant, and absolute value of r higher than 0.5 was considered a strong correlation factor (Cianga et al., 2021). GraphPad 8.0 was used to draw all the above data. Finally, the results were presented as means ± SEM, and with * indicating a statistically significant difference (p < 0.05), ** indicating a highly significant difference (p < 0.01).




Results


Histologic colitis score from colonic sections and LPS, DAO, and D-lactide in serum

The morphological observations and pathological slices of colon were shown in Figure 1A. Mild inflammatory cell infiltration was observed in colon of CP-H. There was no inflammatory cell invasion in colon of TP and CP-L. The histologic colitis score was shown in Figure 1B. The histologic colitis score of CP-H was significantly increased compared with the TP and CP-L (p < 0.05).

[image: Figure 1]

FIGURE 1
 Effects of high-altitude hypoxic environment on intestinal tissue and LPS, DAO and D-lactide in serum of pig. TP: positive control group, CP-H: treatment group, CP-L: negative control group. (A) HE-stained pathological sections of colonic tissue from pigs of groups. (B) Histologic colitis score of pigs. (C) The content of LPS in serum of pigs. (D) The content of D-Lac in serum of pig. (E) The activity of DAO in serum of pigs. Data are expressed as mean ± SEM (n = 6). * indicating a statistically significant difference (p < 0.05), ** indicating a highly significant difference (p < 0.01).


There were no significant differences in the level of D-Lac in serum (Figure 1D). The activity of DAO and the level of LPS in serum of CP-H were significantly higher compared with TP and CP-L (p < 0.05; Figures 1C,E).



Concentrations of SCFAs in colonic chyme

The concentrations of acetic acid, propionic acid, isobutyric acid, butyric acid, and isovaleric acid in colonic chyme were not statistically significant (Figure 2A). In addition, concentrations of total SCFAs also revealed no significant differences (Figure 2A). However, the concentration of valeric acid in colonic chyme of CP-H was higher than CP-L and TP (p < 0.05; Figure 2A).

[image: Figure 2]

FIGURE 2
 Effects of high-altitude hypoxic environment on intestinal inflammation and concentrations of SCFAs in the colonic chyme of pigs. TP: positive control group, CP-H: treatment group, CP-L: negative control group. (A) The concentrations of Acetate acid, Propionic acid, Isobutyric acid, Butyric acid, Isovaleric acid, Valeric acid and total SCFAs in the colonic chyme of pigs. (B) The mRNA expression levels of IL-1β, IL-6, TNF-α, p65, IL-10, ZO-1 and Occludin in colonic mucosa of pigs. Data are expressed as mean ± SEM (n = 6). * indicating a statistically significant difference (p < 0.05), ** indicating a highly significant difference (p < 0.01).




Intestinal inflammation in colonic mucosa

Relative mRNA expression levels of IL-1β and IL-6 in colonic mucosa of CP-H were higher relative to TP and CP-L (p < 0.01), and no significant differences were found between the two control groups (Figure 2B). Relative mRNA expression level of p65 in CP-H was higher relative to TP (p < 0.05), but there were no significant differences between CP-H and CP-L (Figure 2B). Relative mRNA expression levels of IL-10, ZO-1, and Occludin in colonic mucosa of CP-H were lower relative to TP and CP-L (p < 0.05; Figure 2B). Furthermore, we also found that relative mRNA expression level of IL-10 of CP-L was significantly higher than TP.



Composition of gut microbes in colonic chyme

To further assess whether differences in gut microbiota are the causal factor for the differences in gut barrier among TP, CP-H, and CP-L. The fresh colonic chyme was obtained from TP, CP-H, and CP-L, and 16 s rRNA gene sequencing analysis was performed. Shannon index of colonic chyme in TP was higher than those in CP-H and CP-L, and a statistically significant difference was found between TP and CP-L (p < 0.05; Figure 3A). Chao 1 index of CP-H was significantly lower than other groups (p < 0.05; Figure 3B). The PCoA indicated that TP, CP-H, and CP-L were distinctly clustered separately in distribution of microbiota at the colonic chyme (Figure 3C). There were 1,405, 1,301, and 1,364 operational taxonomic units (OTUs) obtained from TP, CP-H, and CP-L, respectively, of which 1,002 were common OTUs among the three experimental groups (Figure 3D).

[image: Figure 3]

FIGURE 3
 Effects of high-altitude hypoxic environment on gut microbiota diversity of pigs. TP: positive control group, CP-H: treatment group, CP-L: negative control group. (A) The Shannon index of microbiota in colonic chyme. (B) The Chao 1 index of microbiota in colonic chyme. (C) PCoA analysis of microbiota in colonic chyme at the OUT level. (D) The Wayne figures of microbiota in colonic chyme. Data are expressed as mean ± SEM (n = 6). * indicating a statistically significant difference (p < 0.05), ** indicating a highly significant difference (p < 0.01).


Microbial community composition at the phylum, genus, and species level of the three groups were presented in Figures 4A–F. The results showed that colonic chyme samples comprised four major phyla including Firmicutes, Bacteroidota, Spirochaetota, and Actinobacteria (Figure 4A). Firmicutes and Bacteroidetes were the most predominant phyla in the colons of TP, CP-H, and CP-L (Figure 4A). In addition, there were also significant differences in abundance of Cyanobacteria, WPS-2, Patescibacteria, and Fusobacteriota among three breeds (p < 0.05; Figure 4B). At the genus level, the top three most abundant genus in three groups, in turn, were Colstridium-sensu-stricto-1, Lactobacillus, and Terrisporobacter (Figure 4C). Composition of the gut microbiota was further analyzed at the species level (Figures 4E,F). The Lactobacillus_johnsonii and Lactobacillus_reuteri were significantly enriched in TP (Figures 4F).

[image: Figure 4]

FIGURE 4
 Effects of high-altitude hypoxic environment on gut microbiota community composition in the colonic chyme of pigs. TP: positive control group, CP-H: treatment group, CP-L: negative control group. (A) The relative abundances of microbiota in colonic chyme at the phylum level. (B) Analysis of variance the gut microbiota with significant differences at the phylum level. (C) The relative abundances of microbiota in colonic chyme at the genus level. (D) Analysis of variance about relative abundance of the top 10 genera in the three groups. (E) The relative abundances of microbiota in colonic chyme at the species level. (F) Analysis of variance about relative abundance of the top 15 genera with significant differences at the species level. Data are expressed as mean ± SEM (n = 6). * indicating a statistically significant difference (p < 0.05), ** indicating a highly significant difference (p < 0.01).


LEfSe analysis was performed and presented as LDA score ≥ 3.0 to further explore the differences in microbiota composition between the three groups. The results were showed in Figure 5A. A total of 43 biomarkers in TP, CP-H, and CP-L. There were 14, 13, and 16 biomarkers in TP, CP-H, and CP-L, respectively. Notably, Terrisporobacter was enriched in colonic chyme of CP-H, Colstridium-sensu-stricto-1 and Streptococcus were enriched in colonic chyme of CP-L. The relative abundance of the three genera varied among the three groups (p < 0.05; Figures 5B–D).

[image: Figure 5]

FIGURE 5
 The differentially abundant taxa among the three groups by LEfSe analysis, and analysis of variance about some specific bacteria genera. TP: positive control group, CP-H: treatment group, CP-L: negative control group. (A) LEfSe analysis of microbiota in colonic chyme. (B) Analysis of variance about Terrisporobacter. (C) Analysis of variance about Clostridium_sensu_stricto_1. (D) Analysis of variance about Streptococcusare. Data are expressed as mean ± SEM (n = 6). ** indicating a highly significant difference (p < 0.01).




Correlation between microbial communities and gut barrier

Correlations between metabolites and the top 15 genus between TP, CP-H, and CP-L were obtained via Pearson’s correlation analysis. As shown in Figure 6, the results showed that the relative abundance of Terrisporobacter was positively associated with the relative mRNA expression level of IL-1β, the content of LPS, and was negatively correlated with the relative mRNA expression level of IL-10 (Figure 6). The relative abundance of Streptococcus was positively associated with the concentration of valerate (Figure 6).
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FIGURE 6
 The correlation of intestinal microbiota, intestinal barrier, SCFAs, inflammatory cytokines, and blood biochemical parameters. r = Pearson correlation coefficient; p = significance level, *p < 0.05, **p < 0.01, ***p < 0.001. The p-value below 0.05 was considered significant, and absolute value of r higher than 0.5 was considered a strong correlation factor.





Discussion

Intestinal barrier, including ecological barrier, mechanical barrier, and immunity barrier, plays an integral role in maintaining gut homeostasis. Among them, the intestinal mechanical barrier is essentially a defensive layer composed of intestinal mucosal epithelial cells and tight junctions between cells and the bacterial membrane, and can effectively prevent intestinal injury (Odenwald and Turner, 2017). Break of mechanical barrier often show obvious mucosal ulceration, loss of crypt, goblet cells and epithelial damage, neutrophil infiltration and causes inflammation (Turner, 2009; Li et al., 2019a). In this study, the occurrence of local mild inflammatory cell infiltration was observed in the colon of CP-H group. The level of D-Lac, LPS and the activity of DAO in serum of CP-H group were higher compared with CP-L group. Moreover, we also found that relative mRNA expression levels of IL-1β, IL-6 and p65 in colonic mucosa of CP-H group were higher relative to CP-L group. These data evidenced that the colon of CP living in plateau were in the inflamed state, and the intestinal barrier was disrupted to the certain extent. This situation may be related to the altitude at which the CP were located (Yi et al., 2021). It has been reported that upon exposure to high altitude, oxygen deficit and oxidative stress can occur (Földes-Papp et al., 2005; Pichler Hefti et al., 2016). Subsequently, inflammatory factors are released in response to hypoxia and oxidative stress (Himadri et al., 2010; Querido et al., 2012). For example, Himadri et al. (2010) found that high-altitude hypoxic environment leads to activation of NFκB in brain of rats. The activated NFκB further upregulates the proinflammatory cytokines, such as IL-1, IL-6, and TNF-α. On the other hand, the development of the inflammatory reactions might also be involved in as well as acclimation to high altitudes, while there is a genetic basis to the adaptation of high altitude (Simonson et al., 2010; Yi et al., 2021). In one study, comparing the levels of systemic inflammatory factors in the serum of 36 healthy subjects who had been living on the Qinghai-Tibetan plateau for a short time and 24 subjects who prolonged living on the Qinghai-Tibetan plateau, the authors found that the 36 healthy subjects’ levels of IL-2, IL-3, MCP-1, IL-1β in serum were higher than those in the 24 subjects (Yi et al., 2021). Simonson et al. (2010). found that high-altitude adaptation in Tibetans has resulted from local positive selection on the genes of EGLN1 and PPARA. CP is not a local pig breed of Qinghai-Tibetan plateau. In this experiment, the CP were purchased from the plain area of China after weaning. Therefore, the occurrence of intestinal inflammation was observed in the colon of CP-H group, the reason may be that the change of genetic material is also very difficult to achieve in short life of CP in order to adapt to their environment.

Altitude is also an important factor that influence the gut microbiota composition. Most the studies demonstrated that significant differences of gut microbiota were observed among different altitudes (Lan et al., 2017). Researches compared the differences in intestinal microbiota between plateau pika and the low-altitude dauricus. Scleroderma was the most abundant genus in the plateau pika, and Prevotella, Oscillospira, Ruminococcus, and yrc22 were abundant in the plateau pika. While Proteobacteria, Actinobacteria, and Verrucomicrobia were abundant in low-altitude dauricus. The Shannon index of the plateau pika were significantly higher than those of the low-altitude dauricus, and eight genera, including Streptococcus and Pseudomonas, increased with the altitude (Li et al., 2018, 2019b). Additionally, Zeng et al. (2020). found that Acinetobacter, Pseudomonas, and Sphingobacterium were the top three abundant bacterial genera in high altitude fecal samples in both humans and pigs. In this study, a large variation had also been observed in microbiota composition between CP-H group and CP-L group, including the within community diversity (alpha diversity), the between community diversity (beta diversity) and the microbial composition in the different levels. Therein, the Terrisporobacter and UCG-002 were enriched in the CP-H compared with CP-L. The most likely explanation for this phenotype was that at high altitude, there was a decrease in the barometric pressure and a consequent reduction in the oxygen partial pressure, which lead to the abundances of these obligate anaerobes increased (Moreno-Indias et al., 2015).

Under normal conditions, intact intestinal barrier can inhibit pathogenic bacterial growth (Fukuda et al., 2011). However, some conditional pathogenic bacterial have the opportunity to grow quickly when the barrier is damaged. These pathogenic bacterial destroy the intestinal microecological barrier, then accelerate intestinal damage and result in bacterial antigen translocation from the intestinal cavity to the circulatory system and finally lead to systemic inflammation (Figueredo et al., 2018; Yin et al., 2019). In this study, the abundance of Terrisporobacter in CP-H group was significantly higher than CP-L group, and it was positive significant correlation between Terrisporobacter and relative mRNA expression levels of IL-1β, the LPS content and the activity of DAO. Very little is currently known about Terrisporobacter, but there were also indicated that it has been linked to oxidative stress and inflammation in preterm infants (Cai et al., 2019; Ho et al., 2019). The Terrisporobacter could produce the urinary toxin, such as trimethylamine-N-oxide (Cai et al., 2019). Trimethylamine-N-oxide may be involved in the pathogenesis of IBD by impacting ATG16L1-induced autophagy and activating NLRP3 inflammasome (Yue et al., 2017; Li et al., 2022). In addition, our data indicate that Clostridium_ sensu_stricto_1 and Streptococcus had higher abundance in colonic chyme of CP-H compared to TP. Meanwhile, Streptococcus was significantly positively correlated with D-Lac. In previous studies, Clostridium_ sensu_stricto_1 and Streptococcus are deemed to be opportunistic pathogens associated with colitis (Zou et al., 2020; Wen et al., 2021). Therefore, they may be another important factor to aggravate intestinal inflammation of CP-H in this study. Interestingly, we found that the Lactobacillus_johnson and Lactobacillus_reuteri were enriched in gut of TP. The Lactobacillus_johnson and Lactobacillus_reuteri is a well-known gut probiotic (Avall-Jääskeläinen and Palva, 2005; Sung et al., 2018). At present, they have been used as feed additive in swine industry, with very good results (Bampidis et al., 2021). Thus, it may be a good therapeutic candidate for intestinal diseases treatment with the addition of Lactobacillus_johnson and Lactobacillus_reuteri in the CP-H feed.

Short-chain fatty acids (SCFAs) are produced by anaerobic gut bacteria through saccharolytic fermentation of complex resistant carbohydrates (Muralitharan et al., 2020). The SCFAs predominantly include acetate, propionate, and butyrate which account for approximately 80% of all SCFAs. Therein, butyrate are important substrates for maintaining the colonic epithelium, regulating tight junction proteins and enhancing intestinal barrier function through increasing expression of claudin-1 and ZO-1 (Wang et al., 2012). Studies have reported that the majority of butyrate are produced by a small number of gut bacteria, including Faecalibacterium prausnitzii, Eubacterium rectale, Eubacterium hallii and Ruminococcus bromii (Louis et al., 2010), of which is dominated by Ruminococcus bromii (Sun et al., 2017). In this study, no major strains related to butyric acid production were found in the top 15 differential bacterial genera in abundance. Thus, this may be the main reason for the no significant differences found about the concentrations of butyric acid. However, it is worth noting that the concentrations of valerate in CP-H was significantly higher than CP-L and TP. Previous studies found that valerate, which is a SCFAs mainly converted from proteins or amino acids (Gao et al., 2022), was demonstrated that could enhance intestinal barrier functions at physiological concentration (McDonald et al., 2018). However, valerate exhibited the concentration-dependent paradoxical effects on intestinal barrier function. It can exert the opposing effects on normal colonocytes at high concentrations (Burgess, 2012). Interestingly, through the correlation analysis, we found that the concentrations of valerate is significantly positively correlated with Streptococcus and Clostridium_sensu_stricto_1 in this study. Based on our data, we could speculate that the most of the valerate in CP-H group was likely arose from Streptococcus and Clostridium_sensu_stricto_1. However, the mechanism underlying the production of valerate in gut is not fully understood and further investigation is needed.



Conclusion

In summary, high-altitude hypoxic environment changed compositions of gut microbiota, promoted the occurrence of colonic inflammation, and disrupted intestinal barrier of the three-way crossbred commercial pigs.
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Newborn animals with intrauterine growth restriction (IUGR) are characterized by impaired intestinal structure and function; however, their intestinal microbiota and metabolome profiles have not been fully identified. The present study investigated the differences in colonic microbiota, metabolomics, and barrier function-related gene expression profiles between the IUGR and normal birth weight (NBW) piglets at 7, 21, and 28 days of age. Forty-eight piglets (24 NBW and 24 IUGR) from 24 litters were assigned to assess the differences in colonic microbiota, metabolomics, and gene expression between IUGR and NBW piglets. Compared with the NBW piglets, IUGR piglets showed decreased Shannon index and increased Simpson index at 7 days of age and Chao1 index at 21 days of age (p < 0.05). The IUGR piglets had lower abundances of Firmicutes, Subdoligranulum, Ruminococcaceae_UCG-002, and Ruminococcaceae_UCG-003 at 7 days of age, and Bacteroidetes, Phascolarctobacterium, and Ruminococcaceae_UCG-005 at 21 days of age, when compared with the NBW piglets (p < 0.05). Metabolomics analysis showed significant changes in 147 metabolites mainly involved in organic acids and their derivatives in the colon. Six differential metabolic pathways were significantly enriched, including purine metabolism, amino sugar/nucleotide sugar metabolism, ubiquinone/other terpenoid-quinone biosynthesis, phenylalanine/tyrosine/tryptophan biosynthesis, phenylalanine metabolism, and histidine metabolism. Spearman’s correlation analysis further demonstrated significant correlations between colonic microbiota and metabolites. In addition, colonic isobutyrate at 7 days of age, isovalerate and total short-chain fatty acids (SCFAs) at 21 days of age, and acetate, propionate, butyrate, and total SCFAs levels at 28 days of age were lower and isovalerate was higher at 28 days of age in the IUGR piglets than in the NBW piglets (p < 0.05). Furthermore, the mRNA expression of zonula occludens (ZO)-1 at 7 days of age, ZO-1, occludin, and interleukin (IL)-4 at 21 days of age were down-regulated in the IUGR piglets, whereas tumor necrosis factor (TNF)-α and nuclear factor-kappa B (NF-κB) at 28 days of age were up-regulated, when compared with the NBW piglets (p < 0.05). The findings suggest that the IUGR pigs present abnormal microbiota and nutrient metabolism in the colon, which may further affect the intestine barrier function by regulating gene expressions.
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Introduction

Intrauterine growth restriction (IUGR) has been defined as the impaired growth and development of the mammalian embryo/fetus or its organs during pregnancy (D'Inca et al., 2010). There are several factors, including genetic factors, environmental stress, insufficient uterine capacity, and maternal malnutrition, which could induce the IUGR of piglets (Wu et al., 2004). The IUGR can lead to feeding intolerance, decreased fat absorption, and digestive disorders in the early life of pigs (Gilbert and Danielsen, 2003), resulting in higher perinatal mortality and morbidity (Wu et al., 2006). Newborn piglets with IUGR have been identified with impaired intestinal structure and functions, resulting from the developmental pattern changes in their intestinal structure, transcriptomic, and proteomic profiles (Dong et al., 2016). Therefore, IUGR has attracted increasing attention in animal production (Ferenc et al., 2017).

The intestine is not only an important organ for nutrient digestion, absorption, and metabolism but also the largest immune organ protecting against pathogens in animals. The mammalian intestine is the harbor of microbes and is associated with a broad range of functions within the host. For example, the intestinal microbiota participates in the fermentation of complex carbohydrates, production of nutrients and vitamins, protection against pathogens, maintenance of immune balance, and different nutrient metabolism of the host (Marchesi et al., 2016). Early colonization and development of piglets’ intestinal microbiota is a dynamic process characterized by rapid changes in microbial diversity, composition, and abundance (Matamoros et al., 2013). Several factors, such as delivery mode, diet, living environment, and diseases, can affect the early colonization and development of the intestinal microbiota of piglets (Nicholson et al., 2012). Emerging evidence confirmed that the colonization, succession process, and the balance of intestinal microbiota directly affect the intestinal barrier function (Kamada et al., 2013), metabolic reactions (Sonnenburg and Backhed, 2016), trophic effects (Sonnenburg and Backhed, 2016), and maturation of immune responses of the host (Littman and Pamer, 2011). In addition, intestinal microbiota can ferment undigested dietary components and endogenous compounds and produce short-chain fatty acids (SCFAs; Rooks and Garrett, 2016). Therefore, the gut microbiota balance and normal metabolic status are closely related to the host’s health (Valdes et al., 2018).

Previous studies showed that the intestinal microbial community diversity of IUGR piglets is lower than the normal birth weight (NBW) piglets, which is easier to affect by pathogens (Jiang et al., 2019). In addition, newborn piglets with IUGR had lower microbial diversity and different taxonomic abundances in the small intestine (Zhang et al., 2019). Li et al. (2018) found that the low-birth-weight piglets also had different fecal microbial community structures and metabolome profiles. These findings suggested that the alteration of the intestinal microbiota is potentially associated with impaired growth and development of piglets. The colon is the main site of microbial fermentation in pigs (Sciascia et al., 2016), and numerous small molecular compounds are produced in this process, which affects the gene expressions related to the intestinal function of the host (Chassaing et al., 2017). Thus, we hypothesized that there might be differences in colonic microbiota and metabolites between the IUGR and NBW piglets, which may alter the intestinal barrier function-related gene expressions. Therefore, the present study was conducted to compare the differences in colonic microbiota, metabolites, and barrier function-related gene expression levels between IUGR and NBW piglets at 7, 21, and 28 days of age, using 16S rRNA gene sequencing and metabolomics technology to identify the biomarkers of intestinal microbiota and their metabolites.



Materials and methods


Experimental design and sample collection

Twenty-four pregnant sows with similar physical conditions with 3–5 parities were selected and herded in a pig farm located in Yongan town, Liuyang city, Hunan province, China. The sows were housed individually in gestation crates (2.2 × 0.6 m) from day 1 to day 105 of pregnancy and then housed in farrowing crates (2.2 × 1.8 m) until weaning. The sows were fed ~3 kg of food twice (at 8:00 and 17:00 h) daily during the experimental period, and the diet fluctuated with the sows’ physical condition. Experimental sows had free access to drink water at all times. A total of 48 (male:female, 1:1) Large White × Landrace newborn piglets (24 NBW, 1.68 ± 0.04 kg and 24 IUGR, 0.98 ± 0.02 kg body weight; BW) with one NBW piglet and one IUGR piglet from 24 litters were selected for this trial. Piglets with a heavier birth weight than the average birth weight per litter were identified as the NBW piglets, while those with a lower birth weight by 10% than the average birth weight of their origin were defined as the IUGR piglets (Bauer et al., 1998). Suckling piglets were kept in a warm thermal container and fed by sows freely. Piglets received commercial creep feed from 5 days of age. The piglets were weaned at 21 days of age and transferred to nursery facilities with ad libitum access to water and weaning diets at all times. No antibiotics were used during the experimental period. All male piglets were castrated.

At 7 (IUGR = 1.77 ± 0.08 kg and NBW = 2.79 ± 0.16 kg; BW), 21 (IUGR = 4.71 ± 0.41 kg and NBW = 6.41 ± 0.35 kg; BW), and 28 (IUGR = 5.06 ± 0.52 kg and NBW = 7.96 ± 0.34 kg; BW) days of age, 16 suckling piglets (eight pairs with one NBW piglet and one IUGR littermate) were weighed 2 h after the last suckling and then euthanized after anesthetization with sodium pentobarbital (40 mg/kg BW, Shanghai Haling Biological Technology Co., Ltd., Shanghai, China) for colonic contents and mucosa collection. The colonic contents (2 cm above the terminal colon) were collected and immediately stored at −80°C for analysis of the microbial composition, metabolome profiles, and SCFAs. The mucosa (~2 g) were sampled, quickly frozen into liquid nitrogen, and stored at −80°C for analysis of gene expressions. The overall experimental procedure is presented in Figure 1.
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FIGURE 1
 Schematic presentation of the overall experimental procedure on metabolome, microbiome, and gene expression alterations in colon of newborn piglets with intrauterine growth restriction.




DNA extraction, Illumina MiSeq sequencing, and bioinformatics analysis

Microbial DNA of the colonic contents was extracted using HiPure Stool DNA Kit (Magen, Guangzhou, China), following the manufacturer’s instructions. The final concentration and purity of the extracted DNA were determined using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, Unites States), and DNA quality was checked by 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the 16S rRNA gene were amplified with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) using thermocycler polymerase chain reaction (PCR) system (GeneAmp 9700, ABI, Unites States). The PCR reactions were conducted as described previously (Zhang et al., 2019). The resulting PCR products were extracted using 2% agarose gel electrophoresis, then purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, Unites States) and quantified using QuantiFluor™-ST (Promega, Madison, WI, Unites States) following the manufacturer’s protocols. The equimolar purified amplicons were pooled, and paired-end (2 × 300) sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, Unites States), following the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Raw fastq files were demultiplexed, quality-filtered by Trimmomatic, and merged by FLASH 1.2.11 (Magoc and Salzberg, 2011) with the following criteria: (i) the reads were truncated at any site receiving an average quality score < 20 and over a 50 bp sliding window; (ii) primers were exactly matched with allowing two nucleotides to mismatch, and reads containing ambiguous bases were removed; (iii) sequences of overlap >10 bp were merged according to their overlap sequence. The operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE 7.1 and chimeric sequences were identified and removed using UCHIME (Edgar, 2013, 2016). The taxonomy of each 16S rRNA gene sequence was analyzed by RDP 11.5 Classifier algorithm against the SILVA 128 database using a confidence threshold of 70% (Wang et al., 2007). Raw sequences obtained in this study are deposited in the NCBI Sequence Read Archive database with accession number PRJNA836103.1 Alpha diversity analysis included Shannon, Simpson, Chao1 richness estimator, and abundance-based coverage estimator (ACE) metric. Beta diversity analysis was performed to investigate the structural variation of microbial communities among samples using the principal coordinate analysis (PCoA). Partial least squares-discriminant analysis (PLS-DA) was also used as a supervised model to reveal the microbiota variation between the two groups. The taxonomic composition was investigated at the phylum and genus levels. Microbial functions were predicted by the phylogenetic investigation of communities by reconstruction of unobserved states one (PICRUSt1). All analyses were performed on the free online platform of Majorbio I-Sanger Cloud Platform.2



Metabolite extraction, LC–MS analysis, and data processing

Colon contents (25 mg per sample) were weighed into 2 ml Eppendorf tubes (Eppendorf, Hamburg, Germany) and mixed with 500 μl extract solution (methanol: acetonitrile: water = 2:2:1 (v/v), containing isotopically labeled internal standard mixture). Then, the solution was vortexed for 30 s, homogenized at 35 Hz for 4 min, and sonicated for 5 min in the ice-water bath. The above treatment was repeated three times. After incubation at −40°C using a low-temperature freezer (AUCMA, Qingdao, China) for 1 h, the mixture solution was centrifuged at 10,000 × g and 4°C for 15 min, and then the resulting supernatant was transferred to a fresh glass vial for analysis. The quality control (QC) sample was prepared by mixing an equal aliquot of the supernatants from all samples.

The LC–MS/MS analyses were performed using an UHPLC system (Vanquish, Thermo Fisher Scientific, MA, Unites States) with an UPLC BEH Amide column (2.1 × 100 mm, 1.7 μm) coupled with Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo Fisher Scientific). The mobile phase consisted of 25 mmol/L ammonium acetate, 25 mmol/L ammonia hydroxide in water (pH = 9.75), and acetonitrile. The auto-sampler temperature was 4°C, and the injection volume was 3 μl. The Q Exactive HFX mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, Thermo Fisher Scientific). The Electrospray ion (ESI) source conditions were set as follows: sheath gas flow rate as 30 Arb, Aux gas flow rate as 25 Arb, capillary temperature as 350°C, full MS resolution as 60,000, MS/MS resolution as 7,500, collision energy as 10/30/60 in NCE mode, and spray voltage as 3.6 kV (positive, POS) or −3.2 kV (negative, NEG), respectively.

The raw data were converted to mzXML format using ProteoWizard and processed with an in-house program, which was developed using R package and based on XCMS, for peak detection, extraction, alignment, and integration. Then an in-house secondary mass spectrometry (MS2) database (BiotreeDB V 2.1) was applied in metabolite annotation. The cutoff for annotation was set at 0.3. The SIMCA (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden) was used for principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Seven-fold cross-validation was used to examine the quality of the model. Permutation tests were used to test the validity of the model. The first principal component of variable importance in the projection (VIP) and Student’s t-test were obtained to refine the analysis. If VIP > 1 and p < 0.05, the variable was defined as a significantly different metabolite (SDM) between the two groups. In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) and MetaboAnalyst3 databases were used for pathway enrichment analysis.



Quantitation of short-chain fatty acids in colonic contents

The levels of colonic SCFAs, including acetate, propionate, isobutyrate, butyrate, isovalerate, and valerate, were detected by using Agilent 6890 gas chromatography (Agilent Technologies, Inc., Palo Alto, CA, Unites States), as described previously (Zhou et al., 2012). Briefly, colonic contents samples (~1 g) were homogenized and centrifuged in sealed tubes at 10,000 × g and 4°C for 10 min. A mixture of the supernatant fluid and 25% metaphosphoric acid solution (1:0.25 ml) was filtered through a 0.45-μm polysulfone microporous membrane filter and then analyzed.



RNA extraction and barrier function-related gene expression analysis

Total RNA extraction and real-time PCR measurement were conducted as previously described (Duan et al., 2017). Briefly, the total RNA of the colonic samples was extracted using the TRIZOL reagent (Magen, Guangzhou, China). The purity and concentration of the extracted RNA were assessed using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific). The total RNA was reverse-transcribed into cDNA using a PrimeScript RT reagent kit with gDNA Eraser (TaKaRa Biotech. Co., Ltd., Dalian, China). An RT-PCR assay was carried out using the SYBR® Premix Ex Taq™ kit (TaKaRa Biotech. Co., Ltd.) on a 480 II system (Roche, Light Cycler® 480 II, Basel, Switzerland) with the following conditions: initial denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s, annealing at 60°C for 30 s, and a final extension at 72°C for 30 s. The primers for barrier function-related gene expression and reference gene β-actin (listed in Supplementary Table 1) were designed using the Primer-BLAST. The relative expression level of each target gene was calculated using the 2−∆∆Ct method (Schmittgen and Livak, 2008).



Statistical analysis

Student’s t-test was used for the significance test of metabolites and gene expression data. Mann–Whitney U test was used for the microbiota data. Differences between the IUGR and NBW piglets were considered significant at p < 0.05. Spearman’s correlation coefficient was used to assess the relationships with different microbiota, SDMs, and BW between the IUGR and NBW Piglets. Data are presented as means ± SEM (standard error of the mean). The SPSS 22.0 (SPSS Inc., Chicago, IL, Unites States), R packages ggplot2 V3.3.5 and ComplexHeatmap V2.10.0,4 and GraphPad Prism V.6.0 (San Diego, CA, Unites States) were used for data analysis and graph preparation.




Results


Differences in colonic microbial community diversity between IUGR and NBW piglets

The microbial community diversity differences between the IUGR and NBW piglets are presented in Figure 2. A total of 2,832,611 high-quality reads were generated by high-throughput sequencing of 48 samples. From the high-quality reads, 1095 OTUs were detected by clustering non-repetitive sequences based on 97% similarity, including 19 phyla, 32 classes, 51 orders, 93 families, 170 genera, and 216 species. Each sample contained with an average of 50,447 sequences and 47,047 OTUs. The rarefaction curves reached the peak, indicating a near-complete sampling of the colonic microbial community (Supplementary Figure 1).
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FIGURE 2
 Differences in colonic microbial community diversity between the intrauterine growth restriction (IUGR) and normal birth weight (NBW) piglets at 7, 21, and 28 days of age. (A) The microbial Alpha diversity was measured using the Shannon, Simpson, ACE, and Chao indexes (n = 8). (B) Principal coordinate analysis (PCoA) on unweighted UniFrac distances (n = 8). (C) Partial least square discriminant analysis (PLS-DA) score plots of colonic microbiota (n = 8). The IUGR group and NBW group are shown along the first two PCoA/PLS axes. Each symbol represents the gut microbiota of a piglet, red represents the IUGR group, and blue represents the NBW group. *p < 0.05.


Alpha diversity was measured using the Shannon, Simpson, ACE, and Chao1 indexes (Figure 2A). The IUGR piglets had a lower (p < 0.05) Shannon index and a higher Simpson index at 7 days of age compared with the NBW piglets. In addition, the IUGR piglets had a lower (p < 0.05) Chao1 index compared with the NBW piglets at 21 days of age.

The PCoA results showed that there was no obvious separation between the IUGR and NBW piglets at 7, 21, and 28 days of age (Figure 2B). The PLS-DA showed that the intergroup score plots were clearly separated and clustered into two groups at 7, 21, and 28 days of age, indicating that there were significant differences in the colonic microbial structure between the IUGR and NBW piglets (Figure 2C).



Differences in colonic microbial composition between IUGR and NBW piglets

The colonic microbial compositions were analyzed at the phylum and genus levels (Figure 3). At the phylum level, in the IUGR and NBW piglets, Bacteroidetes (57.50% vs. 48.72%), Firmicutes (35.23% vs. 43.87%), and Proteobacteria (6.59% vs. 4.31%) were the top three phyla at 7 days of age; Bacteroidetes (43.64% vs. 58.75%), Firmicutes (45.94% vs. 35.15%), and Spirochaetae (4.94% vs. 2.36%) were the top three phyla at 21 days of age; and Bacteroidetes (29.99% vs. 38.67%), Firmicutes (60.60% vs. 51.57%), and Proteobacteria (3.63% vs. 3.54%) were the top three phyla at 28 days of age, respectively (Figure 3A). The relative abundance of Bacteroidetes was higher (p < 0.05), and Firmicutes and Synergistetes were lower (p < 0.05) in the IUGR piglets at 7 days of age compared with the NBW piglets (Figures 3B–D). However, the relative abundance of Bacteroidetes was lower (p < 0.05) in the IUGR piglets compared with the NBW piglets at 21 days of age (Figure 3E). However, there was no significant (p > 0.05) difference in the colonic microbial composition at the phylum level between the IUGR and NBW piglets at 28 days of age.
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FIGURE 3
 The Colonic microbial composition and taxonomic differences between the intrauterine growth restriction (IUGR) and normal birth weight (NBW) piglets at 7, 21, and 28 days of age. (A) The relative abundances of taxa >0.01% at the phylum level are showed by bar plot. (B–E) The taxonomic differences in colonic microbiota at the phylum levels. (F) The top 50 abundant taxa are shown by heatmap. (G,H) The taxomonic differences in colonic microbiota at the genus levels. CI7, CI21, and CI28 represent colonic samples obtained from IUGR piglets at 7, 21, and 28 days of age, respectively. CN7, CN21, and CN28 represent colonic samples obtained from NBW piglets at 7, 21, and 28 days of age, respectively. Red and blue represent the IUGR and NBW piglets, respectively. The data are expressed as means ± SEM (n = 8). *p < 0.05; **p < 0.01.


The top 50 most abundant genera in the colon of the IUGR and NBW piglets and their differences are presented in Figure 3F. At 7 days of age, norank_S24-7 (18.79%) was the most abundant genus, followed by Prevotella_2 (9.90%), Lactobacillus (9.54%), Bacteroides (6.80%), and Alloprevotella (6.24%) in the IUGR piglets, whereas norank_S24-7 (13.83%) was the most abundant genus, followed by Rikenellaceae_RC9_gut_group (9.38%), Lactobacillus (8.00%), Bacteroides (5.53%), and Ruminococcaceae_UCG-002 (4.59%) in the NBW piglets. At 21 days of age, Bacteroides (9.29%) was the most abundant genus, followed by norank_S24-7 (7.86%), Lactobacillus (7.86%), norank_Erysipelotrichaceae (5.36%), and Prevotellaceae_NK3B31_group (4.93%) in the IUGR piglets, whereas norank_S24-7 (11.37%) was the most abundant genus, followed by Bacteroides (10.80%), Prevotella_2 (9.46%), Alloprevotella (7.37%), and Prevotellaceae_NK3B31_group (5.19%) in the NBW piglets. At 28 days of age, [Eubacterium]_coprostanoligenes_group (7.78%) was the most abundant genus, followed by Lactobacillus (6.87%), Bacteroides (6.00%), norank_S24-7 (5.41%), and Ruminococcaceae_NK4A214_group (4.03%) in the IUGR piglets, while norank_Bacteroides (9.94%) was the most abundant genus, followed by norank_S24-7 (5.95%), norank_Erysipelotrichaceae (4.07%), norank_Lachnospiraceae (3.87%), and Prevotella_2 (3.24%) in the NBW piglets (Figure 3F). The relative abundances of Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-002, Parabacteroides, norank_Bacteroidales, Cloacibacillus, Subdoligranulum, Howardella, unclassified_Peptostreptococcaceae, Pasteurella, Ruminococcaceae_UCG-003, and norank_Bradymonadales were lower (p < 0.05), whereas Enterococcus was higher (p < 0.05) in the IUGR piglets at 7 days of age, when compared with the NBW piglets (Figure 3G). At 21 days of age, the relative abundances of Phascolarctobacterium, Ruminococcaceae_UCG-005, and norank_Bradymonadales were lower (p < 0.05), while Roseburia was higher (p < 0.05) in the IUGR piglets compared with the NBW piglets (Figure 3H). There was no significant (p > 0.05) difference in the colonic microbial composition between the IUGR and NBW piglets at 28 days of age.



Differences in colonic microbial function between IUGR and NBW piglets

The PICRUSt1 was used to evaluate the metabolic function differences of gut microbiota in the colon of the IUGR and NBW piglets (Supplementary Figure 2). Compared with the NBW piglets, six pathways were up-regulated (p < 0.05) in the IUGR piglets at 7 days of age, including protein digestion and absorption, arachidonic acid metabolism, Vibrio cholerae pathogenic cycle, cellular antigens, toluene degradation, and ubiquinone/other terpenoid-quinone biosynthesis; seven pathways were down-regulated (p < 0.05), including arginine/proline metabolism, valine/leucine/isoleucine biosynthesis, pentose/glucuronate interconversions, chaperones and folding catalysts, butirosin and neomycin biosynthesis, phosphonate and phosphinate metabolism, and nicotinate and nicotinamide metabolism (Supplementary Figure 2A). At 21 days of age, 14 pathways were up-regulated (p < 0.05) in the IUGR piglets, including citrate cycle, tropane/piperidine/pyridine alkaloid biosynthesis, one carbon pool by folate, carbon fixation pathways in prokaryotes, RNA degradation, pantothenate and CoA biosynthesis, energy metabolism, glycine/serine/threonine metabolism, cysteine/methionine metabolism, translation proteins, galactose metabolism, starch and sucrose metabolism, pentose phosphate pathway, and transporters; six pathways were down-regulated (p < 0.05), including nitrotoluene degradation, arachidonic acid metabolism, isoquinoline alkaloid biosynthesis, biotin metabolism, riboflavin metabolism, and MAPK signaling pathway-yeast (Supplementary Figure 2B). However, there were no significant (p > 0.05) differences in the colonic functional metabolic pathways between the IUGR and NBW piglets at 28 days of age.



Differences in colonic metabolome profiles between IUGR and NBW piglets

From the LC–MS/MS analysis, 8,322 and 6,132 valid peaks were obtained from the positive and negative ion modes, respectively. The unsupervised PCA was used to detect the overall changes in metabolic physiology of the IUGR and NBW piglets in the positive and negative ion modes (Supplementary Figure 3). The R2X value of the PCA model at 7, 21, and 28 days of age accounting for the variance was 0.580, 0.506, and 0.570 in the positive ion mode and 0.503, 0.528, and 0.555 in the negative ion mode, respectively (Supplementary Table 2). To maximize the discrimination between the IUGR and NBW piglets at 7, 21, and 28 days of age, the OPLS-DA was used to elucidate the different metabolic patterns (Figures 4A,B). The OPLS-DA models show goodness-of-fit (R2X and R2Y) and predictability (Q2), with 0.258, 0.994, and 0.344 in the positive ion mode and 0.200, 0.928, and 0.257 in the negative ion mode at 7 days of age; 0.327, 0.946, and 0.364 in the positive ion mode and 0.309, 0.947, and 0.347 in the negative ion mode at 21 days of age; and 0.253, 0.905, and 0.153 in the positive ion mode and 0.224, 0.925, and 0.239 in the negative ion mode at 28 days of age (Figure 4A; Supplementary Table 2), respectively. After 200 permutation tests, the R2 and Q2 intercept values at 7, 21, and 28 days of age were 0.92 and −0.12, 0.98 and −0.11, and 0.94 and −0.28 in the positive ion mode, respectively; whereas 0.89 and −0.10, 0.98 and −0.09, and 0.92 and −0.32 in the negative ion mode, respectively (Figure 4B). All samples were in the 95% confidence interval (Hotelling’s t-squared ellipse).
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FIGURE 4
 Differences in colonic metabolome profiles between the intrauterine growth restriction (IUGR) and normal birth weight (NBW) piglets at 7 (n = 7), 21 (n = 6), and 28 (n = 8) days of age. (A) The score plots of Orthogonal projections to latent structures-discriminant analysis (OPLS-DA) model based on the non-target metabolomics for the data from positive and negative ion modes of the colonic contents. Red and blue represent the IUGR and NBW piglets, respectively. (B) The permutation test results of OPLS-DA. (C) Volcano plots of positive and negative ion modes based on the non-target metabolomics of the colonic contents. Each symbol represents the identified metabolite, orange represents significantly up-regulation of different metabolites, green represents significantly down-regulation of different metabolites, and gray represents the metabolites those did not differ.


A total of 378, 611, and 191 differential metabolites in the positive ion mode and 195, 373, and 154 differential metabolites in the negative ion mode were quantified at 7, 21, and 28 days of age, respectively (VIP > 1 and p < 0.05; Figure 4C; Supplementary Table 3). After qualitative matching by MS2, 147 metabolites were identified as SDMs in the colon of the IUGR and NBW piglets (Figures 5, 6, 7A,B). These SDMs in the colonic contents belonged to alkaloids/derivatives, benzenoids, lipids/lipid-like molecules, nucleosides/nucleotides/analogs, organic acids/derivatives, organic nitrogen compounds, organic oxygen compounds, organoheterocyclic compounds, organooxygen compounds, and phenylpropanoids/polyketides were highlighted between the IUGR and NBW piglets. Compared with the NBW piglets, at 7 days of age, 9 and 5 SDMs were up-regulated (p < 0.05) in the IUGR piglets, whereas 42 and 6 SDMs were down-regulated (p < 0.05) in the positive (Figure 5A) and negative (Figure 5B) ion modes, respectively. At 21 days of age, 19 and 5 SDMs were up-regulated (p < 0.05) in the IUGR piglets, whereas 30 and 8 SDMs were down-regulated (p < 0.05) in the positive (Figure 6A) and negative (Figure 6B) ion modes, respectively, when compared with the NBW piglets. At 28 days of age, compared with the NBW piglets, 13 and 8 SDMs were up-regulated (p < 0.05) in the IUGR piglets, whereas 1 and 1 SDMs were down-regulated (p < 0.05) in the positive (Figure 7A) and negative (Figure 7B) ion modes, respectively.
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FIGURE 5
 Hierarchical clustering analysis for different metabolites with MS2 based on the non-target metabolomics of the colonic contents between the intrauterine growth restriction (IUGR) and normal birth weight (NBW) piglets at 7 days of age (n = 7). (A,B) Represent positive and negative ion models, respectively. The relative metabolite level is depicted according to the color scale. Red indicates significant up-regulation (p < 0.05), and green indicates significant down-regulation (p < 0.05).
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FIGURE 6
 Hierarchical clustering analysis for different metabolites with MS2 based on the non-target metabolomics of the colonic contents between the intrauterine growth restriction (IUGR) and normal birth weight (NBW) piglets at 21 days of age (n = 6). (A,B) represent positive and negative ion models, respectively. The relative metabolite level is depicted according to the color scale. Red indicates significant up-regulation (p < 0.05), and green indicates significant down-regulation (p < 0.05).
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FIGURE 7
 (A,B) Hierarchical clustering analysis for different metabolites with MS2 based on the non-target metabolomics of the colonic contents between the intrauterine growth restriction (IUGR) and normal birth weight (NBW) piglets at 28 days of age (n = 8; Positive: A, Negative: B). The relative metabolite level is depicted according to the color scale. Red indicates significant up-regulation (p < 0.05), and green indicates significant down-regulation (p < 0.05). (C–H) Metabolome view map of significant metabolic pathways characterized in the colonic contents between the IUGR and NBW piglets at 7, 21, and 28 days of age (Positive: (C–E), Negative: (F–H)). Significantly changed pathways based on enrichment and topology analysis are shown. The x-axis represents pathway impact, and the y-axis represents pathway enrichment. Large size and red colors represent major pathway enrichment and high pathway impact values, respectively. (I,J) Spearman’s rank correlations between colonic microbiota and metabolites at 7 (I) and 21 (J) days of age. Ellipses in the graph represent significant correlations, red represents significant positive (p < 0.05) correlations, and blue represents significant negative (p < 0.05) correlations.


The KEGG database was used to explore the metabolism pathways and metabolite markers in the IUGR piglets compared with the NBW piglets. A total of 22 metabolism pathways were enriched at 7, 21, and 28 days of age in the IUGR piglets compared with the NBW piglets (Figures 7C–H; Table 1). Six of these metabolic pathways were enriched (p < 0.05; Table 1). Compared with the NBW piglets, purine metabolism was up-regulated (p < 0.05) in the positive ion mode, whereas amino sugar and nucleotide sugar metabolism were down-regulated (p < 0.05) in the negative ion mode in the IUGR piglets at 7 days of age. At 21 days of age, there were no significant different metabolism pathways (p > 0.05). At 28 days of age, ubiquinone/other terpenoid-quinone biosynthesis, phenylalanine/tyrosine/tryptophan biosynthesis, phenylalanine metabolism, and histidine metabolism were up-regulated (p < 0.05) in the IUGR piglets in the positive ion mode compared with the NBW piglets (Figures 7C–H). These metabolism pathways included seven SDMs: xanthine, deoxyinosine, hypoxanthine, L-tyrosine, urocanic acid, galactose 1-phosphate, and N-glycolylneuraminic acid (Table 1).



TABLE 1 Metabolite pathways and significantly different metabolites (SDMs) markers between the IUGR and NBW piglets in the positive and negative ion models at 7, 21, and 28 days of age.
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Correlation analysis among different microbiota, SDMs, and BW

Spearman’s correlations among the colonic microbiota abundance, SDMs, and BW (previously published from our research group; Zhang et al., 2019) are shown in Figures 7I,J. At 7 days of age (Figure 7I), the BW was positively correlated with Parabacteroides, norank_Bacteroidales, Subdoligranulum, unclassified_Peptostreptococcaceae, Pasteurella, and Ruminococcaceae_UCG-003 abundances and 4-trimethylammoniobutanal, while negatively correlated with glycocholic acid (p < 0.05). The cortexolone was negatively correlated with Enterococcus abundance (p < 0.05). Deoxyinosine was negatively correlated with Synergistetes, Rikenellaceae_RC9_gut_group, Cloacibacillus, and norank_Bradymonadales abundances (p < 0.05). The phosphorylcholine was positively correlated with unclassified_Peptostreptococcaceae but negatively correlated with Enterococcus abundances (p < 0.05), whereas 4-trimethylammoniobutanal was positively correlated with Howardella, Pasteurella, and Ruminococcaceae_UCG_003 abundances (p < 0.05). The N-glycolylneuraminic acid was positively correlated with Rikenellaceae_RC9_gut_group, Howardella, and norank_Bradymonadales abundances but negatively correlated with Enterococcus abundance (p < 0.05). Hypoxanthine and xanthine were negatively correlated with Rikenellaceae_RC9_gut_group and norank_Bacteroidales abundances (p < 0.05). Moreover, 7,8-dihydroneopterin was positively correlated with Bacteroidetes but negatively correlated with Firmicutes abundances (p < 0.05), whereas galactose 1-phosphate was negatively correlated with norank_Bradymonadales abundance (p < 0.05). At 21 days of age (Figure 7J), the BW was positively correlated with norank_Bradymonadales abundance and D-proline while negatively correlated with thiamine (p < 0.05). The testosterone was negatively correlated with Bacteroidetes abundance (p < 0.05), whereas D-proline was positively correlated with Ruminococcaceae_UCG-005 and norank_Bradymonadales abundances (p < 0.05). Moreover, cholesterol sulfate was negatively correlated with Ruminococcaceae_UCG-005 and norank_Bradymonadales abundances (p < 0.05), whereas N-acetyl-D-glutamate was positively correlated with Bacteroidetes, Ruminococcaceae_UCG-005, and norank_Bradymonadales abundances (p < 0.05).



Differences in colonic short-chain fatty acids levels between IUGR and NBW piglets

Colonic SCFAs levels of the IUGR and NBW piglets at 7, 21, and 28 days of age are presented in Table 2. The levels of colonic isobutyrate at 7 days of age and isovalerate and total SCFAs at 21 days of age were lower (p < 0.05) in the IUGR piglets compared with the NBW piglets. In addition, the levels of acetate, propionate, butyrate, and total SCFAs were higher, whereas the level of isovalerate was lower in the IUGR piglets compared with the NBW piglets at 28 days of age (p < 0.05).



TABLE 2 Differences in colonic short-chain fatty acids (SCFAs) levels between the IUGR and NBW piglets (mg/g).
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Differences in the mRNA expression of colonic health-related genes between IUGR and NBW piglets

The mRNA expression of intestinal health-related genes of the IUGR and NBW piglets at 7, 21, and 28 days of age are shown in Table 3. Compared with the NBW piglets, colonic zonula occludens (ZO)-1 expression in the IUGR piglets was down-regulated (p < 0.05) at 7 days of age. At 21 days of age, ZO-1, occludin, and interleukin (IL)-4 expressions were down-regulated (p < 0.05) in the IUGR piglets compared with the NBW piglets. Moreover, tumor necrosis factor (TNF)-α and nuclear factor kappa B (NF-κB) expressions were up-regulated (p < 0.05) in the IUGR piglets compared with the NBW piglets at 28 days of age.



TABLE 3 Differences in mRNA expression of colonic mucosal genes related to barrier function between the IUGR and NBW piglets at 7, 21, and 28 days of age.
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Discussion

The mammalian gut harbors a complex and diverse microbial community, which influences host’s normal physiology and disease susceptibility through their metabolic activity and the interactions with host (Rooks and Garrett, 2016). The present study compared the differences in colonic microbiota composition, metabolic profiles, and barrier function-related gene expression levels between the IUGR and NBW piglets. The findings indicate that the IUGR pigs present abnormal microbiota and nutrient metabolism in the colon, which may further affect the intestinal barrier function by regulating gene expression.

Gut microbial diversity is highly associated with the host’s health (Clarke et al., 2014). It has been reported that the higher diversity contributed to the gut microbiota maturation and host health (Le Chatelier et al., 2013). However, the decreased diversity of intestinal microbiota is considered a marker in gut dysbiosis (Clarke et al., 2014) and easily contributes to the increased risk of several intestine diseases (Weiss and Hennet, 2017). In the present study, the colonic microbial alpha diversity was decreased in the IUGR piglets at 7 and 21 days of age, which was consistent with our previous study on the small intestinal microbiota of IUGR piglets (Zhang et al., 2019), suggesting that the intestinal dysbiosis occurred in the IUGR piglets. In addition, the beta diversity analysis showed that colonic microbiota structure between the IUGR and NBW piglets were divided into two groups at 7, 21, and 28 days of age in the present study, indicating that the IUGR significantly altered the structure of colonic microbiota of piglets.

Bacteroidetes and Firmicutes were the two most predominant phyla in piglets (Li et al., 2018). In addition, Firmicutes/Bacteroidetes ratio plays an important role in digesting polysaccharide-rich diets and protecting against gut inflammation and colonic diseases (Ni et al., 2021). The sequencing of Bacteroidetes genomes confirms the presence of numerous carbohydrate-active enzymes for degrading high molecular weight organic matter, such as proteins and carbohydrates (Azad et al., 2018). Furthermore, Bacteroidetes play an important role in maintaining the host’s gut health by producing butyrate (Kim and Milner, 2007), which interact with the immune system to activate T-cell mediated responses (Wen et al., 2008) and prevent the potentially pathogenic bacteria from colonizing in the gut (Mazmanian et al., 2008). In the present study, a lower Bacteroidetes abundance was detected in the IUGR piglets at 21 days of age, suggesting the IUGR piglets had a lower efficiency of proteins and carbohydrates utilization from the diet compared with the NBW piglets. However, a higher Bacteroidetes proportion was found in the IUGR piglets at 7 days of age, which may be related to other bacteria composition changes in the IUGR piglets and still need further research. Firmicutes is associated with energy intake from diets (Turnbaugh et al., 2006), and a higher Firmicutes proportion was found in both obese children and adults (Ley et al., 2006). In the present study, a higher Firmicutes abundance was found in the NBW piglets at 7 days of age, suggesting that the IUGR piglets had lower efficiency of energy intake from the diets compared with the NBW piglets.

Ruminococcaceae contains numerous carbohydrate-active enzymes that can ferment the undigested complex carbohydrates and produce SCFAs, such as butyrate, which plays a key role in maintaining gut health (Biddle et al., 2013). In addition, a higher Ruminococcaceae abundance was detected in the obese mice (Kim et al., 2012). At the genus level, the present study found several low-abundant bacterial taxa, including Ruminococcaceae_UCG-002, Ruminococcaceae_UCG-003, and Ruminococcaceae_UCG-005 in the colon of IUGR piglets at 7 and 21 days of age, implying that the IUGR did not allow the host to access indigestible energy sources to obtain extra energy for the growth and development. Some species of Parabacteroides genus, such as P. goldsteinii and P. distasonis, play a predominant role in anti-obesity effects (Wang et al., 2019; Wu et al., 2019). The present study showed that the Parabacteroides abundance in the IUGR piglets was higher compared to the NBW piglets, indicating that several members of Parabacteroides are negatively correlated with BW. In addition, Subdoligranulum and Phascolarctobacterium can produce SCFAs by fermenting carbohydrates to provide nutrients and energy for the host and play an important role in maintaining gut health (Deldot et al., 1993; Holmstrom et al., 2004). In the present study, colonic Subdoligranulum and Phascolarctobacterium had lower abundances in the IUGR piglets compared with the NBW piglets at 7 and 21 days of age, suggesting that the function of colonic epithelial cells of IUGR piglets may be adversely affected.

The PICRUSt1 is based on 16S rRNA gene sequencing to predicate the microbiota metabolic function (Langille et al., 2013). Amino acids are essential precursors for protein biosynthesis (Wu, 2009). Vitamins and cofactors are critical for converting nutrients to energy (Hu et al., 2016). In the present study, arginine/proline metabolism, valine/leucine/isoleucine biosynthesis, and nicotinate/nicotinamide metabolism were down-regulated in the IUGR piglets compared with the NBW piglets at 7 days of age, indicating that the growth and development might be suppressed in the IUGR piglets. Interestingly, amino acid, vitamin, glucose, and energy metabolisms were up-regulated in the IUGR piglets compared with the NBW piglets at 21 days of age; however, further in-depth studies are needed to explore the underlying mechanism of these metabolisms in IUGR piglets.

The colonic metabolome differences between the IUGR and NBW piglets were profiled using LC–MS/MS metabolomics analysis in the present study. According to HMDB database classification, the highest changing metabolites in the IUGR piglets compared with the NBW piglets were annotated to organic acids and their derivatives, which have been considered to be related to feed utilization in previous studies (Thacker et al., 1992). In animal production, organic acids are usually used as feed additives to promote growth, inhibit pathogens, and supply energy (Grilli et al., 2015). In addition, as important components of organic acids and their derivatives, amino acids can promote the intestinal development and health of piglets (Mou et al., 2019). Interestingly, in the present study, most of the SDMs of organic acids and derivatives in the colon of IUGR piglets were significantly decreased at 7 and 21 days of age while increased at 28 days of age compared with NBW piglets. Davila et al. (2013) reported that pigs with a high feed utilization rate had higher colonic concentrations of organic acids. These findings suggested that the feed utilization rate of IUGR piglets was lower, and this situation was alleviated with the increase of age.

In order to reveal the specific effect of SDMs in the colon of IUGR piglets, the KEGG database was used to characterize the most influential metabolism pathways. Recent studies showed that intestinal microbiota can improve experimental colitis in mice by regulating purine metabolism (Wu et al., 2020). In the present study, the purine metabolism was up-regulated in the IUGR piglets compared with the NBW piglets at 7 days of age, as well as the xanthine, hypoxanthine, and deoxyinosine metabolisms suggesting that inflammation might be present in the colon. The amino sugar/nucleotide sugar metabolism was negatively correlated with intestinal permeability (Liu et al., 2019). In the present study, the amino sugar/nucleotide sugar metabolism was down-regulated in the IUGR piglets compared with the NBW piglets at 7 days of age, as well as the galactose 1-phosphate and N-Glycolylneuraminic acid metabolisms, indicating that intestinal microbiota in the IUGR piglets were more likely to enter the circulation, resulting in dysregulated micro-ecological balance. However, there were no significantly different metabolic pathways in the IUGR piglets compared with the NBW piglets at 21 days of age. These findings were distinct from the predicted microbial functions analysis, suggesting the limitation and deviation of the analysis of the IUGR piglet’s colon microbial functions based solely on microbial data.

Ubiquinone is vital for cellular energy production (Søballe and Poole, 2000). Tyrosine is an essential amino acid for animals and can be replenished by the metabolic conversion of phenylalanine (Wang et al., 2022). In the present study, ubiquinone/other terpenoid-quinone biosynthesis, phenylalanine/tyrosine/tryptophan biosynthesis, phenylalanine metabolism, and histidine metabolism were up-regulated in the IUGR piglets compared with the NBW piglets at 28 days of age, as well as the L-tyrosine and urocanic acid indicating that the ability of the microbiota to utilize assimilable substrates is enhanced in IUGR piglets.

The SCFAs are produced by the microbial fermentation of undigested carbohydrates and nitrogenous substances (Rooks and Garrett, 2016). These metabolites are important for the host, such as inhibiting pathogenic bacteria growth, improving intestinal function, maintaining body fluid and electrolyte balances, and providing energy (Duncan et al., 2004; Tremaroli and Backhed, 2012). In the present study, the IUGR piglets had lower colonic isobutyrate level at 7 days of age, isovalerate and total SCFAs levels at 21 days of age, and acetate, propionate, butyrate, and total SCFAs levels at 28 days of age, suggesting that the colonic microbiota of IUGR piglets cannot effectively utilize carbohydrates and nitrogenous substances from diets. These findings were consistent with lower abundances of Ruminococcaceae_UCG-002, Ruminococcaceae_UCG-003, and Ruminococcaceae_UCG-005 in the colon of IUGR piglets at 7 and 21 days of age in the present study. Moreover, the decreased SCFAs may also be related to the lower abundances of colonic Firmicutes and Bacteroidetes in the IUGR piglets, thus causing the IUGR piglets to be unable to obtain additional energy from these metabolites to meet their growth and development. However, the IUGR piglets had a higher isovalerate level at 28 days of age compared with the NBW piglets in the present study. The possible reason might be related to the age and gut maturation on energy absorption capacity from diets. However, it warranted further study to determine the exact mechanism.

The intestinal barrier can regulate the homeostasis of the body and resist the invasion of pathogens and foodborne antigens, which is important for the maintenance of the intestinal health of animals (Luissint et al., 2016). Tight junction proteins, such as ZO-1 and occludin, are key molecules that determine intestinal mucosal permeability (Zihni et al., 2016). In the present study, the IUGR piglets had lower mRNA expression levels of colonic ZO-1 at 7 and 21 days of age and occludin at 21 days of age, suggesting that IUGR piglets had impaired intestinal integrity. This decrease may be related to the decrease in microbial diversity and the increase in pathogen abundance in the IUGR piglets (Zhang et al., 2019).

Cytokines are involved in the immune response and intestinal barrier function (Andrews et al., 2018). Inflammatory cytokines are closely related to the changes in tight junction proteins (Al-Sadi et al., 2009). In the present study, the IUGR piglets had a lower mRNA expression level of IL-4 at 21 days of age while a higher TNF-α expression level at 28 days of age, suggesting that there was an intestinal inflammatory reaction in the IUGR piglets.



Conclusion

In summary, the IUGR could affect intestinal micro-ecological dysbiosis of piglets during their early growth stage by decreasing the microbiota diversity and abundances, leading to impaired intestinal mucosal integrity. The IUGR was associated with the alterations of colonic microbial abundances of Bacteroidetes, Firmicutes, and other bacteria (taxonomically belong to the Ruminococcaceae family) that may be involved in the digestion, absorption, and metabolism of nutrients of the IUGR piglets. In addition, the IUGR piglets also showed dysregulated metabolomics profiles related to protein synthesis and the growth and development of piglets. Furthermore, there is a tight cross-talk between gut microbiota and metabolomic biomarkers. These findings will provide the crucial guiding significance for further research into dietary nutrients for IUGR piglets at the early stage.
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The objective of this study was to evaluate the effect of Allium mongolicum Regel ethanol extract (AME) on the concentration of three branched-chain fatty acids (BCFAs) related to flavor, fermentation parameters and the bacteria and their correlations in the rumen of lambs. A total of thirty 3-month-old male, Small-tailed Han sheep (33.60 ± 1.23 kg) were randomly distributed into 2 groups as follows: control group (CON) was fed a basal diet and AME group was fed a basal diet supplemented with 2.8 g⋅lamb–1⋅d–1 A. mongolicum Regel ethanol extract. AME supplementation decreased (P = 0.022) 4-methyloctanoic acid (MOA) content and tended to lower (P = 0.055) 4-methylnonanoic acid (MNA) content in the rumen. Compared to CON group, the ruminal concentrations of valerate and isovalerate were higher (P = 0.046 and P = 0.024, respectively), and propionate was lower (P = 0.020) in the AME group. At the phylum level, the AME group had a lower abundance of Bacteroidetes (P = 0.014) and a higher abundance of Firmicutes (P = 0.020) than the CON group. At the genus level, the relative abundances of Prevotella (P = 0.001), Christensenellaceae_R-7_group (P = 0.003), Succiniclasticum (P = 0.004), and Selenomonas (P = 0.001) were significantly lower in the AME group than in the CON group, while the relative abundances of Ruminococcus (P < 0.001), Quinella (P = 0.013), and Lachnospiraceae_XPB1014_group (P = 0.001) were significantly higher. The relative abundances of Prevotella (P = 0.029, R = 0.685; P = 0.009, R = 0.770), Christensenellaceae_R-7_group (P = 0.019, R = 0.721; P = 0.029, R = 0.685), and Succiniclasticum (P = 0.002, R = 0.842; P = 0.001, R = 0.879) was positively correlated with MOA and MNA levels, and the relative abundance of Lachnospiraceae_XPB1014_group (P = 0.033, R = −0.673) was negatively correlated with MOA. The relative abundance of Christensenellaceae_R-7_group (P = 0.014, R = −0.744) and Prevotellaceae_UCG-003 (P = 0.023, R = −0.706) correlated negatively with the EOA content. In conclusion, these findings suggest that the AME affected the concentration of BCFAs, fermentation parameters and the rumen bacteria in the rumen of lambs.

KEYWORDS
Allium mongolicum Regel ethanol extract, branched-chain fatty acids, mutton flavor, rumen bacteria, lamb


Introduction

Sheep meat and milk have a characteristic “mutton flavor,” which is mainly associated with branched-chain fatty acids (BCFAs), especially 4-methyloctanoic acid (MOA), 4-ethyloctanoic acid (EOA) and 4-methylnonanoic acid (MNA) (Salles et al., 2002). MOA and MNA are de novo synthesized by the use of methylmalonyl-CoA in chain lengthening with acetyl-CoA using propionate as a precursor in the liver (Massart et al., 1983; Vlaeminck et al., 2006). Propionate from rumen fermentation through the rumen epithelium into the portal vein arrives at the liver, and then the liver synthesize BCFAs when propionate concentrations exceed the capacity of gluconeogenesis (Wong et al., 1975; Aschenbach et al., 2010). The biosynthesis pathway of EOA is less well known and may follow the same biosynthesis pathway of MOA and MNA, which uses butyrate and ethylmalonyl-CoA instead of propionate and methylmalonyl-CoA (Kaffarnik et al., 2015). Methylmalonyl-CoA and ethylmalonyl-CoA originate from the carboxylation of propionyl-CoA and butyryl-CoA, respectively, by acetyl-CoA carboxylase (Dewulf et al., 2019). In addition, ruminal microbiota also participate in the formation of BCFAs, which by using the carbon skeleton of iso-butyrate, iso-valerate and branched-chain amino acids (Shivani et al., 2016).

The composition of a diet is one of the most important factors affecting the concentration of BCFAs. High-concentrate diets lead to a higher proportion of VFAs, especially propionate, in the rumen than low-concentrate diets (Plaizier et al., 2008), which will provide sufficient precursors for the synthesis of BCFAs. Young et al. (2003) reported that ram lambs fed with an alfalfa pellet or a corn-based diet had greater concentrations of MOA and MNA in the subcutaneous fat than ram lambs grazing ryegrass/clover pasture. Teng et al. (2020) found that milk from lambs offered perennial ryegrasses/white clover has lower levels of MOA and MNA than milk from lambs offered Lucerne silage and soy meal. In recent years, researchers have made substantial efforts to reduce mutton flavor by adding natural plant extracts, such as tannins, flavonoids, and essential oils, to lamb diets. Vasta et al. (2013) stated that essential oils from Rosmarinus officinalis or Artemisia herba alba can change the volatile compound composition in lamb meat. Del Bianco et al. (2021) reported that supplementation with 4% tannins from Acacia mearnsii, Castanea sativa, or Caesalpinia spinosa in the diet decreased the concentrations of MOA and 8-methylnonanoic acid, which also conferred a “mutton” flavor (Brennand et al., 1989) to the perirenal fat of Sarda × Comisana lambs.

Allium Mongolicum Regel is a traditional Mongolian medicinal herb belonging to the genus Allium of the Liliaceae family and grows extensively in northwest China (Wang et al., 2019). A. Mongolicum Regel contains polysaccharides, flavonoids, polyphenols, and other bioactive compounds (Li et al., 2019). Our previous studies indicated that A. Mongolicum Regel ethanol extract (AME) significantly decreased the concentration of BCFAs in the longissimus dorsi muscle and dorsal subcutaneous, omental and perirenal adipose tissues of Small-tailed Han sheep (Liu et al., 2019; Liu and Ao, 2021). However, it is not clear whether AME affects the synthesis of three BCFAs related to flavor in the rumen of lambs. Thus, the objective of this study was to investigate the effects of AME on the concentrations of three rumen BCFAs related to flavor, rumen fermentation parameters, the diversity of rumen bacteria and their correlations in lambs.



Materials and methods

All experimental procedures involving animals were evaluated and approved according to the guidelines of the Animal Care and Use Committee of Inner Mongolia Agriculture University (Hohhot, China). This study was conducted at a commercial farm in Bayannaoer, Inner Mongolia Autonomous Region, China (latitude 40°13′–42°28′; longitude 105°12′–109°53′) between April and June 2021.


Animals and experimental design

A total of thirty 3-month-old male, Small-tailed Han sheep (33.60 ± 1.23 kg) were randomly distributed into 2 groups as follows: control group (CON) was fed a basal diet and AME group was fed a basal diet supplemented with 2.8 g⋅lamb–1⋅d–1 A. Mongolicum Regel ethanol extract. One group was composed of three pens, with five lambs in each pen (3.95 m × 5.12 m). A. Mongolicum Regel powder was purchased from Hao Hai Biological Company (Alxa League, Inner Mongolia, China), and the ethanol extraction process was conducted as previously described by Ding et al. (2021). The obtained AME primarily contained 26.43% flavonoids, 18.57% organic acids and their derivatives, 14.43% nucleotides and their derivatives, 11.14% amino acids and others. The dose of the ethanol extract (2.8 g⋅lamb–1⋅d–1) in the diet has been proven to be most beneficial for the lamb based on our previous studies (Zhao et al., 2021). We mixed 2.8 g AME with 50 g concentrate for each lamb. Thus, the total dose of five lambs (a pen) is 14 g AME mixed with 250 g concentrate, divided into two equal amounts, and provided for each pen twice daily to ensure that the lambs completely consumed the AME. Each pen of CON group was fed 250 g of concentrate without AME in the same manner. Then, total mixed ration was provided, and the lambs were allowed to feed ad libitum. The basal diet met the requirements for sheep, as described by the National Research Council (NRC, 2007), and its composition and nutritional level are shown in Table 1.


TABLE 1    Composition and nutrient levels of the basal diet (dry matter basis %).

[image: Table 1]

The experimental period lasted for 75 days, with 15 days of adaptation to the experimental environment and 60 days for the experimental feeding period. The lambs were given free access to water and TMR was provided twice daily at 7:00 and 18:00. During the experimental period, feed was provided to the lambs and refusals were recorded to calculate the dry matter intake (DMI). The body weight of each lamb was also recorded before morning feeding at 0, 15, 30, 45, and 60 days, to calculate average daily gain (ADG), meanwhile, initial body weight (IBW), and final body weight (FBW) were recorded.



Sampling

At 60 days of the experimental period, rumen fluid samples were collected before the morning feeding using an oral stomach tube connected to a 50 mL syringe from six randomly selected lambs from each group. The initial part of the rumen fluid was discarded to avoid contamination with saliva, and then rumen fluid (approximately 50 mL) was collected and filtered through four layers of gauze. The pH was measured using a portable pH meter (PHB-4; INESA Scientific Instrument Co., Ltd, Shanghai, China). 10 mL of rumen fluid was mixed with 2 mL of 25% HPO3 and stored at −20°C until volatile fatty acid (VFA) analysis. 10 mL of rumen fluid was stored at −20°C until ammonium nitrogen (NH3-N) analysis. The remaining rumen fluid was immediately frozen in liquid nitrogen and stored at −80°C until BCFAs analysis and microbial community analysis.



Chemical analyses of feeds

Samples of feed were dried at 55°C for 48 h and then ground to pass through a 2 mm sieve before chemical analysis. Crude protein (N × 6.25, method 981.10) and minerals content were measured using an analytical method provided by the Association of Official Agricultural Chemists (AOAC, 2000). The neutral detergent fiber, acid detergent fiber were determined as described by Van Soest et al. (1991).



Branched-chain fatty acid analyses

Three BCFAs, namely, MOA, MNA, and EOA, in the rumen were analyzed by gas chromatography–mass spectrometry (GC–MS). Prior to GC–MS analysis, fatty acids in the rumen were converted to their corresponding methyl esters, which was carried out according to the method of Kaffarnik et al. (2014). Undecanoic acid (Sigma–Aldrich, USA) was used as an internal standard.

A GC–MS system (Thermo TRANCE GC 1300) equipped with an autosampler was used in EI mode (70 eV). Solutions (1 μL) were injected in split mode (split ratio 10:1) onto a TG-WAX column (30 m, 0.25 mm i.d., 0.25 μm film thickness). The GC oven was held at 60°C for 2 min, and then, the temperature was raised at 20°C min–1 to 250°C and held for 5 min. The flow rate of the helium carrier gas was 1.2 mL/min. The mass spectrometer transfer line was operated at 250°C. Mass spectra were acquired using an ion source temperature of 220°C. GC–MS analyses were performed in full-scan mode (m/z 50–350).



Ruminal fermentation analyses

Ruminal NH3-N concentrations were analyzed using a microplate reader (Epoch, BioTek Instruments, Inc., USA) according to the method described by Chaney and Marbach (1962). The concentration of VFA was determined using a gas chromatograph (GC-2014; Shimadzu, Japan) with a fused silica column (60 m × 0.25 mm × 0.50 μm; DB-FFAP, Agilent Technologies, USA) according to Erwin et al. (1961). 2-Ethyl butyric acid was used as an internal standard. The column temperature was increased from 80 to 180°C at 20°C/min and held for 3 min. The injector and detector temperatures were set at 220 and 250°C, respectively.



16S rDNA extraction and sequencing

Microbial community genomic DNA was extracted from rumen fluid samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.) according to the manufacturer’s instructions. The DNA quality and quantity were determined by a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). The V3–V4 region of the bacterial 16S rRNA gene was amplified with the primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR amplification of the 16S rRNA gene was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and a single extension at 72°C for 10 min, ending at 4°C. The PCR mixtures contained 4 μL of 5 × TransStart FastPfu buffer, 2 μL of 2.5 mM deoxynucleoside triphosphates, 0.8 μL of each primer (5 μM), 0.4 μL of TransStart FastPfu DNA polymerase, 10 ng of template DNA, and ddH2O to reach a total volume of 20 μL. The PCR products were purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using a Quantus™ Fluorometer (Promega, USA). Purified amplicons were sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, USA).



Sequencing data analyses

Fastp v0.19.6 software1 and FLASH v1.2.11 software2 were used for quality control and splicing, respectively. UPARSE v7.0.1090 software was used to cluster operational taxonomic units (OTUs) with 97% similarity (Edgar, 2013). The taxonomy of each OTU representative sequence was analyzed by ribosomal database project (RDP) classifier v2.113 compared with Silva v1384 using a comparison threshold of 70% (Han et al., 2015). Alpha diversity analysis was performed by Mothur v1.30.25.



Statistical analysis

Sequencing data followed normality (Shapiro–Wilk’s tests, P > 0.2) after log transformations, and their differences were homogenous (Levene’s test, P > 0.05). Non-transformed values are shown in this study. Data for growth performance, the concentration of BCFAs, rumen fermentation parameters and bacterial communities between CON and AME group lambs were analyzed using one-way ANOVA by SPSS 26.0 (IBM, New York, USA). The statistical model was Yi = μ + Ai + e, where Yi is the dependent variable; μ is the overall mean; Ai is the fixed effect of treatment (i = 1.2, CON or AME); and e is the random effect. The degrees of freedom of ANOVA are as follows: total: dfT = n - 1 (n = total sample size); group: dfG = k - 1 (k = total group size); error: dfE = dfT - dfG. Statistical significance was defined at P < 0.05, and trending toward significance was defined at 0.05 ≤ P ≤ 0.1. Spearman’s rank correlation coefficient analysis between BCFA levels, VFA levels and rumen bacterial taxa abundances was carried out using tools on the Majorbio platform (Majorbio Bio-Pharm Technology Co., Ltd.; Shanghai, China)6. Significant correlations were defined at P < 0.05.




Results


Growth performance

The results of the effect of AME on the growth performance of lambs are presented in Table 2. There were no differences in FBM and DMI between the CON and AME groups. Compared with the CON group, AME supplementation tended to increase (P = 0.098) the ADG of lambs.


TABLE 2    Effect of AME on the growth performance of lambs.
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Three branched-chain fatty acids concentrations and fermentation parameters in the rumen

There was no difference in the concentration of EOA in rumens between the CON and AME groups (Figure 1). AME supplementation decreased (P = 0.022) the concentration of MOA and tended to lower (P = 0.055) the concentration of MNA in the rumen.


[image: image]

FIGURE 1
Effect of AME on the concentration of BCFAs in the rumen of lambs. CON, basal diet; AME, basal diet + 2.8 g⋅lamb–1⋅d–1 A. mongolicum Regel ethanol extract (AME).


The results of the rumen fermentation parameters are presented in Table 3. There were no differences in ruminal pH, TVFA level, acetate level, butyrate level, iso-butyrate level, or acetate/propionate ration between the CON and AME groups. The concentration of rumen NH3-N (P = 0.078) tended to be lower in the AME group than in the CON group. Lambs consuming the AME had higher ruminal concentrations of valerate and iso-valerate (P = 0.046 and P = 0.024, respectively) than lambs consuming the CON diet and had a lower ruminal concentration of propionate (P = 0.020).


TABLE 3    Effect of AME on rumen fermentation in lambs.
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Abundance and diversity of rumen bacteria

In total, 664,062 raw sequence reads were obtained by sequencing from the lamb ruminal fluid in the CON and AME groups. After quality control and filtering, a total of 556,763 clean tags were generated, and an average of 46,397 clean tags were analyzed for each sample. According to 97% similarity, 1,243 OTUs were identified in the two groups (Table 4). No significant differences were found in the OTU number, ACE, Chao 1 index, or Shannon and Simpson diversity indices between the two treatment groups. The coverage (P = 0.07) tended to higher in AME group than CON group.


TABLE 4    Effect of AME on OTUs and alpha indices in lambs.
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At the phylum level, the relative abundances of the top 10 rumen bacterial phyla are presented in Table 5. Bacteroidetes and Firmicutes were the predominant phyla for the two groups and accounted for approximately 96% of the total bacterial abundance. The relative composition of the bacterial phyla was changed when the diet was supplemented with AME. Compared to that in the CON group, the richness of Bacteroidetes (P = 0.014) was significantly decreased in the AME group, while the richness of Firmicutes (P = 0.020) was significantly increased. The relative abundances of Proteobacteria (P = 0.001) and Cyanobacteria (P = 0.001) were higher in the AME group than in the CON group, and that of Desulfobacterota (P = 0.052) tended to be higher.


TABLE 5    Effect of AME on bacterial abundance at the phylum level in the rumen of lambs (%).
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At the genus level, 22 rumen bacterial genera with a relative abundance > 1% in at least one group are presented in Table 6. The dominant bacterial genera were Prevotella, norank_f_bacteroidales_RF16_group, Rikenellaceae_RC9_gut_group and Ruminococcus in both groups. The relative abundances of Prevotella (P = 0.001), norank_f_bacteroidales_RF16_group (P = 0.001), Christensenellaceae_R-7_group (P = 0.003), norank_f_p-251-o5 (P = 0.006), Succiniclasticum (P = 0.004), and Selenomonas (P = 0.001) were significantly lower in the AME group than in the CON group. In addition, the relative abundances of Ruminococcus (P < 0.001), Quinella (P = 0.013), norank_f_Muribaculaceae (P < 0.001), unclassified_f_Ruminococcus (P < 0.001), and Lachnospiraceae_XPB1014_group (P = 0.001) were significantly higher in the AME group than in the CON group.


TABLE 6    Effect of AME on bacterial abundance at the genus level in the rumen for lambs (>1% at least in one group).

[image: Table 6]



Relationships between volatile fatty acid levels, rumen bacteria and branched-chain fatty acid levels

The relationships between BCFA levels, rumen fermentation parameters and the bacterial community are presented in Figure 2. Iso-butyrate (P = 0.015, R = −0.736; P = 0.003, R = −0.827) and iso-valerate (P = 0.011, R = −0.758; P = 0.001, R = −0.879) levels correlated negatively with the MOA and MNA levels. At the phylum level, the relative abundances of Desulfobacterota (P = 0.016, R = −0.733) and Proteobacteria (P = 0.025, R = −0.697) correlated negatively with the MOA content. The relative abundances of Desulfobacterota (P = 0.009, R = −0.770) and Cyanobacteria (P = 0.038, R = −0.661) negatively correlated with the MNA content.
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FIGURE 2
Correlations between VFA contents, microbial taxa and BCFA contents (A–C). (A) Correlation between the concentration of BCFAs and VFAs. (B) Correlation between the concentration of BCFAs and the top 10 microbial taxa at the phylum level. (C) Correlation between the concentration of BCFAs and genera with relative abundances > 1% (at least in one group). Significant correlations are shown by *P < 0.05, **P < 0.01, and ***P < 0.001. Blue represents positive correlation coefficients. Red represents negative correlation coefficients.


At the genus level, there were positive correlations among the following: MOA content with the Prevotella (P = 0.029, R = 0.685), norank_f_Bacteroidales_RF16_group (P = 0.009, R = 0.770), Christensenellaceae_R-7_group (P = 0.019, R = 0.721), Succiniclasticum (P = 0.002, R = 0.842), and unclassified_f_Selenomonadaceae (P = 0.022, R = 0.709) abundances and MNA content with the Prevotella (P = 0.009, R = 0.770), norank_f_Bacteroidales_RF16_group (P = 0.022, R = 0.709), Christensenellaceae_R-7_group (P = 0.029, R = 0.685), and Succiniclasticum (P = 0.001, R = 0.879) abundances. Moreover, there were negative correlations between the MOA content with the norank_f__Muribaculaceae (P = 0.009, R = −0.770), unclassified_f__Ruminococcaceae (P = 0.019, R = −0.721), and Lachnospiraceae_XPB1014_group (P = 0.033, R = −0.673) abundances; EOA content with the Christensenellaceae_R-7_group (P = 0.014, R = −0.744) and Prevotellaceae_UCG-003 (P = 0.023, R = −0.706) abundances; and MNA content with the norank_f__Muribaculaceae (P = 0.006, R = −0.794) and unclassified_f__Ruminococcaceae (P = 0.022, R = −0.709) abundances.




Discussion


Effect of Allium mongolicum Regel ethanol extract on the growth performance of Lambs

In this study, there were no differences in the FBW and DMI between the CON and AME groups. In accordance with this study, Ding et al. (2021) reported that AME did not affect the FBW and DMI, which suggested that AME had no effect on the palatability of the diet. AME supplementation tended to increase the ADG of lambs, which may be attributed to the high content of flavonoids in the AME. Muqier et al. (2017) reported that flavonoids from Allium Mongolicum Regel promote the secretion of growth hormone, insulin-like growth factor and adrenocorticotropic hormone, leading to a significant increase in the ADG. This result proved that AME could improve the growth performance of lambs.



Effect of Allium mongolicum Regel ethanol extract on three branched-chain fatty acids concentrations and fermentation parameters in the rumen of lambs

The rumen is a complex ecosystem that has a strong relationship with the formation of BCFAs. Acetate, propionate and butyrate are produced by rumen fermentation, which through the rumen epithelium into the portal vein arrives at the liver to increase the synthesis of BCFAs in the liver of lambs (Chilliard et al., 2003). Berthelot et al. (2001) further verified this view and suggested that a diet supplemented with propionate significantly increased the content of BCFAs in subcutaneous and visceral fat of lambs. This could also explain why concentrate-based diets promote animal growth, while meat has a strong mutton flavor. In the present study, we observed that AME supplementation decreased the concentrations of MOA and MNA in the rumen of lambs. The lower concentrations of MOA and MNA in the AME group might be due to the active ingredients, such as flavonoids and organic acids, of the AME inhibiting the isomerization of unsaturated fatty acids to BCFAs after triglyceride degradation.

In the present study, there was no significant difference in pH between the CON and AME groups. However, the pH was in the optimal range between 6.2 and 7.2, which reflected the stability of the rumen microbial ecosystem (Calsamiglia et al., 2002). NH3-N is an essential indicator of rumen function and is the primary substrate for microbial protein synthesis (Wallace et al., 1994). The AME group had a lower concentration of NH3-N, which may be attributed to the high content of flavonoids in the AME. A similar result was found by Jelali and Ben Salem (2014) in a study with buffalo calves offered Moringa oleifera leaf that is rich in flavonoids. Liu et al. (2020) also reported that flavonoids decrease ruminal NH3-N concentrations in in vitro experiments. This would indicate that the AME may reduce ruminal ammonia concentrations by increasing the utilization of amino acids or promoting the synthesis of microbial proteins.

VFAs produced by ruminal microorganisms degrade nutrients, which meet 60–80% of the energy requirements of ruminants (Lane and Jesse, 1997). In the current study, there were no differences in the TVFA, acetate, butyrate, or iso-butyrate levels or acetate/propionate ratio among the treatments. In accordance with this study, Seradj et al. (2018) suggested that citrus flavonoids did not affect the concentrations of TVFAs, butyrate and isobutyrate in vitro. The AME did not affect the concentration of TVFAs, probably due to a significant lack of effect on ruminal pH (Gabel et al., 2002). Furthermore, we also found that supplementation with AME in the diet decreased the concentration of propionate and increased the concentration of valerate and iso-valerate. Consistent with our results, Oskoueian et al. (2013) reported that the addition of 4.5% flavonoid substrate caused a lower propionate concentration in vitro. Moreover, there was no difference in acetate/propionate ratio between the CON and AME groups, although the concentration of propionate was lower in the AME group than in the CON group. Ruminal BCFAs (iso-butyrate and iso-valerate) originate from the microbial deamination of branched amino acids (Apajalahti et al., 2019). A relatively high valerate content is conducive to improving the growth performance of ruminants (Bergman, 1990).



Effects of Allium mongolicum Regel ethanol extract on the abundance and diversity of rumen bacteria in lambs

Previous studies have suggested that extracts from natural plants could affect the composition of rumen microorganisms in ruminants (Jiao et al., 2021; Wang et al., 2021). Bacteroidetes and Firmicutes are the predominant phyla in the ruminal microbial community, which is consistent with our results (Scharen et al., 2017). Proteobacteria are positively correlated with fiber intake (Faniyi et al., 2019). In the current study, we observed that the abundances of Bacteroidetes were lower in the AME group than in the CON group, and the abundances of Firmicutes, Proteobacteria, and Cyanobacteria were higher. Zhan et al. (2017) reported that supplementation with flavonoid extracts from alfalfa increased the ruminal abundance of Firmicutes in dairy cows. Jiang et al. (2021) observed that the relative abundances of Firmicutes and Proteobacteria were relatively high in yak calves offered root extracts from Codonopsis pilosula that contained high concentrations of flavonoids. Consequently, the flavonoids of the AME could explain the decreased abundance of Bacteroidetes and increased abundances of Firmicutes and Proteobacteria in the rumen of lambs.

At the genus level, Prevotella, Succiniclasticum, and Selenomonas are associated with propionate production (Henderson et al., 2015; Yuste et al., 2020). In the present study, adding AME to the diet significantly decreased the relative abundances of Prevotella, Succiniclasticum, and Selenomonas. The reduction in the abundances of Prevotella, Succiniclasticum, and Selenomonas resulted in a lower concentration of propionate in the rumen. The decrease in the relative abundance of Prevotella (within Bacteroidetes) could be due to the AME decreasing the relative abundance of Bacteroidetes at the phylum level. In addition, the abundance of Prevotella was negatively associated with the ruminal pH (Chiquette et al., 2012). In this study, AME increased the ruminal pH but not significantly, which may also have causes a decrease in the relative abundance of Prevotella. Charistensenellaceae_R-7_group is involved in biofilm formation (Mao et al., 2015). Studies have suggested that flavonoids can increase the relative abundance of the Charistensenellaceae_R-7_group (Harlow et al., 2018; Jiang et al., 2021). However, in the current study, the relative abundance of Charistensenellaceae_R-7_group was lower in the AME group than in the CON group, which could be due to its growth being inhibited by other active compounds of the AME.



The relationships of volatile fatty acid levels, rumen bacteria and branched-chain fatty acid levels

The phenotypic characteristics of ruminants are determined to some extent by rumen microbiota (Scharen et al., 2018). The feed was fermented by microorganisms in the rumen to produce precursors (e.g., propionate and butyrate) of BCFA biosynthesis. Some of the precursors are formed into BCFAs in the rumen, while the others are absorbed into the blood through the rumen wall and then transported to the liver to synthesize BCFAs (Victoria and Robert, 1993). Therefore, rumen VFAs and microorganisms are key factors that directly or indirectly affect BCFA biosynthesis. In the present study, Spearman’s rank correlation coefficient analysis was conducted to analyze the relationip between VFA levels, rumen bacteria and BCFA levels related to mutton flavor. We found that MOA and MNA levels negatively correlated with iso-butyrate and iso-valerate levels. Moreover, the relative abundances of Prevotella, Christensenellaceae_R-7_group, and Succiniclasticum correlated positively with MOA and MNA contents, and the Lachnospiraceae_XPB1014_group abundance correlated negatively with MOA and MNA levels. The relative abundance of Lachnospiraceae_XPB1014_group correlated negatively with the EOA content. These findings reveal the relationship between the rumen bacteria and three flavor-related BCFAs in the rumen of lambs.




Conclusion

In the present study, a diet supplemented with AME significantly decreased the concentrations of MOA and MNA in the rumen of lambs. AME supplementation also changes the rumen fermentation pattern and the composition of rumen bacteria. Moreover, this study also found that MOA and MNA were positively correlated with Prevotella, Christensenellaceae_R-7_group, and Succiniclasticum but negatively correlated with iso-butyrate, iso-valerate, and Lachnospiraceae_XPB1014_group.
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Footnotes

1     https://github.com/OpenGene/fastp

2     https://ccb.jhu.edu/software/FLASH/index.shtml

3     https://sourceforge.net/projects/rdp-classifier/

4     https://www.arb-silva.de/

5     https://www.mothur.org/

6     www.majorbio.com
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The aim of this study was to explore the effects of supplementing paraformic acid (PFA) to the diet of broiler chickens on intestinal development, inflammation, and microbiota. A total of 378 healthy 1-day-old Arbor Acres broilers with similar birth weight were used in this study, and randomly assigned into two treatment groups. The broiler chickens were received a basal diet or a basal diet supplemented with 1,000 mg/kg PFA. Results showed that PFA supplementation increased (P < 0.05) small intestinal villus height and villus height/crypt depth ratio, elevated intestinal mucosal factors (mucin 2, trefoil factor family, and zonula occludens-1) concentrations, and upregulated mNRA expression of y + L amino acid transporter 1. Moreover, PFA supplementation decreased (P < 0.05) the concentrations of inflammatory cytokines (tumor necrosis factor-alpha, interleukin-1beta, interleukin-6, and interleukin-10), activities of caspase-3 and caspase-8, and mNRA expressions of Toll-like Receptor 4, nuclear factor-kappa B, Bax, and Bax/Bcl-2 ratio in small intestinal mucosa. Dietary PFA supplementation also increased (P < 0.05) alpha diversity of cecal microbiota and relative abundance of Alistipes. The present study demonstrated that supplementation of 1,000 mg/kg PFA showed beneficial effects in improving intestinal development, which might be attributed to the suppression of intestinal inflammation and change of gut microbiota composition in broiler chickens. These findings will aid in our knowledge of the mechanisms through which dietary PFA modulates gut development, as well as support the use of PFA in poultry industry.
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Introduction

A healthy and well-developed gut is essential for nutrient absorption and serves as a necessary barrier against pathogen invasion (Kogut et al., 2017). However, with the rapid expansion of the scale of intensive farming worldwide, poultry production faces increasing challenges, such as pathogenic bacteria, environmental variables, and feed hygiene, which raise the risks of intestinal diseases in broiler chickens (Qian et al., 2018; Caekebeke et al., 2020). Previous studies have demonstrated that intestinal diseases can limit intestinal development, cause dysfunction of intestinal digestion and absorption, and induce an intestinal flora imbalance, resulting in growth restriction, disease, and even mortality in broiler chickens (Roberts et al., 2015; Shi et al., 2018). For many years, the subtherapeutic use of antibiotic growth promoters (AGP) has been an economically viable means of enhancing animal performance (Bedford, 2000). With the prohibition of AGP due to its significant negative effects on environmental conditions and human health, it is critical to find new feed additives that promote intestinal health and development in poultry production (Castanon, 2007; Muaz et al., 2018).

Acidifiers such as pure organic acids have been used as feed preservatives for decades to prevent microbial and fungal destruction of feedstuffs (Hu et al., 2019; Zhang et al., 2019; Abd El-Hack et al., 2022). Growing studies suggested that organic acids could be used as powerful tool in maintaining gut health by suppressing the proliferation of acid intolerance bacteria, such as E. coli and Clostridium perfringens, leading to improvement of growth performance in poultry (Gharib et al., 2012; Ateya et al., 2019; Hu et al., 2019). It was reported that dietary supplementation with formic acid (FA) benefited to growth performance, immune function, intestinal development, and microbiological characteristics of broilers (Hernández et al., 2006; Garcia et al., 2007; Ragaa and Korany, 2016). However, FA has a strong, pungent odor and corrosiveness to gastrointestinal tract, which limit its usage in animal husbandry (Luise et al., 2020). Recently, FA salts and its derivatives, such as calcium formate, benzoic acid, and potassium diformate, have deserved more and more attention in poultry production due to their little or no corrosive effect and also efficient against harmful microorganisms (Izat et al., 1990; Józefiak et al., 2010; Ragaa and Korany, 2016). Paraformic acid (PFA) is a hyperpolymer formed by dehydration polymerization between two FA molecules. It has not been reported that whether PFA can promote intestinal development of broiler chickens.

Therefore, the aim of this study was to explore the effects of supplementing PFA to the diet of broiler chickens on intestinal development, and provide a reference for the use of PFA in poultry industry.



Materials and methods


Animals and diets

A total of 378 healthy 1-day-old Arbor Acres broilers with similar birth weight (48.47 ± 0.43 g) were used in this study. All broilers were randomly assigned into two treatment groups with seven replicates of 27 broiler chickens each and housed in three-level wired cages placed in a light- and temperature-controlled room with constant illumination in a 42-day study. The treatment groups were as follows: broiler chickens received a basal diet (CON group), or broiler chickens received a basal diet supplemented with 1,000 mg/kg PFA (PFA group). The basal diets (Supplementary Table 1) were formulated based on nutrient requirements of the National Research Council [NAC] (1994), and PFA was provided by Omega Nutrition Group (Spain) & Numega Nutrition Pte. Ltd. The broilers were fed according to a two-phase feeding program (0–21 day and 21–42 day), and had free access to feed and water throughout the experiment. A Newcastle disease vaccine and an inactivated infectious bursal disease vaccine were inoculated on days 7 and 14 of the trial, respectively. The temperature of the room was maintained at 35°C at the first week, and then gradually reduced to 21°C at the rate of 0.5°C daily.



Sample collection

On day 42 of experiment, one broiler from each replicate (7 birds per group) with similar body weight (BW) to the cage average were selected to collect intestinal tissue samples after being narcotized by CO2 asphyxiation. Intestinal segments with a length of 2 cm were cut from the medium of small intestine, and fixed in 4% paraformaldehyde for 24 h after being flushed gently with a 0.9% saline solution. Then mucosal tissue was carefully scraped with a sterile glass slide from the medium of small intestine that had been washed using ice-cold saline solution, and subsequently stored at −80°C after being chilled in liquid nitrogen. Besides, the cecal contents were collected and placed in sterile bags immediately, and stored at -80°C for microbiological analysis.



Measurements of intestinal morphology

The fixed intestinal segments were dehydrated in ethanol and xylene solutions, and embedded according to conventional paraffin-embedding protocol, followed by being cut into 5-μm thin slices using Leica semi-automatic microtome (Leica Co., Wetzlar, Germany). Then the slices were processed by hematoxylin and eosin staining. The intestinal morphology was examined, and villus height (VH), crypt depth (CD) and VH/CD ratio were analyzed according to the method described in Chen et al. (2021).



Determination of intestinal mucosal barrier factors and total protein concentrations

Intestinal mucosal barrier factors including mucin 2 (MUC2), trefoil factor family (TFF), transforming growth factor-α (TGF-α), and zonula occludens-1 (ZO-1) were determined with the specific ELISA kits (Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China), following the manufacturer’s instructions strictly. Briefly, the supernatants of intestinal mucosa samples were harvested after being homogenized in ice-cold saline solution (1:9, wt/vol) and centrifugated at 12,000 × g for 15 min. Then 50 μl of diluted standard solutions and supernatants were added to the prepared microplates, respectively, and incubated 30 min at 37°C after being sealed with microplate sealers. The HRP-Conjugate reagent (50 μl) was added to each well after the microplate was washed five times with Wash Buffer, and the microplate was incubated 30 min at 37°C again. After being washed five times again, the wells were added with Chromogenic solution A and B (50 μl each) in order, and the microplate was allowed to stand at 37°C for 10 min under dark condition after gently shaking. Finally, the optical density of each well was determined in 15 min using a microplate reader set at 450 nm, following addition of Stop Solution (50 μl). The concentrations of MUC2, TFF, TGF-α, and ZO-1 were normalized to each sample’s total protein concentration which was quantified with a BCA protein assay (Jiangsu Meimian Industrial Co., Ltd.) (Lang et al., 2022).



Determination of intestinal mucosal caspases activities

Intestinal mucosal activities of caspase-3, caspase-8, and caspase-9 were determined with the specific ELIAS kits purchased from Beyotime Biotech (Shanghai, China) as descried previously (Chen et al., 2021), and normalized to each sample’s total protein concentration.



Determination of intestinal mucosal inflammatory cytokines and secretory immunoglobulin A concentrations

The intestinal mucosal concentrations of tumor necrosis factor-alpha (TNF-α), interleukin-1beta (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), interferon-γ (IFN-γ), and secretory immunoglobulin A (SIgA) were examined with ELISA kits (R&D Systems Inc., Minneapolis, MN, United States) according to the detection steps of ELISA operation described in Chen et al. (2021). Inflammatory cytokines and SIgA concentrations in intestinal mucosa were normalized to each sample’s total protein concentration.



Determination of relative mRNA expression in intestinal mucosa

The mRNA expression levels of occludin (OCLN), claudin 2 (CLDN2), claudin 3 (CLDN3), ZO-1, glucose transporter 2 (GLUT2), Na + /glucose cotransporter (SGLT1), y + L amino acid transporter 1 (y + LAT1), fatty acid binding protein (FABP1), cationic amino acid transporter 1 (CAT1), Bax, Bcl-2, Toll-like Receptor 4 (TLR4), and nuclear factor-kappa B (NF-κB) in intestinal mucosa samples were assessed using a CFX-96 real-time PCR detection system (Bio-Rad, Hercules, CA, United States). Primer sequences used for real-time PCR in this study are shown in Supplementary Table 2. The detailed procedure of the relative mRNA expression determination was described in Zhang P. et al. (2021). The β-actin gene was amplified in parallel as the internal control for gene normalization and quantification. The 2–Δ Δ  Ct method was used to calculate the relative mRNA abundances of target genes in intestinal mucosa samples. All samples were measured in triplicate, and product sizes and quantities were determined by agarose gel electrophoresis.



Determination of pH values of cecal digesta

The determination of pH values of cecal digesta was conducted as previously described in Li et al. (2020) using the pH meter (PHS-3C PH, Shanghai, China).



Microbial analysis

Total genomic DNA was isolated from cecal digesta by the Omega Bio-tek E.Z.N.A. ™ stool DNA kit (Norcross, GA, United States), followed by DNA concentration and purity examination by agarose gel electrophoresis (Chen et al., 2021). Briefly, the V4 hypervariable region of 16S rDNA was amplified by using 515F and 806R primer (Li et al., 2019). The produced library quality was examined using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, United Kingdom). Sequencing of the library was carried out on the Illumina HiSeq PE2500 platform at the Novogene Bioinformatics Technology Co., Ltd. (Beijing, China), after which 250 bp paired-end sequences were generated. Paired-end sequences were merged using FLASH (v1.2.7) (Magoè and Salzberg, 2011), and the chimera sequences were removed through comparing with the Silva database using UCHIME algorithm to obtain the effective sequences after quality filtering on the raw tags (Edgar et al., 2011). Sequences were clustered into operational taxonomic units (OTUs) at least 97% sequence similarity using Uparse software (Edgar, 2013), and taxonomic information was annotated using the Silva Database based on Mothur algorithm (Quast et al., 2013). Alpha diversity (including observed species, Shannon index, Simpson index, ACE index, and Chao 1 index) and beta diversity were used to analyze complexity of species diversity for a sample and differences of samples in species complexity, respectively. Principal Coordinate Analysis (PCoA) was performed based on bray-curtis distances to visualize the dissimilarity matrices of OTUs, and the analysis of similarity (ANOSIM) was applied to examine the significant differences among the microbial communities.



Statistical analyses

The individual chicken data were used to access the effects on all variables. Statistical analyses for all data were performed with t-test of SAS (9.4 Inst. Inc., Cary, NC, United States). The Shapiro-Wilk W statistic was applied to check normality of the data, and the data that were not normally distributed were transformed to achieve approximated normality. Spearman’s correlation and linear regression analysis were used to assess the associations between bacterial abundance and intestinal mucosal concentrations of immunological markers, as well as between microorganisms. Values are expressed as mean ± standard error. Statistical significance was set at P < 0.05, and a trend toward significance was considered at 0.05 ≤ P < 0.10.




Results


Intestinal morphology

The effects of PFA supplementation on intestinal morphology are presented in Figure 1. Compared with CON group, the villus in PFA group showed thicker and denser (Figure 1A). Broilers fed the diet supplemented with PFA had significantly higher (P < 0.05) intestinal VH (Figure 1B) and VH/CD ratio (Figure 1D) than broilers fed the CON diet. There was no significant difference (P > 0.05) in intestinal CD (Figure 1C) between broilers fed the CON diet and the PFA diet.
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FIGURE 1
Effect of dietary paraformic acid supplementation on intestinal morphology in broiler chickens. (A) Hematoxylin and eosin photomicrographs obtained at 100 × magnification; (B) Villus height; (C) Crypt depth; (D) Villus height/crypt depth ratio. CON, broiler chickens fed basal diet; PFA, broiler chickens fed basal diet supplemented with 1,000 mg/kg paraformic acid. Values are mean ± standard error (n = 7). Differences between treatments were displayed by *P < 0.05.




Intestinal mucosal barrier functions, apoptosis regulators, and inflammatory factors concentrations

Dietary supplementation with 1,000 mg/kg PFA significantly increased (P < 0.05) MUC2 (Figure 2A), TFF (Figure 2B), and ZO-1 (Figure 2C) concentrations, and significantly decreased (P < 0.05) activities of caspase-3 (Figure 2D) and caspase-8 (Figure 2E) and concentrations of TNF-α (Figure 2F), IL-1β (Figure 2G), IL-6 (Figure 2H), and IL-10 (Figure 2I) in intestinal mucosa of broilers. Besides, PFA supplementation tended to decrease (P < 0.10) intestinal mucosal IFN-γ concentration compared with CON group (Figure 2J). There were no significant differences (P > 0.05) in TGF-α and SIgA concentrations as well as caspase-9 activity in intestinal mucosa of broilers (Supplementary Figure 1).
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FIGURE 2
Effects of dietary paraformic acid supplementation on intestinal mucosal barrier functions, apoptosis regulators, and inflammatory factors concentrations in broiler chickens. (A) Mucin (MUC2); (B) Trefoil factor family (TFF); (C) Zonula occludens-1 (ZO-1); (D) Caspase-3; (E) Caspase-9; (F) Tumor necrosis factor-alpha (TNF-α); (G) Interleukin-1beta (IL-1β); (H) Interleukin-6 (IL-6); (I) Interleukin-10 (IL-10); (J) Interferon-γ (IFN-γ). CON, broiler chickens fed basal diet; PFA, broiler chickens fed basal diet supplemented with 1,000 mg/kg paraformic acid. Values are mean ± standard error (n = 7). Differences between treatments were displayed by #0.05 ≤ P < 0.10, *P < 0.05, and **P < 0.01.




Genes expressions in intestinal mucosa

As shown in Figure 4, PFA supplementation in broiler diet significantly increased (P < 0.05) ZO-1 (Figure 3A) and y + LAT1 (Figure 3B) mRNA expressions, and tended to increase (P < 0.05) CAT1 (Figure 3C) and Bcl-2 (Figure 3E) mRNA expression in intestinal mucosa. Besides, PFA group showed significantly lower (P < 0.05) mucosal Bax (Figure 3D), TLR4 (Figure 3G) and NF-κB (Figure 3H) mRNA expressions as well as Bax/Bcl-2 ratio (Figure 3F). There were no significant differences (P > 0.05) in the mRNA expressions of OCLN, CLDN2, CLDN3, GLUT2, SGLT1, and FABP1 in intestinal mucosa (Supplementary Figure 2).


[image: image]

FIGURE 3
Effect of dietary paraformic acid supplementation on relative mRNA expression in intestinal mucosa of broilers. (A) Zonula occludens-1 (ZO-1); (B) y + L amino acid transporter 1 (y + LAT1); (C) Cationic amino acid transporter 1 (CAT1); (D) Bax; (E) Bcl-2; (F) Bax/Bcl-2 ratio; (G) Toll-like Receptor 4 (TLR4); (H) Nuclear factor-kappa B (NF-κB). CON, broiler chickens fed basal diet; PFA, broiler chickens fed basal diet supplemented with 1,000 mg/kg paraformic acid. Values are mean ± standard error (n = 7). Differences between treatments were displayed by #0.05 ≤ P < 0.10, *P < 0.05, and **P < 0.01.
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FIGURE 4
Effect of dietary paraformic acid supplementation on diversity and richness of cecal microbiota in broilers. (A) A Venn diagram generated to display the common and unique operational taxonomic units between two groups; (B) Observed species; (C) Shannon index; (D) Simpson index; (E) ACE index; (F) Chao 1 index; (G) The principal coordinate analysis (PCoA) profile of bray_curtis distance; (H) Analysis of similarity. CON, broiler chickens fed basal diet; PFA, broiler chickens fed basal diet supplemented with 1,000 mg/kg paraformic acid. Values are mean ± standard error (n = 7). Differences between treatments were displayed by *P < 0.05.




Cecal pH of digesta

Effect of dietary paraformic acid supplementation on pH values of cecal digesta in broiler chickens is shown in Table 1. Broilers in PFA group had significantly lower (P < 0.05) cecal pH values than those in CON group.


TABLE 1    Effect of dietary paraformic acid supplementation on pH values of cecal digesta in broiler chickens.

[image: Table 1]



Microbial diversity in cecal digesta

As shown in Supplementary Table 3, a total of 825,033 total tags, 778,291 taxon tags, 13 unclassified tags, 56,729 unique tags, and 12,147 OTUs were obtained from 14 cecal digesta samples of two treatment groups. Moreover, the species accumulation curves (Supplementary Figure 3) tend to flatten with analyzed sequences number increasing up to 14, demonstrating that our samples were sufficient for OTU testing and prediction of species richness of samples. The bacteria community diversity and richness are shown in Figure 4. The overall OTUs of cecal bacteria differ between groups, and broilers in PFA group showed an increased number of OTUs (Figure 4A). The two groups shared 1,129 common OTUs. Compared with CON group, PFA group showed significantly higher (P < 0.05) observed species (Figure 4B) and ACE index (Figure 4E). No significant differences were observed (P > 0.05) in Shannon index (Figure 4C), Simpson index (Figure 4D), and Chao 1 index (Figure 4F). The PCoA plot (Figure 4G) drawn based on the bray_curtis distances revealed that the PFA samples dispersed far apart with the CON samples, and ANOSIM (Figure 4H) showed the two groups had significantly different bacterial community structures (P < 0.05).



Relative abundance of cecal microbiota

The top 10 phyla in relative abundance of cecal microbiota are shown in shown in Supplementary Table 4. The most predominant phyla in cecal samples of broilers are Bacteroidetes and Firmicutes. Dietary PFA supplementation significantly decreased (P < 0.05) Halobacterota abundance, and tended to decrease (P < 0.10) Campylobacterota abundance.

The relative abundance at genus level in broiler cecal microbiota (top 35 genera) in shown in Figure 5 and Supplementary Table 5. The identified most plentiful genera in cecal samples were Alistipes, Bacteroides, and Desulfovibrio. PFA group had significantly higher (P < 0.05) Alistipes abundance and significantly lower (P < 0.05) Methanocorpusculum abundance than CON group. Besides, PFA group tended to had lower (P < 0.10) abundances of Helicobacter, Christensenellaceae_R-7_group, and Ruminococcus in cecal samples than CON group. In PFA group, the Alistipes abundance was significantly negatively (P = 0.048) correlated with Methanocorpusculum abundance, and the Methanocorpusculum abundance tended to (P = 0.053) be linearly decreased with the Alistipes abundance increasing. No significant correlation (P > 0.05) between Alistipes abundance and Methanocorpusculum abundance was observed in cecal digesta of CON group.
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FIGURE 5
Relative abundance of cecal microbiota (at the genus level) that are significantly different between two treatments in broilers. (A,B) Relative abundances of Alistipes and Methanocorpusculum. Differences between treatments were displayed by *P < 0.05 and ***P < 0.001. Values are mean ± standard error. (C,D) The correlation between the Alistipes and Methanocorpusculum abundances for CON group and PFA group based on Spearman’s correlation test and simple linear regression analysis. Statistical significance was set at P < 0.05. CON, broiler chickens fed basal diet; PFA, broiler chickens fed basal diet supplemented with 1,000 mg/kg paraformic acid, n = 7.




Spearman’s correlation analysis between Alistipes and Methanocorpusculum abundances and mucosal immunological markers concentrations

As shown in Figure 6 and Supplementary Figure 4, intestinal mucosal concentrations of IL-1β and IL-6 tended to decrease (P < 0.10) with increasing relative abundance of Alistipes in broilers of PFA group. The relative abundance of Methanocorpusculum was significantly positively (P < 0.05) correlated with mucosal TNF-α concentration of PFA group and IL-6 concentration of CON group, and intestinal mucosal TNF-α concentration increased linearly (P = 0.037) as Methanocorpusculum abundance increased in PFA group.
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FIGURE 6
Correlation analysis between Alistipes and Methanocorpusculum abundances and mucosal immunological markers concentrations. (A,B) Correlation analysis between Alistipes and interleukin-1beta (IL-1β) and interleukin-6 (IL-6) for CON group and PFA group; (C,D) Correlation analysis between Methanocorpusculum and tumor necrosis factor-alpha (TNF-α) and IL-6 for CON group and PFA group. Correlation analysis was based on Spearman’s test and simple linear regression. Statistical significance was set at P < 0.05, n = 7.





Discussion

Intestinal morphology and barrier integrity are two crucial indicators of intestinal development (Li et al., 2020; Beumer and Clevers, 2021). In the present study, PFA supplementation in the diet increased VH and VH/CD ratio of small intestine. Previous study also demonstrated that broilers fed the diets supplemented with FA or potassium diformate had higher intestinal VH than those fed a basal diet (Abd El-Hack et al., 2022). The small intestine is the principal organ in charge of nutrient absorption, and the crypt-villus structure is responsible for efficient nutrition intake (Beumer and Clevers, 2021). The VH and VH/CD are related to the digestion and absorption capacity of the intestine (Chen et al., 2021). Consistently, compared with CON group, PFA group had higher intestinal expressions of y + LAT1 and CAT1 which were responsible for amino acids transport (Closs et al., 2006; del Amo et al., 2008). Garcia et al. (2007) reported that dietary FA supplementation significantly increased the digestibility of crude protein. It might suggest that PFA supplementation was helped to enhance the digestion and absorption capacity of the intestine in this study. Besides, we also found that PFA supplementation increased ZO-1, MUC2, and TFF levels in small intestinal mucosa in the current study. As a regulator of paracellular permeability in epithelia and endothelia, the major component of tight junction protein (TJP) ZO-1 plays an important role in maintaining intestinal barrier function and defensing systemic inflammatory diseases through interacting with the gap, actin cytoskeleton, and adherens junction proteins (Dai et al., 2020; Lai et al., 2021). Trefoil factor family and mucins are typical exocrine products of mucous epithelia. Mucin2, predominantly produced by the goblet cells, is the principal mucin in the small intestine and located throughout the surface of the intestinal epithelium (Liu et al., 2020). Recent researches demonstrated that MUC2 is involved in intestinal barrier protection, microbiome homeostasis regulation, and diseases prevention (Kim and Khan, 2013; Liu et al., 2020). Trefoil factor family peptides are typically co-secreted together with mucins, and play vital roles in mucosal innate immune defense, mucosal repair, and prevention of the infiltration of microorganisms (Hoffmann, 2020). It was also reported that organic acids (mainly containing FA, formate ammonia, propionate, acetate, and lactate) supplementation enhanced duodenal TJPs (including ZO-1 and CLDN2) in broilers (Ma et al., 2021). A compound acidifier blend of calcium formate, calcium citrate and calcium lactate with 7:2:1 ratio could increase the expressions of MUC2, OCLN, and CLDN3 in jejunal mucosa of broilers (He et al., 2020). Above all, dietary PFA supplementation could promote small intestinal development through improving intestinal morphology and barrier integrity.

Excessive apoptosis of epithelial cells is an important cause of intestinal mucosal barrier damage (Chen et al., 2021). Caspases are an evolutionary conserved family of cysteine proteases which are centrally involved in inflammation responses and cell death (Abd El-Hack et al., 2022). In the present study, we found that supplementation of 1,000 mg/kg PFA decreased activities of caspase-3 and caspase-8 in small intestinal mucosa. Caspase-8, serving as an initiator caspase, is important player in activation of extrinsic apoptotic pathway (Weng et al., 2014). Caspase-3, an executioner caspase, can be activated by caspase-8 and initiate the process of apoptosis (Van Opdenbosch and Lamkanfi, 2019). Pro-apoptotic Bax and anti-apoptotic Bcl-2 are two important proteins in the Bax family, and upregulation of Bax/Bcl-2 ratio has been proven to increase the activation of caspase-3 and caspase-8 cascade (Du et al., 2014). Consistently, dietary PFA supplementation decreased the expressions of Bax, Bcl-2, and Bax/Bcl-2 ratio in current study. Therefore, our results of this study suggested that PFA supplementation in the diet could improve intestinal morphology and barrier integrity through suppressing the activation of extrinsic apoptotic pathway in small intestinal mucosa.

Inflammatory response is usually associated with excessive cell apoptosis, leading to the intestinal mucosal barrier damage and gastrointestinal disorders (Van Opdenbosch and Lamkanfi, 2019). It was reported that inflammatory cytokines such as TNF-α, IL-1β, IFN-γ, and IL-6 could induce cell apoptosis (Idriss and Naismith, 2000; Kuo et al., 2021; Ren et al., 2021). In the present study, dietary PFA supplementation decreased concentrations of TNF-α, IL-1β, IL-6, IL-10, and IFN-γ in small intestinal mucosa of broilers. Tumor necrosis factor-alpha, IL-1β, and IFN-γ are three major pro-inflammatory cytokines implicated in the pathogenesis of many inflammatory-associated diseases (Idriss and Naismith, 2000; Jorgovanovic et al., 2020; Kuo et al., 2021). Moreover, TNF-α, IL-1β, and IFN-γ can also activate the generation of pro-inflammatory IL-6 which contributes to the pathogenesis of various diseases, such as inflammation, autoimmunity, and cancers (Suzuki et al., 2000; Raeburn et al., 2002; Ishimaru et al., 2013; Yao et al., 2014). Interleukin-10 is a cytokine with anti-inflammatory properties. Under inflammatory condition, increased IL-6 concentration often accompanied an increased IL-10 concentration (Chun et al., 2007). Therefore, the results of our study indicated that dietary PFA supplementation decreased inflammatory response in small intestinal mucosa of broilers. To further explore the mechanisms underlying the inhibition of intestinal inflammatory response by PFA in broiler chickens, TLR4/NF-κB signaling pathway-related genes expressions were examined in this study. Toll-like receptor 4 is a crucial regulator of inflammatory reactions, whose activation triggers its downstream effector NF-κB, which translocates to the nucleus and upregulates the expressions of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, and IFN-γ (Wei et al., 2015; Ye et al., 2021). In the present study, we found that PFA supplementation inhibited the expressions of TLR4 and NF-κB in small intestinal mucosa of broilers. Previous study has demonstrated that encapsulated essential oils and organic acids mixture (containing 4% carvacrol, 4% thyme, 0.5% hexanoic, 3.5% benzoic, and 0.5% butyric acid) supplementation can inhibit necrotic enteritis-induced increase in genes expressions of TLR4, IL-1β, and IFN-γ in the jejunum (Pham et al., 2022). Overall, dietary PFA supplementation could suppress the inflammation response in small intestinal mucosa partially via inhibiting TLR4/NF-κB signaling pathway.

Gut microbiota plays an important role in host gut health by improving gastrointestinal development, enhancing the immune function, and competitively suppressing pathogens (Ley et al., 2008; Camara-Lemarroy et al., 2018; Zhang S. et al., 2021). It has been proven that FA is efficient against pathogenic bacteria through reducing intestinal pH, leading to improvement of gut health in poultry (Hernández et al., 2006; Gharib et al., 2012; Ateya et al., 2019). In the present study, we also found that supplementation of 1,000 mg/kg PFA decreased pH value in cecal digesta of broilers. Besides, PFA supplementation increased the observed species and ACE index of cecal microbiota in broilers. Observed species and ACE index are two important indicators of alpha diversity, and used to calculate unique OTUs and estimate community richness, respectively (Li et al., 2020; Chen et al., 2021). Gut dysbiosis and gastrointestinal inflammatory disease are usually characterized by reduced bacterial richness (Clemente et al., 2018). The results in Song et al. (2022) showed that necrotic enteritis challenge increased intestinal inflammatory cytokine gene expression levels, inhibited intestinal development, and caused intestinal damage, as well as reduced alpha diversity of microbiota in ileum of broilers. Bacteroidetes and Firmicutes were the most predominant phyla in cecal samples of broilers in this study, which was in accord with the results of previous study (Cui et al., 2021). Importantly, dietary PFA supplementation increased the abundance of Alistipes that was the dominate genus, and decreased Methanocorpusculum abundance in cecal digesta of broilers. Zhang et al. (2022) also found that Alistipes was the most plentiful genera in cecum of broilers. Alistipes is classified as Gram-negative anaerobic rods, and found primarily in the gut of healthy humans (Shkoporov et al., 2015). Previous study showed that Alistipes finegoldii supplementation could decrease the severity of the colitis in mice (Dziarski et al., 2016). Besides, Zhang et al. (2022) reported that dietary rhamnolipids addition could enhance the immunity, improve intestinal barrier function, and increase the cecal abundance of Alistipes in broilers. The results suggested that Alistipes genus might have a protective role in inflammatory bowel disease. The correlation analysis in this study also showed that the relative abundance of Alistipes was negatively correlated with intestinal mucosal concentrations of pro-inflammatory IL-1β and IL-6 which were significantly decreased in PFA group. Previous studies suggesting that Alistipes was a short-chain fatty acids (SCFAs) producer (Oliphant and Allen-Vercoe, 2019), which might be contributed to the decreased pH in cecal digesta in this study. Short-chain fatty acids are identified as a principal energy source for intestinal epithelial cells and are known to strengthen the gut barrier function (Parada Venegas et al., 2019). It was reported that SCFAs could lower inflammation and oxidative stress through reducing intestinal permeability and circulating endotoxins (Kim et al., 2018). Besides, SCFAs may signal through cell surface G-protein coupled receptors to activate signaling cascades that regulate immune functions and production of cytokines (Vinolo et al., 2011). Methanocorpusculum was the predominant methanogen (Duan et al., 2014), and Methanocorpusculum abundance was positively correlated with intestinal mucosal pro-inflammatory TNF-α and IL-6 concentration. The decrease of Methanocorpusculum in PFA group might suggested that PFA supplementation benefited to the mitigation of methane emissions in poultry production and the decrease of inflammatory response in intestine of broilers. Therefore, the increased microbial diversity and beneficial bacteria might be another reason for the improved intestinal development in PFA broilers.



Conclusion

In conclusion, the present study demonstrated that supplementation of 1,000 mg/kg PFA showed beneficial effects in improving intestinal development and function including intestinal morphology, barrier integrity, and nutrients transformation. It might be attributed to the suppression of apoptosis though inhibiting intestinal inflammation partially via inactivating TLR4/NF-κB signaling pathway and change of gut microbiota composition in broiler chickens. These findings will aid in our knowledge of the mechanisms through which dietary PFA modulates gut development, as well as support the use of PFA in poultry industry.
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This study was conducted to investigate whether different dietary Cyberlindnera jadinii levels affect growth performance, serum immunity, antioxidant capacity, and intestinal microbiota in growing raccoon dogs. Forty-five healthy male raccoon dogs were randomly assigned to three treatment groups, with 15 raccoon dogs per group. Each raccoon dog was housed in an individual cage. The raccoon dogs in the three groups were fed diets supplemented with Cyberlindnera jadinii at dosages of 0 (N group), 1 × 109 (L group) and 5 × 109 CFU/g (H group). A 7-day pretest period preceded a formal test period of 30 days. The results showed that Cyberlindnera jadinii in the L and H groups improved average daily gain (ADG) (P < 0.05) and decreased the ratio of feed to weight (F/G) (P < 0.05). Serum immunoglobulins A and G levels were increased in the L and H groups compared to the N group (P < 0.05). Cyberlindnera jadinii in the L and H groups increased serum superoxide dismutase activity (P < 0.05), and serum glutathione peroxidase activity was increased in the L group compared to the N group (P < 0.05). The relative abundance of Firmicutes and Actinobacteriota were increased, and the relative abundance of Bacteroidota was decreased in the L and H groups compared to the N group (P < 0.05). The relative abundance of Proteobacteria and Cyanobacteria was increased in the H group compared to the other two groups (P < 0.05). The ratio of Firmicutes to Bacteroidetes in the Cyberlindnera jadinii supplementation groups increased compared with the N group (P < 0.05). The relative abundance of Megasphaera and Bifidobacterium were increased, and the relative abundance of Prevotella was decreased in the L and H groups compared to the N group (P < 0.05). The relative abundance of Dialister was increased, while the relative abundance of Blautia was decreased in the H group compared to the other two groups (P < 0.05). The relative abundance of Agathobacter was decreased in the H group compared to the N group (P < 0.05). In conclusion, dietary supplementation with Cyberlindnera jadinii increased growth performance, serum immunity, antioxidant capacity, and improved intestinal microbiota in growing raccoon dogs. Cyberlindnera jadinii can therefore be used as a growth promoter in raccoon dogs.
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Cyberlindnera jadinii (Candida utilis), growth performance, immunity, antioxidant, microbiota, raccoon dogs


Introduction

Adding antibiotics to animal feed can improve growth and feed conversion efficiency, and prevent infection (Gadde et al., 2017). However, the use of antibiotics leads to antibiotic resistance and the destruction of beneficial bacteria in the gut, which pose a potential threat to animal and public health safety. Therefore, the development of effective antibiotic alternatives is a pressing need. Probiotics are an effective and eco-friendly alternative to antibiotics (Zorriehzahra et al., 2016; Alagawany et al., 2018). Among them, yeast is a promising feed additive that may replace frequently used antimicrobial growth promoters (Alizadeh et al., 2016). Research has shown that feeding yeast and its products can modulate growth performance, and gut microbiota, enhance gut development and integrity, support the immune system, and improve nutrient utilization (Gao et al., 2008; Jiang et al., 2015; Bilal et al., 2021).

The yeast Cyberlindnera jadinii is a close relative of Candida utilis, which is currently used in the food and feed industries (Rupp et al., 2015). Cyberlindnera jadinii can produce valuable bioproducts that are an attractive source of biomass enriched in protein and vitamins (Sousa-Silva et al., 2021). Partially replacing conventional protein sources with inactivated Cyberlindnera jadinii yeast in for the diet of young pigs is possible without compromising energy and protein metabolism (Cruz et al., 2020). More importantly, feeding Cyberlindnera jadinii yeast can improve post-weanling gut homeostasis and result in more robust piglets (Håkenåsen et al., 2020). Cyberlindnera jadinii can also improve growth performance, reduce diarrhea rates, improve intestinal health, and increase the diversity and abundance of cecal microbiota in weaned piglets. Therefore, it may be used as antibiotic alternative feed additive in the production of weaned piglets (Yang et al., 2021). However, there is no research data available regarding the use of Cyberlindnera jadinii in the diets of canines.

The Ussuri raccoon dog is the most easily bred fur animal and has high economic value. Unlike in herbivores, carnivorous gut microbiota are specialized to degrade protein as an energy source (Muegge et al., 2011). The gut microbiota is a central regulator of host metabolism, and the composition and function of the gut microbiota is dynamic and affected by dietary properties (Schoeler and Caesar, 2019). The effect of Cyberlindnera jadinii on the Ussuri raccoon dog has not been studied. Thus, the present study examined the effects of Cyberlindnera jadinii supplementation on growth performance, serum immunity, antioxidant status, and gut microbiota of Ussuri raccoon dogs during the growing period. We hypothesized that Cyberlindnera jadinii may affect the growth and gut microbiota of raccoon dogs.



Materials and methods

All procedures involving animals were carried out in accordance with guidelines for animal studies issued by the Chifeng University.


Fungal strain

Cyberlindnera jadinii were preserved by the microbiology laboratory of the Chifeng University. The liquid potato dextrose culture medium (PDB) (Potato extract powder 20 g/L, glucose 20 g/L, distilled water 1 L) was used to resuscitate and passage cultures for 24–48 h at 37°C.



Experimental design

Forty-five 60 (±5) day-old healthy male raccoon dogs of a similar body weight (1.98 ± 0.15 kg) were randomly assigned to three treatment groups, with 15 replicates per group. Cyberlindnera jadinii was either not added to the diet (N group) or was supplemented at 1 × 109 CFU/g (L group) or 5 × 109 CFU/g (H group). The basal diet was formulated based on the management guide of the National Research Council (National Research Council, 1982); the composition and nutrient levels of the basal diet are shown in Table 1. All animals were individually housed in conventional cages (1.0 m × 0.8 m × 0.8 m). The raccoon dogs were fed twice each day at 7:00 and 15:00 and had free access to water. After 7 days of adaptation, the experimental diets were fed for 30 days.


TABLE 1    Composition and nutrient levels of basal diets (air-dry basis).
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Sample collection and preparation

Body weight was measured at the beginning and end of the experiment, and the feed intake of each animal was recorded daily. The average daily gain, average daily feed intake and the ratio of feed to gain (F/G) were calculated according to the following formula: Average daily gain (ADG) (g/d) = (final body weight-initial body weight) (g)/days (d); Average daily feed intake (ADFI) (g/d) = total feed intake (g)/days (d); Ratio of feed to gain (F/G) = average daily feed intake (g)/average daily weight gain (g). After the 30-day supplementation, the raccoon dogs were restrained for blood sampling and approximately 5 mL blood was collected in a vacuum tube from the posterior limb vein. Blood was centrifuged at 3,000 × g for 15 min at 4°C to isolate serum which was stored at –20°C until analysis. In addition, fresh feces from each raccoon dog was collected on the same day using 5 mL sterile centrifuge tubes, and stored at –80°C for gut microbiota analyses.



Serum sample analysis

The serum immunoglobulins (Ig)A, IgM, and IgG were measured using ELISA kits (Shanghai Shuangying Biotechnology Co., Ltd., Shanghai, China). Glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), total antioxidant capacity (T-AOC) and maleic dialdehyde (MDA) were determined using diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Microbiota analysis based on 16S RNA high-throughput sequencing

Six fecal samples from the raccoon dogs in each group were chosen for microbiota analysis. Total bacterial DNA was extracted from approximately 0.25 g of feces using a Qiagen magnetic bead extraction Kit (Qiagen, Valencia, California, USA) according to the manufacturer’s instructions. The primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were used to amplify the V3–V4 region of the bacterial 16S rRNA gene. The resultant amplicons were purified using the Thermo Scientific GeneJET Gel Extraction Kit (Thermo Scientific, Belmont, Massachusetts, USA), and then sequenced on an Illumina NovaSeq 6000 platform to produce 250-bp paired-end reads.

The paired-end reads were merged into raw tags using FLASH version 1.2.7 (Magoè and Salzberg, 2011). Quality filtering of the raw tags was strictly filtered (< 30 Phred score) to obtain high-quality clean tags using QIIME (version 1.9.1) (Caporaso et al., 2010; Bokulich et al., 2013). The tags were compared with the SILVA database (version 138), and the chimera of effective tags were identified and removed using the UCHIME algorithm (Edgar et al., 2011; Haas et al., 2011). The Uparse algorithm (Uparse version 7.0.1001) was used to cluster the effective tags from all samples, and the sequences were clustered via default parameters with 97% identity into operational taxonomic units (OTUs) (Edgar, 2013). The sequence with the highest frequency of occurrence in OTUs was selected as the representative sequence of OTUs for further annotation. OTUs abundance information was normalized using a standard of sequence number corresponding to the sample with the fewest sequences. Subsequent analysis of alpha diversity and beta diversity was performed based on this output normalized data. Chao1, ACE, Shannon and Simpson indices were calculated with the software package QIIME (version 1.9.1). Beta diversity analysis was performed using QIIME (version 1.9.1). The PCoA analyses were used to reveal the differences in the bacterial communities among the three groups (Minchin, 1987). The Adonis function of the R vegan package (version 2.15.3) was used to test the significance of separation by permutation multivariate analysis of variance (PERMANOVA) (Stat et al., 2013). Correlations were analyzed by using Spearman’s correlation in R software (version 2.15.3) with the R psych package and pheatmap for the heat map.



Statistical analysis

All graphs were generated using GraphPad Prism version 8 and Adobe Illustrator 2022. All statistical analyses were performed using SPSS 26.0 software. The differences among groups were compared using One-way analysis of variance (ANOVA) and Bonferroni multiple comparison test. Data are represented as mean ± standard error. P < 0.05 indicates a significant difference. STAMP software (t-test) was used to analyze the differences of microbiota abundance between groups, and the Benjamini-Hochberg FDR multiple test correction method was used to control the false positive rate.




Results


Growth performance

As shown in Table 2, there was no significant difference in IBW, FBW, or ADFI (P > 0.05) among the three groups. ADG was increased in the L and H groups compared to the N group (P < 0.05). F/G was decreased in the L and H groups compared to the N group (P < 0.05).


TABLE 2    Effects of Cyberlindnera jadinii on the growth performance of growing raccoon dogs.
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Serum immune levels

As shown in Table 3, the serum IgA and IgG levels were increased in the L and H groups compared to the N group (P < 0.05). No significant differences in serum IgM levels were observed among the three groups (P > 0.05).


TABLE 3    Effects of Cyberlindnera jadinii on serum immune indices in growing raccoon dogs.
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Serum antioxidant capacity

As shown in Table 4, the activity of SOD in the L and H groups was increased compared to in the N group (P < 0.05), but no significant differences were observed between the L and H groups (P > 0.05). GSH-Px activity was increased in the L group compared with the N group (P < 0.05). No significant differences in serum T-AOC and MDA were observed among the three groups (P > 0.05).


TABLE 4    Effects of Cyberlindnera jadinii on serum antioxidant indices in growing raccoon dogs.
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Summary of high-throughput sequencing and alpha diversity

The present study obtained a total of 1,436,812 16S rRNA gene sequences from three groups. After clustering at the 97% similarity level, sequences were assigned to 1,346 OTUs. Good’s coverage, ranging from 0.998 to 0.999, demonstrated an adequate sequencing depth for all samples. The number of OTUs was not significantly different among the three groups (P > 0.05, N = 456.17 ± 129.11, L = 447.33 ± 119.64 and H = 420.44 ± 97.52, respectively). As shown in Figure 1, the Shannon and Simpson index values in the N group were increased compared to the L and H groups (P < 0.05). There was no difference in the Chao1 and ACE indices among the three groups (P > 0.05).


[image: image]

FIGURE 1
Comparisons of the alpha diversity indices of the raccoon dog gut microbiota among the three groups. Chao1 index (A), ACE index (B), Shannon index (C), and Simpson index (D). N group, 0 CFU/g Cyberlindnera jadinii; L group, 1 × 109 CFU/g Cyberlindnera jadinii; H group, 5 × 109 CFU/g Cyberlindnera jadinii. *P < 0.05.




Composition and comparison of the gut microbiota in raccoon dogs

PCoA was applied to examine differences in taxonomic community composition and structure in the gut of the raccoon dog. The PCoA based on the Bray–Curtis distance (Figure 2A) and weighted UniFrac distance (Figure 2B) showed that the N group was separated from the L and H groups [Table 5, Adonis: P < 0.05 (N vs. L, N vs. H)]. Whereas the PCoA based on the binary Jaccard distance (Figure 2C) and unweighted UniFrac distance (Figure 2D) showed that the H group was separated from the N and L groups [Table 5, Adonis: P < 0.05 (N vs. H, L vs. H)].


[image: image]

FIGURE 2
Composition and comparisons of the raccoon dog gut microbiota among the three groups. PCoA reveals the separation of the gut microbiota in the three groups based on the Bray–Curtis distance (A), weighted UniFrac distance (B), binary Jaccard distance (C) unweighted UniFrac distance (D). Microbial composition in the gut of raccoon dogs from the N, L, and H groups at the phylum (E) and genus (F) levels. N group, 0 CFU/g Cyberlindnera jadinii; L group, 1 × 109 CFU/g Cyberlindnera jadinii; H group, 5 × 109 CFU/g Cyberlindnera jadinii.



TABLE 5    Adonis analysis of the bacterial communities in the gut of growing raccoon dogs.
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At the phylum level, Bacteroidota (N = 48.17 ± 3.22%, L = 24.98 ± 4.16%), Firmicutes (N = 38.67 ± 2.76%, L = 51.89 ± 3.77%), Actinobacteriota (N = 6.33 ± 1.18%, L = 18.07 ± 4.82%), unidentified_Bacteria (N = 3.45 ± 3.40%, L = 1.64 ± 0.19%), and Proteobacteria (N = 1.73 ± 0.56%, L = 1.56 ± 0.47%) were the most abundant phyla in both the N and L groups, while Firmicutes (49.48 ± 3.96%), Bacteroidota (22.75 ± 6.67%), Actinobacteriota (16.42 ± 3.61%), Proteobacteria (6.20 ± 1.89%), and Fusobacteria (2.83 ± 1.81%) were the five most abundant phyla in the H group (Figure 2E). The ratio of Firmicutes to Bacteroidetes in the Cyberlindnera jadinii supplementation groups (L = 3.09 ± 0.60, H = 3.41 ± 0.90) were significantly increased compared with the N group (0.73 ± 0.07). At the genus level, Prevotella was the dominant genus in all three groups (N = 41.48 ± 2.73%, L = 20.80 ± 3.58%, H = 19.16 ± 5.72%). Megasphaera (8.74 ± 1.83%), Alloprevotella (5.26 ± 1.27%), Bifidobacterium (5.03 ± 1.07%), and Blautia (4.32 ± 0.75%) were the most abundant genera in the N group. Bifidobacterium (16.75 ± 4.73%), Megasphaera (17.31 ± 2.13%), Lactobacillus (4.08 ± 1.32%), and Alloprevotella (3.13 ± 0.54%) were the most abundant genera in the L group, and Megasphaera (14.88 ± 2.92%), Bifidobacterium (15.38 ± 3.68%), Streptococcus (12.28 ± 5.57%), and Lactobacillus (4.70 ± 0.40%) were the most abundant genera in the H group (Figure 2F).

Furthermore, we also compared the bacterial taxa among the three groups. The relative abundance of Firmicutes and Actinobacteriota was increased in the L and H groups compared to the N group, while the relative abundance of Bacteroidota and unidentified Bacteria were decreased in the L and H groups compared to the N group (P < 0.05) (Figures 3A,B). In addition, the relative abundance of Proteobacteria and Cyanobacteria in the H group was increased compared to the N and L groups (P < 0.05) (Figures 3B,C). At the genus level, the relative abundance of Bifidobacterium and Megasphaera was increased while the relative abundance of Prevotella was decreased in the L and H groups compared with the N group (P < 0.05) (Figures 3D,E). The relative abundance of Agathobacter was decreased in the H group compared with the N group (P < 0.05) (Figure 3E). The relative abundance of Dialister was increased where the relative abundance of Blautia decreased in the H group compared with the N and L groups (P < 0.05) (Figures 3E,F).


[image: image]

FIGURE 3
T-test bar plots showing differences in the relative abundance of bacteria at the phylum (A–C) and genus (D–F) levels. N group, 0 CFU/g Cyberlindnera jadinii; L group, 1 × 109 CFU/g Cyberlindnera jadinii; H group, 5 × 109 CFU/g Cyberlindnera jadinii.




Correlation between growth performance or serum markers and gut microbiota

Spearman’s rank correlation analysis was performed to evaluate the potential relationship between alterations in gut microbiota composition and growth performance and serum markers of raccoon dogs. Sixteen genera, including Prevotella, Bifidobacterium and Dialister, showed significant correlations with the serum markers (Figure 4). The genus Prevotella showed a significant negative correlation with ADG (P < 0.05), the genus Bifidobacterium showed a significant positive correlation with ADG and serum T-AOC (P < 0.05), and Dialister showed a significant positive correlation with serum IgA and T-AOC (P < 0.05) (Figure 4).


[image: image]

FIGURE 4
Heatmap of the Spearman rank correlation between the growth performance or serum markers and gut microbiota. ADG, Average daily gain; F/G, ratio of feed to gain; IgA, Immunoglobulin A; IgG, Immunoglobulin G; IgM, Immunoglobulin M; GSH-Px, Glutathione peroxidase; SOD, Superoxide dismutase; T-AOC, Total antioxidant capacity; MDA, Malondialdehyde. *P < 0.05**P < 0.01 (following the Spearman correlation analysis).





Discussion

Previous studies have suggested that Cyberlindnera jadinii can improve the growth performance of weaned piglets (Yang et al., 2021). Our results showed that Cyberlindnera jadinii increased ADG and decreased the F/G in raccoon dogs. Additionally, the dietary supplementation of Cyberlindnera jadinii at 1 × 109 CFU/g resulted in the highest ADG and the lowest F/G. This may be because yeast can bind metal ions in the environment and permanently integrate into their cellular structure. Due to active transport mechanisms, absorbed elements can be transferred to the inside of the cell and accumulate in the form of metal. This can lead to the formation of stable complexes with proteins. Due to these connections, nutrient elements are more readily collected, transported, and absorbed in the digestive tracts of animals (Kieliszek et al., 2017).

Serum immunoglobulin can be used as a parameter reflecting the immune state of animals. Research has shown that diets supplemented of Saccharomyces cerevisiae increased the level of serum IgA in piglets (Trckova et al., 2014; Jiang et al., 2015). In addition, diets supplemented with Saccharomyces cerevisiae and yeast culture increased the levels of IgA, IgG and IgM in lambs during the growing period (Mahmoud et al., 2020). Our results showed that Cyberlindnera jadinii improved the levels of IgA and IgG in raccoon dogs. The changes in serum immunoglobulins observed in our studies may be related to β-glucans found in yeast cell walls, which have immunomodulatory properties (Raghebian et al., 2016). β-glucans increase the host immune defense by activating the complement system and enhancing macrophage and natural killer cell function (Akramiene et al., 2007). In addition, oxidative stress is a common condition which can produce variety of oxygen free radicals. An excess of oxygen free radicals can damage proteins, nucleic acids, and other biological macromolecules, thus causing tissue damage and tissue mitochondrial damage (Bai et al., 2018). In our study, Cyberlindnera jadinii dietary supplementation increased serum SOD and GSH-Px activities. An increase in SOD activity is an element of the natural antioxidant defense system (Yousefi et al., 2020), and the increased GSH-Px activity may be due to the presence of glutathione-bound selenium compounds in yeasts. Yeasts are characterized by a relatively high capacity to accumulate selenium (Kieliszek et al., 2016, 2017). Selenium is an essential constituent of the GSH-Px, and GSH-Px catalyzes the reduction of hydrogen peroxide by glutathione (Patching and Gardiner, 1999). The GSH and GSH-Px enzymes relieve oxidative damage by eliminating excessive free radicals (Bai et al., 2018). The results of the current study showed that Cyberlindnera jadinii supplementation improved the immune state and antioxidant activity in raccoon dogs.

The intestinal microbiota is closely related to the growth and development of animals. The gut microbiota of the raccoon dogs was dominated by sequences representative of Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. The phyla Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria are also widely present in the gastrointestinal tracts of other carnivore species such as mink, Eurasian otters, leopard cats, blue fox and silver fox (An et al., 2017; Peng et al., 2019; Liu et al., 2020; Nan et al., 2021). Our results showed that at the phylum level, Cyberlindnera jadinii supplementation increased the relative abundance of Firmicutes and Actinobacteria but decreased the relative abundance of Bacteroidetes. In addition, 5 × 109 CFU/g Cyberlindnera jadinii also improved the relative abundance of Proteobacteria and Cyanobacteria. Moreover, the Firmicutes/Bacteroidetes ratio (F/B ratio) was increased in the Cyberlindnera jadinii supplementation groups. The Firmicutes phyla contain genes that are related to energy metabolism and the decomposition of substances (Kaakoush, 2015; Zhang et al., 2019), and Bacteroidetes are associated with the degradation of proteins and carbohydrates (Thomas et al., 2011; Waite and Taylor, 2014). Previous studies found that the F/B ratio is proportional to body weight (Singh et al., 2013). A high F/B ratio is beneficial for gut microbiota-mediated energy harvesting in animals (Li et al., 2016), which assists with the maintenance of metabolic balance and better growth performance (Ley et al., 2006; Murphy et al., 2010). Therefore, this study suggests that the gut microbiota following Cyberlindnera jadinii supplementation had a strong effect on energy metabolism and the decomposition of substances. This strong ability to obtain energy may also be one reason for their strong growth performance. In addition, the composition of the gut microbiota is influenced by endogenous and environmental factors (Laparra and Sanz, 2010). In general, the diet is considered a major driver of changes in gut microbial diversity, which may affect its functional relationship with the host (Ley et al., 2008; Laparra and Sanz, 2010). However, multiple dietary components can interact non-additively to influence gut microbial diversity (Bolnick et al., 2014). In the current study, the Cyberlindnera jadinii supplementation decreased the alpha diversity of the gut microbiota as shown by the Shannon and Simpson indices. It may be that Cyberlindnera jadinii supplementation has indirect effects on raccoon dog physiology and immunity, which may regulate the diversity of the gut microbiota. Alternatively, Cyberlindnera jadinii supplementation might increase the activity of certain bacteria that affect the presence or growth of certain gut microbiota. For example, Actinobacteria can produce secondary metabolites, many of which have antibacterial and antifungal properties (Ul-Hassan and Wellington, 2009). Cyanobacteria is a diverse source of compounds with antimicrobial activity (Swain et al., 2017). Consequently, the alpha diversity of the gut microbiota may decrease with Cyberlindnera jadinii supplementation. Given that an imbalanced gut microbiota often arises from a sustained increase in abundance of the phylum Proteobacteria, the natural gut microbiota normally contains only a minor proportion of this phylum (Shin et al., 2015). The anaerobic Proteobacteria are usually associated with an impaired microbiota, or dysbiosis (Litvak et al., 2017). Thus, dietary supplementation of 1 × 109 CFU/g Cyberlindnera jadinii may be the most beneficial dose for the balance of intestinal microbiota in growing raccoon dogs.

Our results showed that at the genus level, Cyberlindnera jadinii increased the relative abundance of Megasphaera and Bifidobacterium and decreased the relative abundance of Prevotella. Some strains of Megasphaera can produce several short-chain fatty acids (SCFAs) such as acetate, propionate, butyrate, and valerate (Yoshikawa et al., 2018). These SCFAs may provide energy sources for animal growth. The increase of Bifidobacterium may be due to the presence of bifidus factors in yeast that promote the growth of Bifidobacterium (Ghoddusi and Tamime, 2014). Spearman correlation analysis also showed that ADG exhibited a significant, positive correlation with the relative abundance of Bifidobacterium. From a metabolic point of view, Bifidobacteria use the fructose 6-phosphate pathway for the metabolism of glucose and lactose, which can also provide energy sources for animal growth (González-Rodríguez et al., 2013; Hidalgo-Cantabrana et al., 2017). Moreover, the abundance of Prevotella is negatively correlated with weight changes (Christensen et al., 2019), which provids further support for the increase of ADG in raccoon dogs. Some strains of Prevotella, identified as active microbes, are associated with plant-rich diets and can express various genes encoding carbohydrate-degrading enzymes (Dai et al., 2015). Our results showed that the gut microbiota following Cyberlindnera jadinii supplementation had a lower abundance of cellulose-degrading bacteria, which may be more suitable to the dietary habits of carnivores. In addition, adding 5 × 109 CFU/g Cyberlindnera jadinii in the feed also increased the relative abundance of Dialister and decreased the relative abundance of Blautia and Agathobacter. Dialister, a potential microbial marker of disease activity, has been shown to exhibit a positive correlation with disease activity (Tito et al., 2017). Moreover, we observed a significant positive correlation between the abundance of the Dialister and serum IgA concentration, as shown by spearman correlation analysis. This may be an immune defense mechanism of the host. Blautia is a genus of anaerobic bacteria with probiotic characteristics that occur widely in the feces and intestines of mammals. Blautia has been shown to play a role in metabolic diseases, inflammatory diseases, and biotransformation (Liu et al., 2021). The main fermentation product of Agathobacter is butyrate (Hua et al., 2020). Butyrate is a short-chain fatty acid that plays an important role in gut physiology. Butyrate can enhance the barrier function of the gut and represses inflammatory responses through inhibition of NF-kB activation (Macfarlane and Macfarlane, 2011). Results of the current study suggest that adding 5 × 109 CFU/g Cyberlindnera jadinii may decrease the abundance of beneficial bacteria and increase the abundance of microbiota related to intestinal inflammation. Therefore, Cyberlindnera jadinii may play an active role in growth performance by regulating intestinal microbiota, and this effect was greater when the addition level was 1 × 109 CFU/g.



Conclusion

The present research demonstrated that dietary Cyberlindnera jadinii supplementation improved growth performance, serum antioxidant capacity and immunity, and intestinal microbiota in growing raccoon dogs. Among the concentrations tested, 1 × 109 CFU/g was the most effective level of supplementation. Thus, Cyberlindnera jadinii has potential as an efficient antibiotic alternative in raccoon dog feed.
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The marbling fat regulates the flavor of mutton and measures the fat density in the loin eye and is the most important parameter of carcass grading. The objective of this study was to explore the relationship of rumen microbiota and mutton marbling grade. One hundred and eighty-seven feedlot-finished Hu male lambs (Age: 180 day; Final BW: 46.32 ± 6.03 kg) were slaughtered, and ruminal contents and marbling grade were collected. Ruminal microbial DNA extraction and 16S rRNA gene sequencing was performed to investigate microbial composition and to predict microbial metabolic pathways. The animal cohort was then grouped based on marbling grades [low marbling (LM), marbling grade ≤ 1; Medium marbling (MM), 1 < marbling grade ≤ 3; High Marbling (HM), 3 < marbling grade ≤ 5] and intramuscular fat-associated microorganisms were pinpointed using LEfSe and random forest classification model. Intramuscular fat content had significantly differences among the three groups (P < 0.05), and was significantly correlated with VFAs profiling. HM sheep showed a higher abundance of one bacterial taxon (Kandleria), and two taxa were overrepresented in the MM sheep (Pseudobutyrivibrio and Monoglobus), respectively. In addition, the main intramuscular fat deposition pathway was found to involve peroxisome proliferator-activated receptor (PPAR) fatty acid synthesis. By studying the effect of the ruminal microbiome on the marbling of sheep, the present study provides insights into the production of high-quality mutton.

KEYWORDS
16S rRNA, Hu sheep, marbling score, rumen microbiota, muscle chemical composition


Introduction

China has rich sheep breed resources, where its mutton production ranks first in the world. Mutton possesses an unique flavor that is linked to the intramuscular fat or marbling fat (Li et al., 2020). Marbling is defined as the appearance of visible white flecks or streaks in intramuscular fat (IMF), which can be detected visually between the bundles of muscle (Nguyen et al., 2021). In the beef industry, the marbling grade is an important index to evaluate the quality of beef. Marbling can be assessed by ultrasound imaging or be visually evaluated by an expert (Nguyen et al., 2017; Harris et al., 2018). Marbling affects the color, flavor, tenderness and juiciness of meat (Stewart et al., 2021). Therefore, a higher marbling grade can obtain greater economic benefits. Particularly in Korea and Japan, producers have attempted to increase IMF to enhance the economic value of beef (Sasaki et al., 2009; Kim et al., 2020). Experts use genetic methods to screen related genes and single nucleotide polymorphisms (SNP)(Sasaki et al., 2009; Kwon et al., 2016). In addition, various nutritional methods are also used, such as oil supplements, vitamin A supplementation and high-grain diet feeding (Schmid et al., 2006; Gorocica-Buenfil et al., 2007; Pickworth et al., 2012; Kim et al., 2020). Previous studies have shown that the formation of marbling is affected by many factors, such as genetic, sexual, nutritional and management factors (Nguyen et al., 2021). Fat infiltration within skeletal muscle is known as IMF, which increases with aging (Yoshiko et al., 2017). The marbling is accumulated through IMF cell hyperplasia and hypertrophy (Harris et al., 2018). Fibro/adipogenic progenitor cells (FAPs) are the main reservoir of IMF cells, and IMF cells primarily develop during the fetal and neonatal stages (Harris et al., 2018; Costa et al., 2021). Research has shown that IMF favors the use of glucose for fat synthesis at early ages (Smith and Crouse, 1984). During later phases of growth, IMF cells may continue to grow and use acetate as a carbon source (Nguyen et al., 2021). In addition, recent research has shown that propionic acid is also involved in fat formation (Zhang Y. et al., 2021). As rumen volatile fatty acids (VFAs) can provide a carbon source for the formation of adipose tissue (IMF), the change of rumen microbiota may be related to the formation of marbling. In addition, several studies have shown that rumen biohydrogenating bacteria, including Prevotellaceae, Lachnospiraceae and Rikenellaceae, provide VFAs (acetic, propionic and butyric acids), which can be positively or negatively affect fat deposition (Zhang Y. et al., 2021). Biohydrogenating bacteria Butyrivibrio spp., Megasphaera elsdenii and Propionibacterium spp. have related fatty acid metabolism, which can affect adipocyte differentiation (Kim et al., 2020).

Many studies have investigated the contribution of rumen microorganisms to growth factors and immunity (Berlutti et al., 2011; Ban and Guan, 2021) and the potential effect of bovine rumen microbiota on marbling (Kim et al., 2020). However, research on this subject, the potential effect of rumen microbiota on marbling, has mainly focused on cattle, with few studies being carried out on sheep. Thus, it is important to reveal the characteristics and functions of the Hu sheep rumen microbiota on marbling. This study aims to research the potential effect of the rumen microbiome on IMF deposition or marbling grade in sheep, which is of great significance to promote the production, research and maximally processed of high-quality mutton in China.



Materials and methods


Ethics statement

All experiments in this study were ratified by the Animal Welfare and Ethics Committee of Gansu Agricultural University and implemented in compliance with the Food and Drug Supervision and Administration Regulations of the People’s Republic of China (permit number for conducting animal experiments: NO. 2012-2-159).



Animals

In present study, 187 Hu sheep from Gansu Wuwei Minqin Defu Agriculture Co., Ltd. (Minqin, China). All sheep were fed in a single pen (0.8 × 1.5 × 1.0 m) and provided with adequate pellet feed and water. Commodity feed was purchased from Gansu Sanyangjinyuan Husbandry Co., Ltd., and the dietary information is listed Supplementary Table 1. The acclimation period was 14 days, the pretest period was 10 days and the trial period was 100 days. The Hu sheep included were slaughtered before morning feeding at 6 months of age, with an average weight of 46.32 kg. All sheep were slaughtered under the supervision of a qualified veterinarian (Supplementary Table 7).



Marbling grade and muscle chemical composition determination

Visual marbling grades were estimated according to the marbling scoring standard formulated by the agricultural industry standard of the People’s Republic of China (NY/T 630—2002 Lamb and mutton evaluation and grading).

After slaughter, the longissimus dorsi of the Hu sheep were obtained, placed at 4°C for 12 h, and then stored at –20°C to test the muscle chemical composition. Meat samples were scanned by reflectance spectroscopy (NIRS) using a FoodScan2 Near-Infrared Meat Fast Analyzer (Foss Science Technology and Trading Co., Ltd., Beijing, China). Samples were scanned twice in duplicate re-packing (resulting in six spectra per sample).

Experimental animals were grouped which based on marbling grade. three marbling grade groups are as follows: low marbling (LM) grade ≤ 1; MM, 1 < medium marbling (MM) grade ≤ 3; HM, 3 < high marbling (HM) grade ≤ 5.



Microbiological and volatile fatty acids analyses


16S rRNA gene sequencing

After slaughter, the rumen contents were collected from all sheep. Rumen fluid was obtained by four layers of cheesecloth filtration and stored at –80° for subsequent microbiological and VFAs analysis. Microbiological DNA extraction was performed using an EasyPure Stool Genomic DNA Kit (EE301-01; TransGen Biotech, Beijing, China), according to the manufacturer’s guidelines. The 16S rRNA V3-V4 regions were amplified using the primers: 341F: 5′-CCTAYGGGRBGCASCAG-3′ and 806R: 5′-GGACTACNNGGGTATCTAAT-3′. The PCR amplification system has been described previously (Zhang Y. K. et al., 2021). A TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) was used to obtain the sequence libraries (Schloss et al., 2009). The qualified amplicon libraries were sequenced by using paired-end sequencing on the Illumina NovaSeq PE250 platform. FLASH1 was used to splice and assemble reads. Fastqc2 was used for quality filtering. The detection and removal of chimeras were performed by UCHIME.3



Taxonomic and diversity analyses

The available plugins within QIIME2 were used to be taxonomic, such as the DADA2 plugin was used to inspect the quality of the sequence and denoise the reads. Then, the abundance table of amplicon sequencing variant (ASV) was determined. The classify-sklearn plugin was used to train the feature classifier. The naïve Bayesian taxonomic classifier was used to annotate the ASV taxonomy. Alpha Diversity Profiling, Abundance Profiling, Interactive Pie Chart analysis, linear discriminant analysis (LDA) effect size (LEfSe) and random forest analysis were formed using the MicrobiomeAnalyst platform.4 LEfSe analysis was used to identify microbial biomarkers, using false discovery rate (FDR) values of 0.05 and a LDA threshold score of 2. Tax4Fun software was used to analyze the functional enrichment of bacterial communities. Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to predict microbial function.



Volatile fatty acid analysis

We followed previous research methods when treating rumen liquid (Zhang Y. et al., 2021). VFAs were detected by gas chromatography (ThermoFisher Scientific, Shanghai, China), where 1 μL Samples were injected into a DB-FFAP capillary column (15 m × 0.32 mm × 0.25 μm). The samples were run at a split ratio of 50: 1, with a column temperature of 50–220°C (heating rate = 10°C/min). The injector and detector temperatures were both at 240°C. Peak integration was performed using Chromeleon® Software.




RNA extraction and real-time fluorescence quantification

The mRNA levels of genes in sheep rumen tissue were quantified for high-marbling grade and low-marbling grade groups by using real-time fluorescence quantification (RT-qPCR). Primers were designed by Oligo 7.0 software (Table 1), total RNA extraction was performed using TransZol (TransGen Biotech, Beijing, China). RT-PCR was performed using a cDNA Synthesis Kit (Yeasen Biotechnology, Shanghai, China), according to the manufacturer’s instructions. RT-qPCR was performed using a Roche LightCycler 480 (Roche Applied Science) and SYBR Green assay (Yeasen Biotechnology, Shanghai, China). The reaction volume was 20 μL, containing 6.4 μL of sterile water, 2 μL of cDNA (100 ng/μL), 0.8 μL of each primer and 10 μL of 2 μL qPCR SYBR Green Master Mix (Yeasen Biotechnology, Shanghai, China). The qPCR conditions were as described in our previous study (Wang et al., 2021). Each gene underwent four technical replicates. The gene expression levels were normalized to that of ACTB to determine relative gene expression by using the 2–ΔΔCt value method (Zhang et al., 2019).


TABLE 1    Primer pairs designed for target genes.
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Statistical analysis

For data related to phenotypes, descriptive statistics (means, SD). The comparison of groups was conducted using SPSS 26.0 software (SPSS, Chicago, IL).5 One Way ANOVA and Least—Significant Difference was used to find significant differences among the group. Spearman’s correlation was used to perform correlation analysis by R software. Linear regression fit was performed to determine relations between marbling and fat data sets (lm4 in R). And the Linear regression fit model is as follows:

[image: image]

yijk is the IMF content, μ is the average value, mi is the marbling grade (i = 0,1,2,3,4,5), bj is the birthplace (j = PD, RL, YS, ZS), nk is the time (k = 2019, 2020), and eijk was the residual with a distribution assumption N(0, σ2).




Results


Marbling grade

Based on the marbling scoring standard formulated by the agricultural industry standard of the People’s Republic of China, members of our team optimized and specified the marbling scoring standard for mutton (shown in Figure 1). 187 Hu sheep were divided into 3 groups based on marbling grade (LM, marbling grade ≤ 1; MM, 1 < marbling grade ≤ 3; HM, 3 < marbling grade ≤ 5), the HM, MM, LM sample sizes were 27, 101, 60, respectively; the average initial body weight were 20.91, 18.89, 17.20 kg, respectively; the average final body weight were 49.17, 46.1, 43.7 kg, respectively (shown in Supplementary Table 7).
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FIGURE 1
Representative images used for marble grading scale.




The different analysis with the muscle chemical composition among the marbling grade groups

The difference of the muscle chemical composition among the marbling grade groups were showed that the fat of HM was significantly higher than LM and MM (P < 0.05; Table 2), indicating that it is possible for marbling grades to predict IMF content in sheep. While, there are no significant differences in moisture, salt, protein and collagen among groups.


TABLE 2    The different analysis with the muscle chemical composition of meat and marbling grade.
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Comparing the major classified taxa and analyzing the differential rumen microbiota

This study obtained 19,449,515 raw reads by 16S rDNA sequencing. After checking for chimeras and picking ASVs, obtained 10,808,820 clean reads with successful retention with an average of 57,801 clean reads per sample. In the rumen, 37 bacterial phyla, 102 bacterial classes, 238 bacterial orders, 412 bacterial families, 893 bacterial genera and 1,324 bacterial species were identified. Figure 2 shows the composition of the rumen microbiota in different level. The results showed that the top 7 sequences were from Bacteroidota (42%), Firmicutes (42%), Spirochaetota (7%), Fibrobacterota (7%), Proteobacteria (2%), Euryarchaeota (1%), Actinobacteriota (1%) Actinobacteriota (1%), and Patescibacteria (0%), at the phylum level, as shown in Figure 2A. at the phylum level, among the major classified taxa Patescibacteria was differentially abundant in the LM group (Supplementary Table 2). At the class level, the top 8 sequences were from Bacteroidia (41%), Clostridia (36%), Spirochaetia (7%), Fibrobacteria (7%), Negativicutes (3%), Bacilli (3%), Gammaproteobacteria (2%), Methanobacteria (1%), Saccharimonadia (0%) as shown in Figure 2B. At the class level, among the major classified taxa Saccharimonadia was differentially abundant in the LM group (Supplementary Table 3). At the order level, the top 10 sequences were from Bacteroidales (42%), Lachnospirales (13%), Oscillospirales (10%), Spirochaetales (7%), Fibrobacterales (7%), Clostridia (6%), Christensenellales (4%), Erysipelotrichales (3%), Veillonellales_Selenomonadales (2%), Aeromonadales (1%), as shown in Figure 2C. At the order level, among the major classified taxa Lachnospirales was differentially abundant in the HM group (Supplementary Table 4). At the family level, the top 10 sequences were Prevotellaceae (27%), Lachnospiraceae (13%), Spirochaetaceae (7%), Fibrobacteraceae (7%), Rikenellaceae (6%), Hungateiclostridiaceae (6%), F082 (6%), Ruminococcaceae (6%), Christensenellaceae (4%), Oscillospiraceae (4%), as shown in Figure 2D. At the family level, among the major classified taxa Lachnospiraceae was differentially abundant in the HM group. However, Prevotellaceae was differentially abundant in the MM group (Supplementary Table 5). At the genus level, the top 10 sequences were from Prevotella (20%), Treponema (7%), Fibrobacter (7%), Saccharofermentans (6%), Rikenellaceae_RC9_gut_group (6%), F082 (6%), V12 (6%), Ruminococcus (5%), Christensenellaceae_R_7_group (4%), Lachnospiraceae_NK3A20_group (3%), NK4A214_group (2%), Clostridia_UCG-014 (1%) as shown in Figure 2E. At the genus level, among the major classified taxa Clostridia_UCG-014 was differentially abundant in the HM group, but NK4A214_group was differentially abundant in the LM group (Supplementary Table 6). At the species level, the top 10 sequences were from unclassified species (59%), V4 (21%), Fibrobacte (4%), Treponema_bryantii (2%),Clostridiales_bacterium (2%), Fibrobacter_succinogenes (2%), Prevotella_ruminicola (1%), Ruminococcus_flavefaciens (1%), rumen_bacterium (1%), bacterium_YRD2003 (1%), as shown in Figure 2F.
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FIGURE 2
Pie charts showing the average relative abundance of the dominant bacterial phylum (A), class (B), order (C), family (D), genera (E) and species (F) in the rumen of Hu sheep.


This study identified differential abundant bacteria composition among the three groups by using LEfSe analysis (linear discriminant analysis score > 2), at the genus level. Meanwhile, 10 different microorganisms were identified when using random forest analysis. Figure 3A shows that Kandleria, Pseudobutyrivibrio, Turicibacter and Monoglobus were identified as important microbial biomarkers, where only Kandleria was enriched in the HM group. Figure 3B shows that probable genus 10, Acidaminococcus, spiraceae ND3007 group, Kandleria and Butyrivibrio were enriched in the HM group. Pseudobutyrivibrio, Monoglobus, Treponema and Turicibacter were enriched in the MM group. Only Bacteroidales UCG001 was enriched in the LM group.


[image: image]

FIGURE 3
Linear discriminant analysis effect size (A); differentially abundant bacterial taxa defined by LEfSe analysis) computed among low marbling grade (LM), middle marbling grade (MM) and high marbling grade (HM). (LDA > 2, FDR < 0.1) (B) the biomarker bacteria classes were identified by applying Random Forest regression analysis of the relative abundance of rumen bacteria.




Bacterial function prediction in the rumen of sheep

Rumen microbial functions were predicted by the KEGG pathways analysis. Brite_Hierarchies, Cellular_ Processes, Environmental_Information_Processing, Genetic_ Information_Processing, Human_Diseases, Metabolism, Not_Included_in_Pathway_or_Brite and Organismal_Systems comprises the predominant level 1 KEGG pathways. More detailed functions of microorganisms are shown in Figure 4, where genetic information processing, signaling and cellular processes and metabolism in the protein families had the higher proportion, followed by carbohydrate metabolism, amino acid metabolism, energy metabolism, metabolism of cofactors, and vitamins, nucleotide metabolism, translation, and replication and repair.
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FIGURE 4
Predicted microbiome function and Kyoto Encyclopedia of Genes (KEGG) pathways in the rumen of Hu sheep.




Potential relationship between significant biomarkers and marbling grade

There is a positive correlation between significant biomarkers of rumen digesta and marbling grade. Pseudobutyrivibrio have positive correlation with marbling grade, whereas Kandleria, Monoglobus and Turicibacter do not have a direct impact on marbling grade. Kandleria and Pseudobutyrivibrio were closely related to VFAs (Figure 5A).
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FIGURE 5
Correlation analysis between significant biomarkers and marbling grade. (A) Heat map showing the Spearman’s correlation coefficients among significant biomarkers and marbling grade, VFA. (B) Heat map showing the Spearman’s correlation coefficients among muscle chemical composition and VFA. (C) Heat map showing the Spearman’s correlation coefficients between VFA and rumen epithelial histomorphology.


The correlation between muscle chemical composition and VFAs was further studied. The results showed that there was a positive correlation between fat and butyrate, acetate, whereas propionate and isobutyrate were negatively correlated with fat. In addition, there was a negative correlation between butyrate, acetate and protein. Protein had a positive correlation with valeric acid and isovaleric acid (Figure 5B).

Finally, the correlation between rumen epithelial histomorphology and VFAs was tested. As shown in Figure 5C, there was a significant correlation between rumen morphological development and VFAs. Acetate was positively correlated with ruminal papillae length. Valeric acid and isovaleric acid were significantly negatively correlated with ruminal papillae length. Isovaleric acid, acetate and butyrate were positively correlated with ruminal papillae width. Valeric acid, propionate and isobutyrate were negatively correlated with ruminal papillae width. Isovaleric acid was positively correlated with ruminal muscle thickness.



Validation of target genes

As shown in Figure 6, acyl-CoA dehydrogenase long chain (ACADL), aldehyde dehydrogenase 2 family member (ALDH2), fibroblast growth factor receptor like 1 (FGFRL1), SIX homeobox 1 (SIX1), phospholipase C beta 1 (PLCB1) expression was significantly higher in the rumen tissue of the LM group than the HM group (P > 0.05). There was no significant difference in the expression of solute carrier family 9 member A1 (NHE1) or propionyl-CoA carboxylase subunit alpha (PCCA) in the rumen tissue of HM and LM groups (P > 0.05).
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FIGURE 6
Validation of the target genes in the rumen of Hu sheep. The red indicate the relative expression of target genes in rumen tissue of high marbling grade group; blue indicate the relative expression of target genes in rumen tissue of low marbling grade group. Statistical difference was declared at P < 0.05 (T-test).





Discussion

Ruminants use the VFAs and bacterial protein from rumen microorganisms to provide nutrition for themselves. Previous studies have shown that rumen microorganisms are closely related to fat deposition (Zhang Y. et al., 2021). This study found that the marbling grade was significantly associated with IMF content by the different analysis. In addition, this view was verified by linear Fitting (R2 = 0.1229,P < 0.01) (Supplementary Figure 1). This study found a significant correlation between VFAs and IMF content (P < 0.05). Therefore, we hypothesized that rumen microorganisms have a potential relationship with marbling grade.

In beef, research has found that the observed ASVs, Chao1 estimates of the HM group were higher significantly than the LM group (Kim et al., 2020). However, in this study, Alpha-Diversity measurements showed no significant difference among the three groups (Supplementary Figure 2), which may be due to the species, grouping and the number of samples. In addition, other studies observed a difference in marbling grades across different residual feed intake (RFI) groups of beef cattle (Ahola et al., 2011). Previous studies have shown that the abundance of Bacteroidetes and Firmicutes is related to fat deposition (Magne et al., 2020). Our study found that Firmicutes were rich in the HM group, while Bacteroidetes were rich in the LM and MM groups (Supplementary Table 2). Thus, we are confident that the abundance of Bacteroidetes and Firmicutes is closely related to IMF.

Among the differentially abundant taxa listed for the HM group, Kandleria is considered a lactate producer, where lactate is converted to butyrate by Megasphaera spp. (Kumar et al., 2018). The abundance of Kandleria increased with the marbling grade. Previous studies have shown that the Monolobus is related to host immunity, where the abundance of Monolobus is positively correlated with CD4 + T cell counts and cytokine levels and negatively correlated with the relative numbers of regulatory T cells (Tregs) and T helper (Th17)/Treg ratio (Wang et al., 2022). Our study showed that Monolobus can affect IMF deposition, but further research is needed to understand how to affect fat deposition. MM-enriched Pseudobutyrivibrio participated in carbohydrate metabolism to produce butyrate (Pidcock et al., 2021). In addition, Correlation analysis shows that Pseudobutyrivibrio has made great contributions to the production of VFAs, Kandleria plays an important role in the production of Butyrate. Butyrate regulates energy metabolism and increases leptin gene expression (Soliman et al., 2011). Propionate inhibits appetite (Soliman et al., 2011) and is involved in hepatic gluconeogenesis and reduces the expression of enzymes participating in the de novo synthesis of fatty acids and cholesterol (Demigné et al., 1995; Chambers et al., 2015). Acetate was also absorbed and reached the systemic circulation and peripheral organs, stimulated the hepatic synthesis of lipids (Gao et al., 2016), and promoted the pancreas to secrete insulin and the gastric mucosa to secrete ghrelin (Perry et al., 2016). The results of our correlation analysis are consistent with the above conclusions (Figure 2), which suggests that butyrate and acetate promote meat with higher marbling formation, while propionate inhibits marbling formation. In summary, it is possible to increase marbling in meat by adjusting the composition of the rumen microbiota.

Prediction of microbiota function indicated that the functions of rumen microorganisms are very complex. Notably, carbohydrate metabolism and amino acid metabolism occupy an important position in the rumen. Carbohydrates are one of the carbon sources of rumen bacteria, especially Bacteroides and Firmicutes, which can disintegrate complex carbohydrates with the help of digestive enzymes. Amino acid metabolism is one of the nitrogen sources of rumen bacteria. In addition, rumen microorganisms are also involved in lipid metabolism, but the relationship between microbial function and IMF deposition needs to be further explored.

Previous studies indicated that acetate was a substrate for fat differentiation and synthesis, and acetate enhanced the activation of peroxisome proliferator-activated receptor gamma (PPARγ) (Fu et al., 2018). Peroxisome proliferator-activated receptors (PPARs) include three subtypes: PPARα, PPARγ, and PPARβ/δ, where PPARα affects energy homeostasis (Wagner and Wagner, 2020). Some genes are down-stream targets of PPARα and participate in lipid oxidation and metabolism, such as fatty acid degradation and lipoprotein metabolism (Mao et al., 2021). PPARβ/δ regulates fatty acid metabolism (Wagner and Wagner, 2020), and PPARγ enhances fat and glucose metabolism (Wagner and Wagner, 2020). In conclusion, gene regulation plays a key role in lipid deposition.

Butyrate promotes the growth and proliferation of rumen epithelial cells (Luo et al., 2019). However, excessive butyrate can enhance the apoptosis of rumen epithelial cells (Luo et al., 2019). Previous studies have shown that ACADL, ALDH2, FGFRL1, SIX1 and PLCB1 are involved in fatty acid degradation, fatty acid metabolism and the PPAR signaling pathway (Bedford et al., 2020; Fang et al., 2021; Shi et al., 2021). In addition, NHE1 and PCCA participate in butyric acid metabolism, phenylalanine metabolism and fatty acid metabolism (Fu et al., 2022; Zhen et al., 2022). Our research found that acetate was used to form IMF lipid by the PPAR signaling pathway. Butyrate and propionate may mainly contribute to the development of the rumen.



Conclusion

The current study predicted the potential effect of the rumen microbiota to the marbling of lamb. In addition, our research further showed that microbial metabolites (VFAs) regulate IMF deposition through the PPAR signaling pathway and fatty acid metabolism through correlation analysis and qPCR verification. The preliminary study shows that it is possible to develop a strategy for regulating the marbling of meat by microorganisms. However, fat deposition is a complex metabolic process, where host genetic and cell experiments need to be performed to further explore the relationship between IMF deposition and marbling grade.
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Ruminal microflora is closely correlated with the ruminant’s diet. However, information regarding the effect of high concentrate diets on rumen microflora in yaks is lacking. In the current study, 24 healthy male yaks were randomly assigned to two groups, each fed with different diets: less concentrate (LC; concentrate: coarse = 40: 60) and high concentrate (HC; concentrate: coarse = 80: 20) diets. Subsequently, a 21-day feeding trial was performed with the yaks, and rumen fluid samples were collected and compared using 16 s rRNA sequencing. The results showed that NH3-N, total VFA, acetate, butyrate, isobutyrate, and isovalerate were significantly higher in the HC group than that in the LC group (p < 0.05), while microbial diversity and richness were significantly lower in the HC group (p < 0.05). Principal coordinate analysis indicated that rumen microflora was significantly different in LC and HC groups (p < 0.05). In the rumen, phyla Firmicutes and Bacteroidota were the most abundant bacteria, with Firmicutes being more abundant, and Bacteroidota being less abundant in the HC group than those found in the LC group. Christensenellaceae_R-7_group and Prevotella are the highest abundant ones at the genus level. The relative abundance of Acetitomaculum, Ruminococcus, and Candidatus_Saccharimonas were significantly higher in the HC group than that in the LC group (p < 0.05), while the relative abundance of Olsenella was significantly lower in the HC group than in the LC group (p < 0.05). Compared to the LC group, the relative abundance of Prevotella, Ruminococcus, and Candidatus_Saccharimonas was significantly higher in the HC group. The relative abundances of Prevotella, Prevotellaceae_UCG-003, Olsenella, Ruminococcus, Acetitomaculum, Candidatus_Saccharimonas, and NK4A214_group were correlated with ruminal fermentation parameters (p < 0.05). Furthermore, PICRUSt 2 estimation indicated that microbial genes associated with valine, leucine, and isoleucine biosynthesis were overexpressed in the rumen microflora of yaks in the HC group (p < 0.05). Conclusively, our results suggest that high concentrate diets affect the microflora composition and fermentation function in yak rumen. The present findings would provide new insights into the health of yaks under high concentrate feeding conditions and serve as a potent reference for the short-term fattening processes of yaks.

KEYWORDS
 high concentrate, rations, yak, rumen fermentation, rumen microorganisms


Introduction

Yak (Bos grunniens), an endemic livestock species living on the Qinghai-Tibetan Plateau (QTP), is an important means of production and livelihood for local herders (Long et al., 2018). In recent years, yak breeding has gradually developed from traditional grazing to a large-scale short-term fattening process, where high concentrate feeding is a common practice. The proportion of concentrate in the diet is an important factor affecting ruminant nutrition, and an appropriate proportion of concentrate can improve rumen microbiota (Petrir et al., 2012; Nugroho et al., 2013). When high concentrate diets are fed for a long period, the concentrate will be rapidly fermented in the rumen, producing large amounts of volatile fatty acids and lactic acid causing rumen acidosis as well as nutritional metabolic diseases. Severe metabolic diseases can induce mortality in ruminants, resulting in reduced economic efficiency (Malekkhahi et al., 2016; Nagata et al., 2018).

The rumen is the main site of digestion and metabolism in ruminants, and it contains microorganisms such as protozoa, bacteria, and fungi (Qiu et al., 2020). These microflora degrade diet fibers, produce volatile fatty acids, and use nitrogenous substances to synthesize microbial proteins that provide protein and energy to animals and are essential for the growth and reproduction of ruminant animals (Shabat et al., 2016). It is known that diet structure is an important factor affecting the composition of the rumen microbiota (Petri et al., 2013; Yáñez-Ruiz et al., 2015). The response of the dietary structure to ruminal microbiota has been a research focus in recent years. For example, the study by Fernando et al. (2010) used multiple molecular approaches to provide a more comprehensive illustration of the structure of the ruminal microbial community in beef cattle during adaptation from a high-grain diet to a forage diet. Mao et al. (2013) found that the effect of subacute rumen acidosis (SARA) adaptation on the rumen microbiota of dairy cows was studied by feeding a high-concentrate ration. However, to date, there is limited understanding of the effects of high concentrate diets on ruminal fermentation and ruminal microbiota, and their interactions. The current comprehensive analysis could provide valuable information to the short-term yak fattening industry.

We hypothesized that high concentrate feeds would affect ruminal fermentation, rumen fiber-degrading bacteria species, and rumen metabolic function of yaks, which in turn would affect the rumen health of yaks. As comprehensive analyses of the effects of high concentrate diets on yak microbiota are absent, in this study, we have used 16 s rRNA sequencing technology to analyze the effects of high concentrate rations on ruminal fermentation and rumen microbiota of yaks extensively and discussed the possible correlation of these two factors.



Materials and methods


Animals, diets, and experimental design

The feeding trial was conducted in September 2019 at the Lao Zhaxi breeding base, Guinan County, Qinghai Province, China. Twenty-four healthy male yaks at 3 weeks of age, with uniform health conditions (weight: 164.46 ± 31.18 kg), were randomly divided into two groups and each group was fed a full mixed ration of different diets: low concentrate (LC; concentrate: coarse = 40: 60) and high concentrate (HC; concentrate: coarse = 80: 20) diets. The diets were formulated according to the Chinese Beef Cattle Feeding Standard (NY/T815-2004), and the composition and nutrient contents of the two diets are shown in Table 1. Yaks were selected from grazing pastures. All yaks were uniformly numbered and fed alone. The rations were fed daily from 8: 00–9: 00 and 17:00–18:00 with free access to water. The pretest period was 7 days, and the experimental period was 21 days.



TABLE 1 Ingredients and nutritional composition of each diet.
[image: Table1]



Sample collection and measurements

At the end of the experiment, before feeding in the morning, rumen fluid was collected using a bendable oral gastric tube with a metal filter, which was pre-cleaned by rinsing with clean warm water. The first 100 ml of rumen fluid was discarded to eliminate saliva contamination. Finally, a 50 ml rumen fluid sample from each yak was collected and filtered through four layers of gauze before measuring rumen pH with a pH meter (Model HI221, HANNA, Italy). The samples were divided into 15 ml sterile centrifuge tubes and stored in liquid nitrogen for the determination of ruminal fermentation parameters and microbiota analysis.

The filtered rumen fluid was centrifuged (at 17,000 g for 30 min at 4°C) to obtain the supernatant, which was further analyzed for NH3-N using phenol hypochlorite analysis (Broderick and Kang, 1980). Freshly prepared metaphosphoric acid (25% w/v, 2 ml) was added to filtered rumen fluid (8 ml) and then centrifuged (at 17,000 g for 10 min at 4°C). Volatile Fatty Acids (VFAs) concentrations were determined using gas chromatography (GC-2014; Shimadzu Corporation, Japan) as described by Cao et al. (2008).



16 s rRNA gene amplification and MiSeq sequencing

Microbial DNA was extracted using the CTAB (Sigma-Aldrich, Milan, Italy) method according to the instructions provided by the manufacturer. The purity and concentration of DNA were checked using 1% agarose gel electrophoresis. An appropriate amount of DNA sample was taken in a centrifuge tube and the sample was diluted to 1 ng/μL with sterile water. Specific primers with barcodes were synthesized for the V3-V4 variable region of the bacterial 16 s rRNA gene. Common primer sequences were as follows: 515F (5′-GTGCCAGCMGCCGCGG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR (polymerase chain reaction) was performed using a 25 μl amplification system; 1 μl each of 5 μmol/l upstream and downstream primers and 5 ng of template DNA. Equal amounts of purified amplicons were pooled together to construct paired-end sequencing libraries, which were sequenced by Beijing Ovison Gene Technology Co., Ltd. (Beijing, China) using a platform (Mixed PE 300) according to a standard protocol.


Sequence and rumen microflora processing

The raw sequencing data were processed and filtered for quality using Trimmomatic (Version 0.36; Bolger et al., 2014) software, and valid sequences were obtained by removing chimeras through VSearch software and species databases. In addition, sequences with ≥97% similarity were categorized as operational taxonomic units (OTUs) using UPARSE software (Uparse v7.0.1001; Edgar, 2013).1 To obtain species classification information of each out, representative sequences were compared and analyzed using the RDP classifier algorithm version 2.2 (Wang, 2007) and Silvadatabase1 (Quast et al., 2012.), allowing community annotation at the kingdom, phylum, class, order, family, and genus levels. Alpha Diversity (Chao1, Shannon, PD-whole-tree, and Observed-species) was calculated by QIIME 2 (version 1.9.0), and the richness of the community was analyzed using Chao1 richness The Chao1 richness index (Chao1), the Shannon index, the coverage index of PD-whole-tree were applied to analyze the diversity of the community. The number of OTUs was analyzed using the observed-species index. Beta diversity was calculated based on the unweighted UniFracdistance and visualized by principal coordinate analysis (PCoA). Linear discriminant analysis effect sizes (LEfSe, LDA > 3) were used to identify important bacteria in both groups (Miller et al., 2016). To predict microbiota function and explore differences between the two groups, PICRUSt 2 software was used (Douglas et al., 2019).




Statistical analysis

Independent samples t-test based on SAS (SAS, version 9.2) was applied to compare ruminal fermentation parameters between LC and HC groups, and the differences were considered statistically significant at p < 0.05. Microbial networks were generated using Gephi software (version 0.9.2)2 to calculate correlations between dominant taxa. Pearson correlation coefficients between the relative abundances of rumen bacteria (genera) and ruminal fermentation parameters were calculated using the heat map package in R software (version 4.0.2). Functional prediction of rumen microflora in yaks of LC and HC groups was studied with PICRUSt 2 and differences between the two groups in levels 1, 2, and 3 of the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway were determined.




Results


Ruminal fermentation parameters

The effect of high concentrate diets on ruminal fermentation parameters in yaks is shown in Table 2. NH3-N (p = 0.014), total VFA (p < 0.001), butyrate (p < 0.001), isobutyrate (p = 0.007), isovalerate (p < 0.001) were significantly higher in the HC group than those in the LC group (p < 0.05). The proportion of Acetate is higher in the LC group and the Propionate higher in the HC group.



TABLE 2 Effect of high concentrate diets on ruminal fermentation parameters in yaks.
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Richness, diversity estimates, and rumen bacteria composition

According to the Venn diagram, 1,352 OTUs were present in the rumen of yaks in LC and HC groups, with 448 and 138 unique OTUs, respectively (Figure 1A). According to PCoA (Figure 1B), significant differences were observed between the rumen microflora of the LC and HC groups. Alpha diversity calculations (Figure 2) showed significant differences in Chao1, Shannon, PD-whole-tree, and Observed-species between the two groups, indicating that Chao1, Shannon, PD-whole-tree, and Observed-species were significantly lower in the HC group than that in the LC group (p < 0.05).

[image: Figure 1]

FIGURE 1
 Differences in ruminal microbial communities and operational taxonomic units (OTUs) of yaks fed low concentrate (LC) and high concentrate diets (HC). Venn diagrams (A) show the specific and shared OTU between the two groups. Differences in rumen microflora between the two groups were calculated using weighted UniFrac distances (B) and coordinates were calculated using principal coordinate analysis (PCoA).


[image: Figure 2]

FIGURE 2
 Diversity in the ruminal microbial community of yaks fed low concentrate (LC) and high concentrate diets (HC). p < 0.05 indicates a significant difference.




Bacterial compositions among treatment groups

We performed a taxonomic analysis of the 10 bacterial phyla identified. At the phylum level, among them, Firmicutes and Bacteroidota represented 61.55 and 30.69% of the total reads, respectively, followed by Actinobacteriota (3.65%), Patescibacteria (2.33%) and Verrucomicrobiota (0.46%; Figure 3A). The relative abundances of Patescibacteria and Firmicutes were higher in the HC group than that in the LC group, while a lower relative abundances of Bacteroidota, Actinobacteriota and Verrucomicrobiota were detected in the HC group (Figure 3B). A total of 167 genera was identified from rumen samples. Christensenellaceae_R-7_group (19.06%) and Prevotella (13.35%) were the most dominant genera, followed by NK4A214_group (10.17%), Rikenellaceae_RC9_ gut_group (4.97%), Ruminococcus (4.30%), Lachnospiraceae_NK3A20_group (4.11%), Acetitomaculum (3.60%), Candidatus_Saccharimonas (2.33%), Olsenella (2.18%), and Prevotellaceae_UCG-003 (1.11%; Figure 3C). Among them, the relative abundance of Acetitomaculum, Ruminococcus, and Candidatus_Saccharimonas were significantly higher in the HC group than that in the LC group (p < 0.05), whereas the relative abundance of Olsenella was significantly lower in the HC group than that in the LC group (p < 0.05; Figure 3D).

[image: Figure 3]

FIGURE 3
 Classification of bacterial community composition in yaks fed low concentrate (LC) and high concentrate (HC) diets. (A) Phylum level. (C) Extended error bars showing the bacteria that differed between the two groups at the phylum level. (B) Genus level. (D) Extended error bars showing the two groups of bacteria that differed at the genus level.


To better understand the dominance of specific bacteria in HC and LC groups, we used the LEfSe method (Figure 4). Figure 4A depicts a representative cladogram of the predominant microbiome structure, showing the most remarkable differences in taxa in the two groups. The data comparing the two groups indicated that 11 clades were more abundant in the LC group and seven clades were more abundant in the HC group. Prevotellaceae, Prevotella, Atopobiaceae, Coriobacteriia, Coriobacteriales, Olsenella, Prevotellaceae _UCG-003, and Prevotella_ruminicola were abundant in the LC group. Clostridia_UCG_014, Patescibacteria, Candidatus_Saccharimonas, Saccharimonadia, Saccharimonadaceae, Saccharimonadales, Acetitomaculum, Ruminococcus, Ruminococcaceae, NK4A214_group, Oscillospirales, and Clostridia were in the HC group in an Overrepresentation (Figure 4B).

[image: Figure 4]

FIGURE 4
 LEfSe analysis of rumen microflora of yaks fed low concentrate (LC) and high concentrate diets (HC). (A) Histogram of linear discriminant analysis scores based on categorical information. (B) Linear discriminant analysis effect size classification plot based on categorical information.




Network analysis of bacterial communities

Microbial interactions between rumen bacterial communities in yaks were analyzed using microbial networks. The results showed that the high concentrate diet altered the correlation within the microbiota (Figure 5), and we verified that the negative correlation was stronger in the HC group than that observed in the LC group.

[image: Figure 5]

FIGURE 5
 Interaction network of ruminal microflora. The ruminal microflora correlation network based on 16S rRNA genes showed statistically significant interactions with absolute values of correlation coefficients >0.6. The size of the nodes is scaled according to the abundance of each taxon in the microflora. The red line indicates a positive correlation and the green line indicates a negative correlation.




Correlations between rumen bacteria and ruminal fermentation parameters

Correlation analyses between rumen bacteria and ruminal fermentation parameters were based on Spearman’s correlation coefficients, and significantly influential rumen microflora (genus level) were significantly correlated with ruminal fermentation parameters (Figure 6). Prevotella was negatively correlated with NH3-N and isovalerate concentrations; Prevotellaceae_UCG-003 was negatively correlated with isovalerate; Olsenella was negatively correlated with Isobutyrate, isovalerate, and butyrate concentrations; Ruminococcus was positively correlated with Butyrate concentration; Acetitomaculum was positively correlated with acetate and butyrate concentrations. Positively correlation was observed for Candidatus_Saccharimonas with concentrations of sovalerate, MCP, propionate, acetate, and butyrate, and for NK4A214_group with isobutyrate, isovalerate, and acetate concentrations.

[image: Figure 6]

FIGURE 6
 Correlation between bacteria and fermentation parameters in the rumen. Each row in the figure represents a genus, each column represents a metabolite, and each grid represents the Pearson correlation coefficient between a component and a metabolite. The red color represents a positive correlation, while the blue color represents a negative correlation. * and ** indicate significant levels of 0.05 and 0.01, respectively.




PICRUSt2 function prediction

PICRUSt 2 gene function assessment was used to predict the function of rumen microflora in LC and HC groups of yaks. The highest abundance of valine, leucine, and isoleucine biosyntheses (26.58%) was observed, followed by lysine biosynthesis (18.74%). PICRUSt 2 prediction software enriched 40 major pathways (relative abundance >1%) in the 3-level KEGG pathway, 19 of which showed significant differences between the LC and HC groups (p < 0.05; Figure 7). Notably, the relative abundance of metabolism of other amino acids and xenobiotics biodegradation were significantly increased in the HC group (p < 0.05).

[image: Figure 7]

FIGURE 7
 Yaks, which were fed low concentrate (LC) and high concentrate diets (HC), had significantly different functional predictions of the rumen microbiota of the KEGG pathway (p < 0.05). The graph shows the KEGG pathways for levels 1, 2, and 3. “*” and “**” indicate significance levels of 0.05 and 0.01, respectively.





Discussion

In this study, we investigated the effects of high concentrate diet on microflora and fermentation in rumen of yaks and interactions between these two factors. A stable intra-rumen environment is particularly important for ruminants; ruminal pH, NH3-N and VFA molar concentrations are important indicators of a stable intra-rumen environment and reflect the status of ruminal fermentation (Tomczak et al., 2019). A stable ruminal pH is a prerequisite for its normal function, and it is determined by volatile fatty acid and lactic acid accumulation (Tomkins et al., 2015). The present results showed that the pH decreasing tendency in the HC group. The study conducted by Ogata et al. (2019) found that ruminal pH was significantly lower in Japanese black wagyu cattle that were fed a high grain diet. Similar results were obtained in other studies (Kmicikewycz et al., 2015; Ramos et al., 2021). The reduction in pH may have resulted from the significant change in the ruminal bacterial community as a result of feeding high concentrates. The increased frequency of lactic acid producing bacteria and lactic acid utilizing bacteria in the rumen and an imbalance in the bacterial flora leads to the accumulation of lactic acid in the rumen, further reducing ruminal pH. Moreover, the number of fiber degrading bacteria also decreases drastically due to the low fiber content in the diet and the accumulation of lactic acid in the rumen (Mackie and Gilchrist, 1979; Tajima et al., 2001; Lee et al., 2019).

NH3-N is endogenous ruminal nitrogen, a product of fermentation and decomposition of diet proteins, and a major component for microbial synthesis of bacteriophage proteins in the rumen (Garcia-Gonzalez et al., 2010; Thao et al., 2014; Lv et al., 2020). Carlos et al., 2021 reported that the NH3-N concentration in the rumen of dairy goats that were fed high concentrate diets was significantly higher than that of the low concentrate diet group. NH3-N concentrations in the current HC group were comparable to the above results and with those of Jahan et al. (2018); a large amount of nitrogenous substances in the high concentrate diet may be the possible reason for this outcome. The more nutrients in the rumen are decomposed by ruminal microorganisms to produce a larger amount of NH3-N, increasing NH3-N concentration and even ammonia toxicity in severe cases (Vcdsa et al. 2020).

Volatile fatty acids are derived from the fermentation of carbohydrates and proteins in the diet by rumen microorganisms and are an important source of energy for ruminants (Li et al., 2016). Acetic acid, propionic acid, and butyric acid in the rumen are the main components of volatile fatty acids (Guilloteau et al., 2010). Acetic and propionic acids enter the portal circulation and are metabolized in the liver (Minamoto et al., 2019), acetic acid is the main synthetic precursor of fat in ruminants (Hou et al., 2020), and propionic acid is converted to glucose by gluconeogenesis or enters the tricarboxylic acid cycle for oxidative energy supply (Young, 1977; Jia et al., 2018), and butyric acid is an important source of energy for animals (Gorka et al., 2009); in this study, the concentrations of Total VFA, Acetate, Propionate and Butyrate were higher in the HC group than in the LC group, which is similar to Bevans et al. (2005), Sato (2016), and Nagata et al. (2018) studies were similar. Due to the high percentage of concentrate in the diet, the diet enters the rumen to produce a large amount of VFA (including acetic acid, propionic acid and butyric acid) by rapid fermentation, resulting in a lower absorption rate of VFA and excessive accumulation of VFA in the rumen (Goad et al., 1998), which affects ruminal fermentation in yaks, which in turn can lead to reduced feed intake as well as digestive problems affecting the health of yaks.

We further investigated the effect of high concentrate diets on rumen microflora of yaks using 16S rDNA high-throughput sequencing technology. In the present study, both alpha and beta diversity indices of microflora were significantly different between the two groups, indicating that the diversity of rumen microflora in yaks was closely related to the diet concentrate ratio. Our results showed that intra-ruminal bacterial diversity and richness were reduced in yaks fed a high-concentrate diet, which was comparable with the results obtained by Petri et al. (2013) and Zened et al. (2013). This suggests that feeding high concentrate diets to yaks causes a decrease in rumen pH and inhibition of cellulose-degrading bacteria, leading to a decrease in the diversity and abundance of ruminal bacteria. PCoA analysis showed that rumen microbial communities aggregated according to the concentrate ratio in diets, and significant differences between intra-ruminal microbial communities were observed, which were consistent with previous reports (Hu et al., 2019; Islam et al., 2021).

In the current study, as similar to previous studies, Bacteroidota and Firmicutes were the dominant phyla among ruminal microorganisms in yaks (Zhou et al., 2017; Bi et al., 2018; Liu C. et al., 2019a; Fan et al., 2020), indicating that these bacteria play an important role in the yak rumen. Previous studies have shown that Bacteroidota is mainly responsible for energy conversion and acquisition; while Firmicutes play an important role in the degradation of non-fibrous material (Evans et al., 2011; Reigstad and Kashyap, 2013; Ya-Bing et al., 2016). Among the two groups considered in this study, Bacteroidota was more abundant in the LC group, while Firmicutes were more abundant in the HC group, indicating that the number of bacteria involved in ruminal starch digestion and metabolism was significantly increased in yaks fed with high concentrate.

At the genus level, Christensenellaceae_R-7_group, Prevotella and NK4A214_group were the dominant bacteria in the rumen in this experiment. Christensenellaceae_R-7_group belongs to the phylum of thick-walled bacteria (Waters and Ley, 2019), which mainly catabolizes fibrous material (Evans et al., 2011). Prevotella is a protein-degrading bacterium of the rumen and gastrointestinal tract of ruminants; it mainly degrades the hemicellulose component of the food and promotes the degradation of non-fibrous polysaccharides and pectins (Purushe et al., 2010). In the present study, Christensenellaceae_R-7_group and Prevotella were more abundant in the LC group, which may be related to the low level of concentrate fed to the yaks. The NK4A214_group belongs to the family Rumenococcaceae, rumen bacteria are rich in endo-1, 4-beta-xylanase and Cellulase genes, these genes play an important role in the degradation of cellulose and hemicellulose, which are degraded to produce short-chain fatty acids that are available for use by the host. Thus, its relative abundance is related to the diet concentrate ratio (Koike and Kobayashi, 2009; Biddle et al., 2013). The relative abundance of NK4A214_group was found to be associated with isobutyl acid and isovaleric acid concentrations were positively correlated (Liu C. et al., 2019a). In the present study, NK4A214_group was more abundant in the HC group, similar to a previously report (Chen et al., 2021), this could explain the higher isobutyl acid and isovaleric acid concentration in the HC group. Some bacteria, including Ruminococcus, Acetitomaculum, Candidatus_Saccharimonas and NK4A214_group, were positively correlated with acetate, butyrate, isovalerate, propionate and isobutyrate concentrations, respectively, indicating that these bacteria may favor VFA production. For instance, Ruminococcus can ferment cellobiose or cellulose to produce butyric acid (Henderson et al., 2015). Acetitomaculum, which is mainly found in ruminants fed high concentrate diet, can produce acetic acid from monosaccharides (Hua et al., 2017). Due to the complex interactions between bacteria (Olotu et al., 2019), it is difficult for us to understand the bacterial activities that directly produce VFA (Mahowald et al., 2009).

Microbial flora has an important role in ecosystem function, and the relationships among microorganisms involved in ruminal fermentation ecosystems are very complex (Liu H. et al., 2019b). In this study, key microbial taxa with topological properties in the rumen of yaks were identified for the first time. The results showed that high concentrate diet altered the correlation between components of microbial flora. Network analysis can reveal interactions between species in both positive and negative ways (Liu et al., 2020). Negative interactions may weaken competitive relationships, while positive interactions may strengthen them back (Fan et al., 2018). In our study, compare to the low concentrate diet group, the high concentrate diet group revealed stronger negative correlations. We hypothesized that the cellulose-degrading bacteria in the rumen were inhibited due to the low cellulose content of the high concentrate feeds, which resulted in fewer bacteria. This further suggests that high concentrate rations can regulate the microbial dynamics of the rumen in yaks.

In the current study, we used PICRUSt 2 to predict the function of the ruminal microbial community in yaks. The data suggest that the assessment of gene functions of the ruminal microbiota is significantly influenced by the ration concentrate ratio. In most cases, genes involved in the metabolism of amino acids in the level 2 KEGG pathway were enhanced in yaks fed high concentrate diets. This suggests that the ruminal microflora of yaks fed high concentrates produce large amounts of protein, which provide the host with raw materials such as protein, which in turn sustains life and normal metabolism. It is worth noting that valine, leucine and isoleucine biosyntheses are the most expressed pathways, directly involved in amino acid metabolisms. In this study, valine, leucine and isoleucine biosyntheses were active at significantly higher levels in HC group, indicating that the increase in the percentage of concentrates increased the protein content of the rations, creating a more favorable environment for fermentation and the growth of cytolytic bacteria, which promote the participation of rumen microorganisms in the digestion and metabolism of nutrients. However, our results are based on predicted macrogenomics only and may not be representative of the actual function of ruminal bacteria. Further macrogenomic analyses are needed to explore the mechanism of these gene functions in feeding high concentrate diet to yaks.



Conclusion

In this study, ruminal fermentation parameters and microflora of yaks that were fed high concentrate diets were analyzed. In fact, high concentrate diets altered the ruminal fermentation pattern, and the structure and composition of the microflora of yaks, which in turn affected their functions. The promotion of Ruminococcus and Acetitomaculum growth led to increased acetic acid and butyric acid contents in the rumen of yaks fed high concentrate diets, and the fermentation produced large amounts of VFA, tending to decrease ruminal pH and affecting yak ruminal health.
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Clostridium butyricum (C. butyricum) can provide many benefits for animals’ growth performance and gut health. In this study, we investigated the effects of C. butyricum on the growth performance, cecal microbiota, and plasma metabolome in Ira rabbits. A total of 216 Ira rabbits at 32 days of age were randomly assigned to four treatments supplemented with basal diets containing 0 (CG), 200 (LC), 400 (MC), and 600 mg/kg (HC) C. butyricum for 35 days, respectively. In comparison with the CG group, C. butyricum supplementation significantly improved the average daily gain (ADG) and feed conversion rate (FCR) at 53 and 67 days of age (P < 0.05) and digestibilities of crude protein (CP) and crude fiber (CF) at 67 days of age (P < 0.05). The cellulase activity in the HC group was higher respectively by 50.14 and 90.13% at 53 and 67 days of age, than those in the CG groups (P < 0.05). Moreover, at 67 days of age, the diet supplemented with C. butyricum significantly increased the relative abundance of Verrucomicrobia at the phylum level (P < 0.05). Meanwhile, the concentrations of different metabolites, such as amino acids and purine, were significantly altered by C. butyricum (P < 0.05). In addition, 10 different genera were highly correlated with 52 different metabolites at 53-day-old and 6 different genera were highly correlated with 18 different metabolites at 67-day-old Ira rabbits. These findings indicated that the C. butyricum supplementation could significantly improve the growth performance by modifying the cecal microbiota structure and plasma metabolome of weaned Ira rabbits.
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Introduction

Ira Rabbit is an excellent breed of meat rabbit, which has the characteristics of a high feed utilization rate and fast growth rate (Chipo and Tapiwa, 2019). In rabbit production, antibiotics as feed additives can relieve weaning stress, which can reduce huge economic losses (Hu et al., 2018). However, the long-term abuse of antibiotics in production has caused negative effects such as dysbacteriosis in animals. Therefore, it is imperative to find safe and effective alternatives to antibiotics (Alayande et al., 2020).

Clostridium butyricum is an acid-resisting, high temperature-resisting probiotic and can tolerate the tough intestinal environment (Chen et al., 2020; Gao et al., 2021), and non-toxigenic strains are currently used as probiotics in Asia (Cato, 1986). Butyric acid is one of the most important metabolites of C. butyricum, which can not only promote development but also maintain the energy source of intestinal epithelial cells (Zhang et al., 2018; Han et al., 2020). Other metabolites such as teichoic acid can promote the colonization of C. butyricum due to its highly adhesive properties (D’Elia et al., 2009). Meanwhile, teichoic acid can also inhibit the adhesion of Escherichia coli and protect the stability of the gut microbial structure (Gao et al., 2012). C. butyricum can secrete various enzymatic active substances such as cellulase, pectinase, amylase, lipase, and protease, thereby degrading the nutrients in the feed and promoting the digestion and absorption of nutrients in the intestinal tract (Zhang et al., 2016). C. butyricum has been proved to promote growth performance, and gut health (Hsiao et al., 2021; Liang et al., 2021) for aquatic animals (Tran et al., 2020; Luo et al., 2021), poultry (Molnár et al., 2020), and livestock (Han et al., 2020; Lopez et al., 2021). A previous study on weaning Rex rabbits has indicated that dietary supplementation with C. butyricum in the quantity of spore state of 1.0 × 105 CFU/g increased the average daily gain and small intestinal digestive enzyme activity (Liu et al., 2019b). A basal diet supplemented with a dosage of 2.5 × 109 CFU/kg C. butyricum can increase apparent nutrient digestibilities, and promote the proliferation of beneficial bacteria in weaned pigs, such as Streptococcus and Bifidobacterium (Han et al., 2020). Furthermore, studies have shown that C. butyricum MIYAIRI 588 reduced host diarrhea rate by enhancing gut colonization resistance to Clostridioides difficile (Hagihara et al., 2021). The intestinal microbiome is extremely important for the digestion and absorption of nutrients in animals (Turnbaugh et al., 2006; Anhê et al., 2015). However, the effect of C. butyricum on the growth performance and intestinal flora of the Ira rabbit is still unclear.

This study evaluated the effect of dietary supplementation of C. butyricum on growth performance, nutrient digestibilities of Ira rabbits. Meanwhile, the effect of C. butyricum on the cecal microbiota and plasma metabolites in Ira rabbits was determined. Furthermore, correlation analysis among growth performance, gut microbiome, and plasma metabolites was performed to verify the effect of C. butyricum on the intrinsic relationship between host and microbial metabolisms. The purpose of this study was to provide a scientific basis for the application of C. butyricum to partly replace antibiotics in the production of meat rabbits.



Materials and methods


Animal feeding experiment

A total of 216 healthy male Ira rabbits at 32 days of age with similar weight mass were randomly assigned to different single cages and raised to 67 days of age. All rabbits were randomly assigned into four groups and each group has fifty-four rabbits. The control group (CG) was fed a basal diet without the addition of C. butyricum, while the low dose group (LC), the medium dose group (MC), and the high dose group (HC) were fed a test diet supplemented with 200, 400 and 600 mg/kg C. butyricum in the basal diet, respectively. The number of viable C. butyricum is 2 × 108 CFU/g (Hubei Lvxue Biotechnology Co., Ltd.). The feeding amount is based on the feeding test data in the internship stage, and the feeding amount is different on different days. The additional amount of Clostridium butyrate is based on the conclusion of the product description and previous experiments. The experiment was maintained for five weeks, while a 4-day pre-trail was conducted for dietary adaptation of rabbits. The basal diet met the Nutrition Research Council (NRC) for weaned rabbits and was chemically analyzed (Cunniff et al., 1995), shown in Supplementary Table 1 (Nutrition Research Council, 1930). Every cage was cleaned and disinfected by a high-temperature spray gun 3 days before rabbits were placed in them. The inner temperature was maintained at 28°C during the whole experimental period. Rabbits were exposed to continuous light from 7 a.m. to 7 p.m. per day. The rabbits in all cages were vaccinated with maternal immunity.



Growth performance, nutrient digestibilities, and cellulase activity assay

The body weight (BW) was recorded, and the average daily gain (ADG) and feed conversion rate (FCR) were calculated at 32, 39, 46, 53, 60, and 67 days of age in Ira rabbits, respectively. The formula for FCR is:

[image: image]

Using the total feces collection method, feces of each rabbit at 51, 52, 53 days, and 65, 66, and 67 days of age were collected, weighed, and mixed in groups. 10% of the total amount of feces, soaked in 10% sulfuric acid overnight, air-dried at 65°C for 24 h, regained moisture for 24 h, and passed through a sieve (60 mesh screen) for digestibility testing. The content of crude fiber (CF) and crude protein (CP) in diets and feces is strictly carried out following the analysis methods in “Feed Analysis and Feed Quality Testing Technology” (Zhang, 2007). The calculation formula of apparent digestibility is:

[image: image]

At 53 and 67 days of age, 6 rabbits in every group were randomly selected before feeding, separately. The cecum aseptically and collected 3–5 g of cecal contents in the EP tube, stored at –80°C for 16s rDNA sequencing and cellulase activity detection. According to the manufacturer’s instructions, the kit (Nanjing Jiancheng Institute of Bioengineering) was used to determine cellulase activity. Blood was collected from the ear vein, centrifuged at 3500 r/min for 10 min, and the supernatant was taken and stored at –80°C for plasma metabolomics test.



16S rDNA sequencing analysis

According to the manufacturer’s instructions, microbial community genomic DNA was extracted from cecal content samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The hypervariable region V3-V4 of the bacterial 16S rDNA was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The purified products of amplification were sequenced on the Hiseq-2500 platform (Illumina, USA). The quality control of the original data was completed by QIIME (QIIME 1.9.1, USA). The raw 16S rDNA sequencing reads were demultiplexed and quality-filtered by fastp version 0.20.0 (Chen et al., 2018) and merged by FLASH version 1.2.7 (Magoč 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 the 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. Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE version 7.1 (Stackebrandt and Goebel, 1994; Edgar, 2013), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rDNA database (e.g., Silva v138) using a confidence threshold of 0.7. The alpha and beta diversity indices were calculated using QIIME (v.1.9.1). Beta diversity was evaluated by principal component analysis (PCA) plots based on Euclidean distances using the R. Bar plot was constructed to analyze the microbial composition at the phylum and genus levels based on OTU abundance using the R package (animalcules).



LC-MS analysis

A 100 μL plasma sample was transferred to an E.P. tube, and 400 μL extract solution (acetonitrile: methanol = 1: 1) containing internal standard (L-2-Chlorophenylalanine, 2 μg/mL) was added. After 30 s vortex, the samples were sonicated for 10 min in the ice-water bath. Then the samples were incubated at –40°C for 1 h and centrifuged at 10,000 rpm for 15 min at 4°C. 400 μL supernatant was transferred to a fresh tube and dried in a vacuum concentrator at 37°C. Then, the dried samples were reconstituted in 200 μL 50% acetonitrile by sonication on ice for 10 min. The solution was centrifuged at 13000 rpm for 15 min at 4°C, and 75 μL of supernatant was transferred to a fresh glass vial for LC/MS analysis. The quality control (QC) sample was prepared by mixing an equal aliquot of the supernatants from all samples. The UHPLC separation was carried out using a 1290 Infinity series UHPLC System (Agilent Technologies Co., Ltd., Los Angeles, USA), equipped with a UPLC BEH Amide column (2.1 * 100 mm, 1.7 μm, Waters, Shanghai, China). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The analysis was carried with elution gradient as follows: 0∼0.5 min, 95% B; 0.5∼7.0 min, 95∼65% B; 7.0∼8.0 min, 65∼40% B; 8.0∼9.0 min, 40% B; 9.0∼9.1 min, 40∼95% B; 9.1∼12.0 min, 95% B. The column temperature was 25°C. The auto-sampler temperature was 4°C, and the injection volumes were always 2 μL (positive ion mode) or 2 μL (negative ion mode) (Wang et al., 2016), respectively. The TripleTOF 6600 mass spectrometry (AB Sciex) was used for its ability to acquire MS/MS spectra on an information-dependent basis (IDA) during an LC/MS experiment. In this mode, the acquisition software (Analyst TF 1.7, AB Sciex) continuously evaluates the full scan survey M.S. data as it collects and triggers the acquisition of MS/MS spectra depending on preselected criteria. The most intensive 12 precursor ions (intensity > 100) were chosen for MS/MS at collision energy (CE) of 30 eV in each cycle. The cycle time was 0.56 s. The ESI source conditions were set as follows: Gas 1 as 60 psi, Gas 2 as 60 psi, Curtain Gas as 35 psi, Source Temperature as 600°C, Declustering potential as 60 V, Ion Spray Voltage Floating (ISVF) as 5000 V or –4000 V in positive or negative modes, respectively.



Metabolomics data analysis

MS raw data (.wiff) files were converted to the mzXML format by ProteoWizard and processed by the R package XCMS (version 3.2). The process includes peak deconvolution, alignment, and integration. Minfrac and cut-off were set as 0.5 and 0.3, respectively. An in-house MS2 database was applied for metabolite identification (Smith et al., 2006). After obtaining the sorted data, we conduct a series of multivariate pattern recognition analyses on it. The first is principal component analysis. Wilcoxon rank-sum test with false discovery rate (FDR) correction was performed to detect differences in microbial diversity indices and relative abundances of microbes at different taxonomic levels. Correlations between different metabolites and bacterial communities were assessed by Spearman’s correlation analysis using the pheatmap package in R (Kolde, 2015). FDR adjusted P-values and the corrected P-values below 0.05 were statistically significant.



Statistical analysis method

The results of this study are presented as the mean ± standard deviation, and a one-way analysis of variance (One-way ANOVA) was performed on the test results using GraphPad Prism8 software, and Turkey multiple comparison was used. P < 0.05 means significant difference, P < 0.01 means extremely significant difference.




Results


Growth performance

The addition of C. butyricum significantly affected the BW, ADG, and FCR for Ira rabbits (Table 1). At 53 and 67 days of age, the BW of the HC and MC groups were significantly increased by 4 and 3.35% (P < 0.05) compared with CG, and the ADG of HC and LC groups were significantly increased by 7.92 and 4.65% (P < 0.05) compared with CG. The MC group performed best in FCR at 53 days of age, which was 8.75% better than the CG group (P < 0.05). At 67 days of age, the FCR of the HC group was significantly better than that of the CG group (P < 0.05).


TABLE 1    The effects of C. butyricum on the growth performance of Ira rabbits.
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Nutrients digestibilities and cellulase activity in Ira rabbit cecum

The addition of C. butyricum significantly affected the digestibility of CP and CF (Table 2). At 53 days of age, the digestibility of CF in the HC group was significantly higher than in the CG group (P < 0.05). At 67 days of age, the digestibilities of CP and CF in the HC group were significantly higher than in the CG group (P < 0.05). Moreover, at 53 and 67 days of age, the cellulase activity in the HC group was significantly increased by 50.14 and 90.14% compared with the CG group (P < 0.05, Table 3).


TABLE 2    The effects of C. butyricum on nutrients digestibilities in Ira rabbit cecum.
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TABLE 3    The effect of C. butyricum on cellulase activity in Ira rabbit cecum.
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Structure and diversity of cecal microbiota in Ira rabbits at different stages

A total of 2,472,383 tags in 24 rabbits (two groups for two sampling times) were obtained according to the quality-controlled 16S rDNA gene sequencing. At the age of 53 days, the ace, chao1, and observed species indexes of the HC1 group showed a significant upward trend compared with the CG1 group, while the goods_coverage showed a significant downward trend. At 67 days of age, there were no significant differences (P > 0.05) between the estimates of alpha diversity index (Figure 1). PCA was carried out to study the composition distance relationship using dimensionality reduction. The intestinal bacteria in each group were separated, represented by the group distances (Figure 2).


[image: image]

FIGURE 1
Changes in Alpha diversity index of cecal microbiota after C. butyricum supplementation at 53 (A) and 67 (B) days of age. CG1, control group at 53 days of age; CG2, control group at 67 days of age; HC1, the high dose at 53 days of age; HC2, the high dose at 67 days of age. *P < 0.05, **P < 0.01, ***P < 0.0001, and ****P < 0.0001.



[image: image]

FIGURE 2
PCA of cecal microbiota at 53 (A) and 67 (B) days of age. CG1, control group at 53 days of age; CG2, control group at 67 days of age; HC1, the high dose at 53 days of age; HC2, the high dose at 67 days of age.


At the phylum level (Figure 3A), Firmicutes and Bacteroidetes were the top two predominant phyla in each group, containing 59.43% (CG1), 59.15% (CG2), 68.59% (HC1), and 68.22% (HC2), respectively. Meanwhile, the Firmicutes, Bacteroidetes, Verrucomicrobia, and Actinobacteria counted for over 95% of the gut microbiota (Figure 3A). At the genus level, Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-014, Akkermansia, Ruminococcaceae UCG-013, Christensenellaceae R-7 group, and Lachnospiraceae NK4A136 group were the predominant genera (Figure 3B). Furthermore, the differential analysis [Log2(FC)] between each group among phylum and genus levels was analyzed as well. At 53 days of age, the relative abundance of dgA-11 gut group, Ruminococcus UCG-013 significantly decreased, however, the Ruminococcus UCG-005 increased in the HC1 group (P < 0.05, Figure 3C). At 67 days of age, the relative abundances of Escherichia-Shigella, Ruminococcus UCG-005, and Ruminococcus 1 significantly increased, while Ruminococcaceae NK4A214 group significantly increased in the HG2 group (P < 0.05, Figure 3D).
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FIGURE 3
The relative abundance of cecal microbiota in Ira rabbits. (A) Phylum level. (B) Genus level. (C) Between-group variance analysis of genus at 53 days of age. (D) Between-group variance analysis of phylum and genus at 67 days of age. CG1, control group at 53 days of age; CG2, control group at 67 days of age; HC1, the high dose at 53 days of age; HC2, the high dose at 67 days of age. In the figure, * means P < 0.05, ** means P < 0.01, *** means P < 0.0001, **** means P < 0.0001, the same as in the figure below.




Plasma metabolomics

Metabolomic analysis was conducted to explore the effect of C. butyricum on plasma metabolic profiles. In this study, 1,897 peaks were detected in the positive level, and 1,875 metabolites were left after relative standard deviation de-noising, while 1,850 metabolites were in the negative level (Supplementary Table 2). The OPLS-DA score plot and permutation test further showed a significant difference between the two stages (Figures 4A,B), suggesting that C. butyricum caused metabolic phenotype alterations in rabbits’ plasma. The OPLS-DA model was used to determine the differential metabolites between the pairwise comparison groups with the first principal component of variable importance in projection (VIP) values (VIP > 1) combined with P < 0.05 (Supplementary Table 3).
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FIGURE 4
Orthogonal partial least squares discriminant analysis (OPLS-DA) plot of plasma metabolites of Ira rabbits supplied with C. butyricum at 53 days of age (A) and 67 days of age (B).


Heatmap described the differential metabolites between the CG and HC groups of two stages. Compared with the CG, the HC contained 5 upregulated and 69 downregulated differential metabolites at 53 days of age, and 37 upregulated and 3 downregulated differential metabolites at 67 days of age (Figures 5A,B). To explore the potential metabolic pathways affected by C. butyricum, all the differential metabolites were further analyzed by KEGG annotation. At 53 days of age, compared with the CG, the most enriched pathways in the HC were “Alanine, aspartate, and glutamate metabolism,” “Aminoacyl-tRNA biosynthesis,” “Arginine and proline metabolism,” “Tyrosine metabolism,” and “phenylalanine, tyrosine, and tryptophan biosynthesis” (Figure 6A). At 67 days of age, compared with the CG, the most enriched pathways in the HC were “Arginine and proline metabolism,” “Alanine, aspartate and glutamate metabolism,” “Cysteine and methionine metabolism,” “Aminoacyl-tRNA biosynthesis,” and “Lysine biosynthesis” (Figure 6B).
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FIGURE 5
Hierarchical clustering analysis for plasma metabolites in Ira rabbits in the high dose at 53 days of age (A) and 67 days of age (B). Each column in the figure represents a sample.
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FIGURE 6
KEGG function annotation analysis of plasma metabolites in Ira rabbits. (A) The bubble plot of KEGG indicates different enrichments affected by C. butyricum of Ira rabbits at 53 days of age. (B) The bubble plot of KEGG indicates different enrichments affected by C. butyricum of Ira rabbits at 67 days of age.




Correlation analysis between growth performance and plasma metabolites

According to Spearman’s correlation coefficient analysis, there were correlations between BW, ADG, and different metabolites. From Figure 7A, at 53 days of age, L-Valine, L-Methionine, L-Asparagine, L-Threonine, Allantoin, Anthranilic acid (Vitamin L1), Methylthiouracil, Cyclohexylsulfanmate, Uracil, L-Arabinose, Cyclohexylsulfamate, D-glucosamine 6-phosphate, Phenethyl Caffeiate, and L-homocysteic acid showed a positive correlation with BW and ADG. Arachidonic Acid (peroxide-free), Stearic Acid, and D-Biotin were negatively correlated with BW and ADG. From Figure 7B, at 67 days of age, Allantoin, L-Threoine, L-Methionine, Methylthiouracil, and L-Valine were positively correlated with BW and ADG.
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FIGURE 7
Interaction network analysis between growth performance and metabolites in Ira rabbits. (A) 53 days old; (B) 67 days old. Blue nodes represent the center degree of genera and metabolites. The node size indicates the level of center degree. Lines linked to nodes indicate significant correlations among the species (FDR adjusted P < 0.05, | r| > 0.5), with orange and gray colors showing positive and negative correlations, respectively.




Correlation analysis between gut microbiota and plasma metabolites

To reveal the relationships between gut microbial (at the genera level) and the different metabolites, network Diagram were generated by Spearman correlation analysis (Figure 8). Ten critical genera were highly correlated with 52 different metabolites (| r| > 0.5, FDR adjusted P < 0.05) at 53 days old (Figure 8A). Moreover, six important genera were highly correlated with 18 significant metabolites (| r| > 0.6, FDR adjusted P < 0.05) at 67 days old (Figure 8B).
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FIGURE 8
Interaction network analysis between cecal bacteria (bold font) and plasma metabolites of Ira rabbits. (A) 53 days of age. (B) 67 days of age. Blue nodes represent the center degree of genera and metabolites. The node size indicates the level of center degree. Lines linked to nodes indicate significant correlations among the species (FDR adjusted P < 0.05, | r| > 0.5), with orange and gray colors showing positive and negative correlations, respectively.





Discussion

Increasing evidence suggested the opinion that C. butyricum can enhance gut health and animal growth (Huang et al., 2021; Li et al., 2021a,b; Yu et al., 2021). Meanwhile, emerging studies of gut microbial and metabolome correlation linked to the growth performance, healthy, and development of livestock (Park et al., 2013; Tian et al., 2015; Huang et al., 2019). Therefore, the understanding of gut microbial and plasma metabolome of Ira rabbits can reveal the possibility of improving the growth performance of rabbits. However, few studies investigated the relationship between microbial and metabolome of Ira rabbits in different growth stages. Thus, we explored the differences in the gut microbial and plasma metabolome of Ira rabbits and their correlations affected by the supplementation of C. butyricum.

In this study, the addition of C. butyricum significantly promoted ADG and FCR (Table 1, P < 0.05) of Ira rabbits at different growth stages. Meanwhile, at 67 days of age, C. butyricum at a dose of 600 mg/kg in the diet significantly increased the digestibility of CF and CP (Table 2, P < 0.05). Several reports have shown that C. butyricum exhibited a significant positive influence on growth performance and nutrient utilization efficiency in animals (Han et al., 2020; Li et al., 2021a; Liu et al., 2021), consistent with the findings of this study. It was reported that the supplementation of C. butyricum caused an increase in the villus height and enlarged crypt depth, which possibly improve the ADG caused by the increased absorption of intestinal cells (Huang et al., 2021). In this study, cellulase activity was enhanced at different dosages of C. butyricum. Thus, it can be demonstrated that C. butyricum supplementation has positive effects on the growth performance of Ira rabbits.

As a pivotal part of the intestinal tract, the gut microbial is called the black box of bodies. All the digestibility, development, maintenance, metabolism, and immunity have related to the gut microbial for rabbits (Huang et al., 2021). We evaluated whether the supplement of C. butyricum in the diet could alter the microbial community structure, similar to previous results (Huang et al., 2021). We found that the abundance of Firmicutes and Ruminococcaceae_UGG-014 were changed by the C. butyricum supplementation (Figures 3A,B). The Ace, Chao1, and Observed species and goods_coverage indexes, were changed by the C. butyricum. The results were similar to the earlier studies (Duan et al., 2018; Casas et al., 2020) on rabbits and pigs.

The homeostasis of the gut microbiota has an important influence on maintaining the body’s growth and development, nutrient digestion, and absorption (Shen et al., 2006). Our previous study found that 10.42% of the body weight change in weaned Ira rabbits could be explained by the gut microbiome (Fang et al., 2020). Therefore, the effect of C. butyricum on the intestinal microbiota of Ira rabbits needs to be considered. The present study showed that Firmicutes, Bacteroides, and Verrucomicrobia were the dominant phyla in weaning and fattening rabbits, consistent with previous findings (Li et al., 2018; Mattioli et al., 2019). Firmicutes play an essential role in degrading diet fiber and cellulose, which are advantageous to cellulose degradation (Zhu et al., 2015). Bacteroides can facilitate the non-digestible polysaccharides metabolism and produce essential vitamins and protein (Avershina et al., 2016; Jin et al., 2018). We found that diets supplemented with C. butyricum showed a trend of increasing the ratio of Firmicutes/Bacteroidetes. Meanwhile, C. butyricum supplementation significantly increased the relative abundance of Verrucomicrobia for rabbits at 67 days of age. Verrucomicrobia is a relatively newly defined phylum whose functions are largely unknown. However, the survival rate of fattening rabbits is primarily related to the incidence of epizootic rabbit enteropathy (Davies and Davies, 2003; Jin et al., 2018), which could explain the decrease in the relative abundance of Verrucomicrobia in healthy rabbits.

In this study, Ruminococcaceae NK4A214 group, Ruminococcaceae UGG-014, and Akkermansia were the dominant genera in the growing period of Ira rabbits. The Ruminococcaceae, as a member of Firmicutes, such as Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-014, Ruminococcaceae V9D2013 group, and Ruminococcaceae UCG-013, have been reported to play a role in the fermentation of dietary fiber and polysaccharides (Louis et al., 2010; Chen et al., 2017; Zhao et al., 2017). Meanwhile, Ruminococcaceae one of the most abundant families of the order Clostridiales is associated with the maintenance of gut healthy (Biddle et al., 2013). In addition, they primarily produce butyrate in the gut (Ley et al., 2006; Louis and Flint, 2009). Butyrate generated by gut microbiota is a significant energy source for gut microbes and host colonic epithelium, which maintains the gut barrier functions (Bui et al., 2015; Riviére et al., 2016) and plays a critical role in colon health (Louis and Flint, 2009). Importantly, butyrate is recognized by G protein-coupled receptors FFAR3 and GPR109A and is involved in regulating energy and nutrient metabolism and having an anti-inflammatory effect (Le Poul et al., 2003; Ahmed et al., 2009; Kasubuchi et al., 2015). The relative abundances of Ruminococcaceae, which degrade solid feed, increase with age and become more dominant during the post-weaning period (Padilha et al., 1995). In this study, we investigated that the increase of the relative abundance of Ruminococcaceae_NK4A214_group was affected by the C. butyricum supplementation, which enhanced the superior position of Firmicutes in the intestinal microbial. This study found that the relative abundance of family Lactobacillus (Lachnospiraceae NK4A136 group) increased with the dose of C. butyricum and decreased with age, which contributes to the metabolism of breast milk (Jost et al., 2015; de Muinck and Trosvik, 2018).

Metabolomics is a new “omics” including genomics, transcriptomics, and proteomics (Liang et al., 2021). The subtle changes in metabolite content directly correlate with changes in biological phenotype (Nobeli and Thornton, 2006). To identify the C. butyricum-based metabolites, we investigated the characteristics of plasma metabolomics. In this study, C. butyricum supplementation significantly influenced the dose of metabolites belonging to fatty acids, amino acids, and organic acids (Figures 6A,B). The content of L-Valine, L-Methionine, and L-Threonine were upregulated in the HC group of C. butyricum (Figure 6B). Valine is an important essential amino acid for rabbits, and is cataloged as a branched-chain amino acid. After transamination, oxidative decarboxylation, and dehydrogenation, succinic monoacyl CoA is produced, which enters into the tricarboxylic acid cycle and supplies energy to bodies (Liang et al., 2021). In this study, the association analysis revealed a high correlation between L-Valine and BW, and ADG, which is consistent with these findings (Figures 7A,B). Therefore, C. butyricum could improve the growth performance of rabbits by promoting amino acid metabolism. L-Methionine is a precursor of other sulfur-containing amino acids and a limiting amino acid for rabbits, and it plays an essential role in protein synthesis of cecal bacteria and regulation of mucosal response to antigens as well (Firkins et al., 2015; Mariz et al., 2018; Liu et al., 2019a). L-Threonine is a major component of mucins (MUCs) and γ-globulins (Wang et al., 2009). In addition, Arginine and glutamine are the substrates to synthesize the functional amino acid L-Proline, upregulated in the experimental group (HC group) in this study. L-Proline is a significant amino acid for maintaining cell structure and functions and functioning as an essential regulator of cell metabolism and physiology. Proline is also an essential precursor in protein synthesis and anti-oxidative reactions in wounds and immune responses (McAllan and Smith, 1973; Ametaj et al., 2010). Furthermore, this study discovered increases in the concentrations of metabolites associated with purine metabolism. Purine is catabolized through a few intermediates to hypoxanthine converted to Xanthine; thus, Xanthine is a biomarker of microbial protein synthesis (Duan et al., 2017; Yiwei and Chi, 2019).

An earlier study has revealed that there was a reciprocal relationship between gut microbes and several metabolites that maintains intestinal homeostasis (Vascellari et al., 2020). The altered metabolome profile could influence the differences in the gut microbiome of animals (Coleman et al., 2019; Ye et al., 2021). In our study, several beneficial bacteria, such as families Ruminococcaceae (Ruminococcaceae NK4A214 group) and Lachnospiraceae (Lachnospiraceae NK4A136 group)were positively correlated with amino acids (e.g., L-Valine, L-Methionine, and L-Threonine), organic acids (e.g., Indole-2-carboxylic acid, 4-Guanidinobutyric acid, 3-Hydroxyisovaleric acid), and fatty acids (e.g., Methoxyacetic acid). These results suggest that, for Ira rabbits, C. butyricum can alter the gut microbial community and plasma metabolome, implying that the interactions among gut microbial-plasma metabolome are important. However, their mechanisms still need to be explored.

Throughout our study, C. butyricum was shown to directly influence the gut bacterial community and plasma metabolites in rabbits. Accumulating evidence indicates that phenotypic traits of animals are changed by gut microbes, while the concentrations of plasma metabolites influence the functions of gut bacteria to synthesize and metabolize nutrients (Henry et al., 2020; Tang et al., 2020). Overall, these changes and relationships reveal essential features associated with C. butyricum supplementation in rabbit diets and that alteration in the gut microbial composition and metabolic profiles may affect rabbit production efficiency.



Conclusion

The study results suggested that, based on the different doses of C. butyricum, the growth performance was significantly influenced by the C. butyricum. We examined the overall comprehension of the patterns of microbial community and metabolite compositions at different growth stages of Ira rabbits. The microbial community was changed by the supplementation of C. butyricum, especially prompting the beneficial microbial, which have related to the growth performance of Ira rabbits. Meanwhile, the metabolites were affected by the C. butyricum. The control group and the experimental group had different contents of significant metabolites. Furthermore, Spearman’s correlation analysis revealed an obvious correlation between the microbiota and metabolites, meanwhile, a strong correlation between the metabolome and growth performance was discovered as well. Our results provide information that could aid future studies in determining the microbiome-metabolome interactions and how it influences the growth performance of Ira rabbits.
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The objective of this study was to investigate the alleviation effects of niacin supplementation on beef cattle subjected to heat stress and to provide a theoretical basis for exploring the alleviation methods of heat stress environmental factors on the rumen of beef cattle. In the experiment, 36 Jinjiang bull cattle with a body weight of about 400 ± 20.0 kg were randomly divided into three treatments, each treatment contains four replicates, with three cattle in each replicate. Treatments included thermoneutral treatment (TN; temperature: 24–25°C, humidity: 45–55%), heat stress treatment, exposure to environmental temperature (HS; average THI: 82.74), and heat stress supplemented with niacin treatment (HN; high temperature + 800 mg/kg NA). Measured indicators were body temperature, respiratory rate, production performances, rumen fermentations, and microbial diversity. Results showed that adding niacin reduced the body temperature and respiratory rate (P < 0.05) but had no significant effect on the production performances compared with heat-stressed beef cattle. HS treatment significantly increased body temperature and respiratory rate (P < 0.01), while decreasing the content of acetic acid, butyric acid, and total volatile fatty acids (P < 0.05) compared with the TN treatment. Supplement of niacin did not affect ruminal fermentation parameters (P > 0.05) but had a decreased tendency on A/P (P < 0.1). Microbial diversity results showed that, at the phylum level, the relative abundance of Desulfobacterota in the HS treatment was increased compared with TN and HN treatment (P < 0.05). At the genus level, the relative abundance of Succiniclasticum and Family_XIII_AD3011 group in the HN treatment significantly proliferated compared with the HS treatment (P < 0.05). In conclusion, niacin supplementation may alleviate heat stress by proliferating those bacteria belonging to the phylum Succiniclasticum, which may further contribute to the digestion of cellulose and the improvement of the metabolic function of Jinjiang cattle under heat-stress conditions.
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Introduction

Heat stress is one of the most detrimental problems that impact the livestock industry in all subtropical countries during summer, especially in Southern China. The highly humid and hot environment easily induced heat stress on beef cattle resulting in abnormal physiological behavior and decreased immunity and growth performance, which caused serious impacts on the industrial economy. Previous studies have shown that heat stress significantly increased heart rate (HR), respiratory rate, and rectal temperature (RT), which further reduced feed intake, triggered negative energy balance, and lead to reduced performance in beef cattle (O’Brien et al., 2010; Collier et al., 2012; Kim et al., 2018). Under heat stress conditions, ruminant roughage intake decreases, which decreases chewing time and saliva production, and reduced rumination frequencies and rumen peristalsis (Soriani et al., 2013). In addition, heat stress reduced rumen contraction and motility, and altered rumen fermentation patterns (Eslamizad et al., 2020). Simultaneously, changes in the host metabolism caused by heat stress induced disorders in ruminal microbiota and affected the absorption of nutrients (Bergman, 1990; Tajima et al., 2007; Uyeno et al., 2010). Therefore, proper methods in ameliorating the heat stress of beef cattle are seriously needed.

Current strategies for alleviating heat stress mainly included nutritional management, environmental modification, and genetic selection of heat-tolerant cows through selective breeding programs (Sammad et al., 2020). Among these, supplementation with anti-heat stress additives played an effective and economical role. Anti-heat stress additives mainly consist of dietary yeast, chemical supplements, fermentates, betaine, dietary cation anion difference, propionate supplementation, and multivitamins, which play a vital role in enhancing the metabolic status of cattles and improving energy metabolism status and immune function (Renaudeau et al., 2012; Barreras et al., 2013; Bicalho et al., 2014; Wang et al., 2019).

Nicotinic acid (NA), also known as niacin, functionally participates in many biochemical processes acted as the precursor of NAD+/NADH and NADP+/NADPH, which included lipid metabolism, tissue oxidation, glycolysis, and respiratory functions (MacKay et al., 2012; Srivastava, 2016). Niacin elicits vasodilatory reactions that may be beneficial for cows under heat stress (Zimbelman et al., 2010). Peripheral and internal vasodilation, caused by therapeutic concentrations of NA (Mitchell, 1965), may enhance heat transfer from core to skin sites and generate a temperature gradient favoring heat loss from skin to environment. Moreover, niacin helps regulate energy metabolism, methylation, DNA rehabilitation, and immune function (Gasperi et al., 2019), this may positively affect heat-stressed animals.

A study found that niacin improves ruminal fermentation and can increase the concentration of rumen bacterial protein, ammonia, and propionic acid (Riddell et al., 1980). Another study showed more efficient use of rumen-degradable N due to improvements in the microbial population, especially the number of protozoa in rumen fluid in the rumen when niacin was supplemented to diets deficient in rumen nitrogen balance (RNB) for lactating dairy cows (Aschemann et al., 2012). The effects of niacin on rumen fermentation may be useful in avoiding ketogenic situations in dairy cows. Niacin has been proven to promote the growth of ruminal microbes, maintain the stability of the microbial community, and avoid lactate accumulation in dairy cows (Doreau and Ottou, 1996; Yang and Qu., 2013). However, few studies focused on the effects of niacin on rumen fermentation and microorganisms in beef cattle under heat stress conditions. Therefore, the purpose of this study is to investigate the alleviation effects of niacin on heat-stressed beef cattle through the measurement of physiological condition, growth performance, nutrient apparent digestibility, fermentation parameters, and rumen bacterial diversity.



Materials and methods


Ethical statement

Animal care and procedures followed The Chinese Guidelines for Animal Welfare, which was approved by the Animal Care and Use Committee of Jiangxi Agricultural University, with the approval number JXAULL-2021 1237.



Animals and experimental design

Thirty-six Jinjiang bull beef cattle with an average age of 24-month-old and a mean body weight of 400 ± 20.0 kg were studied in a high ambient temperature environment during the summer months (July to September) in South China (Gaoan, 115.3753, 28.4178). During the trial, a two-factor completely randomized design method was used, and all cattles were randomly divided into thermoneutral treatment (TN, controlling barn temperatures with air conditioning, temperature: 24–25°C, humidity: 45–55%, and feeding basal diet), heat stress control (HS, determination of THI in summer from July to September to ensure that the barn is in a heat-stressed environment and feeding basal diet), and heat stress + niacin treatment (HN, feeding basal diet + 800 mg/kg NA). The ingredient and nutrient compositions of the basal diets are shown in Table 1.


TABLE 1    Composition and nutrient levels of the basal diet (dry matter basis).

[image: Table 1]

For HN treatment, 800 mg/kg NA was added to the concentrate diet and mixed well. The diets were provided twice per day at 6:00 and 16:00. Freshwater was offered at any time through an automatic drinker. The experimental period lasted for 60 days after a 10-day adaptation period. All experimental protocols were approved by the Committee for the Care and Use of Experimental Animals, Jiangxi Agricultural University, Jiangxi, China.



Measurement of the temperature-humidity index, body temperature, and respiratory rate

Temperature and relative humidity were measured using a dry bulb hygrometer at 07:30, 13:30, and 19:30 h. The temperature humidity index (THI) was calculated using the following equation:

(1.8 × Tdb + 32) – [(0.55 – 0.0055 × RH) × (1.8 × Tdb – 26)]

where Tdb is the dry-bulb temperature (°C) and RH is the relative humidity (%) (Dikmen and Hansen, 2009; Kim et al., 2018).

In general, the THI classification of heat stress is as follows: No heat stress when THI ≤ 72; mild heat stress when 72 <THI ≤ 79; high heat stress when 79 < THI≤ 84; and severe heat stress when THI> 84 (Berman, 2005).

Body temperature was measured via the rectum using a digital thermometer (Crison model 637, Crison Instruments, Barcelona, Spain) at 08:00 h, and respiratory rate was measured on days 10, 20, 30, 40, 50, 60, through artificially counting of chest fluctuation in 1 min during the experimental period.



Determination of the growth performance

Body weights of animals on an empty stomach (24 h) were measured at 09:00 h on days 1 and 60 of the experimental period and daily feed intakes were recorded. Based on these data, average daily feed intake (ADFI), average daily gain (ADG), and the feed:gain (F:G) ratio were calculated.



Nutrient apparent digestibility tests

Samples of concentrate and forage were collected daily during the experiment period at the last 5 days of the experimental period. Total daily feces from each pen were weighed, collected, and stored at –20°C until analysis. Before analysis, the fecal samples from each pen and every single day were thoroughly mixed, and 3% of the wet weight was sampled. Feed and fecal samples were dried in a forced air oven at 65°C for 72 h and then ground by the Wiley mill through a 1 mm screen sieve. These samples were analyzed for dry matter (DM), organic matter (OM), crude proteins (CP), ether extract (EE), acid detergent fiber (ADF), and neutral detergent fiber (NDF), according to the AOAC International (2005) method (AOAC International, 2005). The calcium (Ca) content was estimated by the method of ethylene diaminetetraacetic acid complexometric titration and total phosphorus (P) content was estimated by the method of a visible spectrophotometer, according to GB/T 6436-2002 and GB/T 6437-2002 in China National Standards.



Rumen fermentation index analysis

At the end of the trial, one cattle from each replicate, a total of 12 beef cattles were randomly selected for slaughtering and rumen fluid was then collected through a four-layer cheesecloth. Slaughter was carried out according to the cattle slaughter operation procedures of China, GB/T19477-2004. The pH value was determined by a portable pH meter immediately (PHS-3C, Shanghai, China). At the same time, storing 1 ml of rumen fluid was preserved at –80°C in sterile cryovials and stored in liquid nitrogen for further DNA extraction; other samples were processed to analyze VFA, microbial protein (MCP), and ammonia–N (NH3-N). The concentrations of VFA were determined by a gas chromatograph (Agilent Technologies 7820A, USA) based on the method reported previously (Zhao et al., 2017); the ruminal MCP concentration was detected using a spectrophotometric method, and the concentration of NH3-N was detected using a uric acid assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.



DNA Extraction, PCR Amplification, and sequencing of 16S rRNA

Microbial community genomic DNA was extracted from Rumen fluid samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with the NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA). The hyper-variable region V3-V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR amplification of the 16S rRNA gene was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. The PCR mixtures contain 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, template DNA 10 ng, and finally ddH2O up to 20 μL. PCR reactions were performed in triplicate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions and quantified using the Quantus Fluorometer™ (Promega, USA).


Illumina MiSeq sequencing

Purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA732599).




Bioinformatics analysis

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff from the clean FASTQ data, and chimeric sequences were identified and removed using Usearch 7.0.1 These OTUs were used for diversity (Shannon and Simpson), richness (Ace and Chao), and rarefaction curve analysis using mothur v.1.30.2.2 Representative sequences of OTUs were aligned to the SILVA database3 for bacteria taxonomic assignments using QIIMEe.4



Statistical analysis

Production performances, digestibility, ruminal pH, ruminal fermentation variables, were firstly conducted through a normal distribution test using the SAS procedure “proc univariate data = test normal”, and subsequently used the SPSS 23.0 software for the independent sample T-test between TN treatment and HS treatment, and between HS treatment and HN treatment. Significance would be considered when P < 0.05, while a tendency was considered when 0.05 ≤ P < 0.10.




Results


Temperature–humidity index and body temperature

The average daily THI values of the HS treatment and the HN treatment during the experimental period were all higher than 72. THI lasted higher than 79 for 53 days. Daily changes in THI values at 08:00, 14:00, and 22:00 h during the experimental period are presented in Figure 1. Results of the body temperature are shown in Table 2. The body temperature in the HS treatment was significantly higher than that of the TN treatment on days 1, 10, 50, and 60 (P < 0.01). HN treatment showed a significant decline in body temperature on day 20 (P < 0.05) but no significant difference in body temperature was recorded on other days, compared with HS treatment.


[image: image]

FIGURE 1
Daily changes of the temperature and humidity indexes (THI) at different hours during the trial period.



TABLE 2    Effects of niacin on the body temperature of beef cattle under heat stress (°C).
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Respiratory rate

Table 3 shows that the respiratory frequency of the HS treatment was significantly higher than that of the TN treatment on the 1st, 10th, 40th, 50th, and 60th days. There was no significant difference between the HN and HS treatments most of the time, but the respiratory frequency of the HN treatment was significantly lower than that of the HS treatment on the 50th day.


TABLE 3    Effects of niacin on the respiratory rate of beef cattle under heat stress (breaths/min).
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Growth performance

As shown in Table 4, the ADG and F/G of the HS treatment showed a decreasing trend compared with the TN treatment (0.05 < P < 0.1); however, no difference was noticed in the ADFI among the three treatments. The ADG and F/G of the HS treatment have a decreasing trend compared with the TN treatment, no significant difference was noticed in the ADG or the F:G ratio between HS and HN.


TABLE 4    Effects of dietary niacin on the performance of beef cattle under heat stress.
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Nutrient apparent digestibility

Table 5 shows the nutrient apparent digestibility of beef cattle during the experimental period. HS decreased the apparent digestibility of CP compared with TN treatment. No difference in nutrient apparent digestibility was observed between HS and HN treatments.


TABLE 5    Effects of dietary niacin on nutrient apparent digestibility of beef cattle under heat stress (%).
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Rumen fermentation parameters

Volatile fatty acids (VFAs) are the main products of microbial metabolism in the rumen, and the types and quantity of VFAs are regulated by microbial species, diet, and the environment. As shown in Table 6, HS treatment reduced the pH value in the ruminal fluid of beef cattles and there was a trend of decreasing concentration of MCP compared with the TN treatment (P < 0.05). The ratio of acetate acid, butyric acid, and TVFA in the HS treatment significantly declined compared with the TN treatment (P < 0.05). Moreover, there was a trend of decreasing the acetate/propionate in rumen fluid of HN compared with HS (P < 0.1). No difference in the contents of NH3-N among all treatments.


TABLE 6    Effects of dietary niacin on rumen fermentation parameters of beef cattle under heat stress.
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Diversity of ruminal bacteria

In this experiment, a total of 542,869 valid sequences were generated from 12 samples, and the richness and alpha diversity of the community were analyzed by Sobs, Shannon, Simpson, Ace, Chao, and Coverage indices in Table 7. The Sobs, Shannon, and Ace indices of the HS treatment were significantly lower than those of the TN treatment (P < 0.05). The Ace and Chao indices, have a downward trend (P < 0.1), and the Simpson index has an upward trend (P < 0.1). And the species richness, of the HN treatment was slightly higher than that of the HS treatment (P < 0.05). This indicates that the species richness of the HS treatment is lower than that of the TN treatment, while the species richness of the HN treatment is higher than that of the HS treatment.


TABLE 7    Effects of dietary niacin on the diversity of ruminal bacteria of beef cattle under heat stress.
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To measure the extent of similarity between the microbial communities, beta diversity was calculated using a weighted normalized UniFrac, and PCoA was performed. As shown in Figure 2, significant differences were observed in the rumen microorganisms between the HS treatment and the TN treatment (P = 0.022).
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FIGURE 2
Principal coordinate analysis (PCoA) plot based on OTU abundance. TN: the basal diet, thermoneutral condition (n = 4); HS: the basal diet, heat stress environment (n = 4); HN: the basal diet supplemented with 800 mg/kg NA (n = 4).


The relative abundance of rumen microbiota is displayed at the phylum level (Table 8 and Figure 3A) and the genus level (Table 9 and Figure 3B). Phylogenetic analysis identified five phyla from the rumen fluid, four of which had a relative abundance >0.3% of the total community, and the most abundant phyla were Bacteroidetes, Firmicutes, Actinobacteria, Desulfobacterota, and Proteobacteria. However, there were no differences in these indicators. Results in Table 8 indicate that HS increased the relative abundance of phylum Desulfobacterota compared with the TN treatment (P < 0.05), while HN reduced the relative abundance of phylum Desulfobacterota compared with the HS treatment (P < 0.05). Proteobacteria in HS treatment shows a decreasing trend compared with the TN treatment (P < 0.05). No differences were found in other phyla among treatments. At the genus level in Table 9, the relative abundance of Succiniclasticum, norank_f__UCG-011, Lachnospiraceae_NK3A20_group, and UCG-005 in the HS treatment showed a decreasing trend (P < 0.01), and the relative abundance of norank_f__Bifidobacteriaceae performed an increasing trend compared with the TN treatment (P < 0.1). In addition, the relative abundance of Succiniclasticum and Family_XIII_AD3011_group in the HN group was proliferated compared with the HS group (P < 0.05). Christensenellaceae_R-7_group showed an increased trend compared with HS group (P < 0.05), while norank_f__F082 showed a decreased trend compared with the HS group (P < 0.1).


TABLE 8    Effects of niacin on rumen bacterial flora structure (phylum level)%.
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FIGURE 3
Relative abundance distribution of rumen flora at (A) phylum and (B) genus levels. TN: the basal diet, thermoneutral condition (n = 4); HS: the basal diet, heat stress environment (n = 4); HN: the basal diet supplemented with 800 mg/kg NA (n = 4).



TABLE 9    Effects of niacin on rumen bacterial flora structure (genus level)%.
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Discussion


Effects of niacin supplement on heat dissipation and productive performances

Temperature humidity index is widely used as an indicator to estimate the degree of HS in livestock animals. In this study, 53 days were detected with THI values higher than 79 (beef cattle were in high or severe stress state) in HS and HN treatments during the experimental period, which indicated the experimental beef cattle were raised under heat stress conditions. In this experiment, the body temperature and respiratory rate of beef cattle in the heat stress treatment were significantly higher than those in the thermoneutral treatment during the test period, while effectiveness decreased after the addition of niacin. This may attribute to the induction of vasodilation of niacin supplement under heat stress conditions, which increases the fast blood flow to the skin surface (Khan et al., 2012). Previous studies revealed varying vasomotor and skin temperature responses of heat-stressed dairy cows to dietary niacin supplementation, which partially included reductions in body temperature (Di Costanzo et al., 1997). Free nicotinic acid supplementation may therefore alleviate severe heat stress through decreased skin temperatures and the improvement of heat dissipation.

Heat stress could decrease dry matter intake and nutrient digestibility, by impairing the intestinal peristalsis, and reducing the activity and content of digestive enzymes (West, 2003). Previous studies demonstrated that heat stress lowers average daily feed intake (ADFI) and average daily gain (ADG) (Polsky and von Keyserlingk, 2017; Herbut et al., 2018), the gastrointestinal tract is considered one of the main target organs affected by heat stress. In our study, the HN group slightly increased ADFI and ADG of heat-stressed beef cattle, which indicated that niacin is capable of elevating growth performance.



Effects of niacin supplement on ruminal microbiota

For ruminants, rumen played important physiological functions that convert dietary fiber into nutrients, such as volatile fatty acid and ammoniate. Rumen fermentation is an anaerobic process carried out by complex ruminal microbiota, which primarily converts feedstuffs into VFAs, microbial proteins, and vitamins (Wang et al., 2016). The rumen microbiota plays an important role in ruminant digestion of plant material and rumen fermentation, suggesting that optimizing rumen fermentation improved nutrient availability and productivity in cattle (Kim et al., 2011).

In our study, compared with HN treatment, HS treatment significantly decreased rumen pH, butyric acid, and extremely significantly decreased acetic acid and TVFA. Although a decrease in pH is usually accompanied by an increase in TVFA in most studies, this is not the case in conditions of heat stress, Heat stress causes various adverse impacts on ruminants, including lowered rumen pH, decreased production of rumen TVFA (Tajima et al., 2007; Cai et al., 2019) the decrease in rumen TVFA concentrations caused by heat stress may be related to the decreased utilization of dietary nutrients due to decreased rumen microbial abundance and activity under heat stress conditions. The HN treatment increased the content of acetic acid, propionic acid, TVFA, and MCP as compared to the HS treatment. These results might be caused by the following factors. Previous studies found changes in the host metabolism caused by heat stress can induce changes in ruminal microbiota and affect the absorption of nutrients (Bergman, 1990; Tajima et al., 2007; Nonaka et al., 2008). Niacin had no important effect on the concentration of dry matter or lactic acid, or the molar proportions of acetic, butyric, or valeric acids. Niacin increased the concentration of bacterial protein, ammonia, and propionic acid (Riddell et al., 1980). Niacin supplement helps heat dissipation under heat-stressed conditions, which may further regulate microbial diversity. Studies indicated adding niacin in a high-concentrated diet could increase the ruminal pH value and the ruminal microbial composition (Luo et al., 2017); the increased α-diversity helped promoted ruminal N metabolism and ruminal fermentation, and finally increased TVFA. No effect of niacin on the ruminal degradability of N has been previously observed in vitro (Hannah and Stern, 1985). Some studies found no significant effect of niacin on VFA fermentation in the rumen.

Besides, a shift in rumen bacterial diversity altered ruminal fermentation. Niacin supplementation may increase propionate concentration and decrease butyrate concentration in rumen liquor (Flachowsky, 1993). A series of in vitro studies tested the effects of nicotinic acid on rumen fermentation. Niacin had no effect on gas production but significantly increased the synthesis of microbial protein (Riddell et al., 1980). Bacteroidetes and Firmicutes are the major bacteria in the rumen. Bacteroidetes degrades fibers and cellulose (Evans et al., 2011), while Firmicutes digests carbohydrates and ferments organic substances (Spence et al., 2006) and account for the highest proportion of rumen bacteria, which is consistent with the previous studies (Ley et al., 2008; Zhang et al., 2017). The increased Bacteroidetes under HN treatment help in increasing the digestibility of cellulose, and therefore increased TVFA.

Furthermore, our results revealed that the addition of niacin had a positive effect on Succiniclasticum, Christensenellaceae_R-7_group, and Family_XIII_AD3011_group, but had no effect on the main cellulolytic genus (such as Ruminococcus, Butyrivibrio, and Fibrobacter). A high abundance of Succiniclasticum has been linked to lower methane emissions, accompanied by improved acetate and hydrogen production (Wallace et al., 2015). Species belonging to the genus Succiniclasticum can utilize succinate to produce propionate (Dias et al., 2017). van Gylswyk (1995) detected Succiniclasticum fermenting succinic acid to propionate. Succiniclasticum is a starch-degrading microbe (Liu et al., 2015). Niacin tended to increase the relative abundance of Succiniclasticum, which would suggest that the addition of niacin tended to promote the accumulation of propionic acid in HN treatment. Desulfovibrio is one of the major sulfate-reducing bacteria (SRB) in the rumen, SRB is linked to intestinal disease, it accumulated toxins in the rumen epithelium that may cause inflammation (Wu et al., 2021). Niacin supplementation increases and decreases Desulfobacterota may help protect beef cattle rumen barrier function under heat stress.




Conclusion

Niacin supplementation can alleviate the negative effects caused by heat stress, increase the abundance and diversity of rumen microorganisms to a certain extent, and improve rumen fermentation function and production performance. This study provided the theoretical basis for the alleviation effects of niacin supplementation on beef cattle under heat-stressed conditions, and may further provide a directive suggestion for niacin application in beef cattle production. Further research directions are needed: (1) Combined multi-omics analysis was used to deeply study the composition, genome function, and metabolic function of niacin on heat-stressed beef cattle rumen microorganisms. (2) The influence of niacin on the rumen barrier of heat-stressed beef can continue to be explored.
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The fermentation of grape seed meal, a non-conventional feed resource, improves its conventional nutritional composition, promotes the growth and development of livestock and fat metabolism by influencing the structure and diversity of intestinal bacteria. In this study, the nutritional components of Fermented grape seed meal (FGSM) and their effects on the growth performance, carcass quality, serum biochemistry, and intestinal bacteria of yellow feather broilers were investigated. A total of 240 male 14-day-old yellow-feathered broilers were randomly selected and divided into four groups, with three replicates of 20 chickens each. Animals were fed diets containing 0% (Group I), 2% (Group II), 4% (Group III), or 6% (Group IV) FGSM until they were 56 days old. The results showed that Acid soluble protein (ASP) and Crude protein (CP) contents increased, Acid detergent fiber (ADF) and Neutral detergent fiber (NDF) contents decreased, and free amino acid content increased in the FGSM group. The non-targeted metabolome identified 29 differential metabolites in FGSM, including organic acids, polyunsaturated fatty acids, and monosaccharides. During the entire trial period, Average daily gain (ADG) increased and Feed conversion ratio (FCR) decreased in response to dietary FGSM supplementation (p < 0.05). TP content in the serum increased and BUN content decreased in groups III and IV (p < 0.05). Simultaneously, the serum TG content in group III and the abdominal fat rate in group IV were significantly reduced (p < 0.05). The results of gut microbiota analysis showed that FGSM could significantly increase the Shannon and Simpson indices of broilers (35 days). Reducing the relative abundance of Bacteroidetes significantly altered cecal microbiota composition by increasing the relative abundance of Firmicutes (p < 0.05). By day 56, butyric acid content increased in the cecal samples from Group III (p < 0.05). In addition, Spearman’s correlation analysis revealed a strong correlation between broiler growth performance, abdominal fat percentage, SCFAs, and gut microbes. In summary, the addition of appropriate levels of FGSM to rations improved broiler growth performance and reduced fat deposition by regulating gut microbes through differential metabolites and affecting the microbiota structure and SCFA content of the gut.
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Introduction

Grapes are the largest fruit crop in the world, and 80% of grape production is used for wine making (Yang and Xiao, 2013). A large amount of grape seed by-products are formed during the winemaking process that are not properly exploited and utilized. Recently, there has been increasing concern about reducing the impact of agro-industrial waste through its use as a new feed product (Câmara et al., 2020). Grape seeds have been found to be rich in fatty acids, amino acids, dietary fiber, polysaccharides and other nutrients (Zhu et al., 2015). It contains a large number of bioactive substances (such as proanthocyanidins, resveratrol and tannins, etc.) and is a feed material with good functional properties and biological activity (Chikwanha et al., 2018; Tang et al., 2018). Therefore, the development of grape seed meal resources combined with modern biotechnology not only strengthens the contribution to the implementation of circular economy, but also alleviates the current situation of feed resource shortage.

Feed biological pre-digestion techniques mainly include fermentation and enzymatic hydrolysis. Through microbial metabolic activities, feeds are enriched with more probiotics, metabolites, organic acids and other small molecules (Yang et al., 2021). After the livestock consumes the fermented feed, the number of probiotic bacteria in the feed increases and the pH value in the intestine decreases. Thus, this inhibits the growth of harmful bacteria and achieves a balance of bacteria in animal intestines (Heres et al., 2003; Chen and Yu, 2020). Consumption of fermented feed can also improve immunity (Abu-Elala et al., 2020), reduce antioxidative stress (Wu et al., 2015), increase feed intake and improve growth performance among other effects (Zhu et al., 2020). In addition, enzymatic hydrolysis was used to degrade anti- nutritional factors and increase small peptides in raw materials (Tie et al., 2020). Following feeding, animals are deficient in endogenous enzyme supplementation (Engberg et al., 2004; Alagawany et al., 2018), improving intestinal villus growth (Ritz et al., 1995; Berwanger et al., 2017) and improving nutrient uptake capacity (Córdova-Noboa et al., 2020).

Fermented Feed by Bacteria Coupled Fermentation with Enzymes has the advantages of both of these, rich in a large number of probiotics, exogenous enzymes and metabolites. Because the cecum of chickens has a large number of microorganisms and is abundant in species, they interact closely and densely with the host and ingested feed. Moreover, there is growing evidence that manipulating the composition of the gut microbiota through diet can alter the metabolic pathways and metabolite production (e.g., SCFAs) of the host, ultimately having a significant impact on the themself (Sugiharto and Ranjitkar, 2019). Therefore, according to its key functions, we hypothesized that the nutritional composition of grape seed meal would change after fermentation, producing metabolites that may have beneficial effects on broiler growth performance and intestinal health. In this study, based on untargeted metabolomics to investigate the effect of feed predigestion technology on the nutritional composition of grape seed meal, and studied the effects of different levels of FGSM added to the basal diet on the growth performance, slaughter performance, serum biochemistry, intestinal bacteria, and SCFAs content of broilers.



Materials and methods

All experimental procedures were performed in strict accordance with the guidelines and were reviewed and approved by the Institutional Animal Bioethics Committee of Shihezi University (Xinjiang, China).


Materials

Grape seed meal was provided by Western Animal Husbandry Co., Ltd., Saccharomyces cerevisiae was preserved by the Feed Biotechnology Laboratory of Shihezi University, and acid protease was purchased from Shanghai Yuanye Biotechnology Co., Ltd. Other feed ingredients, such as soybean meal and corn, were purchased from the Shihezi Farmers’ Market in Xinjiang. FGSM was fermented using Saccharomyces cerevisiae and acid protease enzymes in the Feed Biotechnology Laboratory of Shihezi University. UGSM was used as the control group (CON) without protease and probiotics were added for fermentation.



Preparation of FGSM

The fermentation process of grape seed meal was as follows: the mixture ratio of grape seed meal, corn flour, and bran was 90:5:5, and the ratio of substrate to water was 1:0.8. The mixed substrate was then autoclaved at 121°C for 15 min. After high-pressure cooling, 60 ml (bacterial solution concentration of 2.97 × 109 CFU/ml) of Saccharomyces cerevisiae liquid and 120 μg/g of acid protease (dissolved in double-distilled water before use and filtered with a 0.22 μm filter membrane for sterilization) were inoculated into each kg of fermentation substrate. Consistent mixing was performed followed by 48 h of fermentation in an incubator at 30°C. At the end of fermentation, the samples were dried in an oven at 45°C and pulverized through a 60-mesh sieve for storage. Finally, the dried samples were ground and stored at room temperature until mixture into experimental rations.



Routine nutrient testing of FGSM

Dry matter (DM), crude protein (CP), ether extract (EE), Ca, P, ASH, and acid-soluble protein (ASP) content in FGSM were determined according to the AOAC (Association of Official Analytical Chemists) (2000) method. The neutral detergent fiber (NDF) and acid detergent fiber (ADF) contents were determined using the thermostable amylase method and its residual ash method (Van Soest et al., 1991). Free amino acid profile analysis was performed according to a previously reported method (Liu et al., 2018).



Untargeted metabolomics analysis of FGSM


Metabolite extraction

100 mg of samples were weighed, precooled extract (methanol:acetonitrile:water volume ratio: 2:2:1) was added, and the solution was vortexed. Low-temperature sonication was performed on the samples for 30 min, then samples were incubated at −20°C for 10 min. Samples were centrifuged at 14,000× g for 20 min at 4°C, and the supernatant was collected for vacuum drying. During mass spectrometry, 100 μl of acetonitrile aqueous solution (acetonitrile:water volume ratio of 1:1) was added for rehydration. Samples were vortexed then centrifuged at 14,000× g for 15 min at 4°C, and the supernatant was analyzed.



Chromatographic conditions

An Agilent 1290 Infinity LC Ultra High-Performance Liquid Chromatography (UHPLC) HILIC column was used to separate samples; column temperature was 25°C; flow rate was 0.5 ml/min; mobile phase A was comprised of water +25 mm ammonium acetate +25 mm ammonia, and mobile phase B was acetonitrile with gradient elution. The procedure was as follows: 0 ~ 0.5 min, 95% B; 0.5 ~ 7 min, B varied linearly from 95 to 65%; 7 ~ 8 min, B varied linearly from 65 to 40%; 8 ~ 9 min, B was maintained at 40%; 9 ~ 9.1 min, B varied linearly from 40 to 95%; 9.1 ~ 12 min, B was maintained at 95%; the sample was placed in the autosampler at 4°C during the whole analysis. 4°C autosampler. The samples were also analyzed in random order to minimize the effect of fluctuations in the instrument signal. QC samples were inserted in the sample queue to monitor and evaluate the stability of the system and the reliability of the experimental data.



Q-TOF mass spectrometry conditions

Primary and secondary spectra of the samples were collected using an AB Triple TOF 6600 mass spectrometer. The electrospray source conditions after HILIC chromatographic separation were as follows: ion source gas 1 (Gas 1): 60, ion source gas 2 (Gas 2): 60, curtain gas (CUR): 30, source temperature: 600°C, ion capacitor voltage float (ISVF): ± 5500 V (positive and negative two modes); TOF MS scanning range: 60 ~ 1,000 m/z, product ion scanning range: 25 ~ 1,000 m/z, TOF MS scanning cumulative time 0.20 s, and product ion scanning cumulative time 0.05 s. Secondary mass spectra were acquired with information-dependent acquisition (IDA) using a high sensitivity mode, depolymerization potential (DP): ± 60 V (both positive and negative modes), collision energy within 35 ± 15 eV.



Metabolomics data processing

Raw data in Wiff format were converted to the mzXML format using the ProteoWizard software, followed by peak alignment, retention time correction, and extraction of peak areas using the XCMS software. The data obtained from XCMS extraction were first subjected to metabolite structure identification, data preprocessing, and then chemometric principles such as PCA, OPLS-DA, and multivariate statistical analysis using SIMCA 14.1 software. Metabolomics data were analyzed by Shanghai Zhongke New Life Biotechnology Co., Ltd.




Experimental design and animal management

The experiments were performed at the experimental station of the College of Animal Science and Technology, Shihezi University. 240 male yellow-feathered broilers (average initial weight: 189.7 ± 5.9 g) at 14 days were randomly divided into four groups with three replicates of 20 birds each. Every group’s basal diet was supplemented with 0% (group I), 2% (group II), 4% (group III), and 6% (group IV) FGSM. Broilers were maintained in an online flattening model with regular disinfection and cleaning. The initial temperature of the chicken house was 32°C, decreased by 2 ~ 3°C per week to 26°C, with a 24 h light cycle. The experimental period was 42 days and divided into 2 stages, with 14 to 35 days of age in stage 1 and 35 to 56 days of age in stage 2. Chickens were fed and watered freely during the experiment, and immunized according to standard immunization procedures. The chickens used in the experiment were medium-speed yellow-feathered broilers purchased from the Changji Prefecture Green Base Breeding Co. The basal diet consisted of a corn-soybean meal diet, formulated according to the Chinese agricultural industry standard “Nutritional requirements for yellow-feathered broiler chicks” (NY/T 33–2004). The test diet was crushed and turned into powder form. The composition and nutritional levels are shown in Table 1.



TABLE 1 Composition and nutrient levels of diets (%).
[image: Table1]



Assessing the growth performance of broilers

The daily feed intake of each group was recorded in detail during the experiment, and the growth performance was calculated in replicates. At days 14, 35, and 56, the broilers were weighed 12 h after fasting, and the leftovers were recovered. The average daily feed intake (ADFI), average daily gain (ADG), and feed conversion ratio (FCR) of the yellow-feathered broilers were calculated.



Sample collection for broilers

On days 35 and 56 of the experiment, six birds approaching the average weight of each group were weighed and slaughtered individually. Carcass traits, including carcass and abdominal fat, were collected, weighed, and expressed as a percentage of live weight. Blood samples were collected from euthanized birds, placed in non-heparinized tubes, and stored at −20°C until serum biochemistry analysis. Digests from the cecum were collected and divided into two subsamples, stored in RNAse and DNAse-free tubes, placed in liquid nitrogen, and stored at −80°C. One subsample was used for the analysis of intestinal bacteria, and the other was used for the determination of SCFAs.



Biochemical analysis of broiler serum

Serum biochemical parameters, including total protein (TP), albumin (ALB), blood urea nitrogen (BUN), triglycerides (TG), and total cholesterol (TC) were measured using commercially available kits (Jiancheng Bioengineering Institute, Nanjing, China).



Analysis of broilers cecal microorganism 16S rRNA

DNA was extracted from the samples using a stool panel DNA extraction kit. After passing the test by 1% agarose gel electrophoresis, the V3 – V4 region of the 16S rDNA of the samples was PCR-amplified using the universal primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The amplification program consisted of: 27 cycles (denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s), and a final extension at 72°C for 10 min. Purified amplified fragments were sequenced using an Illumina MiSeq PE 2500 platform. The double-end sequencing data obtained by MiSeq sequencing removed barcodes and primer splicing, and further removed chimeras and short sequences to obtain clean tags. Under the condition of 97% similarity, the QIIME (v1.8.0) software was used for operational taxonomic unit (OTUs) clustering and species annotation. The mothur software package (version 1.31.2) was used for data processing and analysis.



Analysis of broilers cecal contents for SCFAs

To analyze SCFA, 0.30 g of the cecal contents was added to 1.5 ml of ultrapure water, vortexed for 30 s, and centrifuged at 5,000× g for 4 min. Five hundred μl of supernatant was added to a new sterile Eppendorf tube. Then, 100 μl of 25% metaphosphoric acid solution was added to the tube. The tube was vortexed for 30 s, and centrifuged at 1,500× g for 15 min through a 0.22 μm water system. The supernatant was collected into a vial for gas chromatography (Agilent 7890 B) to analyze SCFAs in the sample; the chromatographic column was DB-WAX (30 m × 0.25 mm × 0.50 μm).



Statistical analysis

One-way analysis of variance (one-way ANOVA) was performed using SPSS 22.0, and significant difference analysis was performed using Duncan’s method (p < 0.05). All data are expressed as mean ± SD. A correlation analysis was performed between growth performance, SCFAs, and intestinal microorganisms. Data were entered into SPSS version 22.0, and correlation coefficients were calculated based on Spearman correlation distances. Heat maps were constructed using ORIGIN 2021 to assess the bivariate relationships between variables.




Results


The nutritional components of FGSM

After fermentation, the contents of ASP and CP in FGSM reached 0.93 and 11.33%, respectively. It increased 365 and 24.45% with the CON group. The EE content increased to 12.31%. NDF and ADF decreased by 6.82 and 8.23%, compared with those before fermentation. The contents of Ca and P did not change significantly. The free amino acids in FGSM increased compared with CON group, except lysine. The total free amino acids were 823.56 mg/g and 903.84 mg/g in CON and FGSM group, respectively. Among them, glutamate content was the highest, accounting for 22.76 and 22.69% of the total free amino acids (Table 2).



TABLE 2 Chemical composition and amino acid profile of FGSM and CON.
[image: Table2]



Metabolite identification in FGSM

To reveal the changes more intuitively in metabolites after fermentation of grape seed meal, high-resolution LC–MS-based untargeted metabolomics analysis was performed. In the ESI (+) and ESI (−) modes, 240 and 169 ionic features were detected, respectively. Both the ESI positive (Figure 1A, R2X = 0.805) and ESI negative (Figure 1B, R2X = 0.820) models clearly indicated a clear separation trend between FGSM and CON, which reflects the difference in metabolites between the two sample groups. The differentially significant metabolites were identified and screened. A total of 29 differential metabolites (indexed by VIP > 3, p < 0.05) were detected in the fermented and unfermented grape seed meal samples. It mainly included 1 metabolite as a nucleic acid, 7 metabolites as lipids, 8 metabolites as carbohydrates, and 5 metabolites as organic acids. In addition, nine unclassified metabolites were identified (Table 3).

[image: Figure 1]

FIGURE 1
 The principal component score plot analysis (PCA) of FGSM. (A) PCA plot in positive-ion mode; (B) PCA plot in negative-ion mode.




TABLE 3 Main difference metabolites between FGSM group and CON group.
[image: Table3]



Analysis of differentially expressed metabolite pathways and enrichment analysis

In order to observe the significance of differences between metabolic pathways and enrichment of metabolites more intuitively, differential metabolites in the two groups of samples under positive and negative ion mode were combined in this study for enrichment analysis by KEGG pathway. The top 20 metabolic pathways with the highest significance were selected based on p values (Figure 2). The pathway enrichment analysis showed that the enriched pathways were mainly involved in Metabolic pathways. The differentially expressed metabolites detected by non-targeted metabolomics were mainly involved in ABC transporters, Biosynthesis of amino acids and Galactose metabolism. Specifically, these metabolic pathways may be critical to identify differences between FGSM and CON, whereas important differentially expressed metabolites play crucial roles in critical pathways.

[image: Figure 2]

FIGURE 2
 Differentially expressed metabolic pathway maps of FGSM and CON.




Growth performance of broilers

The results showed that different levels of FGSM could increase ADG and ADFI in broilers, and different doses of FGSM had different effects on weight gain in broilers. Compared with group I, ADG was significantly increased and FCR was significantly decreased in groups III and IV (p < 0.05). FGSM had a significant effect on ADFI in broilers at the early stage of the experiment. Compared with group I, ADFI was significantly increased in group III, while ADFI was significantly decreased in group IV (p < 0.05). We found that the highest ADG and ADFI were observed in group III with 4% FGSM addition. The lowest FCR values were obtained in group IV. These data could all indicate that FGSM improved the growth performance of broilers (Table 4).



TABLE 4 Effects of different levels of FGSM on growth performance.
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Carcass attributes of broilers

By day 35, compared with group I, the leg muscle rates of groups II, III, and IV were significantly increased by 5.89, 7.94, and 6.70%, respectively (p < 0.05). The abdominal fat rate in group IV was significantly lower than that in the other treatment groups (p < 0.05). By day 56, the pectoral muscle rate of Group II was significantly higher than other three groups, which were significantly increased by 15.49, 9.35, and 14.06%, respectively (p < 0.05). The abdominal fat rate in Group IV was significantly lower than that in Group I by 29.63% (p < 0.05) (Table 5).



TABLE 5 Effects of different levels of FGSM on carcass attributes (%).
[image: Table5]



Serum biochemistry of broilers

By day 35, The serum TP level of Group IV was significantly higher than that of Groups I and II (p < 0.05). Although Group III was higher than these, it was not significant (p > 0.05). By day 56, Groups III and IV were significantly higher than Groups I and II (p < 0.05). At 35 and 56 days, the serum TC content of group III was significantly lower than other three groups (p < 0.05), and the serum BUN levels of Group I were significantly higher than other three groups (p < 0.05). There were no significant differences in the other indicators among the groups (p > 0.05) (Table 6).



TABLE 6 Effects of different levels of FGSM on serum biochemical.
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Out analysis of cecal microbial community in broilers

From the 48 samples, 6,010,963 valid reads were obtained after filtering low-quality raw tags and removing chimera sequences. An average number of 125,228 high-quality sequences per sample and an average sequence length of 500 bp for subsequent microbial richness and diversity analysis were obtained. A total of 3,285 OTUs were identified in the cecal contents of 35-day-old broilers, including 1,051 OTUs in the four groups. This accounts for 31.99% of the total OTUs (Figure 3A). In Groups I, II, III, and IV, there were 323, 412, 292, and 323 unique OTUs, respectively. In addition, a total of 2409 OTUs were identified in the cecal contents of 56 day broilers, including 777 OTUs in the four groups, accounting for 32.25% of the total OTUs (Figure 3B). There were 181, 121, 269, and 312 characteristic tables unique to groups I, II, III, and IV, respectively. The results showed that the total number of OUT decreased with the extension of the experimental period, and the number of OUT common to the four groups decreased correspondingly. This indicates that the bacterial diversity in the early experimental period was higher than that in the late experimental period.

[image: Figure 3]

FIGURE 3
 Analysis of Venn Diagram and Dilution Curve of Cecal Microorganism in broilers in different treatment groups. (A) Venn diagram for 35-day-old broilers; (B) Venn diagram for 56-day-old broilers.




Diversity of cecal microbiota


Alpha diversity

Based on Shannon, Simpson, Chao 1 and ACE, which represent the richness and diversity of microbial communities, alpha diversity of microbial communities in the four groups of samples was detected. By day 35, the Shannon and Simpson indices of groups III and IV were significantly higher than those of group I (p < 0.05). There was no significant difference in other indices (p > 0.05). By day 56, the observed species indices of Groups III and IV were significantly higher than that of Group I (p < 0.05); and the other indices were not significantly different (p > 0.05). As feeding time increased, the Shannon, Simpson, Chao1, ACE, observed species, and PD whole-tree indices all decreased. The results showed that the addition of FGSM to daily grains affected the abundance and diversity of the gut microbial communities (Table 7).



TABLE 7 Alpha diversity index of broiler cecal microbiome.
[image: Table7]



Beta diversity

To facilitate the observation of microbial population differences in the cecal contents between the groups, unweight-based PCoA and NMDS plots were applied to assess beta diversity. By day 35, the contribution rates of principal components 1 and 2 of PCoA were 17.7 and 7.235%, respectively (Figure 4A). By day 56, the contribution rates of principal components 1 and 2 of the PCoA were 10.21 and 8.433%, respectively (Figure 4B). The NMDS plot (Figures 4C,D) shows a clustered distribution of each sample in the four treatment groups, a small difference, similar structure of sample microbiota, and good parallelism. The results showed that the effect of adding FGSM to broiler diets in the early stage was better than that in the late stage, which would lead to a wide distribution of cecal bacteria in broilers in the early stage of the experiment.

[image: Figure 4]

FIGURE 4
 The cecal microbial PCoA map and NMDS map of the unweighted UniFrac distance matrix of broilers in different treatment groups. (A) 35 day-PCoA plots; (B) 56 day-PCoA plots; (C) 35 day-NMDS plots; (D) 56 day-NMDS plots.




Variation in cecal microbiota composition

To understand the variation in abundance levels within the cecal samples, we constructed bar graphs of the relative abundance of species. Based on the results of species annotation, we selected the top 10 most abundant species in each sample and grouped them at each taxonomic level (phylum, class, order, family, and genus) to generate column cumulative plots of relative abundances of species, allowing the visualization of relative abundances of species in each sample and their proportions at different taxonomic levels.

At the phylum level, p_Bacteroidetes, p_Firmicutes, and p_Synergistetes were the dominant bacteria, with average abundances of 58.98, 34.87 and 3.49%, respectively. At 35 days, the relative abundance of p_Bacteroidetes in Groups III and IV was significantly reduced (p < 0.05), and the relative abundance of p_Firmicutes was significantly increased (p < 0.05) compared with Group I. The relative abundances of p_Actinobacteria and p_Cyanobacteria in Group III, were significantly higher than those in Group I (p < 0.05; Figure 5A). At 56 days, the relative abundances of p_Actinobacteria and p_Firmicutes in Group IV increased significantly (p < 0.05), and the relative abundance of p_Bacteroidetes decreased significantly (p < 0.05) compared with Group I. The relative abundances of other phyla were not significantly different among the groups (p > 0.05).

[image: Figure 5]

FIGURE 5
 The composition of the cecal microflora of broilers in different treatment groups. (A) The phylum level composition of the microflora; (B) The genus level composition of the microflora.


In addition, the top ten abundant microbial groups at the genus level were obtained through analysis of bacterial composition. They are g_Bacteroides, g_Rikenellaceae RC9 gut group and g_Alitipes of Bacteroides, g_[Ruminococcus] torques group, g_Phascolarctobacterium, g_Faecalibacterium, g_Ruminococcaceae UCG-014 of p_Firmicutes, g_Synergistes, g_Megamonas, uncultured, and others (Figure 5B). The dominant bacterial groups are g_Bacteroides, g_Rikenellaceae RC9 gut group, and others. At day 35, the relative abundance of g_[Ruminococcus] torques group in Groups II and IV increased significantly (p < 0.05). The relative abundance of other was significantly increased in Groups II, III, and IV, which were supplemented with FGSM (p < 0.05). At 56 days, the relative abundance of g_Alistipes in Group II was higher than that in the other test groups.



Overview of LEfSe analysis of gut microbiota

Biomarker species with different statistical differences were observed by LEfSe (Linear discriminant analysis Effect Size). Species that met the screening criteria were identified (|LDAscore| > 2), and differential species were colored according to the most abundant group in which the species were located.

At 35 days, 21 species showed significant differences in abundance between groups, of which Group III showed the highest abundance (12 spieces). The relative abundances of g_Paraprevotella and g_Flavobacterium were higher in Group I. The dominant bacteria in Group II were g_Ruminococcus_torques group and g_Flavonifractor. The species with significant differences in Group III were p_Actinobacteria, g_Ruminiclostridium 5, g_Eubacterium hallii group, g_Lachnoclo -stridium, g_Enorma, and g_Parabacteroides. In Group IV, g_Megamonas and g_Fournierella were abundant (Figures 6A,C).

[image: Figure 6]

FIGURE 6
 Differential microbial LEfSe analysis and LDA score chart of the cecum of broilers in different treatment groups. (A) LEfSe analysis of 35-day-old broilers; (B) LEfSe analysis of 56-day-old broilers; (C) LDA score chart of 35-day-old broilers; (D) LDA score chart of 56-day-old broilers. LEfSe analysis was used to determine the phylogenetic characteristics of specific bacterial taxa and major bacteria in three different groups. Biomarker taxa are highlighted by colored circles and shaded areas. The diameter of each circle is related to the abundance of taxa in the community.


At 56 days, 35 species showed significant differences in abundance between groups, with 12 in Group I, 5 in Group II, 3 in Group III, and 16 in Group IV. The relative abundances of p_Bacteroidetes and g_uncultured bacteriummlel_9 in Group I were relatively high. The dominant genera in Group II were g_Alistipes, g_Parabacteroides, g_Dinghuibacter, and g_uncultured organism. The species with significant differences in Group III were g_Desulfovibrio, g_Alcaligenes, and g_uncultured. The relative abundances of p_Actinobacteria, g_Ruminococcaceae -UCG005, g_Butyricimbergiella, g_Eisenbergiella, g_Ruminiclostridium 5, and g_Ruminococcaceae UCG_013 were high in Group IV (Figures 6B,D).




SCFAs of cecal contents

Acetic acid, propionic acid, butyric acid, and total acid concentrations did not differ among groups II, III, and IV supplemented with FGSM throughout the test period (p > 0.05), but their levels were lower than those of group I. In addition, the yield of Butyric acid was increased in group III by day 56 (p < 0.05) (Table 8).



TABLE 8 Effects of different levels of FGSM on cecal SCFAs (μg/mL).
[image: Table8]



Spearman correlation analysis

Finally, we assessed the relationships between growth performance, abdominal fat, gut microbes, and SCFAs using Spearman’s correlation analysis. As shown in Figure 7A, at 35 days, FCR of broilers was positively correlated with total acid content and p_Deferribacteres, and ADG was positively correlated with p_Actinobacteria while showing the opposite trend with FCR. Meanwhile, FCR also showed a negative correlation with g_[Ruminococcus] torques group.

[image: Figure 7]

FIGURE 7
 Correlation between the most abundant taxa of the cecal microbiota with growth performance and SCFAs of broilers. (A) Heatmap of samples from 35-day-old broilers; (B) Heatmap of samples from 56-day-old-broilers.


Figure 7B shows the correlation between growth performance, abdominal fat with gut microbes, and SCFAs in broilers at 56 days. ADFI was found to be positively correlated with the p_Patescibacteria. Additionally, ADG was positively correlated with butyric acid, p_Patescibacteria, p_Deferribacteres, and g_Ruminococcaceae UCG-014 and negatively correlated with g_Alistipes. FCR showed a negative correlation with butyric acid, p_Firmicutes, p_Patescibacteria, p_Deferribacteres, and g_Ruminococcaceae UCG-014 and a positive correlation with g_Alistipes. Moreover, abdominal fat was negatively correlated with butyric acid, p_Actinobacteria, and p_Cyanaceae.




Discussion


Improving feed nutrient content to increase broiler feed intake

Fermented grape seed meal by Bacteria coupled fermentation with enzymes has advantages over the individual processes of probiotic fermentation and protease enzymatic hydrolysis. Acid protease can improve the nutritional quality of grape seed meal. By directly increasing the number of proteases, the reaction rate of protease hydrolysis is increased. The macromolecular protein in feed material is decomposed into peptides and free amino acid, so as to improve the conversion rate of feed in animal organism. When fermenting grape seed meal with Saccharomyces cerevisiae, the acid-soluble protein content increases for the following reasons: yeast cells contain a large number of proteins and amino acids. And, yeast can produce protease during the fermentation process. As fermentation proceeds, nutrient-active substances such as organic acids (tartaric, malic, and citric acid) are produced during yeast growth and reproduction. They involved in enzymatic reactions through the tricarboxylic acid cycle, allowing proteases to break down large molecules of proteins at a faster rate. Also, microorganisms can convert non-protein nitrogen into protein nitrogen, which can be absorbed and used by livestock (Tchorbanov and Lazarova, 1988; Zhang, 2012; Wu, 2018). Moreover, the contents of NDF and ADF were reduced. The main reason was that during the fermentation process, the microorganisms produced cellulases that could decompose cellulose, hemicellulose and lignin during growth and reproduction, which reduced the fiber content in the FGSM (Rodríguez Muela et al., 2017). Simultaneously, organic acids produced by S. cerevisiae during fermentation could improve feed palatability. The relative concentration of monosaccharides used as sweeteners in feed such as D-mannose and L-fucose increased in FGSM. It has a unique volatile aroma of grapes, fragrant taste, and good palatability. Therefore, the fermented grape seed meal by Bacteria coupled fermentation with enzymes can effectively improve the nutritional composition of feed ingredients and improve animal feed intake.



FGSM promotes broiler growth and improves carcass quality

In this study, the addition of FGSM significantly increased broiler growth performance. The growth performance of animals is influenced by muscle proteins, which constitute the net balance of protein synthesis and degradation. Amino acids are basic components of proteins and play roles in regulating nutrient transport, gut microbiota, and antioxidant responses (Mott et al., 2008). In the intestine, proteins are broken down into small peptides and free amino acids by enzymes and transported through different nutrient transporters (Wu et al., 2014). By untargeted metabolomics analysis, we found that the relative concentration of adenosine was lower in FGSM. Adenosine plays an important role in cellular metabolism by acting as an intermediate in ATP synthesis. Studies have shown that phosphoribose in yeast cells is degraded into a mixture of adenosine, adenine, ribose, single nucleotide, and polynucleotides by an enzymatic system. Then Adenosine and other substances are phosphorylated through the pathway of glycolysis to produce ATP, which then binds to the protein hydrolysis region of ABC transporters, causing ATP to be hydrolyzed. The energy generated by metabolism changes the conformation of transporters, resulting in transporters transporting various sugars, amino acids, proteins and other cellular metabolites to the extracellular space (Guerrero and Mullet, 1986). It means that the content of small peptides and free amino acids increases through this metabolic pathway. This is supported by the results of the free amino acid content in FGSM. Therefore, enhanced intestinal uptake of amino acids in broilers fed diets supplemented with FGSM would favor protein deposition and ultimately promote growth.

In the early part of the trial, the breast and leg muscle rates increased in broilers that were fed FGSM, but there was no significant difference between the full clearance rate and half clearance rate. This suggests that broiler muscle protein metabolism had the potential to change (Lee et al., 2009). Rodas et al. (1995) found that enhanced synthesis of metabolic proteins can be observed when TP levels increase. The results of this study showed that the addition of 6% FGSM could significantly increase the TP content in the serum of broilers and increase the ALB content. This indicates that FGSM could improve serum TP and ALB concentrations and enhance protein metabolism in broilers. Dhanalakshmi et al. (2007) showed that good nutritional status maintained high levels of total serum protein and albumin, with increased levels of both indicating high metabolic activity. This is similar to (Feng et al., 2007), which demonstrate the positive effect of fermented feed on the metabolic capacity of broilers. BUN is one of the protein metabolites, and its content reflects the status between protein metabolism level and amino acid balance in animals to some extent (Scott et al., 1982). When serum BUN levels are reduced, amino acid catabolism decreases and nitrogen deposition in the body increases, indicating enhanced protein metabolism (Sugiharto et al., 2020). Therefore, adding FGSM to the diet plays an important role in promoting the absorption and utilization of protein in broilers.

At the same time, we found that FCR gradually decreased as the amount of FGSM added increased. In particular, the FCR of group IV was significantly lower than that of the remaining three groups, indicating that the addition of FGSM to the diets had better economic benefits. One study shown that the addition of peas fermented with probiotics or treated with complex enzymes to broiler diets reduces FCR throughout the experimental period (Goodarzi et al., 2017). In another study, the addition of fermented corn gluten flour to daily food improved ADG in broilers (Yan et al., 2018). This is more reflective of the improved nutritional composition of the feed after fermentation or enzymatic digestion, which has the effect of promoting animal growth.



FGSM regulates lipid metabolism in broilers

Fat deposition in broilers is dominated by three areas: subcutaneous fat, abdominal fat, and intramuscular fat, with abdominal fat receiving more attention than other adipose tissues. Abdominal fat becomes visible at 7 days of age in broilers (Kim and Voy, 2021), indicating a rapid growth rate. The number of adipocytes gradually increases with age and broiler fat cells increase in size as they absorb and store fatty acids (Bai et al., 2015). Because of ease in dissection and weighing, abdominal fat percentage is widely used to assess the total lipid content in broilers. In the group fed with 6% FGSM, there was a significant reduction in abdominal fat percentage and serum TG levels, suggesting that FGSM regulates body lipid metabolism (Yasar and Yegen, 2017).

After fermentation, the number of probiotic bacteria in FGSM increased. Homma and Shinohara (2004) indicated that probiotics can inhibit lipid synthesis and promote fatty acid catabolism, thereby inhibiting abdominal fat deposition. TC and TG are important components of blood fat, and their levels reflect the absorption and metabolism of fat in the body. Kim and Voy (2021) reported that abdominal fat is the main site of TG storage in mature broilers. When the weight of abdominal fat in broilers decreased, the TG content stored in abdominal fat also decreased and the TG content in the serum increased. Our study found that the addition of appropriate FGSM concentrations resulted in a decrease in serum TG levels. Ooi and Liong (2010) reported that some probiotics are effective at lower levels, whereas others require higher amounts to exert cholesterol-lowering effects. Cholesterol adsorbed in the cell wall of probiotics, or the cells of the bacterium can absorb cholesterol and allow cholesterol removal, thus promoting fat metabolism (Milićević et al., 2014).

The oils in grape seed meal are rich in fatty acids (FAs). Compared with unsaturated fatty acids, saturated fatty acids are more stable. However, they can be converted from saturated fats (palmitoleic and stearic acids) to unsaturated fatty acids (oleic, linolenic, and free fatty acids) by microorganisms with a range of active proteins, such as dehydrogenases and lengthening enzymes (Rhead et al., 1971). The unsaturated fatty acids present in FGSM reduce fat accumulation (Riera-Heredia et al., 2020). Polyunsaturated fatty acids (PUFAs) are classified as n-3 or n-6 depending on the position of the first double bond relative to the methyl end of the molecule. At the cellular level, Fleckenstein-Elsen et al. (2016) found that n-3 PUFAs inhibit lipid production and attenuate lipid accumulation in adipocytes. In contrast, n-6 PUFAs tended to be pro-lipogenic (Massiera et al., 2003). According to the results of non-targeted metabolomics, α-linolenic acid belonging to n-3 PUFAs was upregulated and linoleic acid belonging to n-6 PUFAs was downregulated, resulting in the inhibition of abdominal fat deposition.



FGSM alters the composition of broilers intestinal bacteria

Intestinal microorganisms play important roles in maintaining animal health, growth, feed absorption, and utilization (Zhang et al., 2018). However, its composition and structure are constrained by various factors such as feed, age, and feeding method (Carrasco et al., 2019). Among these, feed has the greatest effect on intestinal bacteria, which changes their structure and quantity. The health of animals is affected by the production of specific metabolites through biological reactions (Doré and Blottière, 2015). Therefore, changes in feed nutrient composition are very important for the regulation of intestinal bacteria. We found that organic acids, monosaccharides, and unsaturated fatty acids, which are differential metabolites produced by FGSM, have some regulatory effects on broiler gut microbiota.

Our study showed that dietary supplementation of FGSM altered the composition of the cecal microbial community and increased cecal microbial diversity in broilers. At phylum level, Bacteroides, Firmicutes, Synergistetes, and Proteobacteria were the four dominant groups in broiler cecal microorganisms. Similar to the results of Ma et al. (2018), but the third dominant phylum was altered. Synergistetes is a newly discovered genus of bacteria that is widely found in anaerobic environments such as the animal intestines and soil (Jumas-Bilak et al., 2009). As a class of Gram-negative, obligate anaerobic bacteria, most of them can grow at room temperature and neutrally and have the ability to degrade amino acids. Simultaneously, Synergistetes caused changes in the dominant flora in the gut of broilers, which was responsible for the changes in the structure of the gut community.

When the diet contains high levels of free amino acids, unsaturated fatty acids, and monosaccharides, intestinal bacteria in the body have a higher proportion of Firmicutes and a lower proportion of Bacteroidetes (De Filippo et al., 2010). Both have a direct relationship in improving the digestion and absorption of nutrients and energy metabolism in animals (Jumpertz et al., 2011), both induce fat deposition in animals. However, Firmicutes more effectively extract energy from food, thereby promoting weight gain. Additionally, most studies support an increased (F/B) ratio in obese individuals (Crovesy et al., 2020). In this study, the (F/B) ratio was <1 in all four test groups, and the (F/B) ratio also increased correspondingly with the increase of FGSM addition, but the deposition of abdominal fat decreased. In a Ukrainian study, individuals with an F/B ratio ≥1 were 23% more likely to be overweight than those with an F/B ratio <1 (Koliada et al., 2017). Therefore, an increase in the (F/B) ratio cannot be used as the sole basis for obesity, and the specific ratio has to be discussed. Bervoets et al. (2013) reported that a higher (F/B) indicates a relative abundance of energy-metabolizing microorganisms in the gut microbiota. Similarly, an increased F/B ratio is often associated with growth-promoting performance (Salaheen et al., 2017). In this study, the addition of different concentrations of FGSM to the diet did not change the status of Bacteroidetes as the dominant bacterial group. However, with increasing FGSM levels, the relative abundance of Bacteroidetes decreased and Firmicutes increased. The reduction in abdominal fat percentage, increase in daily weight gain, and reduction in FCR in broilers provided more evidence of efficient energy utilization.

Actinobacteria are key players in the maintenance of the intestinal barrier and consist of three major families of anaerobic bacteria (Bifidobacteria, Propionibacterium, and Corynebacterium) and one family of aerobic bacteria (Streptomyces). Among these, Bifidobacteria are considered important probiotics in Actinobacteria. Studies have reported that most antimicrobials are composed of bioactive substances produced by Actinobacteria and show good antibacterial properties in controlling pathogenic microorganisms (Gomes et al., 2017). The results of the non-targeted metabolome showed an increase in the relative concentrations of sugar metabolites such as D-mannose and L-amylose. When animals consume diets containing monosaccharides, they benefit from increased abundance of Bifidobacteria and colonization of the intestinal tract, thereby improving broiler intestinal health (Dev et al., 2020). Previous studies have shown that Actinobacteria can utilize complex carbohydrates and contribute to improved growth performance and increased feed conversion efficiency in broilers (Courtin et al., 2008). Also, the relative abundance of Bifidobacteria has been correlated with fat deposition. In a study comparing fecal samples from lean and obese individuals, it was found that the abundance of Bifidobacteria differed between the two, their relative abundance showed a negative correlation with the percentage of body fat (Teixeira et al., 2013).

To further investigate the effect of FGSM on gut microbiota diversity in yellow-feathered broilers, we analyzed differences at the genus level. Among the four groups of samples, Bacteroides and Rikenellaceae RC9 gut group under p_Bacteroides were the dominant genera. This genus help the host to break down polysaccharides, generate volatile fatty acids and butyrate. In this way, it improves the host immunity and facilitating the regulation of the intestinal immune system (Zhang et al., 2019). In contrast, [Ruminococcus] torques group, Phascolarcto -bacterium, Faecalibacterium, and Ruminococcaceae UCG-014 under p_Firmicutes (Louis and Flint, 2017) which can increase the concentration of SCFAs in the intestine. Macfarlane and Macfarlane (2012) pointed out that the content of SCFAs in the gut is closely related to the composition and abundance of gut microbiota. So FGSM increases the concentration of SCFAs in the gut. The main sources of SCFAs in the gut of animals are bacterial metabolites produced by anaerobic fermentation of carbohydrates that are not easily digested (Garron and Henrissat, 2019). It not only acts as an energy source for host cells and gut microbiota, but also improves host lipid and glucose metabolism. Moreover, the production of acetic acid and butyric acid by gut microbiota can cause an increase in broiler feed intake (Chen et al., 2022). Therefore, the pH in the intestine of broilers fed with FGSM decreased, which inhibited the growth of harmful microorganisms. Thereby improving the structure of the intestinal flora and enhancing growth performance, further exerting a potential promotional effect on intestinal health.

In summary, the nutritional composition of grape seeds changed after fermentation, and the concentrations of free amino acids, unsaturated fatty acids, monosaccharides, and organic acids increased. Adding 4% ~ 6% FGSM to broiler diets promotes broiler growth and regulates fat metabolism by altering gut microbiota structure.
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This study aimed to investigate the effect of dietary supplementation with Bopu powder on intestinal development and bacterial community composition in broiler chickens. A total of 486 1-day-old arbor acres broilers were fed a basal diet (CON group), a basal diet supplemented with 50 mg/kg aureomycin (AB group), or a basal diet supplemented with 40 mg/kg Bopu powder (BP group). The results showed that the BP group had significantly lower serum tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, and diamine oxidase concentrations and had significantly higher serum IL-10 concentrations than CON group (p < 0.05). Groups AB and BP had a significantly higher weight per unit length of the small intestine and villus height than the CON group (p < 0.05), and BP group had a significantly higher ratio of villus height to crypt depth than groups CON and AB (p < 0.05). Compared to the CON group, dietary Bopu powder or aureomycin supplementation significantly increased transforming growth factor-α concentration and mRNA expressions of zonula occludens-1 (ZO-1) and occludin, and decreased intestinal mucosal concentrations of TNF-α, IL-6, IL-10, caspase-3, and caspase-8 and mRNA expressions of nuclear factor-kappa-B and Bax/Bcl-2 ratio in the intestinal mucosa (p < 0.05). Meanwhile, BP group had significantly higher ZO-1, secretory immunoglobulin A, interferon-γ concentrations, and mRNA expressions of glucose transporter type-2 and sirtuin-1, and significantly lower IL-1β concentration than groups CON and AB in intestinal mucosa (p < 0.05). Dietary Bopu powder supplementation significantly increased the concentration of trefoil factor family member and mRNA expressions of superoxide dismutase-1 and bcl-2 associated X, and significantly reduced casepase-9 concentration and myeloid differentiation primary response-88 expression in the intestinal mucosa of broiler chickens relative to CON group (p < 0.05). Moreover, results of high-throughput sequencing showed that broilers in the BP group had microbial community structure distinct from that in CON group, and the addition of Bopu powder increased the abundances of Faecalibacterium and Colidextribacter (p < 0.05). Therefore, our study suggests a synergic response of intestinal development and microbiota to the Bopu powder, and provides a theoretical basis as a potential substitute for antibiotics.
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Introduction

The intestinal epithelium facilitates selective uptake of nutrients while serving as a barrier against harmful pathogens (Beumer and Clevers, 2021). In poultry production, intestinal mucosal injury is a prevalent disease in broiler chickens (Kogut et al., 2018). When the intestinal barrier is damaged, it will increase the transport of endotoxins and pathogens, resulting in serious damage to the body (Gonzalez-Gonzalez et al., 2018; Beumer and Clevers, 2021). Moreover, the intestinal tract is rich in microorganisms or flora, which is crucial to intestinal development and maintaining intestinal physiological function homeostasis (Diaz Carrasco et al., 2019). Since their discovery and application, antibiotics have played an unparalleled role in livestock and poultry production, and shown a protective effect in development and function of small intestine (Hafeez et al., 2020). However, antibiotic resistance has become a serious threat to human beings and the environment because of the irrational use of antibiotics (Cheng et al., 2014). Nowadays, with the banning of antibiotics, it has become the primary task to find antibiotic substitutes, especially natural feed additives.

An accumulating body of research indicates Macleaya Cordata extract (MCE) has antibacterial, anti-inflammatory, insecticidal, anti-tumor and other biological activities (Lin et al., 2018), and is a good substitute for antimicrobial growth promoter (AGP; Zhang et al., 2021). The main active components of MCE include benzophenanthridine alkaloids (sanguinarine and chelerythrine) and isoquinoline alkaloids (proto alkaloids and allocrine alkaloids; Kosina et al., 2010). In 2005, compounds containing sanguinarine and chelerythrine were used as feed additives in the European Union (Xie et al., 2015). Recently, the components made up of protopine and allocryptopine have been registered as veterinary drugs in China, and named Bopu powder (Veterinary Drug No. 180415374; Liu H. et al., 2022). Liu H. et al. (2022) showed that supplementation with 25–50 mg/kg Bopu powder in the diet improved antioxidant capacity and increased the abundances of beneficial bacteria in foregut of laying hens. Our recent study demonstrated that the growth performance and liver health of broiler chickens could be improved by adding protopine and allocryptopine (Bopu powder) to the diet (Liu et al., 2022a). However, there is little literature evaluating the effects of dietary Bopu powder supplemented on intestinal development and microbiota community structures of broiler chickens.

Therefore, the purpose of this study was to explore the effects of dietary supplemented with Bopu powder on intestinal development and microbiota community structures of broiler chickens, and to evaluate the potential applications of Bopu powder as an effective substitute to AGP.



Meterials and methods


Experimental design and management

In the 42-day study, 486 newly hatched male Arbor Acres (AA) broilers with an average body weight (BW) of 48.76 ± 0.25 g were selected. The broilers were purchased from Shandong Fengxiang Co. Ltd. (Liaocheng, China) and randomly allocated into three dietary treatments with six replicates per treatment and 27 broilers per replicate. Broilers in each replicate were housed in a three-level cage, and all cages were placed in a temperature- and light-controlled room with continuous light in the experimental farm of Shandong Agricultural University. Three treatment groups were as follows: (1) the control (CON) group, which was fed a basal diet; (2) the AB group, which was fed a basal diet supplemented with 50 mg/kg aureomycin; and (3) the BP group, which was fed a basal diet supplemented with 40 mg/kg Bopu powder (Liu et al., 2022a). The 42-day experiment was conducted with starter phase (day 0–21) and the growth phase (day 21–42). The basal diets (Supplementary Table S1) were formulated to meet the nutritional requirements of the Ministry of agriculture of China (2004). The Bopu powder was provided by the Micolta Bioresource Company Limitid (Changsha 410331, China), and made up of 1% protopine, 0.5% allotypotopine, and 98.5% starch (Liu H. et al., 2022). All management was carried out according to the AA Broiler Management Guide (Acres, 2009), and fresh feed and water were provided every day for broiler chickens during the experiment. The temperature of room was maintained at 35°C for the first week and then gradually reduced by 1°C every 2 days until it reached 21°C.



Sample collection

After a 12-h fast on the last day of the experiment, a broiler with close to the average body weight was selected in each replicate. Following the collection of blood samples (5 ml) from the wing vein, serum was obtained by centrifugation at 3,000 rpm/min for 15 min at 4°C and stored at −20°C until analysis. After the intestine of each broiler chicken was quickly removed, intestinal length and weight were measured, and the relative index was calculated. Then a 2-cm length segment was cut from the middle part of small intestine, washed with the 0.9% saline solution, and fixed with 4% paraformaldehyde solution. Subsequently, the mucosal tissue was scraped with sterile glass slide from the same parts of small intestine after being washed with ice-cold saline solution, quick-frozen in liquid nitrogen, and finally stored at −80°C until further analysis. In addition, cecal contents were quickly collected with sterile fecal collection tubes and stored at −80°C for microbiological analysis.



Intestinal morphology observation

The small intestine tissue was taken out after being fixed with paraformaldehyde for 24 h, and embedded according to the conventional paraffin embedding scheme (Xiao et al., 2021). Then the tissues were sliced into 5-um thickness with automatic slicer (HM355S, Burton International Trading Co., Ltd., China), stained with hematoxylin–eosin, and sealed with neutral resin. The morphology of small intestine was observed and photographed with a Nikon Elipse 80i microscope (Nikon, Tokyo, Japan). A total of 10 well oriented crypt-villus units per sample were chosen to measure villus height (VH) and crypt depth (CD) using image analysis software (JEDA, Nanjing, Jiangsu, China), and the ratio of VH to CD was calculated (Chen et al., 2021a).



Analysis of serum inflammatory factors

The levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-10 (IL-10) in the serum of broiler chickens were assayed with ELISA kits (Jiangsu Meimian Industrial Co., Ltd.) as described in a previous study (Chen et al., 2021a).



Analysis of serum DAO and D-lactate levels

The serum diamine oxidase (DAO) activity and D-lactate concentrations were analyzed by chicken-specific kits (Jiangsu Meimian) according to the determination steps of ELISA operation described in Li et al. (2022).



Analysis of intestinal barrier-related function

The zonula occluden-1 (ZO-1), mucin 2 (MUC2), trefoil factor family member (TFF), and transforming growth factor-α (TGF-α) in the intestines were examined using ELISA kits (Jiangsu Meimian) following the protocol described previously (Li et al., 2022).



Analysis of SIgA and intestinal inflammatory factors

The levels of secretory immunoglobulin A (SIgA), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), and interferon-γ (IFN-γ) in the intestinal samples of broiler chickens were assayed using ELISA kits (R&D Systems Inc., Minneapolis, MN, United States). The determination steps were followed with the standardized ELISA procedures described in a previous study (Chen et al., 2021a; Liu et al., 2022b).



Analysis of intestinal caspases activities

The activities of caspase-3, caspase-8, and caspase-9 in intestinal samples of broiler chickens were determined using chicken-specific ELISA kits (Beyotime Biotech) followed with the standardized ELISA procedures described by Chen et al. (2021a).



Analysis of gene expression

Briefly, 50–100 mg of intestinal tissue samples were taken and placed in a mortar containing liquid nitrogen, and ground to a powder. Then 1 ml of TRIzol-reagent was added to extract total RNA. Subsequently, RNA was reverse transcribed to cDNA by Evo M-MLV RT Kit (Accurate Biotechnology, Hunan, China) according to the kit manual. The mRNA expression levels of zonula occludens-1 (ZO-1), occludin (OCLN), claudin-2 (CLND2), claudin-3 (CLND3), glucose transporter type 2 (GLUT2), sodium-glucose transporter 1 (SGLT1), y + L amino acid transporter-1 (y + LAT1), cationic amino acid transporter-1 (CAT1), fatty acid binding protein-1 (FABP1), Toll-like receptor 4 (TLR4), myeloid differentiation factor 88 (MyD88), nuclear factor-κB (NF-κB), sirtuin1 (Sirt1), nuclear factor erythroid 2-related factor 2 (Nrf2), heme-oxygenase 1 (HO-1), catalase (CAT), superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), glutathione peroxidase-1 (GPX1), NAD(P)H quinone oxidoreductase 1 (NQO1), bcl-2 associated X (Bax), and b-cell lymphoma-2 (Bcl-2) in intestinal samples were assessed using LightCycler 96 (Roch, Switzerland) with SYBR® Green Premix Pro Taq HS qPCR Kit (AG11701, Accurate Biology, Da Lian, China) as described previously (Liu et al., 2022a). β-actin was used as an internal reference, and 2-ΔΔCT method was used to calculate the relative expressions of target genes. All gene primers are shown in Supplementary Table S2.



Microbial analysis

Total genomic DNA was extracted from frozen fecal samples using QIAamp DNA·Stool Mini Kits (Qiagen Inc., Hilden, Germany) according to the manufacturer’s protocol. Depending on the concentration, DNA was diluted to 1 ng/μl using sterile solution, and the V4 hypervariable region of 16S rDNA was amplified using 515f and 806r primers (5′-GTGCCAGCMGCCGCGGTAA-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′, respectively; Chen et al., 2021b). Subsequently, TruSeq ® DNA PCR-Free Sample Preparation Kit (Illumina, United States) was used to generate sequencing libraries, and the library quality was assessed on the Qubit@2.0 fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on the Illumina NovaSeq platform and 250 bp paired-end reads were generated. Paired-end reads was assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. After sequence assembly, data filtration and chimera removal, the final effective sequences were obtained. The sequences with ≥97% similarity were allocated to the same OTU through Uparse software, and then each sequence was labeled with the Silva Database based on the Mothur algorithm to classify it to different classification levels (Quast et al., 2012). Alpha diversity was applied in analyzing complexity of species diversity for a sample through 4 indexes, including Shannon, Simpson, Chao1, and ACE. All these indicators of samples were calculated with QIIME software (Version 1.9.1) and displayed with R software (Version 2.15.3; Lawley and Tannock, 2017). Beta diversity based on bray_curtis distance was calculated using QIIME software. Principal coordinate analysis (PCoA) was selected to calculate and visualize the unifrac distance. The unweighted pair-group method with arithmetic mean (UPGMA) clustering analysis with the bray-curtis distance was also used to visualize the dissimilarity matrices of OTUs (Lozupone and Knight, 2005).



Statistical analysis

The data were statistically analyzed using one-way ANOVA of SAS 9.4 (Institute Inc., Cary, NC, United States). Multiple comparisons of treatment means were examined using the least significant difference test. Spearman’s correlation was used to evaluate the associations between differential bacterial abundances and concentrations of metabolic parameters and immunological markers in serum and intestine. All data were presented as the mean ± standard error. The values of p < 0.05 were regarded as statistically significant, and the values of 0.05 ≤ p < 0.10 were considered as a significance trend.




Results


Effects of Bopu powder on serum inflammatory factors, DAO, and D-lactate concentrations in broiler chickens

The effects of Bopu powder on serum inflammatory factors, DAO and D-lactate concentrations of broiler chickens are shown in Figure 1. Compared with CON group, serum TNF-α, IL-1β, IL-6, and DAO concentrations were significantly lower in AB group and BP group (p < 0.05), and BP group showed significantly lower serum IL-6 concentration than AB group (p < 0.05). Serum IL-10 concentration was significantly higher in BP group than in CON group and AB group (p < 0.05), and AB group showed significantly lower serum IL-10 concentration than CON group (p < 0.05). Serum D-lactate concentration was significantly lower in AB group than in CON group, and the D-lactate concentration of BP group tended to be lower than that of AB group (p < 0.10).
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FIGURE 1
 Effects of dietary supplemented with Bopu powder on serum inflammatory factors, diamine oxidase (DAO), and D-lactate in broiler chickens. (A) Tumor necrosis factor-α (TNF-α); (B) Interleukin-1β (IL-1β); (C) Interleukin-6 (IL-6); (D) Interleukin-10 (IL-10); (E) DAO; and (F) D-lactate. CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; and BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± SE (n = 6). #0.05 ≤ p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001.




Effect of Bopu powder on intestinal development in broiler chickens

The effect of Bopu powder on intestinal development of broiler chickens is shown in Figure 2. Compared with CON group, weight per unit length and VH of small intestine were significantly higher in AB group and BP group (p < 0.05). The VH to CD ratio in BP group was significantly higher than that in AB group and CON group (p < 0.05). Compared with AB group, the intestinal CD of BP group tended to be lower (p < 0.10). The VH to CD ratio was significantly higher in BP group than in AB group and CON group (p < 0.05). There was no significant difference in the ratio of small intestinal weight to body weight among three groups (p > 0.05).
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FIGURE 2
 Effects of dietary supplemented with Bopu powder on intestinal development in broiler chickens. (A) Ratio of small intestinal weight to body weight; (B) Weight per until length of small intestine; (C) Representative images (×100) were stained with hematoxylin and eosin; (D) Villus height; (E) Crypt depth; and (F) Villus height to crypt depth ratio. CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; and BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). #0.05 ≤ p < 0.10, *p < 0.05, **p < 0.01.




Effect of Bopu powder on intestinal barrier function in broiler chickens

The effect of Bopu powder on intestinal barrier function in broiler chickens is shown in Figure 3. The concentration of intestinal ZO-1 was significantly higher in BP group than in AB group and CON group (p < 0.05). Intestinal TFF level in BP group was significantly higher than that in CON group (p < 0.05). Compared with CON group, BP group and AB group had significantly higher TGF-α concentration (p < 0.05). There was no significant difference in intestinal MUC2 concentration among three groups (p > 0.05).
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FIGURE 3
 Effects of dietary supplemented with Bopu powder on intestinal barrier factors in broiler chickens. (A) Zonula occludens-1 (ZO-1); (B) Recombinant mucin 2 (MUC2); (C) Trefoil peptides (TFF); and (D) Transforming growth factor alpha (TGF-α). CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; and BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). *p < 0.05.




Effect of Bopu powder on intestinal SIgA and inflammatory factors concentrations in broiler chickens

As shown in Figure 4, the intestinal concentrations of SIgA and IFN-γ in BP group were significantly higher than those in CON group and AB group (p < 0.05). The concentrations of TNF-α and IL-6 were significantly lower in AB group and BP group than in CON group (p < 0.05). The concentration of intestinal IL-1β was significantly higher in BP group than in AB group and CON group (p < 0.05). Compared with the broilers in CON group, broilers in BP group and AB group had significantly lower IL-10 concentration (p < 0.05), and IL-10 concentration in AB group was significantly lower than that in BP group (p < 0.05).
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FIGURE 4
 Effects of dietary supplemented with Bopu powder on Intestinal SIgA, inflammatory factors in broiler chickens. (A) Secretory immunoglobulin A (SIgA); (B) Tumor necrosis factor-α (TNF-α); (C) Interleukin-1β (IL-1β); (D) Interleukin-6 (IL-6); (E) Interleukin-10 (IL-10); and (F) Interferon-γ (IFN-γ). CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; and BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.




Effect of Bopu powder on intestinal caspase activity in broiler chickens

The effects of Bopu powder on intestinal caspases activities of broiler chickens are shown in Figure 5. Compared with CON group, BP group and AB group had significantly lower intestinal activities of casepase-3 and casepase-8 (p < 0.05). Broilers in BP group had significantly lower casepase-9 activity than broilers in CON group (p < 0.05).
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FIGURE 5
 Effects of dietary supplemented with Bopu powder on caspases levels of broiler chickens. (A) Caspase-3; (B) Caspase-8; and (C) Caspase-9. CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.




Effect of Bopu powder on gene expression related to intestinal barrier function in broiler chickens

The effects of Bopu powder on genes expressions related to intestinal barrier function in broiler chickens are shown in Figure 6. Compared with CON group, the mRNA expressions of ZO-1 and OCLN were significantly higher in AB group and BP group (p < 0.05). Intestinal CLDN3 mRNA expression in BP group was significantly higher than that in AB group. No significant difference was observed in CLDN2 mRNA expression among three groups (p > 0.05).

[image: Figure 6]

FIGURE 6
 Effects of dietary supplemented with Bopu powder on expressions of barrier genes in intestine of broiler chickens. (A) zonula occludens-1 (ZO-1); (B) occludin (OCLN); (C) claudin-2 (CLDN2); and (D) claudin-3 (CLDN3). CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). *p < 0.05, **p < 0.01.




Effect of Bopu powder on genes expressions of nutrient transporters in broiler chickens

As shown in Figure 7, the mRNA expression of GLUT2 was significantly higher in BP group and AB group than in CON group (p < 0.05), and the mRNA expression of CAT1 in BP group tended to be higher than that in CON group (p < 0.10). However, no significant differences were observed in expressions of SCLT1, y + LAT1, and FABP1 among the three groups (p > 0.05).
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FIGURE 7
 Effects of dietary supplemented with Bopu powder on expressions of nutrient transport genes in intestine of broiler chickens. (A) Glucose transporter type 2 (GLUT2); (B) Sodium-glucose transporter 1 (SGLT1); (C) y + L amino acid transporter-1 (y + LAT1); (D) Cationic amino acid transporter-1 (CAT1); and (E) Fatty acid binding protein-1 (FABP1). CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). #0.05 ≤ p < 0.10, *p < 0.05.




Effect of Bopu powder on intestinal inflammatory gene in broiler chickens

As shown in Figure 8, the mRNA expressions of MyD88 and NF-κB were significantly lower in BP group than in CON group (p < 0.05), and the mRNA expression of NF-κB in AB group was significantly lower than that in CON group (p < 0.05). Meanwhile, the mRNA expression of TLR4 in BP group tended to be lower than that in CON group (p < 0.10).
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FIGURE 8
 Effects of dietary supplemented with Bopu powder on expressions of inflammatory genes in intestine of broiler chickens. (A) Toll-like receptor 4 (TLR4); (B) Myeloid differentiation primary response 88 (MyD88); and (C) Nuclear factor-kappa B (NF-κB). CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). #0.05 ≤ p < 0.10, *p < 0.05, **p < 0.01.




Effects of Bopu powder on intestinal antioxidant genes expressions in broiler chickens

As shown in Figure 9, the mRNA expressions of Sirt1, Nrf2, HO-1, and SOD1 were significantly higher in BP group than in CON group (p < 0.05), and Nrf2 mRNA expression in AB group tended to be higher than that in CON group (p < 0.10). The mRNA expression of HO-1 in BP group tended to be higher than that in AB group (p < 0.10), and BP group showed significantly higher Sirt1, CAT, and SOD2 mRNA expressions than AB group (p < 0.05). Besides, the GPX1 mRNA expression of BP group tended to be lower than that of CON group (p < 0.10), and AB group showed significantly lower NQO1 mRNA expression than CON group (p < 0.05).
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FIGURE 9
 Effects of dietary supplemented with Bopu powder on expressions of antioxidant genes in intestine of broiler chickens. (A) Sirtuin1 (Sirt1); (B) Nuclear factor erythroid 2-related factor 2 (Nrf2); (C) Heme-oxygenase 1 (HO-1); (D) Catalase (CAT); (E) Superoxide dismutase 1 (SOD1); (F) Superoxide dismutase 2 (SOD2); (G) glutathione peroxidase-1 (GPX1); and (H) NAD(P)H quinone oxidoreductase 1 (NQO1). CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). #0.05 ≤ p < 0.10, *p < 0.05, **p < 0.01.




Effects of Bopu powder on intestinal apoptosis genes in broiler chickens

As shown in Figure 10, compared with CON group, BP group had significantly higher Bcl-2 mRNA expression (p < 0.05), and BP group and AB group had significantly lower Bax/Bcl-2 ratio (p < 0.05). Besides, BP group tended to had lower mRNA expression of Bax than CON group (p < 0.10).

[image: Figure 10]

FIGURE 10
 Effects of dietary supplemented with Bopu powder on expressions of apoptosis genes in intestine of broiler chickens. (A) Bcl-2 associated X (Bax); (B) B-cell lymphoma-2 (Bcl-2); (C) Bax/Bcl-2 ratio. CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. Values are mean ± standard error (n = 6). #0.05 ≤ p < 0.10, *p < 0.05, **p < 0.01.




Effect of Bopu powder on intestinal microbial diversity of broiler chickens

Sequence analysis based on the hypervariable region V4 of the 16S rDNA genes, the three groups obtained 1,097,479 total tags, including 1,024,789 taxon tags, 20 unclassified tags, and 72,670 unique tags. As shown in Figure 11A, the species accumulation curves tended to flatten as the number of analyzed sequences increased up to 18, indicating that our samples were sufficient for OTU testing and could predict the species richness of samples. Based on the OTU of 97% similarity, the rarefaction curve constructed (Figure 11B) tended to approach the asymptote, indicating that the sequence depth was also sufficient to represent most species richness and bacterial community diversity. As shown in Venn diagram (Figure 11C), the number of unique sequences was greatest (1,366) in the BP group and smallest (223) in AB group, for a total of 974 across the three treatment groups. However, there were no significant differences in Shannon (Figure 11D), Simpson (Figure 11E), Chao1 (Figure 11F), and ACE (Figure 11G) indexes among the three treatments (p > 0.05).
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FIGURE 11
 Differences in alpha diversity and richness among the three treatments. (A) The species accumulation curves; (B) The rarefaction curve of OTU; (C) Venn diagrams are displayed to describe the shared and unique sequences between processes; (D) Shannon index; (E) Simpson index; (F) Chao 1 index; and (G) ACE index. CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. n = 6. Differences between groups were considered significant at p < 0.05.


In addition, the heat-map based on the bray_curtis distance matrix (Figure 12A) showed that the AB and BP group pairs had the minimum value, while the CON and the BP group pairs had the maximum value. The PCoA analysis (Figure 12B) revealed the BP samples dispersed far apart with the CON samples, suggesting a clear separation between the BP group and the CON group. Moreover, the UPGMA phylogenetic tree (Figure 12C) also showed that the AB and BP groups were close together and clustered in one group that exhibited the highest similarity, while the CON group was distributed in a separate branch, indicating that the CON group had a clearly different distribution from the other groups. Consistently, the ANOSIM (Figure 12D) showed that there was no significant difference (p > 0.05) in the microbial community structure between group CON and AB and group AB and BP pairs, while significant difference was observed in the bacterial community structure between the BP group and CON group (p < 0.05).
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FIGURE 12
 Beta diversity analysis of cecal community. (A) The results of the heat map drawn using bray_curtis distance matrix; (B) The principal coordinate analysis (PCoA); (C) Unweighted pair-group method with arithmetic mean (UPGMA) phylogenetic tree; and (D) The analysis of ANOSIM. CON group, broiler chickens fed a basal diet; AB group, broiler chickens fed a basal diet supplemented with 50 mg/kg aureomycin; BP group, broiler chickens fed a basal diet supplemented with 40 mg/kg Bopu powder containing protopine and allocryptopine. n = 6. Differences between groups were considered significant at p < 0.05.




Effect of Bopu powder on microbial relative abundance in cecum of broiler chickens

The relative abundances at the phyla level in cecal microbiota (top 10) are shown in Figure 12C. The most abundant phyla were found to be Firmicutes and Bacteroidetes, which accounted for 40.68 and 39.80%, respectively. There were no significant differences observed in relative abundances of the other phyla among the groups (p > 0.05, Supplementary Table S3).

Changes in relative abundance at the genus level (top 30) in broiler cecal microbiota are shown in Supplementary Table S4. The relative abundance of Firmicutes was contributed by Phascolarctobacterium, Megamonas, Romboutsia, Limosilactobacillus, Ligilactobacillus, Erysipelatoclostridium, Butyricicoccus, Colidextribacter, NK4A214_group, UCG-005, CHKGl001, and Faecalibacterium; Bacteroidota mainly distributed with Alistipes, Prevotellaceae_UCG-001, Barnesiella, Bacteroides, and Parabacteroides. Of the top 30 genera, compared with CON group, broiler chickens in the BP group had significantly higher (p < 0.05) relative abundances of Faecalibacterium and Colidextribacter.



Correlation analysis between differential bacterial abundances and parameters in serum and intestine

As shown in Figure 13, Faecalibacterium abundance was significantly positively correlated with intestinal TFF concentration (r = 0.511, p < 0.05), and negatively correlated with serum IL-6 concentration (r = −0.478, p < 0.05). Colidextribacter abundance had significant negative correlation with serum concentrations of IL-1β (r = −0.478, p < 0.05) and D-lactate (r = −0.478, p < 0.05).
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FIGURE 13
 Spearman’s correlation analysis between differential bacterial abundances and concentrations of metabolic parameters and immunological markers in serum and intestine. Tumor necrosis factor-α (TNF-α); Interleukin-1β (IL-1β); Interleukin-6 (IL-6); Interleukin-10 (IL-10); zonula occludens-1 (ZO-1); Trefoil peptides (TFF); Transforming growth factor alpha (TGF-α); Secretory immunoglobulin A (SIgA); and Interferon-γ (IFN-γ). *The correlation is significant at a level of 0.05.





Discussion

Our current results showed that addition of Bopu powder to the diet increased villus height and VH to CD ratio. Larger villus height and higher VH to CD ratio indicate higher intestinal absorption efficiency of nutrients, which helps to improve growth performance of broilers (Chen et al., 2021a). In weaned piglets, dietary supplementation with 50 mg/kg MCE containing quaternary-benzo(c)phenanthridine alkaloids and protopine alkaloids increases VH and the VH to CD ratio (Chen et al., 2019). In the current study, addition of Bopu powder or aureomycin to the diet reduced serum DAO activity. Aureomycin treatment in rats also reduces intestinal DAO activity (Sato et al., 2016). Serum DAO activity is considered a marker of intestinal permeability which increases upon damage of the intestinal barrier (Luk et al., 1983; Wu et al., 2013). Moreover, we found that Bopu powder supplementation increased mucosal ZO-1, TFF, and TGF-α levels as well as ZO-1 and OCLN mRNA levels in the small intestine of broiler chickens. Trefoil peptides (TFFs) are bioactive peptides, playing an important role in protecting against gastrointestinal injury and strengthening the intestinal barrier (Buda et al., 2012). Transforming growth factor-α has trophic effects on the intestinal epithelium and is helpful to maintain the integrity of intestinal epithelium cells (Schumacher et al., 2018). Peripheral membrane protein ZO-1 and transmembrane protein OCLN play important roles in maintaining intestinal tight junction integrity and mucosal barrier function (Zhang et al., 2017; Goo et al., 2019). In pigs, supplementation of the diet with isoquinoline alkaloids increases the expression of ZO-1 and enhances intestinal integrity (Ni et al., 2016). Our results indicated that dietary Bopu powder supplementation increased GLUT2 expression in the small intestinal mucosa of broiler chickens. Elevated GLUT2 mRNA levels typically contribute to intestinal digestive absorption (Yin et al., 2019).

Dietary Bopu powder supplementation decreased caspase-3, caspase-8, and caspase-9 activities in the small intestine of broiler chickens, and addition of aureomycin to the diet reduced intestinal caspase-3 and caspase-8 activities. Caspases are crucial in inflammation responses and cell death, and caspase-8 and caspase-9 can initiate the apoptotic process by activating the caspase-3, which initiates the process of apoptosis and induces cell death (Thornberry, 1997; Brentnall et al., 2013; D’Arcy, 2019). Further, Bopu powder supplementation increased Bcl-2 mRNA and decreased the Bax/Bcl-2 ratio in broiler chickens. Anti-apoptotic Bcl-2 and pro-apoptotic Bax play important roles in cell death, and high Bax/Bcl-2 ratio can also lead to the activation of caspase-3 (Reed et al., 1996; Korsmeyer, 1999). Taken together, our results suggest that Bopu powder supplementation can decrease apoptosis through inactivating caspase-3 through suppressing intrinsic or extrinsic pathways, which may in part explain the observed improvement of small intestinal development and mucosal barrier integrity.

Inflammation response is a major factor causing mucosal barrier damage and apoptosis (Sanchez de Medina et al., 2014). In the present study, Bopu powder addition reduced TNF-α, IL-1β, and IL-6 concentrations in the serum and small intestine of broiler chickens. These compounds are established markers of inflammatory responses (Akdis et al., 2016; Ducatelle et al., 2018), and our previous study showed that dietary Bopu powder reduced IL-1β and IL-6 levels in the liver of broilers (Liu et al., 2022a). In the current study, supplementation with aureomycin reduced serum TNF-α, IL-1β, and IL-6 concentrations and intestinal TNF-α and IL-6 concentrations, which is in line with the results of previous study (Song et al., 2022). Furthermore, dietary Bopu powder supplementation increased IL-10 concentrations in the serum and IFN-γ and SIgA concentrations in the intestinal mucosa of broiler chickens in the present study. IL-10 exerts anti-inflammatory and immunomodulatory effects (Kanai et al., 2015). Supplementation with 50 mg/kg MCE increases serum IL-10 concentrations in weaned piglets (Wang et al., 2021). The pleiotropic cytokine IFN-γ exerts antiviral, antitumor, and immunomodulatory functions (Jorgovanovic et al., 2020). Secretory immunoglobulin A is produced by plasma cells of the lamina propria on the surface of the mucosa, and increased mucosal SIgA is typically associated with increased defense against pathogenic bacteria (Goonatilleke et al., 2019). These results suggest that the protective effect of Bopu powder may be due to reduced pro-inflammatory stimulation and increased anti-inflammatory responses. Interestingly, dietary supplementation with Bopu powder or aureomycin reduced IL-10 concentrations in the small intestine of broiler chickens, which may be related to decreased levels of anti-inflammatory cytokines (Alfen et al., 2018). The TLR4/MyD88/NF-κB signaling pathway was evaluated with regard to inflammatory responses, and dietary supplementation with Bopu powder decreased MyD88 and NF-κB mRNA levels in the intestines of broiler chickens, whereas aureomycin supplementation significantly decreased intestinal NF-κB mRNA levels. Previous studies illustrated that TLR4 can induce inflammatory responses through activating the NF-κB signaling pathway via the MyD88 protein (Hu et al., 2020). Inhibiting the TLR4/MyD88/NF-κB signaling pathway may be conductive to intestinal protection and inhibition of intestinal inflammation (Li et al., 2020; Yang et al., 2021).

Inflammatory responses are frequently associated with oxidative stress. In the present study, dietary Bopu powder supplementation increased Sirt1, Nrf2, HO-1, and SOD1 mRNA levels in the small intestine of broiler chickens. Activation of Sirt1 can protect intestinal epithelium cells from oxidative injury via regulating Nrf2-related pathways (Chong et al., 2012). Nrf2 is a key transcription factor in antioxidant defense and can enhance the activity of HO-1, an important antioxidative enzyme regulating the levels of cellular ROS (Loboda et al., 2016; Zhuang et al., 2019). Superoxide dismutase is an important antioxidant enzyme removing free radicals (Chen et al., 2013), and its expression is upregulated through Nrf2 activation (Meng et al., 2018). Therefore, our current results suggest that Bopu powder supplementation can enhance intestinal antioxidant capacity in broiler chickens by activating the Sirt1/Nrf2 signaling pathway.

We observed significant differences in microbial community composition between BP and CON, and addition of Bopu powder in the diet increased cecal abundances of Faecalibacterium and Colidextribacter. Faecalibacterium is one of the major producers of butyrate in the intestine and exerts anti-inflammation functions through maintaining bacterial enzyme activity and deterring pathogens invasion (Miquel et al., 2013). Faecalibacterium abundance was positively correlated with intestinal TFF concentrations and negatively correlated with serum IL-6 concentrations in the present study. Colidextribacter can promote the production of inosine which helps reduce the secretion of inflammatory factors (Wang et al., 2019; Mager et al., 2020; Guo et al., 2021). In current study, Colidextribacter abundance was negatively correlated with serum IL-1β and D-lactate concentrations, suggesting that Colidextribacter abundance may help regulate systemic inflammatory responses and maintain integrity of the intestinal mucosa. Bopu powder supplementation thus affected intestinal bacterial communities and increased the abundance of beneficial bacteria, which may also explain the observed improved intestinal development.



Conclusion

In conclusion, dietary supplementation with 40 mg/kg Bopu powder promoted intestinal development and function in broiler chickens through decreasing inflammatory response, enhancing antioxidant capacity, and increasing beneficial bacteria abundances. Besides, Bopu powder supplementation suppressed intestinal inflammatory response possibly through inhibiting TLR4/MyD88/NF-κB signal pathway and enhanced antioxidant capacity possibly by activating Sirt1/Nrf2 signal pathway in broiler chickens. Our study provides robust support for the application of Bopu powder as a potential substitute to AGP in improving intestinal health in poultry production.
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Cecal microflora plays a key role in the production performance and immune function of chickens. White Leghorn (WL) is a well-known commercial layer line chicken with high egg production rate. In contrast, Silky Fowl (SF), a Chinese native chicken variety, has a low egg production rate, but good immune performance. This study analyzed the composition of cecal microbiota, metabolism, and gene expression in intestinal tissue of these varieties and the correlations among them. Significant differences were observed in the cecal microbes: Bacteroides was significantly enriched in WL, whereas Veillonellaceae and Parabacteroides were significantly enriched in SF. Carbohydrate biosynthesis and metabolism pathways were significantly upregulated in WL cecum, which might provide more energy to the host, leading to persistently high levels of egg production. The higher Parabacteroides abundance in SF increased volicitin content, enhanced α-linolenic acid metabolism, and significantly negatively correlated with metabolites of propanoate metabolism and carbohydrate metabolism. Genes related to lipid metabolism, immunity, and melanogenesis were significantly upregulated in the SF cecum, regulating lipid metabolism, and participating in the immune response, while genes related to glucose metabolism and bile acid metabolism were expressed at higher levels in WL, benefiting energy support. This study provided a mechanism for intestinal microorganisms and metabolic pathways to regulate chicken egg-laying performance and immunity.
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Introduction

Gut microbes have been shown to play a key role in physiological activities, such as obesity (Maruvada et al., 2017), immune coordination (Zheng et al., 2020), metabolism (Postler and Ghosh, 2017), and host gene expression regulation (Collins and Patterson, 2020). Intestinal microorganisms directly stimulate or indirectly (metabolites) affect the host’s intestinal function, which in turn affects the host’s absorption and utilization of dietary nutrients and regulates production performance and immune function (Hill and Round, 2021). The small intestine is the main site of nutrient digestion and absorption. The cecum is a major part of the large intestine, where microbial fermentation produces volatile fatty acids, which provide energy for the host (Binek et al., 2017). Fermentation of cecal microbiota contributes to the health and productivity of chickens and helps resist colonization by invading pathogens (Bjerrum et al., 2006; Saxena et al., 2016).

The gut microbiota is closely related to poultry productivity (Diaz Carrasco et al., 2019). Chen et al. (2019) showed that the cecal microbiome and metabolites contribute more efficiently to a higher growth performance in chickens. Yan et al. (2017) showed that Lactobacillus and Akkermansia had significantly higher abundance in the cecal contents of hens with better feed efficiency and enriched functions related to carbohydrate and amino acid metabolism, suggesting that Lactobacillus can improve the feed efficiency of hosts. In addition to determining the role of the gut microbiome in growth (Rubio et al., 2015), studies have found that probiotic supplementation can improve laying performance, egg quality, and hatching in laying hens (Mikulski et al., 2020). Therefore, intestinal microbes may be potential targets for regulating chicken production performance.

Regarding the effects of intestinal microbes on immune regulation, preliminary studies on germ-free chickens suggest that microbial exposure is necessary for proper development and maturation of the intestinal immune system (Dibner et al., 1998). Yang et al. (2014) showed that Lactobacillus strains could significantly reduce the expression of Salmonella virulence genes and protect body health. Probiotics supplementation can change intestinal flora, stimulate the immune system, reduce inflammation, and prevent colonization by pathogenic bacteria (Jha et al., 2020).

Microbial colonization may be host dependent and species specific. Waite and Taylor showed that although sampling location, diet, and captivity status play a role, the host is the most important factor determining microbial community composition (Waite and Taylor, 2014). Studies have shown the presence of Bacteroidetes in the ileal contents of 20-day-old Cobb broilers but not in Ross broilers. However, Actinomycetes was present in the ileal contents of Ross broilers, but not in Cobb broilers (Nakphaichit et al., 2011; Kim J. E. et al., 2015). When maintaining the same growth environment, there are differences in the composition of intestinal microbes among different breeds or strains of chickens. Pandit et al. (2018) found significant differences in the cecal microbial community structure between Ross and Cobb broilers and Indian native breeds of the same age. Bidirectional selection for specific economic traits also has significant effects on intestinal flora (Schokker et al., 2015). Yang et al. (2017) observed significant differences in fecal flora composition between strains using chickens from the 40th generation of a bidirectional antibody titer breeding line at Virginia Tech. Some researchers have also observed microbial differences in the feces of high-fat and low-fat hens (Ding et al., 2016). Kundu et al. (2016) evaluated the immune competence of native and White Leghorn (WL). Native chickens showed a higher haemagglutinin test, while WL showed the lowest response and highest mortality.

In this study, we compared the cecal microbiome, metabolome, and tissue transcriptome between WL and Silky Fowl (SF) chickens. WL is a well-known commercial layer line with early maturity, high egg productivity, and low feed consumption (Allonby and Wilson, 2018). SF is a local breed with lower egg productivity and strong immunity, with widely distributed melanocytes. Melanocytes play an important role in innate immunity during viral infection (Han et al., 2021). Chickens were raised in the same chicken house, fed the same feed, and had similar growth curves. We investigated the effects of cecal microorganisms and host genes on egg-laying and immune differences between the two varieties. This may provide a way to improve egg productivity or immunity through transplantation of dominant flora.



Materials and methods


Sample collection and index determination

WL and SF hens of the same age in separate conservation populations were raised in the Experimental Unit for Poultry Genetic Resource and Breeding, with the same feeding, management, and environmental conditions; single cage feeding; and free access to feed and water. Laboratory Animal Welfare Experiment License from China Agricultural University was obtained (permit number: SKLAB-2012-04-07). All experiments were approved by the Committee on the Animal Experimental Ethical Inspection of China Agricultural University (issue number: AW32802202-1-1).

Eight SF and eight WL hens (48-weeks old) were sacrificed by severing the jugular veins after anesthesia after weighing, bled for 3–5 min, and then dissected. The luminal contents of cecum samples were collected after slaughter. Liver weight and cecum length were determined, and the liver index was calculated as: liver index = (liver weight/body weight) × 100%.

Cecum tissue were cut into two along the sagittal plane; one half was fixed in 4% paraformaldehyde solution (Beijing Solarbio Life Science and Technology Co., Ltd., Beijing, China), and the other half was stored in liquid nitrogen and then transferred into –80°C freezer until use.



Oil red O staining

After fixation in 4% paraformaldehyde solution for a minimum period of 24 h before use, the caeca were trimmed and dehydrated by 30 and 50% sucrose solution, and then embedded in OCT (Opti-mum Cutting Temperature compound, Leica, Shanghai, China) to prepare 15 mm frozen sections. Sections were washed with distilled water and incubated in oil red O for 10 min. After being rinsed with isopropanol for 2 s and distilled water for 1 s, the sections were rinsed with Hematoxylin solution for 5 min, and then incubated in distilled water for 10 min. And then the sections were mounted with neutral balsam for observation under light microscope. The histopathological changes were observed and pictured using a Zeiss camera system (Carl Zeiss Optics Co., Ltd., Guangzhou, China).



16S rRNA gene amplicon sequencing

Total genomic DNA samples of cecum contents were extracted using the OMEGA Soil DNA Kit (D5625-01) (Omega Bio-Tek, Norcross, GA, USA), following the manufacturer’s instructions, and stored at –20°C prior to further analysis. PCR amplification of the bacterial 16S rRNA genes V4-V5 region was performed using the forward primer 515F (5′- GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 907R (5′- CCGTCAATTCMTTTRAGTTT-3′). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2,250 bp sequencing was performed using the Illumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

Microbiome bioinformatics were performed with QIIME2 2019.4 (Bolyen et al., 2019) with slight modification according to the official tutorials.1 Briefly, raw sequence data were demultiplexed using the demux plugin, followed by primer cutting with cutadapt plugin (Martin, 2011). Sequences were then quality filtered, denoised, merged, and chimera removed using the DADA2 plugin (Callahan et al., 2016). Non-singleton amplicon sequence variants (ASVs) were aligned with mafft (Katoh et al., 2002) and used to construct a phylogeny using fasttree2 (Price et al., 2010). Sequence data analyses were mainly performed using QIIME2 (Caporaso, 2019) and R packages (v3.2.0). ASV-level alpha diversity indices, such as Chao1 richness estimator, Observed species, Shannon diversity index, Simpson index, Faith’s PD, Pielou’s evenness and Good’s coverage were calculated using the ASV table in QIIME2, and visualized as box plots. The number under the label of diversity index is the P-value tested by Kruskal-Wallis test.

Beta diversity analysis was performed to investigate the structural variation of microbial communities across samples using Bray-Curtis metrics and visualized via principal coordinate analysis (PCoA). The taxonomy compositions and abundances were visualized using MEGAN and GraPhlAn. Linear discriminant analysis (LDA) effect size (LEfSe) method2 was used to perform cecal microbiota features differentiating. LEfSe uses the Kruskal-Wallis rank sum test to detect features with significantly different abundances between assigned taxa and an effect size threshold of 3.5 were used for all biomarkers discussed in this study. Microbial functions were predicted by PICRUSt2 (Phylogenetic investigation of communities by reconstruction of unobserved states) using ASVs sequence and abundance, upon MetaCyc Metabolic Pathway Database (MetaCyc),3 Kyoto Encyclopedia of Genes and Genomes Database (KEGG)4 and Cluster of Orthologous Groups of proteins Database (COG)5 databases. All sequences were deposited in the National Center for Biotechnology Information (NCBI) and can be accessed in the Short Read Archive (SRA) under the accession number PRJNA848375.



Untargeted metabolomics

In this experiment, HILIC UHPLC-Q-EXACTIVE MS technology combined with data-dependent acquisition method was used to analyze the full spectrum of the sample, and the primary and secondary mass spectrometry data were obtained at the same time, and then Compound Discoverer 3.0 (Thermo Fisher Scientific) was used to perform peak extraction and metabolite identification of the data.

To monitor the stability and repeatability of instrument analysis, quality control (QC) samples were prepared by pooling 10 μl of each sample and analyzed together with the other samples. The ACQUITY UPLC BEH C18 column (100 mm*2.1 mm, 1.7 μm, Waters, USA) was used for chromatographic separation. The mobile phase A was water and 0.1% formic acid, B mobile phase is acetonitrile. The loading volume for each sample is 5 μl. The sample was placed in the 4°C autosampler during the entire analysis. In order to avoid the influence caused by the fluctuation of the detection signal of the instrument, a random order is adopted for continuous analysis of samples. QC samples are inserted after each group of samples in the sample queue to monitor and evaluate the stability of the system and the reliability of experimental data.

Electrospray ionization (ESI) positive ion and negative ion modes were used for detection. The samples were separated by UHPLC and analyzed by Q-Exactive quadrupole-electrostatic field orbitrap high-resolution mass spectrometer (Thermo Fisher Scientific). In the extracted ion features, only the variables having more than 50% of the non-zero measurement values in at least one group were kept. Compound identification of metabolites was performed by comparing of accuracy m/z value (0<25 ppm), and MS/MS spectra with an in-house database established with available authentic standards. After normalized to total peak intensity, the processed data were uploaded, then imported into SIMCA-P (version 14.1, Umetrics, Umea, Sweden), where they were subjected to multivariate data analysis, including Pareto-scaled principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA). The variable importance in the projection (VIP) value of each variable in the OPLS-DA model was calculated to indicate its contribution to the classification. Metabolites with the VIP value > 1 was further applied to Student’ s t-test at univariate level to measure the significance of each metabolite, the p-values less than 0.05 were considered as statistically significant. The significant difference metabolites were screened, and then cluster analysis and KEGG metabolic pathway analysis were performed on the difference metabolites.



Transcriptome sequencing

Cecum tissues were collected and the total RNA was extracted by using TRIZOL reagent (Invitrogen, USA) according to the manufacturer’s protocol. RNA purity and quantification were evaluated using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were constructed using the TruSeq™ RNA Sample Prep kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. Sequencing of the libraries was performed on an Illumina HiSeq2000 instrument by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). The sequencing data contained a few connectors and low-quality Reads, and thus Cutadapt (v1.15) software was used to filter the sequencing data to get high-quality sequence (Clean Data) for further analysis. Reads with number of expected errors higher than [default: 2.0] were discarded. The clean reads were mapped to the chicken genome (GRCg6a/galGal6) using HISAT2. FPKM of each gene was calculated using Cufflinks, and the read counts of each gene were obtained by HTSeq-count. Differential expression analysis was performed using the DESeq (2012) R package. Padjust value < 0.05 [Benjamini-Hochberg (BH) multiple test correction], and fold change > 2 was set as the threshold for significant differential expression. Hierarchical cluster analysis of differentially expressed genes (DEGs) was performed to demonstrate the expression pattern of genes in different groups and samples. Top GO (2.40.0) was used for Gene Ontology (GO) enrichment analysis of the DEGs, and ClusterProfiler (3.16.1) software was used for KEGG pathway enrichment analysis to understand the high-level functions and utilities of the biological system. All RNA sequences were deposited in the NCBI and can be accessed in the SRA under the accession number PRJNA848673.



Statistical analysis

All statistical analyses were performed using Prism 6.0 (GraphPad Software, San Diego, CA). Data were expressed as means ± standard error (M ± SE). Statistical significance was evaluated using Student’s t-test. The redundancy analysis (RDA) was performed by the genescloud tools, a free online platform for data analysis.6 MetOrigin7 was used to integrate the statistical correlations and biological relationships between microbiome and metabolomics (Yu et al., 2022). Statistically, Spearman correlation analysis was chosen in MetOrigin. Biologically, each metabolite was searched against the KEGG database to identify bacterial species that could participate in a metabolic reaction. Sankey network diagrams were used to integrate and demonstrate statistically and biologically significant associations between microorganisms and metabolites. Differential metabolites from host, microbiota, and co-metabolic sources, and related bacteria were integrated, respectively, to obtain microbial and metabolite interaction networks.




Results


Phenotypic characteristics of White Leghorn and Silky Fowl

There was no significant difference in body weight between SF and WL, but the liver index and cecum length of SF were significantly lower than those of WL (Figure 1A). After 45 weeks of age, the SF egg-laying rate showed an obvious downward trend, while that of WL remained relatively stable at a high level (Figure 1B). Oil Red O staining showed that positive sites were mainly located in the submucosa of the cecum, and the lipid content of SF was significantly higher than that of WL (Figure 1C).


[image: image]

FIGURE 1
Phenotypic index and oil red O staining. (A) Comparison of WL and SF in weight, liver index and cecum length. (B) Laying rate of SF and WL flock from 45 to 55-week-old. (C) Histological observation of WL and SF cecum after oil red O staining. Asterisk coding is indicated in the *P < 0.05; **P < 0.01; ***P < 0.001.


SF and WL had similar body size, but SF deposited more fat in the intestines and WL produced more eggs, that is, formed more yolks, which may indicate different mechanisms of fat formation and distribution between the two breeds.



Differential microbiome composition and potentially functional prediction in the cecum of White Leghorn and Silky Fowl

A total of 1,512,400 raw reads (2 × 250 bp) were obtained by 16S rRNA gene sequencing, and 1,352,777 reads passed the filtering, with an average value of 84,548 reads/sample (SD: 15,686) and a median sequence length of 441 bp. To avoid potential biases due to different sequencing depths, all samples were rarefied at 3,000 reads after raw read quality filtering. Rarefaction analysis and Good’s coverage indicated satisfactory coverage for all samples (average Good’s coverage of 97.76%).

Compared to WL, SF had higher Chao1 and Faith pd indices but lower Good’s coverage index (Figure 2A). The results showed that microbial community richness of the SF cecum was higher than that of WL chickens (P < 0.05), and the proportion of unclassified microbial species in SF cecal microbe samples was higher (P < 0.05). β-diversity analysis was used to compare the overall microbial profiles of all the groups as displayed in Figure 2B. PCoA was performed to present a holistic perception of the microbiota. The results of PCoA showed that the groups were mainly organized into two clusters, which illustrated that the microbiota composition in each group was dissimilar. The samples from each group were fully aggregated; moreover, the intestinal microbial flora between the SF individuals was more uniform and similar.
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FIGURE 2
Cecal microbiome description of WL and SF. (A) Cecal Microbial Alpha Diversity Index Diagram of WL and SF. (B) Principal coordinate analysis (PCoA) based on Bray-Curtis distance, with 95% ellipse confidence. (C) Average relative abundances of dominant bacterial phylum, family and genus. (D) LEfSe analysis with LDA threshold 3.5, and metabolism pathways prediction of the cecal microbiota based on KEGG (E), MetaCyc (F), and COG (G) databases. Statistical significance is given as ***P < 0.001; **P < 0.01; *P < 0.05. Brackets are used to emphasize that this is the official Greengenes database recommended taxonomic information, there may be corrections or improvements to this taxonomic information.


Sequence alignment and annotation showed that most microbiota taxa belonged to 15 phyla, among which the dominant phyla were Bacteroides (67.97%) and Firmicutes (28.61%). The high proportion of Bacteroides in both groups indicated that this phylum was consistent as the dominant phylum, especially in WL (71.05%), where Bacteroides exhibited a higher dominance than that in SF (64.89%). Although Bacteroides was the dominant phylum in SF, the abundances of Firmicutes and Spirochetes (P < 0.05) in SF were higher than those in WL (Figure 2C). At the family level, the relative abundance of Bacteroidaceae was significantly lower in SF (31.18%) than in WL (49.00%), but the abundances of Porphyromonadaceae, Veillonellaceae (P < 0.05), and [paraprevotellaceae] (P < 0.05) were higher in SF than in WL. At the genus level, these microbes belonged to > 150 genera. Differences were also observed at the genus level: Bacteroides was significantly higher in WL (48.89%) than in SF (31.05%), while Faecalibacterium, Parabacteroides, and Phascolarctobacterium (P < 0.05) were higher in SF.

LEfSe was used to analyze the differential abundances of bacterial taxa. Specifically, Bacteroides and Bacteroidaceae were enriched in WL, Veillonellaceae, Parabacteroides, Prophyromonadaceae, [Paraprevotellaceae], and Spirochetes were enriched in SF (Figure 2D). In the KEGG (Figure 2E) database, the enriched pathways of WL were glycan biosynthesis and metabolism, and carbohydrate metabolism, while those of SF were xenobiotics biodegradation and metabolism. Using the MetaCyc (Figure 2F) database, the enriched pathways of WL were carbohydrate degradation and glycan degradation, while in SF, the enriched pathways were the TCA cycle and amino acid, fatty acid and lipid degradation. In the COG (Figure 2G) database, the enriched pathways of WL were carbohydrate transport and metabolism, while those in SF were lipid transport and metabolism as well as amino acid transport and metabolism.



Metabolomic difference of cecal contents in White Leghorn and Silky Fowl

To characterize the metabolite changes induced in cecal contents, we performed LC-MS/MS-based metabolomic analysis of WL and SF. PCA analysis showed that all QC samples were close and well gathered near the ordinate origin, indicating that the detection platform was stable, and the instrument precision was good. SF and WL were clearly distinguished, indicating that there were notable differences in cecal metabolites (Figure 3A). In Hotelling T2 Ellipse, the cumulative values of R2Y and Q2 were both greater than 0.6, indicating that the OPLS-DA model could explain the difference between the two groups of samples well, and further confirming that there was a significant difference between SF and WL cecal content-related metabolic components (Figure 3B). The OPLS-DA model R2Y was very close to 1, which showed that the established model conformed to the real situation of the sample data (Supplementary Figures 1A,B).
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FIGURE 3
The pattern discriminant and composition description of cecal metabolites in WL and SF. (A) PCA pattern recognition in positive ion (ESI +) and negative ion (ESI-) mode. (B) Discrimination of OPLS-DA mode in positive ion (ESI +) and negative ion (ESI-) mode. (C) The Bar chart of differential metabolic pathways.


The differential metabolites were screened using a t-test where P < 0.05 indicated a significant difference (Supplementary Figures 1C,D). In total, 271 potential chicken cecal metabolic markers that could distinguish the SF and WL groups were screened. SF significantly upregulated 103 metabolites and downregulated 168 differential metabolites, which may have important biological functions in the cecum of SF and WL (Supplementary Table 1).

We submitted the differential metabolites (including positive and negative ion model results) obtained in the sample group to the KEGG website for relevant pathway analysis. The most significantly different metabolic pathways were α-linolenic acid metabolism, nicotinate, and nicotinamide metabolism, phenylalanine metabolism, glycosaminoglycan biosynthesis-heparan sulfate/heparin, propanoate metabolism, and ABC transporters (Figure 3C and Table 1).


TABLE 1    Differential metabolites that mapped to KEGG pathways.
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Acetate is produced in the modification stage of heparan sulfate biosynthesis, and its content in WL cecal content was 1.56 times that in SF, providing a substrate for WL energy metabolism. Propanoate, as an important product of propanoate metabolism and nicotinate and nicotinamide metabolism, that could provide ample energy to the body and basic substances for acetic acid metabolism, was significantly enriched in WL. Deoxyuridine, L-Proline, and spermidine are ABC transporters that are mainly responsible for transporting minerals, organic ions, and phosphate. Their concentrations increased significantly in WL, indicating that ABC transporters transported more ions and phosphates in WL, ensuring nutrition supply.

Volicitin is a fatty acid-amino acid conjugate obtained after the decomposition of α-linolenic acid. The content of volicitin in SF was 12.54 times that in WL, indicating that fatty acid was decomposed more in SF, while methyl jasmonate, one of the final products of α-linolenic acid metabolism, was relatively low in SF, indicating that fatty acids might conjugatively accumulate during metabolism. 6-Hydroxypseudooxynicotine, a compound of nicotine, in SF was 1.71 times that in WL and played a significant role in nicotinate and nicotinamide metabolism.



Differentially expressed genes in White Leghorn and Silky Fowl hosts

There was a clear difference in the cecum gene expression profile between WL and SF, as revealed by the PCA plot (Figure 4A) and volcano plot (Figure 4B). A total of 397 DGEs were identified in the cecum tissue between the groups, including 232 upregulated and 165 downregulated genes in the SF group relative to those in the WL group (Supplementary Table 2).
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FIGURE 4
Differential characterization of cecum gene expression in hosts. (A) PCA map of cecal intestinal wall transcriptome. (B) Differential expression volcano plot in the cecal transcriptome of SF and WL. (C) GO classification of the up-regulated expressed genes of SF. (D) GO classification of the up-regulated expressed genes of WL. (E) KEGG classification of the up-regulated expressed genes of SF. (F) KEGG classification of the up-regulated expressed genes of WL.


In SF, GO clustering analysis showed that the upregulated DEGs were related to melanin biosynthetic process, melanin metabolic process, and pigment biosynthetic process (Figure 4C). In WL, the upregulated genes were related to RNA-DNA hybrid ribonuclease, endoribonuclease, endonuclease, and peptidase activity (Figure 4D).

The upregulated genes in the SF group were found to be involved in tyrosine metabolism, sphingolipid metabolism, fatty acid biosynthesis, fatty acid degradation, melanogenesis, and PPAR signaling pathway (Figure 4E); whereas those in the WL were involved in histidine metabolism, glycosphingolipid biosynthesis-lacto, and neolacto series, primary bile acid biosynthesis, mannose type O-glycan biosynthesis, starch and sucrose metabolism, fructose and mannose metabolism, and N-glycan biosynthesis (Figure 4F).



Redundancy analysis and biological relationships integration

RDA was used to determine the relationship between cecal microbiota and metabolites. It showed that Bacteroides in WL was positively correlated with acetate (P < 0.05), propanoate (P < 0.05), and spermidine (P < 0.05) (Figure 5A and Supplementary Table 3); while in SF, Parabacteroides, and Veillonellaceae were positively correlated with volicitin (P < 0.05), 6-hydroxypseudooxynicotine, and D-cathinone. These results indicated that Bacteroidetes in the WL cecum affected metabolite production of glycosaminoglycan biosynthesis, propanoate metabolism, and ABC transporter pathways, promoting energy generation and ion transport. Bacteria in the SF cecum increased the concentrations of metabolites from α-linolenic acid metabolism, phenylalanine metabolism, and nicotinate and nicotinamide metabolism, which resulted in fatty acid accumulation.
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FIGURE 5
Redundancy analyses between microbes, metabolites and DEGs. (A) RDA between significantly different microbe and metabolite. (B) Relationship between metabolite and DEGs by RDA. Brackets are used to emphasize that this is the official Greengenes database recommended taxonomic information, there may be corrections or improvements to this taxonomic information.


By exploring the correlation between metabolites and DEGs using RDA (Figure 5B and Supplementary Table 4), we found that genes related to melanin production (MLANA, TYRP1, PMEL, DCT, and OCA2) in SF were positively correlated with CRP, which was positively related to 6-hydroxypseudooxynicotine (P < 0.05) and D-cathinone (P < 0.05). The upregulation of melanin production genes in SF was in accordance with the upregulation of CRP. Volicitin (P < 0.05) was positively correlated with ACSBG1, and increased concentration of the fatty acid metabolite volicitin resulting in a significant upregulation of ACSBG1 in the PPAR signaling pathway, which improved the level of fatty acid metabolism and immune response.

In WL, PFKFB4, MGAT5B, EDA2R, and PDSS2 were positively correlated with acetate (P < 0.05); SMAD1, NUDT1, AKR1D1, and SGCZ were positively correlated with phenylpropanoate, deoxyuridine, L-proline, methyl jasmonate, propanoate (P < 0.05), and spermidine (P < 0.05). The increase in acetate concentration in WL cecum may cause the upregulation of glucose metabolism-related genes PFKFB4 and MGAT5B, and the improvement in energy metabolism and ion transport could promote the upregulation of egg production-related genes AKR1D1 and EDA2R.

The sources of 271 metabolites with significant differences were obtained using MetOrigin analysis (Figures 6A,B), of which 17 were microbial metabolites, 25 were co-metabolites of microbe and hosts, and 229 were other metabolites (53 drug-related, 42 food-related, and 134 unknown). Simultaneously, the metabolites with significant upregulation difference in WL and SF were also traced, the proportion of drug-related metabolites was larger in SF (29.13%) than in WL (13.69%) (Supplementary Figure 2). The obtained metabolites were compared with the KEGG database, and the metabolic pathways of bacterial metabolism and co-metabolism were determined (Supplementary Figure 3). Tryptophan metabolism, arginine and proline metabolism, nicotinate, and nicotinamide metabolism, tyrosine metabolism, and pyruvate metabolism were significantly different co-metabolism pathways. At the genus level, the Spearman correlation analysis between bacteria and metabolites is shown in Supplementary Figure 4, in which Bacteroides was significantly positively correlated with propanoic acid, while Parabacteroides was significantly positively correlated with volicitin.
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FIGURE 6
Correlation analyses between microbes and metabolites. (A) Venn diagram of the number of metabolic pathways in microbial community. (B) Venn diagram of the number of metabolites in bacterial communities. (C) The BIO-Sankey Network for R03145 metabolic reaction in pyruvate metabolism. (D) Network summary of co-metabolism pathways between metabolites and microbes.


Using metabolite traceability to determine bacterial flora participating in metabolic reactions, Bacteroides participated in pyruvate metabolism, propanoate metabolism, arginine and proline metabolism, and glycolysis/gluconeogenesis pathways, which significantly positively promoted the metabolites acetic acid, propanoic acid, L-proline, and spermidine, while Parabacteroides was significantly negatively correlated with the metabolites acetic acid and propanoic acid in pyruvate metabolism, propanoate metabolism, and glycolysis/gluconeogenesis pathways (Figure 6C and Supplementary Figure 5). Finally, more specific information on the metabolic changes of genus-level bacteria and metabolites was displayed through microbial-metabolite association network (Figure 6D). The co-metabolism network of the seven metabolic pathways showed that eight metabolites were associated with five differential bacteria (p < 0.01).




Discussion

The cecum is thought to be the main site of fermentation. Cecal microbes play a crucial role in decomposing complex polysaccharides, such as uric acid, starch, and cellulose (Stanley et al., 2014). As chickens age, their gut microbial populations became more complex (Wielen et al., 2002). The α-diversity results showed that SF had a higher microbial community richness and unclassified bacteria than did WL. The complex microbiome indicated that SF had better adaptability and immunity to the environment. We found that the dominant phyla in WL and SF cecum were Bacteroidetes and Firmicutes. Consistent with our research, Pandit et al. (2018) found the same cecal microbiota in chickens, which typically accounted for more than 80% of the total number of microorganisms detected. Both Firmicutes and Bacteroidetes participate in fermentation, provide nutrition for the host (Gillilland et al., 2012), and are related to the metabolism of short-chain fatty acids (SCFAS), which not only inhibit the growth of pathogenic bacteria but also provide energy for the host (Józefiak et al., 2004). Studies have reported that a higher Firmicutes/Bacteroides ratio is associated with human obesity (Mariat et al., 2009), while the reverse is related to weight loss (Ley et al., 2005, 2006). Firmicutes promoted the synthesis of butyric as well as propionic acid and energy harvesting by improving lipid metabolism (Turnbaugh et al., 2008), while Bacteroidetes is usually associated with the degradation of polysaccharides (Degnan et al., 1997) and propionic acid synthesis (Polansky et al., 2016; Saxena et al., 2016) and promote energy metabolism by increasing carbohydrate metabolism (Kim J. K. et al., 2015). This was consistent with our study showing that the cecum of WL contained more Bacteroides and produced more propionic acid, which affected gluconeogenesis in the liver and glucose supply to the body. In chickens, Spirochetes can be potentially pathogenic, resulting in delayed and reduced egg production, slower growth, or diarrhea (Dwars et al., 2007). The disease can also be passed to offspring, making chicks weak, slow-growing, and having impaired gastrointestinal function (Smit et al., 2007). This was consistent with our study in that the content of Spirochetes in the cecum of SF was higher, which might be one of the reasons for their decline in egg production.

Porphyromonadaceae, Veillonellaceae, and [Paraprevotellaceae] were the dominant bacteria in SF. The Veillonellaceae family can utilize lactic acid and/or succinic acid to produce propionic acid, butyric acid, and/or valeric acid. Veillonellaceae was reported to produce high levels of SCFAS (acetate and propionate) (Lecomte et al., 2015). Cheng et al. (2018) found that the increased abundance of Prevotellaceae and Veillonellaceae caused glucose intolerance and insulin resistance in mice and that Veillonellaceae was related to serum insulin concentration. Paraprevotellaceae is associated with fatty acid synthesis and has positive health effects (Round and Mazmanian, 2009). Moreover, the abundance of Paraprevotellaceae and Veillonellaceae is involved in several functions and different pathways, including metabolic, protective, structural, and histological functions (Gallè et al., 2020). Bacteroides can produce carbohydrate metabolism-related enzymes, vitamins, glycans, and cofactor enzymes to promote food digestion (Karlsson et al., 2011). Bacteroides more prominently colonized chicken cecum’s with better growth performance, which indicated a closer relationship with glycan metabolism, while in chickens with worse growth performance, it was closely related to lipid metabolism (Cui et al., 2021). Faecalibacterium plays an important role in host physiology and health. Some studies have reported that F. prausnitzii has an anti-inflammatory activity and can secrete active anti-inflammatory substances, regulate its host immune response, and alleviate intestinal inflammation (Lopez-Siles et al., 2011; Heinken et al., 2014). The main metabolic end products of Parabacteroides are acetic acid and succinic acid, which are beneficial to the body. Wu et al. (2018) showed that the rate of increase of the body weight of high-fat diet mice was slower after oral administration of living P. glosteinii than that of the control group, and the amount of visceral fat, insulin resistance index, pro-inflammatory cytokines, serum endotoxin level, and intestinal permeability decreased. Therefore, Parabacteroides can enhance intestinal integrity, reduce inflammation, and potentially treat obesity (Wang et al., 2019). Based on the MetaCyc, KEGG, and COG databases, we found that metabolic pathways, such as glycan biosynthesis and metabolism, carbohydrate decomposition and metabolism, and glycan degradation, were highly enriched in WL, indicating that the bacterial community in WL was highly efficient in degrading carbohydrates and might produce more hydrolysates and energy. Compared to WL, SF were highly enriched in metabolic pathways, such as the TCA cycle, fatty acid and lipid metabolism, lipid transport and metabolism, and xenobiotics biodegradation, indicating that microorganisms in SF have an impact on lipid metabolism and immune metabolism.

The intestinal flora is an important metabolic “organ” in animals and can affect the overall metabolism of the host. There is a process of “co-metabolism” between the host and the flora. If the structure of intestinal flora changes, the physiological metabolism of the host would change correspondingly (Lee and Hase, 2014). The acetic acid and propionic acid contents were high in WL. The microorganisms in WL can fully digest the active ingredients in feed and degrade them to pyruvate, ultimately producing more volatile fatty acid. Acetic acid is a SCFA with the highest concentration in the body and is the center of the carbohydrate pathway. Acetic acid is an important source of host energy, providing approximately 10% of the total daily energy of the body (Cronin et al., 2021). Propionic acid is the main precursor of glucose synthesis in animals, which is conducive to the supply and transformation of energy and provides energy to the body. After being absorbed into the blood, propionic acid is catabolized and metabolized in the liver and participates in the process of reversing pyruvate into glucose, while possibly inhibiting the synthesis of fat (den Besten et al., 2013). Pyruvate enrichment increased the mutual conversion of fat, carbohydrate, and protein, thereby providing the body with more energy, which provided sufficient energy for egg laying. Acetic acid and propionic acid can also play antibacterial roles by promoting the release of host antimicrobial peptides. In addition, the content of deoxyuridine, L-proline, and spermidine in WL was increased, and the ABC transporter pathway enriched in these metabolites played an important role as a multifunctional transmembrane protein in cell osmotic pressure regulation (Jaskulak et al., 2020). SF contained high levels of 6-hydroxypseudooxynicotine, which is involved in the metabolism of nicotinic acid, a B vitamin derived from the synthesis of gut microbes and directly supplied to feed, and was essential for animal growth and development. Nicotinate and nicotinamide participated in lipid metabolism (Kamanna and Kashyap, 2008) and reduced abdominal fat (Jiang et al., 2014), which may increase lipid degradation and metabolism in chickens.

Melanin biosynthesis and metabolism in SF are important pathways related to immunity. Melanin had antioxidant (Liu et al., 2011), anti-virus (Manning et al., 2003), and gastrointestinal health- modulation effects (El-Obeid et al., 2016). In addition, melanin can also interact with the immune system in a variety of ways, such as by improving the efficacy of antibiotics (Fukuda and Sasaki, 1990), inhibiting inflammation (Nosanchuk and Casadevall, 2003), and enhancing various immune parameters (Pugh et al., 2005). CRP was highly expressed in SF, which could play an important role in the natural immunity of the body by enhancing phagocytosis and eliminating necrotic tissue cells (Sproston and Ashworth, 2018). The PPAR metabolism pathway is involved in lipogenesis (Cristancho and Lazar, 2011), fatty acid metabolism (Grygiel-Gorniak, 2014), and immune response (Christofides et al., 2021), and maintains metabolic homeostasis. ACSBG1 was highly expressed in SF and participates in the PPAR metabolic pathway (Gharib-Naseri et al., 2021), which affects fatty acid metabolism and degradation in animals. AKR1D1 was highly expressed in WL, promoting bile acid metabolism (Chaudhry et al., 2013) and follicular growth (Zhang et al., 2016), and EDA2R, a significantly upregulated gene in WL, was confirmed to be related to egg production (Chen et al., 2021), which may promote egg production in WL. The expression level of PFKFB4 increased in WL, participating in glucose metabolism and providing energy to the body (Shen et al., 2021), which might be conducive to egg production. MGAT5B participates in the metabolic pathway of N-Glycan biosynthesis, and N-glycation modification plays an important role in protein folding, transportation, and other processes (Liu et al., 2014).

The cecal microbes in chicken are closely related to the feeding, health status, and metabolism of their host. However, few studies have explored the relationship among microbial taxa, metabolites, and gene transcription levels. Therefore, how cecal microorganisms interact with their metabolites and gene transcription levels at a deeper taxonomic level remains unclear. In this study, the relative abundances of microorganisms and host cecum genes were analyzed for their correlations with cecal metabolites. We found that the metabolites acetate, propanoate, L-proline, and spermidine were positively correlated with Bacteroides in WL. Bacteroides played a major role in glycosaminoglycan biosynthesis, propanoate metabolism, and the ABC transporter pathway. Adamberg et al. (2014) showed that acetic acid and propionic acid are fermentation products of Bacteroides. Acetate and propionate, the metabolites of Bacteroides, had positive effects on glycolysis and propionate metabolism. Genes related to acetic acid and propionic acid were significantly upregulated in the cecum transcriptome. The increase in acetic acid and propionic acid contents enhanced carbohydrate metabolism and provided more energy for the body, which may support an increase in egg production. SF and WL had different dominant bacteria, and the unique bacteria in SF impacted the metabolite acetic acid, inhibiting the production of volatile fatty acids, and had no positive effect on egg production. The metabolites volicitin, 6-hydroxypseudooxynicotine, and D-cathinone were positively correlated with Parabacteroides and Veillonellaceae in SF. There was a significant positive correlation between Parabacteroides and volicitin, which is a metabolite of the α-linolenic acid metabolism pathway, increasing lipid deposition, which occurred in the submucosa of SF cecum. RNA-seq results also showed that melanin production, lipid metabolism, and immune-related genes were significantly upregulated, regulating lipid metabolism, participating in the immune response, and maintaining homeostasis.



Conclusion

In this study, multi-omics was used to comprehensively analyze differences in cecal metabolism between SF and WL under the same environmental conditions. The high enrichment of Bacteroidetes in WL supplied more amino acids and energy to the body and provided the basis for the sustained high level of egg production. Veillonellaceae and Parabacteroides were enriched in SF, which regulated lipid metabolism and participated in the immune response. This study provides insights into strategies for altering the cecal microbiota to achieve higher egg production and better immunity through feeding management or genetic selection.
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This study investigated the effect of colostrum feeding time on the colon digesta microbiome of 2-day-old dairy calves using whole-genome-based metagenome sequencing, aiming to understand the dynamic changes of the colon microbiome when the colostrum feeding is delayed. In total, 24 male Holstein calves were grouped to different pasteurized colostrum feeding time treatments randomly: TRT0h (45 min after birth, n = 7); TRT6h (6 h after birth, n = 8); and TRT12h (12 h after birth, n = 9). Bacteria, archaea, eukaryotes, and viruses were identified in the colon microbiome, with bacteria (99.20%) being the most predominant domain. Streptococcus, Clostridium, Lactobacillus, Ruminococcus, and Enterococcus were the top five abundant bacteria genera. For colon microbiome functions, 114 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified, with nutrients metabolism-related functions “carbohydrate metabolism,” “amino acid metabolism,” “metabolism of cofactors and vitamins,” “metabolism of terpenoids and polyketides,” and “metabolism of other amino acids” being the top five secondary level of KEGG hierarchy functions. When colon microbiomes were compared, they were not affected by delaying first colostrum feeding at both taxonomic and functional levels. However, distinct clusters of colon microbiome profiles were shown based on PERMANOVA analysis despite of different colostrum feeding treatment, suggesting the individualized responses. Moreover, the relative abundance of microbial taxa, microbial functions, and differentially expressed genes was compared between the two distinct clusters, and different relationships were observed among host differentially expressed genes, differential levels of microbial taxa, and microbial functions between the two clusters. Our results suggest that the host may play an important role in shaping the colon microbiome of neonatal dairy calves in response to the early life feeding management. Whether the observed colon microbiome shifts affect gut health and function in the long term requires further research.
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 delayed colostrum, neonatal calf, colon microbiome, metagenome, individual variance


Introduction

Calves are born without passive immunity because the maternal placenta separates the blood supply between the dam and fetus during pregnancy (Godden, 2008). Therefore, feeding immunoglobulin-rich colostrum, which is the first milking after calving, is of great importance to neonatal calves. Colostrum contains numerous nutrients, bioactive factors, and immunoglobulins, which play a fundamental role in ensuring the survival and passive immunity of newborn calves (Lopez and Heinrichs, 2022). The apparent efficiency of absorption (AEA) of immunoglobulins decreased from 30.5% to 15.8% when calves were fed colostrum within 1 h compared to those fed 12 to 18 h after birth (Osaka et al., 2014). More recently, Fischer et al. (2018) reported that delaying colostrum feeding from 1 to 12 h results in a decrease in AEA from 51.8% to 35.1%, further corroborating that calves should be fed colostrum immediately after birth.

Newborn calves have an immature GIT at birth, which is quickly colonized by maternal and environmental microbiota in the intestinal tract (DiGiulio, 2012; Aagaard et al., 2014; Weese and Jelinski, 2017; O'hara et al., 2020). Colostrum also contains vast variety of microbe that could affect early intestinal microbial colonization of neonatal calves (Yeoman et al., 2018). However, the pasteurization process is commonly used which could eliminate most of the bacteria in the colostrum. It has been suggested that delaying pasteurized colostrum feeding also influences plasma parameters (Hammon et al., 2000), ileum and colon mucosa-associated bacterial groups (Fischer et al., 2018; Ma et al., 2019), as well as microbial profiles and functions in the ileal digesta of neonatal calves (Song et al., 2021). To date, previous studies have mainly focused on the effect of colostrum feeding time on the transfer of passive immunity, as well as its impact on small intestinal microbial and host functional development of neonatal calves. Few attempts have been made to understand how colostrum feeding time influences the large intestinal digesta-associated microbial colonization and function.

For neonatal calves, colon is the major site of microbial colonization before ruminal development (Song et al., 2018), additionally, colon is related to host energy metabolism, health, immune system modulation, and physiological development (He et al., 2018; Song et al., 2018; Ma et al., 2019; Guo et al., 2021). Recent studies have determined the dynamic changes of the colon bacterial community of Holstein and crossbred calves in early life. Dias et al. (2018) found the relative abundance of Oscillospira and Ruminococcus genera in the colon remained high and unchanged during the preweaning period of crossbred calves. While Song et al. (2018) reported that digested-associated Lactobacillus and Bacteroides were the most predominant bacteria in the colon of Holstein dairy claves. Additionally, the effects of pre-weaning feeding management on programming colon microbial colonization have also been reported. It was suggested that the supplementation of low concentrations of antibiotics (Yousif et al., 2018), butyrate-fortified milk replacer (O'hara et al., 2018), as well as direct-fed microbials in the milk replacer, influence the colonization of digesta-associated microbiota in the colon (Fomenky et al., 2018; Samarasinghe et al., 2021). However, these studies only focused on bacterial compositional changes, and the functional shift of the colon microbiome in response to colostrum feeding management in neonatal calves has not been studied. Therefore, the objectives of this study were to characterize colon microbial composition and functional changes under different colostrum feeding time using metagenomic analysis, and to evaluate whether the colonic microbiome shift could be affected by individual differences of neonatal calves.



Materials and methods


Calves and colostrum feeding

The animal trail was conducted at the research farm (Dairy Research and Technology Centre) of the University of Alberta (Edmonton, Canada), following the procedures provided by The Livestock Care Committee of the University of Alberta (AUP00001595). In total, 24 Holstein bull calves were selected for the study, with birth body weights (BW) ranging from 35 to 50 kg. All the calves were removed from the dam immediately after birth to avoid contamination. Calves were then dried, ear tagged, treated with navel disinfectant, and housed in individual hutches with straw bedding.

All calves were randomly grouped into one of three treatments: colostrum feeding at 45 min (TRT0h, n = 7), 6 h (TRT6h, n = 8), or 12 h (TRT12h, n = 9) after birth. The pasteurized colostrum (62 g of IgG per L; Saskatoon Colostrum Company Ltd.; Saskatoon, SK, Canada) was fed to the calves at a rate of 7.5% BW at their respective time point. Then, all the calves received milk replacer meals (protein: 26%, fat: 18%; Excel Pro-Gro Calf Milk Replacer, Grober Nutrition, Cambridge, ON, Canada) at 2.5% BW every 6 h of life starting at 12 h after colostrum feeding.



Colon digesta collection

The sample collection process was the same as described by Fischer et al. (2018). Briefly, all calves were euthanized at 51 h of age followed by colon digesta sample collection. The colon sample segment was defined as 30 cm distal to the ileocecal junction (Malmuthuge et al., 2019). The digesta contents were squeezed out into a 50-ml Falcon tube, and immediately frozen in liquid nitrogen and then stored at −80°C.



DNA isolation

Genomic DNA was extracted from colon digesta according to the modified DNA extraction method (Yu and Morrison, 2004). Briefly, the frozen falcon tubes with colon digesta (~0.5 g) were thawed at 4°C the day before DNA extraction process. The digesta were resuspended in 1 ml of cell lysis buffer and were subjected to the BioSpec Mini-BeadBeater 8 (BioSpec, Bartlesville, OK), then cells were mechanically disrupted at 4,800 rpm for 3 min. After bead beating, lysed cells were incubated (70°C, 15 min) and the supernatant was collected for Genomic DNA precipitation. After precipitation, the DNA was purified using QIAamp Fast DNA Stool Mini Kit (QIAGEN Inc. CA, United States). DNA quantity and quality were measured using a NanoDrop 1,000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States).



Metagenomic sequencing and analysis of colon microbiome

After DNA extraction, the libraries of each sample for shot-gun whole-genome-based metagenome sequencing were constructed using the TruSeq DNA PCR-free library preparation kit (Illumina, CA, United States) according to the manufacturer’s instructions. Then, the quantity of each library was assessed using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, MA, United States), and sequenced at McGill University and Génome Québec Innovation Centre (Montreal, QC, Canada) using Illumina HiSeq 4000 (2 × 100 bp paired-end reads).

The detailed procedures of colon metagenome data analysis were described by Song et al. (2021). Quality control was performed to remove low-quality bases (quality scores < 30) and short reads (<75 bp) using fastq-mcf (Aronesty, 2013). Then, the eligible reads were mapped to the bovine genome (UMD 3.1) using TopHat 2 (threads:6, version 2.0.9; Kim et al., 2013) to remove host DNA contamination. To evaluate colon microbiome functional profiles, the filtered DNA sequences from each sample was assembled to contigs using MetaVelvet (Namiki et al., 2012) with a kmer size of 51. The identical contigs were binned from the pooled contigs of all the samples, and unique contigs were constructed. Then, Prodigal program was applied for gene prediction on the purpose of identifying protein-coding sequences (Hyatt et al., 2010). Unique predicted genes (≥100 bp) were preserved for the following analysis. The contigs were annotated against the KEGG database (Kanehisa et al., 2012) with UBLAST program (using the following parameters: E-value ≤ 1e − 5, bit score ≥ 60, sequence identity ≥ 30%), and then the qualified reads of each sample were aligned to annotated contigs for functional annotations. The relative abundance of the KEGG pathways of each colon sample was evaluated through the HUMAnN2 program (Abubucker et al., 2012). Meanwhile, the CPM of each pathway was calculated with the following formula: CPM = (number of reads mapped to a gene) ÷ (total number of reads mapped to all annotated genes) × 106. The taxonomic analysis of colon digesta microbiome was performed using Metagenomic Rapid Annotations using Subsystems Technology (MG-RAST) version 3.3.9. The microbial taxa were assigned to phylum, family, and genus levels referencing to Refseq database, following e-value ≤ 1e − 5, identity ≥ 60%, and alignment ≥ 50 bp (Meyer et al., 2008).



Short chain fatty acids measurement in the colon of newborn calves

Detailed procedures were the same as described previously (Guan et al., 2008). In this study, colon digesta samples (~ 0.1 g) were dissolved in 25% phosphoric acid solutions in a 5 ml tube, at a ratio of 4:1 according to volume. Acetate, propionate, butyrate, isobutyrate, isovalerate, and valerate concentrations were measured using gas chromatography (GC) with Short chain fatty acids (SCFA) concentrations presented as μmol/g fresh weight of digesta sample.



Colonic transcriptome profiles analysis between calves classified into different groups based on metagenomes

Colon tissue transcriptome profiles were retrieved from our previous publication (He et al., 2018) and the profiles were compared between calves that were grouped based on their metagenomes (Group A and Group B). The levels of expression of genes between groups A and B in the colon tissue were compared. Log2 fold change of each gene was calculated using the equation: log2 fold change = log2(average cpm of Group A/average cpm of Group B). The threshold for differential expressed genes (DE genes) was defined using the following cut-off, with p < 0.05, log2 fold change ≤ −1 and ≥1, with positive values indicating upregulated in group A, and negative values indicating downregulated genes in group A. In addition, the unique genes and commonly expressed genes in groups A and B were plotted with a Venn Diagram. The DE genes and unique genes in Groups A and B were subjected to Annotation, Visualization, and integrated Discovery (DAVID) for up_keywords, gene ontology (Go) terms annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis, with enrichment score > 1, and p-value < 0.05 defined as significant.



Statistical analyses

Microbial taxa, SCFAs concentration and molar proportion, the phenotypic parameters retrieved from our previous studies, including the concentration of plasma glucagon-like peptide (GLP-1), glucagon-like peptide (GLP-2), insulin (Inabu et al., 2018), and serum IgG (Fischer et al., 2018), the copy number of total bacteria, the abundance of Clostridium cluster XIVa, Faecalibacterium prausnitzii, and E. coli, as well as the transcriptomic profiles of colon tissues (He et al., 2018) were analyzed using R version 4.1.3 and SPSS 26.0 packages (IBM Corp., Armonk, NY). Microbial taxa with the relative abundance > 0.05% and present in more than half of the total animals within each treatment (TRT0h, TRT6h, or TRT12h) were considered as detected microbial taxa. Additionally, the metabolic pathways with CPM > 5 in at least 50% of the animals in each treatment were defined as detected microbial functions. The detected microbial taxa and functions were further analyzed in the downstream analysis. To identify the differences of bacterial and archaeal composition, as well as SCFAs concentration and molar proportion among three treatments, the non-parametric Kruskal–Wallis test was applied, and Dunn’s test was used to test the difference between any two treatment groups. The p-value was adjusted with Benjamini–Hochberg method for false discovery rate (FDR; Yoav and Yosef, 1995), with p < 0.05, and 0.05 ≤ p < 0.10 declared as statistical significance and tendency, respectively. Additionally, the abundance of colon microbiome functions was compared using linear discriminant analysis (LDA) effect size (LEfse; Segata et al., 2011), and features with LDA score > 2 and p < 0.05 were considered to be significantly different (Mottawea et al., 2016). Bacterial and archaeal general communities among different treatments were analyzed using Bray–Curtis dissimilarity matrices-based principal coordinate analysis (PCoA). Microbial metabolic functions were analyzed with principal component analysis (PCA), and PERMANOVA analysis was conducted to test the statistical difference among treatments. The original phenotypic data from the same animal trial in previous publications were obtained for deep comparison between calves with two type of colon metagenomes (groups A and B) using Welch’s T-test. Spearman’s rank correlation was performed between the varied microbial taxa, functions, and phenotypic parameters (butyrate concentration and DE genes) of groups A and B, with significance declared at |ρ| > 0.8 and p-value < 0.01.




Results


Colon digesta metagenomes of neonatal calves

In total, 744,939,525 reads were generated, and 378,452,001 reads were retained after quality control, with 15,768,833 ± 1,976,165 reads (mean ± SEM) per calf for colon microbiome. After subjecting the predicted genes to the KEGG database for functional annotation, 692,370 genes were successfully annotated. Then, the metagenome of each calf was mapped to the reference comprised of the above-annotated genes to define colon microbiome function. In total, 19.18% ± 5.64% (mean ± SEM) metagenomic sequences of each calf were mapped (Supplementary Dataset 1).



Microbial functions in the colon of neonatal calves

Among all the generated metabolic pathways using HUMAnN2, 164 KEGG pathways were annotated from the colon metagenomes of neonatal calves. However, 25 pathways were removed as exogenous pathways. In total, 114 core pathways were identified in all the 24 colon samples with CPM > 5 (Supplementary Dataset 1), which belonged to four first-level KEGG functions, including “Cellular Processes” (2.47% ± 0.08%), “Environmental Information Processing” (3.63% ± 0.07%), “Genetic Information Processing” (12.23% ± 0.13%) and “Metabolism” (76.41% ± 0.18%). At the secondary level of KEGG hierarchy, 21 KEGG functions were identified, with “Carbohydrate metabolism” (15.43% ± 0.08%), “Amino acid metabolism” (12.13% ± 0.13%), “Metabolism of cofactors and vitamins” (10.39% ± 0.14%), “Metabolism of terpenoids and polyketides” (8.68% ± 0.13%), and “Metabolism of other amino acids” (7% ± 0.09%) being the top five functions (Figure 1). Meanwhile, the top five KEGG pathways were “ko01051: Biosynthesis of ansamycins” (3.94% ± 0.16%), “ko01055: Biosynthesis of vancomycin group antibiotics” (1.94% ± 0.09%), “ko00471: D-Glutamine and D-glutamate metabolism” (1.82% ± 0.03%), “ko00473: D-Alanine metabolism” (1.79% ± 0.04%), and “ko00290: Valine, leucine and isoleucine biosynthesis” (1.78% ± 0.04%; Supplementary Dataset 1).
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FIGURE 1
 Profiles of neonatal calves’ colon microbiome. Microbial metabolic pathways based on their First and Second Level functions in the KEGG hierarchy.




Taxonomic and functional composition of neonatal calves’ colon microbiome

In general, four domains including bacteria, archaea, eukaryota, and viruses comprised the microbiome of 2-day-old calves. Regardless of the effect of colostrum feeding time treatment, bacteria was the predominant domain, with a relative abundance of 99.20% ± 0.09%, and archaea, eukaryotes, and viruses followed with relative abundances of 0.13 ± 0.01%, 0.09% ± 0.01%, 0.50% ± 0.09%, respectively (Supplementary Dataset 1). Bacterial and archaeal taxa with average relative abundance > 0.05%, and presented in more than 50% of the animals in at least one treatment, were defined as detected microbiota. For bacteria, colon microbiota consisted of nine bacterial phyla, including Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, Fusobacteria, Spirochaetes, Cyanobacteria, Chloroflexi, and Thermotogae. Meanwhile, 35 bacterial families were detected, with Enterobacteriaceae (20.38% ± 3.17%), Streptococcaceae (16.96% ± 2.20%), Lactobacillaceae (14.79% ± 2.48%), Clostridiaceae (12.73% ± 1.15%), and Ruminococcaceae (11.47% ± 1.36%) being the top five most predominant bacterial families (Supplementary Dataset 1). Additionally, 441 bacterial genera were detected, with Streptococcus (16.08% ± 10.35%), Clostridium (12.54% ± 5.54%), Lactobacillus (12.37% ± 12.07%), Ruminococcus (9.38% ± 5.39%), and Enterococcus (6.71% ± 5.39%) being the top five bacterial genera (Figure 2).
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FIGURE 2
 Colon bacterial composition of neonatal calves.


Based on previous publications (Zhou et al., 2014; Nkamga et al., 2017; Song et al., 2021), the “non-gut archaeal taxa” were removed before microbial composition analysis. Taxonomic profiling revealed that sequences belonged to three archaeal phyla, 23 archaeal genera, and 20 archaeal species. The top five archaeal genera were Methanobrevibacter (15.89% ± 0.76%), Methanosarcina (11.83% ± 0.24%), Methanocorpusculum (10.59% ± 0.46%), Methanococcus (10.35% ± 0.65%), and Methanosphaera (4.51% ± 0.15%). Meanwhile, the top five archaeal species were Methanocorpusculum labreanum (11.34% ± 0.51%), Methanobrevibacter smithii (10.32% ± 0.63%), Methanobrevibacter ruminantium (6.63% ± 0.23%), Methanosarcina acetivorans (6.19% ± 0.16%), and Methanosphaera stadtmanae (4.81% ± 0.15%). It was found that 58% of sequences belonged to less abundant, unclassified, and non-gut Eukaryota phyla. In addition, viruses were unclassified at the phylum level.



Effect of delayed colostrum feeding on colon microbiome composition

Colon bacterial community was compared using the Bray–Curtis dissimilarity matrices-based principal-coordinate analysis (PCoA), which revealed no clear separation among treatments (PERMANOVA, p = 0.65; Supplementary Figure 1A). Meanwhile, Shannon and Simpson indices were compared among treatments, and they were significantly higher in the calves from TRT6h and TRT12h groups compared to those in TRT0h group (Table 1). When the bacterial genera were compared at genus level, the relative abundance of four bacterial genera including Parascardovia (P < 0.01), Scardovia (P < 0.01), Arthrobacter (p = 0.01), and Micrococcus (p = 0.02) were found to be significantly higher in calves from TRT0h treatment, compared to calves in TRT6h and TRT12h treatment groups. In addition, the relative abundance of 14 bacterial groups was significantly higher in the colon digesta of the calves from TRT6h and TRT12h, compared to those calves in TRT0h group (Table 2). Additionally, Principal-coordinate analysis using Bray–Curtis dissimilarity matrices was also performed on the archaeal community, and no clear separated clusters were detected among different treatment groups (PERMANOVA, p = 0.80; Supplementary Figure 1B). Furthermore, the overall KEGG pathways in the colon digesta of calves were compared among three treatments using PCA analysis (Figure 3), and no clear separations among treatments (PERMANOVA, p = 0.11) were observed. Meanwhile, none of the KEGG pathways differed significantly among the three treatment groups.



TABLE 1 Effect of delayed colostrum feeding on colon bacterial diversity (mean ± SEM).
[image: Table1]



TABLE 2 Comparison of the relative abundance of bacterial genera among calves fed colostrum immediately after birth (TRT0h, n = 7), at 6 h after birth (TRT6h, n = 8) and at 12 h after birth (TRT12h, n = 9).
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FIGURE 3
 PCA plot of KEGG pathways among different treatments. Principal component analysis (PCA) plots of colon microbial metabolic Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways among three colostrum feeding time treatments in neonatal dairy calves. TRT0h, TRT6h, and TRT12h indicate calves were fed colostrum at 45 min, 6 h, and 12 h after birth, respectively. PC1, principal component 1; PC2, principal component 2.




Effect of colostrum feeding time on SCFAs profiles

SCFAs concentrations were measured using GC, and acetate, propionate, and butyrate were detected. Generally, acetate had the highest concentration in the colon digesta. Butyrate concentration and its molar proportion were significantly higher in the colon digesta of calves in TRT0h compared to calves in TRT6h and TRT12h (p = 0.01). On the contrary, calves in TRT0h had lower acetate molar proportion compared to calves in TRT6h and TRT12h (Table 3).



TABLE 3 Short chain fatty acid (SCFA) concentrations (umol/g) and molar proportions among calves fed colostrum immediately after birth (TRT0h, n = 7), at 6 h after birth (TRT6h, n = 8) and at 12 h after birth (TRT12h, n = 9).
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Individualized colon microbiome of 2-day-old calves

Although the PCA did not show clear separation based on KEGG pathways among different colostrum feeding time treatments, it showed two major clusters regardless of treatments (PERMANOVA, p = 0.001; Figure 3). Cluster one consisted of 13 calves (TRT0h: n = 6, TRT6h: n = 2, TRT12h: n = 5), while cluster two included 11 calves (TRT0h: n = 1, TRT6h: n = 6, TRT12h: n = 4). Additionally, calves from the same treatment (TRT12h) were selected from clusters 1 and 2, defined as Group A (n = 5) and B (n = 4). Although these calves in Groups A and B were from the same colostrum feeding time treatment, we observed noticeable variations in the relative abundance of KEGG functions (Figure 4) through conducting the LEfSe analysis, and 12 differentially expressed KEGG pathways were identified (LDA score > 2 and p < 0.05) between Groups A and B. Specifically, seven KEGG pathways were more abundant in Group A, including “ko00520: Amino sugar and nucleotide sugar metabolism,” “ko00051: Fructose and mannose metabolism,” “ko00010: Glycolysis/Gluconeogenesis,” “ko00230: Purine metabolism,” “ko00906: Carotenoid biosynthesis,” “ko00620: Pyruvate metabolism,” and “ko04210: Apoptosis” (Figure 4). On the contrary, five KEGG pathways had higher relative abundance in Group B, including “ko00190: Oxidative phosphorylation,” “ko00860: Porphyrin and chlorophyll metabolism,” “ko00630: Glyoxylate and dicarboxylate metabolism,” “ko00633: Nitrotoluene degradation,” and “ko03070: Bacterial secretion system” (Figure 4).
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FIGURE 4
 The relative abundance of varied second level Kyoto Encyclopedia of Genes and Genomes (KEGG) functions between calves with two type of colon metagenomes. Group A include five animals from the TRT12h treatment based on the principal component analysis plot (Figure 3) clearly separated from the other four animals in TRT12h treatment (group B).


Additionally, the taxonomic profiles were compared between Groups A and B. Pediococcus (p = 0.03), Carnobacterium (p = 0.02), Oenococcus (p = 0.02), Staphylococcus (p = 0.02), and Thermoplasma (p = 0.03) were more abundant in group A, while Aeromonas (p = 0.03), Alcanivorax (p = 0.03), Edwardsiella (p = 0.03), Enterobacter (p = 0.03), Erwinia (p = 0.03), Escherichia (p = 0.03), Providencia (p = 0.03), Serratia (p = 0.03), Shigella (p = 0.03), Xenorhabdus (p = 0.03), Histophilus (p = 0.03), Photobacterium (p = 0.03), Candidatus Blochmannia (p = 0.02), Idiomarina (p = 0.02), Aggregatibacter (p = 0.02), Haemophilus (p = 0.02), Pseudomonas (p = 0.02), Shewanella (p = 0.02), Aliivibrio (p = 0.02), and Vibrio (p = 0.02) had higher relative abundances in group B (Table 2).



Colonic transcriptome profiles varied between calves with different microbiomes

In total, 62 DE genes were detected between groups A and B. Among them, 46 DE genes were upregulated in group A, while 16 genes were downregulated in group A (Supplementary Dataset 1). Further Venn Diagram analysis revealed that 13,992 genes were commonly expressed in the colon of groups A and B, and 189, 702 genes were uniquely expressed in groups A and B, respectively (Supplementary Figure 2). Meanwhile, the phenotypic parameters including the concentration of serum IgG, plasma GLP-1, GLP-2, insulin, acetate, propionate, and butyrate, as well as colon weight and length were compared between calves in groups A and B. However, only butyrate concentration was significantly different between groups A and B (A:1.47 ± 0.06 μmol/g; B:0.35 ± 0.04 μmol/g; p < 0.01).



Correlation networks for identified differentially expressed genes, microbial taxa, and microbial functions between calves with different microbiomes

The expression of DE genes between groups A and B was significantly correlated with the abundance of colon microbial taxa and functions. In total, the expression of 25 DE genes showed at least one correlation with 36 bacteria, and 19 DE genes were significantly correlated with 12 microbial functions (Figure 5). Generally, the expression of ankyrin repeat, SAM, and basic leucine zipper domain containing 1 (ASZ1), Cyclin J like (CCNJL), cytochrome P450, family 2, subfamily S, polypeptide 1 (CYP2S1), Histamine receptor H2 (HRH2), NTPase KAP family P-loop domain containing 1 (NKPD1), Ras homolog family member D (RHOD), Ring finger protein, transmembrane 2 (RNFT2), Solute carrier family 7 member 14 (SLC7A14), and Transmembrane protein 169 (TMEM169) was significantly correlated with no less than five bacterial taxa in the colon (Figure 5A). More specifically, the expression of CCNJL was negatively correlated with Staphylococcus, Oenococcus, Pediococcus, and Oceanobacillus (ρ < −0.8; p < 0.01), while it was positively correlated with Pseudomonas, Shewanella, and Vibrio (ρ values > 0.8; p < 0.01). The expression of HRH2 was positively correlated with Erwinia, Xenorhabdus, Pseudomonas, Aggregatibacter, Vibrio, Tolumonas, and Shewanella (ρ values > 0.8; p < 0.01). The expression of RHOD was negatively correlated with Candidatus Blochmannia, Pseudomonas, Escherichia, Shigella, and Haemophilus (ρ values<− 0.8; p < 0.01). The expression of TMEM169 was negatively correlated with Candidatus Blochmannia, Pseudomonas, Pasteurella, Aggregatibacter, and Haemophilus (ρ values< −0.8; p < 0.01).
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FIGURE 5
 Correlation networks for identified differentially expressed genes, microbial taxa and microbial functions at KEGG pathway hierarchical level 3. (A) Correlation networks for identified differentially expressed genes and microbial taxa. (B) Correlation networks for identified differentially expressed genes and microbial functions at KEGG pathway hierarchical level 3. The yellow circles represent genes differentially expressed between groups A and B, and green rectangle represent the microbial taxa that were significantly different between groups A and B. The red lines indicate positive correlation, and blue lines indicate negative correlation; only correlations with rho values ≥ 0.8 and p ≤ 0.01 are shown. Data for genes/microbial taxa and functions that did not show a significant correlation are not shown.


Meanwhile, the expression of CBLN4, CCNJL, HRH2, and RHOD was closely correlated with no less than five colon microbial functions. The expression of CCNJL was negatively correlated with the relative abundances of amino sugar and nucleotide sugar metabolism, fructose and mannose metabolism, and Glycolysis/Gluconeogenesis (ρ values< −0.8; p < 0.01), and was positively correlated with oxidative phosphorylation and porphyrin and chlorophyll metabolism (ρ values > 0.8; p < 0.01). The expression of HRH2 was negatively correlated with the relative abundances of amino sugar and nucleotide sugar metabolism, apoptosis, carotenoid biosynthesis, fructose and mannose metabolism, purine metabolism, and pyruvate metabolism (ρ values< −0.8; p < 0.01), and was positively correlated with the relative abundance of nitrotoluene degradation (ρ = 0.82, p < 0.01). The expression of RHOD was negatively correlated with the relative abundances of bacterial secretion system, glyoxylate and dicarboxylate metabolism, nitrotoluene degradation, and oxidative phosphorylation (ρ values< −0.8; p < 0.01), and was positively correlated with the relative abundance of apoptosis and fructose and mannose metabolism (ρ values > 0.8; p < 0.01; Figure 5B).




Discussion

Similar to our previous finding of microbial composition in the ileum of 2-day-old calves (Song et al., 2021), bacteria, archaea, eukaryotes, and viruses constituted colon microbial microbiome, with bacteria being the most predominant. Compared with calves at 7-days old (Song et al., 2018), Firmicutes and Proteobacteria also dominated in the colon digesta at phylum level. However, a lower relative abundance of Bacteroidetes (20.81% ± 0.89% at D7, 1.71% ± 0.72% at D2) was detected at 2 days old. Meanwhile, the most abundant bacterial family (Lactobacillaceae with 22.36% ± 0.90% at D7; Enterobacteriaceae with 20.38% ± 3.17% at D2) and genera (Lactobacillus with 22.36% ± 1.37% at D7; Streptococcus with 16.08% ± 10.35% at D2) also differed between the two studies (Song et al., 2018). Such discrepancy may be caused by maternal factors, sequencing methods (amplicon sequencing vs. metagenomic sequencing), and colostrum feeding management strategies.

Although large intestinal microbiomes were mainly colonized by bacteria, the presence of archaea was revealed through metagenomic sequencing analysis. Similar to the predominant archaeal phyla in the human intestine at the first day of birth (Nkamga et al., 2017), Euryarchaeota (93.73%), Crenarchaeota (5.42%), and Thaumarchaeota (0.58%) were the most dominant archaea phyla in the colon of 2-day-old neonatal calves. This suggests that archaea may start to colonize the large intestine during the first 1–2 days after birth similar as the observation on their colonization in the rumen (Malmuthuge et al., 2019; Meale et al., 2021). Additionally, in agreement with our previous publication that Methanobrevibacter, Methanosarcina, and Methanocorpusculum were the three major archaeal genera in the small intestine using metagenomic sequencing analysis (Song et al., 2021), these three genera were also the predominant genera in the colon. Meanwhile, the archaeal species that related to methane synthesis accounted for 57.96% of all archaeal species, which may be closely associated with their functions in depleting H2 and carbohydrates degradation in the gut (Guindo et al., 2020). It was speculated that utilization of H2 for methane production could improve polysaccharide fermentation efficiency (Stams, 1994), which is beneficial for nutrient digestion in the large intestine, since the pre-weaning rumen has an undeveloped rumen. However, the functions of other archaeal species were not well studied and future studies are needed to explore the role that archaea may play in the colon of neonatal calves.

In addition, this study has provided the fundamental knowledge of colon microbial functions of 2-day-old dairy calves. The top five KEGG pathways at second level were all associated with nutrient metabolism. Moreover, “carbohydrate metabolism” (15.43% ± 0.08%) and “amino acid metabolism” (12.13% ± 0.13%) were the top two gene annotated KEGG pathways, which is similar to our previous findings of hindgut microbial functions of neonatal calves through functional prediction using 16S rRNA genes (Song et al., 2018). These results suggest that colon colonizers may play important roles in nutrient metabolism and energy harvest when the rumen is not well developed during the early neonatal period. Meanwhile, the top three metagenomic functions at level two of the KEGG pathways in the colon were similar to those in the ileum (Song et al., 2021), suggesting similar microbial functions regardless of gut sections of neonatal calves. Furthermore, two major third-level KEGG functions, including “biosynthesis of ansamycins” (3.94% ± 0.16%) and “biosynthesis of vancomycin group antibiotics” (1.94% ± 0.09%), were linked to antibiotics production, indicating that the early colon microbiome may inhibit the growth of other colonizers through producing antibiotics in scenarios of nutrient competition.

Notably, microbial diversity and richness were higher for calves that received colostrum at a 6 h and 12 h delay compared with calves fed colostrum immediately after birth, suggesting a complex microbiome establishment of the animals within these treatment groups. The observed changes of the colon digesta microbiome were driven by colostrum feeding time confounded with the total amount of nutrients that calves received over the 2-d study period. Overall, colostrum feeding time did not affect microbial functions, which may have been caused by high individual variation of animals among groups. Nevertheless, the relative abundances of some microbial taxa were influenced by different colostrum feeding time. The observed higher relative abundance of Micrococcus for TRT0h calves may be related to the higher concentration of butyrate in the colon digesta, since Micrococcus spp., such as Micrococcus aerogenes, could utilize colostrum glutamic acid for butyrate production (Horler et al., 1966). However, further studies are required to measure specific butyric acid-producing Micrococcus species using qPCR to confirm our speculation. Meanwhile, we speculate that increased relative abundance of Aeromonas genera in the 12-h delayed feeding group may lead to greater incidences of intestinal inflammation due to its classification as an opportunistic pathogen and its association with enteric lesions in cattle (Al-Mashat and Taylor, 1983). However, isolating specific pathogenic Aeromonas species is warranted to confirm such speculation. Of note, higher butyrate concentrations were observed in calves from the TRT0h group, which may promote intestinal development in these calves due to this microbial fermentation product’s ability to increase intestinal tissue mass and thickness (Tappenden et al., 2003), as well as enhance epithelial tight junctions, provide energy to epithelial cells (Lopetuso et al., 2013), and regulate immune system development (Arpaia et al., 2013). Therefore, we suggest that calves in TRT0h group may have the potential for a healthier gut. However, proof of this supposition needs to be further obtained by measuring intestinal permeability and histological examination.

Similar to previous studies reporting individualized small intestinal microbiome of neonatal calves (Malmuthuge et al., 2019; Song et al., 2021), the differences in colon microbiome were detected between individual animal groups (Groups A and B), even in animals within the same colostrum feeding treatment. Generally, the microbiota composition and functions of individual calf could be attributed to environmental, maternal, and host factors (Song et al., 2021). In detail, environmental factors include the farm environment (O'hara et al., 2020), the processing of colostrum and milk (fresh vs. pasteurized; Song et al., 2019), and feed additives in the milk (Badman et al., 2019; Wang et al., 2022). Maternal factors consist of the parity of the dam, maternal amniotic fluid (DiGiulio, 2012), placenta (Aagaard et al., 2014), as well as maternal colostrum (Yeoman et al., 2018). As such, several of these variables, including the bedding, disinfection strategy of the hutches, colostrum, milk replacer, and the dam parity in each colostrum feeding time treatment, were controlled in this study. Specifically, pasteurized colostrum was utilized for the calves in each treatment. Pasteurization would leave the nutritional and immunological factors intact but kill the vast diversity of microorganisms present in colostrum (Yeoman et al., 2018; Chen et al., 2021). Hence, all the calves were practically in the absence of maternally sourced and especially colostrum-sourced bacteria. Since environmental and management were controlled to be consistent for all calves, we suggest that host factors may be the main driver for the individualization of colon microbiota of neonatal calves. Host genetics have been reported to shape gut microbiomes of mice (Benson et al., 2010) and human infants (Goodrich et al., 2016). However, the extent to which the host may contribute to the individualized early colon microbiome colonization of neonatal calves is still unknown.

In this study, the difference of phenotypic traits, including DE genes, uniquely expressed genes in the colon tissue, and butyrate concentration in the colon digesta were detected between animals with two types of colon metagenomes, suggesting individual differences. Consistent with the phenotypic parameters, the variation in microbial taxa and functions were also detected between calves with two types of colon metagenomes. The microbial functions associated with nutrients metabolism, including amino sugar and nucleotide sugar metabolism, fructose and mannose metabolism, glycolysis/gluconeogenesis, purine metabolism, carotenoid biosynthesis, and pyruvate metabolism had higher levels of abundance in neonatal calves within group A than group B, highlighting that microbial nutrient metabolism functions are greatly affected by individual difference.

To further validate the extent by which individual host differences could affect the colon digesta microbiome, we explored how host gene expression may play a role. It is worth noting that significant correlations were identified between the expression levels of DE genes and the abundances of several microbial genus, such as Ras homolog family member D (RHOD) and the relative abundance of Escherichia. The enzyme rhodanese encoded by RHOD proved to be responsible for detoxifying hydrogen sulfide (H2S) in the colon (Picton et al., 2002), which was suggested to inhibit butyrate metabolism and cellular energy synthesis (Moore et al., 1997). Hence, the removal of H2S is beneficial for butyrate metabolism. Meanwhile, butyrate was reported to suppress E. coli colonization through increasing Lactobacillus acidophilus and Bifidobacterium longum adherence (Jung et al., 2022). Therefore, the expression of the RHOD may play a negative role in E. coli colonization, which is in agreement with our finding of a negative relationship between RHOD expression and Escherichia abundance. Similarly, multiple correlations were observed between the expression of host DE genes and the abundance of colon microbial pathways, which highlights the close interactions between the host and colon microbiome. Also, the identified correlations between the abundance of microbial nutrient utilization-related functions, such as pyruvate metabolism, fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, glycolysis/gluconeogenesis, and the expression of host DE genes implies host intestinal cell gene expression level may play important roles in regulating colon microbial metabolism. Meanwhile, other microbial functions, including bacterial secretion system and apoptosis were also affected by the different expression level of host genes. However, future studies through a combination of gene knockout technology and calf feeding trials are needed to elucidate the roles of the host on the intestinal microbiome.



Conclusion

In conclusion, this study characterized the colon microbiome of 2-day-old dairy calves and how it altered when colostrum feeding time differed. The top five second-level KEGG pathways were all related to nutrients metabolism, with “carbohydrate metabolism” and “amino acid metabolism” being the top two gene annotated KEGG pathways, which suggested that colon colonizers may play important roles in nutrient metabolism and energy utilization during the early neonatal period. In general, delaying colostrum feeding did not influence the overall colon microbiome of 2-day-old dairy calves at both the taxonomic and functional levels, and the short duration of the animal trial could be one of the reasons. Long-term effects of delaying first colostrum feeding to colon microbiome are needed in the further study. Individualized colon microbiome profiles were observed regardless of colostrum feeding time treatment. This suggests that host factors may play an important role in shaping early life colon microbiome of the dairy calves. The correlation between identified DE genes, microbial taxa and microbial functions between calves with varied colon microbiomes further proved the effect of host on colon microbiome. However, further studies are encouraged to explore the extent by which the host may have an effect on the initial colonization of the colon microbiome by gene knockout technology of the DE genes.
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This study was conducted to investigate the impacts of chlorogenic acid (CGA) on growth performance, intestinal permeability, intestinal digestion and absorption-related enzyme activities, immune responses, antioxidant capacity and cecum microbial composition in weaned rabbits. One hundred and sixty weaned rabbits were allotted to four treatment groups and fed with a basal diet or a basal diet supplemented with 400, 800, or 1,600 mg/kg CGA, respectively. After a 35-d trial, rabbits on the 800 mg/kg CGA-supplemented group had higher (p < 0.05) ADG and lower (p < 0.05) F/G than those in control (CON) group. According to the result of growth performance, eight rabbits per group were randomly selected from the CON group and 800 mg/kg CGA group to collect serum, intestinal tissue samples and cecum chyme samples. Results showed that compared with the CON group, supplementation with 800 mg/kg CGA decreased (p < 0.05) levels of D-lactate, diamine oxidase, IL-1β, IL-6, and malondialdehyde (MDA), and increased IL-10 concentration in the serum; increased (p < 0.05) jejunal ratio of villus height to crypt depth, enhanced (p < 0.05) activities of maltase and sucrase, increased (p < 0.05) concentrations of IL-10, T-AOC, MHCII and transforming growth factor-α, and decreased (p < 0.05) levels of TNF-α and MDA in the jejunum of weaned rabbits. In addition, results of high-throughput sequencing showed that CGA supplementation elevated (p < 0.05) microbial diversity and richness, and increased (p < 0.05) the abundances of butyrate-producing bacteria (including genera V9D2013_group, Monoglobus, Papillibacter, UCG-005, and Ruminococcus). These results indicated that dietary supplementation with 800 mg/kg CGA could improve the growth performance of weaned rabbits by enhancing intestinal structural integrity, improving the intestinal epithelium functions, and modulating the composition and diversity of gut microbiota.
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Introduction

Weaning is an inevitable and stressful process for mammals, as it may affect the morphological structure, barrier function, and intestinal microbiota of the gastrointestinal tract with altered food status, resulting in reduced feed intake and growth retardation, and consequent economic losses (Gharib et al., 2018). Moreover, accumulated evidences showed that weaning stress could cause mammalian intestinal barrier dysfunction by inducing physiological inflammation and oxidative stress within a short time after weaning (Smith et al., 2010; Hu et al., 2013; Gharib et al., 2018). It is reported that digestive diseases account for 70% of all rabbit diseases (Carabaño et al., 2008) and up to 60% mortality were cause by epizootic rabbit enteropathy, especially for weaned rabbits (Fann and O'Rourke, 2001; Carabaño et al., 2008). As we all know, intestine is not only the main site for nutrient absorption but also provides a primary barrier against pathogenic microorganisms (Martens et al., 2018). Therefore, it is a priority to explore effectively and safely strategies to prevent gastrointestinal mucosal damage in weaned rabbits.

Plant polyphenols have been reported to be able to ameliorate the damage of animals induced by stress (Relja et al., 2012; Yan et al., 2020). Chlorogenic acid (CGA) is one kind of natural polyphenols that formed by esterification of caffeic acid and quinic acid and widely found in coffee, fruits, and vegetables (Bouayed et al., 2007). It is safe with minimal side effects (Metwally et al., 2020) and possesses various biological properties, including antioxidant, anti-inflammatory, and antimicrobial activities, all of which contributed to maintain intestinal health (Chen et al., 2018b, 2021b). Previous study showed that CGA could restore intestinal epithelial tight-junction integrity and ameliorate intestinal inflammation in lipopolysaccharide (LPS)-challenged Caco-2 cells (Yu et al., 2021) and enhance the growth performance of weaned rats (Ruan et al., 2014). Moreover, an early study in weaned pigs showed that dietary CGA supplementation could improve the growth performance by enhancing the intestinal digestion and absorption function (Chen et al., 2018a). However, until now, there is little literature available evaluating the growth-promoting effect of CGA on weaned rabbits whose intestine is more vulnerable and sensitive to weaning stress. In addition, as CGA is partially consumed by symbiotic microorganisms in the large intestine to generate short-chain fatty acids (Lu et al., 2020), it has the potential to be employed as prebiotics to repair damaged intestinal barrier (Chen et al., 2019).

Therefore, in view of the foregoing, it is plausible to hypothesize that CGA has the potential in enhancing the growth performance of weaned rabbits by maintaining the intestinal barrier structure and function. This study was carried out to verify the above hypothesis by evaluating the effects of CGA on intestinal permeability, intestinal digestion and absorption-related enzyme activities, immune responses, antioxidant capacity and cecum microbial composition in weaned rabbits.



Materials and methods


Experimental animals, diet and management

A total of one hundred and sixty weaned rabbits, with an initial average body weight (BW) of 1.05 ± 0.01 kg, were randomly allotted to four dietary treatments (n = 40) in a randomized complete block design. The treatments consist of a basal diet (control, CON) and a basal diet supplemented with 400, 800, or 1,600 mg/kg CGA (provided by Chengdu Hengfeng Tiancheng Technology Co., Ltd., Chengdu, China). The experiment lasted for 35 days. The basal diet was formulated based on the recommendation of Mateos et al. (2010), and the feed was made into 4-mm pellets by using steam. Ingredients and compositions of the basal diet are shown in Table 1. All rabbits were housed in cages (60 cm× 40 cm × 40 cm) individually and were given ad libitum access to fresh water and feed. Temperature and lighting were maintained according to commercial conditions (20 to 23°C, 12 light/12 dark).



TABLE 1 Composition and nutrient levels of basal diets (air-dry basis).
[image: Table1]



Growth performance

Feed consumption of each rabbit were measured daily throughout the trial. The BWs of rabbits were individually measured after 12 h fasting on the morning of days 1, 15 and 36 of the feeding trial. The value of average daily BW gain (ADG), average daily feed intake (ADFI), and the feed-to-gain ratio (F/G) were then calculated.



Sampling collection and preparation

According to the result of growth performance, 800 mg/kg feed is the optimum dose of CGA for growth promotion. Therefore, to further explain the growth-promoting effect of CGA, eight rabbits with the average BW of CON and 800 mg/kg CGA treatment groups were selected for sample collection. Blood samples were collected from the ear edge vein, and serum samples were then harvested after centrifugation at 3,000× g for 10 min at 4°C and stored at-20°C for further analysis. The same sixteen rabbits were then sacrificed by cervical dislocation, and the abdomen was immediately opened to remove the entire small intestine. Two segments (about 2-cm) of the mid-jejunum were quickly isolated, and washed gently by cold saline solution. One segment was fixed in 4% paraformaldehyde for morphology measurements; another segment was divided into different packages, and stored at-80°C for further analysis after being rapidly frozen in liquid nitrogen. Furthermore, the chyme samples of cecum were quickly collected as described in Li et al. (2019), and stored at-80°C for microbiological analysis.



Intestinal morphology measurement

The jejunum morphology was conducted as previously described by Li J. et al. (2022). After fixation for 24 h, jejunal segments were removed from the 4% paraformaldehyde solution, dehydrated with normal saline, and embedded in paraffin wax. Tissue sections were cut into ~5 μm slices using a microtome (Leica RM2235), followed by being fixed on slides, and stained with hematoxylin and eosin. Jejunum mucosal morphology including villus height and crypt depth was determined with ImageJ analysis software (Version 1.47, Bethesda, MD, United States). A minimum of 10 well-orientated villi and their adjoined crypts from each sample were chosen for statistical analysis.



Serum cytokines, antioxidant parameters, diamine oxidase (DAO) and D-lactic acid levels

The serum levels of serum interleukin 1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), interleukin 10 (IL-10), interleukin 6 (IL-6) and D-lactic acid were measured spectrophotometrically by the corresponding rabbit enzyme-linked immunosorbent assay (ELISA) kit (Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China) according to the previous study (Li J. et al., 2022). The concentrations of malondialdehyde (MDA), total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px), catalase (CAT) and diamine oxidase (DAO) in serum were measured by corresponding assay kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China) according to the manufacturer’s instructions.



Jejunum mucosa parameters measurements

The mucosa samples of jejunum were homogenized with ice-cold saline solution in a weight (g): volume (ml) ratio of 1: 9. The homogenates were centrifuged at 2,500 × g for 10 min at 4°C, and the jejunum mucosal supernatant was collected for the further detection. The concentration of intestinal mucosa cytokines (IL-1β, TNF-α, IL-10 and IL-6), transforming growth factor-α (TGF-α), trefoil factor family (TFF) and major histocompatibility complex II (MHCII) were measured by the corresponding rabbit ELISA kit (Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China) according to the previous study (Li J. et al., 2022). The concentration of disaccharide enzyme (lactase, maltase and sucrase) and antioxidant indexes (MDA, T-AOC, GSH-Px and CAT) were measured by the corresponding detection kits purchased from Nanjing Jiancheng Institute of Bioengineering (Nanjing, China) according to the manufacturer’s instructions.



16S rRNA sequencing and analysis

Microbial composition and diversity were analyzed as described in Li et al. (2020). Briefly, microbial DNA was extracted from frozen fecal samples using an E.Z.N.A.™ Stool DNA kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s protocols. After the final DNA concentration and purity determining, DNA quality was checked by 1% agarose gel electrophoresis. DNA was diluted to 1 ng/μL using sterile water, and the V4 hypervariable regions of the bacterial 16S rRNA gene were amplified with the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) on the Illumina HiSeq PE2500 platform by Novogene (Beijing, China). The filtered, non-chimeric high-quality sequences (tags) were clustered into the same operational taxonomic units (OTUs) by 97% sequence similarity using UPARSE software. Then the OTUs were classified to different taxonomic levels using SILVA database based on Mothur algorithm to annotate taxonomic information. Alpha diversity and beta diversity were analyzed after the operational taxonomic unit abundance information were normalized. Shannon, Simpson, Chao 1, and ACE indexes were chosen to ascertain differences in alpha diversity between the different groups (Chen L. et al., 2018; Gallego et al., 2021), and Bray-Curtis distances were calculated for comparison of taxonomic data in beta diversity, and visualized using Principal Coordinate Analysis (PCoA; Lozupone and Knight, 2005). The statistical differences in alpha and beta diversity of bacterial communities between the two groups were examined using the Wilcoxon rank-sum test. The analysis of similarity (ANOSIM) test method was used to access the significant difference among the microbial communities.



Statistical analysis

All data were assessed for normal distribution using the Shapiro–Wilk’s statistic (W > 0.05). Data on growth performance were analyzed using one-way analysis of variance (ANOVA) procedure of SAS 9.4 (Institute Inc., Cary, NC), followed by Tukey’s multiple-range test to compare the statistical differences among groups. The linear and quadratic responses to the dietary CGA levels were detected by using the REG procedure in SAS. The results of the experiments were expressed as mean and SEM. Statistical significance was presented at p < 0.05 and a tendency toward difference was considered as p < 0.10. For other indexes, data were analyzed by T-test using the statistical program SAS 9.4. Spearman’s rank test was used to evaluate the correlations between the abundances of differential bacteria and the levels of inflammatory cytokines and antioxidant indices. Multiple testing was corrected by using the Benjamini-Hochberg false discovery rate. The data were plotted in the figures as mean and standard error. Significant differences are displayed in the figures by *0.01 < p < 0.05, and **p < 0.01, while 0.05 < p < 0.10 was considered as a trend to significance.




Results


Growth performance

As shown in Table 2, higher (p < 0.05) BW on day 35 of the trial was observed in rabbits fed the 800 mg/kg CGA-supplemented diet compared with those fed the CON and 1,600 mg/kg CGA-supplemented diets and demonstrated quadratic (p < 0.05) effects in response to increasing CGA levels. However, dietary CGA supplementation had no significant effect (p > 0.05) on the growth performance of weaned rabbits on days 1–14 of the trial. From days 15 to 35, the rabbits fed CGA-supplemented diets tended (p < 0.10) to have an increased ADFI compared with those fed the CON diet; the ADG in 400 and 800 mg/kg CGA-supplemented groups was higher (p < 0.05) than that in CON group; The ADG in 800 mg/kg CGA-supplemented group was higher (p < 0.05) than that in 1600 mg/kg CGA-supplemented group and showed a quadratic (p < 0.05) effect in response to increasing CGA levels; but no significant difference (p > 0.05) was observed in F/G among the groups. For the whole trial period, the ADG of rabbits in 800 mg/kg CGA-supplemented group were higher (p < 0.05) than that in CON and 1,600 mg/kg CGA-supplemented groups; lower (p < 0.05) F/G was observed in rabbits fed the 800 mg/kg CGA-supplemented diet compared with those fed the CON and 1,600 mg/kg CGA-supplemented diets; the ADG and F/G demonstrated quadratic (p < 0.05) effects in response to increasing CGA levels; in addition, dietary supplemented with CGA tended (p < 0.10) to affect the ADFI of rabbits.



TABLE 2 Effects of CGA on growth performance of weaned rabbits.
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Intestinal morphology

The intestinal morphology of rabbits is showed in Figure 1. Rabbits in CGA group had higher (p < 0.05) villus height to crypt depth ratio than rabbits in CON group. However, no significant effect of dietary CGA supplementation was detected on villus height and crypt depth.

[image: Figure 1]

FIGURE 1
 Effects of CGA on intestinal morphology in the jejunum of weaned rabbits. (A) Hematoxylin and eosin photomicrographs obtained at 100 × magnification; (B) Villus height; (C) Crypt depth; (D) Villus height/crypt depth ratio. CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid. Results are presented as mean and SEM (n = 8). Significant difference was recorded by 0.01 < p < 0.05*.




Intestinal barrier and function

As shown in Figure 2, the levels of DAO (Figure 2A) and D-lactase (Figure 2B) in the serum were decreased (p < 0.05) by CGA supplementation. Compared with the CON group, CGA supplementation increased (p < 0.05) the activities of maltase (Figure 2D) and sucrase (Figure 2E) in the jejunum mucosa of rabbits. However, there was no significant difference in lactase (Figure 2C) activity between the two groups. Besides, higher (p < 0.05) TGF-α (Figure 2H) concentration in the jejunum mucosa was also observed in rabbits fed the CGA-supplemented diet, meanwhile rabbits fed CGA diet tended to (0.05 < p < 0.10) have an increased jejunum MHCII (Figure 2F) concentration. But no significant difference was observed in jejunal concentration of TFF (Figure 2G) in rabbits between the two groups.

[image: Figure 2]

FIGURE 2
 Effects of CGA on the maturity and integrity of small intestine in weaned rabbits. (A) serum D-lactate; (B) serum diamine oxidase (DAO); (C) jejunal lactase; (D) jejunal maltase; (E) jejunal sucrase; (F) jejunal major histocompatibility complex II (MHCII); (G) jejunal trefoil factor family (TFF); (H) jejunal transforming growth factor-α (TGF-α). CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid. Results are presented as mean and SEM (n = 8). Significant difference was recorded by 0.01 < p < 0.05*. #Means a tendency to difference (0.05 < p < 0.10).




Systemic and intestinal inflammatory cytokines

The effects of CGA on serum and jejunum inflammatory cytokines are presented in Figure 3. Compared with the CON group, the serum IL-1β (Figure 3A) and IL-6 (Figure 3D) levels were decreased (p < 0.05), whereas the serum IL-10 (Figure 3C) level was increased (p < 0.05) in CGA group. Meanwhile, rabbits fed the CGA diet had lower (p < 0.05) TNF-α (Figure 3F) level and higher (p < 0.05) IL-10 (Figure 3G) level in the jejunum were observed in rabbits on CGA group. However, no significant differences in serum TNF-α (Figure 3B) concentration and jejunal IL-1β (Figure 3E) and IL-6 (Figure 3H) levels were detected between the two treatment groups.

[image: Figure 3]

FIGURE 3
 Effects of CGA on the levels of critical inflammation-related molecules in the serum (A–D) and jejunum (E–H) of weaned rabbits. IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor-alpha; IL-10, interleukin 10; IL-6, interleukin 6; CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid. Results are presented as mean and SEM (n = 8). Significant difference was recorded by 0.01 < p < 0.05*.




Systemic and intestinal antioxidant capacity

As showed in Figure 4, dietary CGA supplementation decreased (p < 0.05) the activity of CAT (Figure 4D) and the content of MDA (Figure 4A) but had no significant effects on the activities of T-AOC (Figure 4B) and GSH-Px (Figure 4C) in the serum of rabbits. In jejunum, the content of T-AOC (Figure 4F) was increased (p < 0.05) and the MDA (Figure 4E) content was decreased (p < 0.05) by CGA supplementation. There were no significant differences in the activities of GSH-Px (Figure 4G) and CAT (Figure 4H) between the two treatment groups.
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FIGURE 4
 Effects of CGA on the levels of antioxidant indicators in the serum (A–D) and jejunum (E–H) of weaned rabbits. MDA, malondialdehyde; T-AOC, total antioxidant capacity; GSH-Px, glutathione peroxidase; CAT, catalase; CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid. Results are presented as mean and SEM (n = 8). Significant difference was recorded by 0.01 < p < 0.05*.




Analysis of bacterial community and diversity

As shown in Supplementary Figure 1, a total of 1,140,800 total tags, 1,067,486 taxon tags, 74 unclassified tags, and 73,240 unique tags were obtained from 16 cecal digesta samples. After taxonomic information was annotated, a total of 23,085 OTUs were obtained, with an average of 1,272 ± 92 in CON group and 1,614 ± 118 in CGA group. The bacteria community diversity and richness are shown in Figure 5. The two groups shared 2,217 common OTUs, and rabbits in CGA group showed an increased number of unique OTUs (Figure 5A). Compared with the CON group, CGA group showed significantly higher (p < 0.05) observed species (Figure 5B), Shannon index (Figure 5C), and Chao 1 index (Figure 5E), and tended to (0.05 < p < 0.10) increase Simpson index (Figure 5D) and ACE index (Figure 5F) of cecal microbiota in weaned rabbits.

[image: Figure 5]

FIGURE 5
 Differences on bacteria community diversity and richness between the two groups. (A) A Venn diagram generated to depict shared and nique sequences between the two groups; (B) Observed species; (C) Shannon index; (D) Simpson index; (E) Chao 1 index; (F) ACE index. CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid. Results are presented as mean and SEM (n = 8). Significant difference was recorded by 0.01 < p < 0.05*, p < 0.01**.


The beta diversity of microbial community is shown in Figure 6. The results of heat-map (Figure 6A) and PCoA plot (Figure 6B) drawn based on the bray_curtis distances displayed that the PFA samples tended to cluster separately from the CON samples, and ANOSIM (Figure 6C) showed the two groups tended to have different bacterial community structures (R = 0.081, p = 0.059).
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FIGURE 6
 Beta diversity of microbial community analysis. (A) Heat-map of beta diversity for each two samples in the two groups by weighted Unifrac distance. (B) The principal coordinate analysis (PCoA) profile of weighted Unifrac distance. (C) Analysis of ANOSIM. R value is scaled to lie between −1 and + 1. Generally, 0 < R < 1 and p < 0.05 represents that there were significant differences between the groups. CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid. n = 8.




Relative abundance of cecal microbiota

The top 10 phyla in relative abundance of cecal microbiota are shown in shown in Figure 7 and Supplementary Table S1. The most predominant phyla in cecal samples of rabbits were Firmicutes and Bacteroidetes. However, no significant differences were observed in the relative abundances of top ten phyla between the two groups.
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FIGURE 7
 Bar graph shows the phylum level composition of bacteria. Color-coded bar plot shows the relative abundance of bacterial phylum across the different samples. CON 1, 2, 3, 4, 5, 6, 7, 8 are cecal digesta samples from rabbits fed with a basal diet; CGA 1, 2, 3, 4, 5, 6, 7, 8 are cecal digesta samples from rabbits fed with a basal diet supplemented with 800 mg/kg chlorogenic acid.


The relative abundances at genus level in rabbit cecal microbiota (top 30 genera) are shown in Figure 8 and Supplementary Table S2. The identified most plentiful genera in cecal samples were Akkermansia, NK4A214_group, and Christensenellaceae_R-7_group. Of the top 35 genera, the relative abundances of V9D2013_group, Monoglobus, Papillibacter, and UCG-005 were higher (p < 0.05) in CGA group than in CON group. Besides, dietary CGA supplementation tended to increase the relative abundance of Ruminococcus compared with the CON group (p = 0.095).
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FIGURE 8
 Changes of the relative abundance at genus levels. The phylogenetic tree constructed based on the sequence of the top 35 genera. The branches with different colors in the inner circle represent their corresponding phylum, and the stacked column chart in the outer circle indicates the relative abundance of each genus in different treatments. CON, rabbits fed a basal diet; CGA, rabbits fed the basal diet supplemented with 800 mg/kg chlorogenic acid.




Correlation analysis between the abundances of differential bacteria and the levels of inflammatory cytokines and antioxidant indices

As shown in Figure 9, the abundances of V9D2013 and Papillibacter showed negative correlation with the serum MDA concentration (p < 0.05). The abundance of Monoglobus had significant positive correlation with the CAT activity (p < 0.05). The abundance of UCG-005 showed positive correlations with jejunal IL-10 and T-AOC levels (p < 0.05), and negative correlations with jejunal TNF-α concentration (p < 0.05). In addition, the abundance of Ruminococcus had significant positive correlation with jejunal T-AOC concentration (p < 0.05).
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FIGURE 9
 Correlation analysis between the abundances of differential bacteria at genus level and the levels of inflammatory cytokines and antioxidant indices. IL-6, interleukin 6; IL-10, interleukin 10; CAT, catalase; MDA, malondialdehyde; TNF-α, tumor necrosis factor-alpha; T-AOC, total antioxidant capacity. *the correlation is significant at a level of 0.05. **the correlation is significant at a level of 0.01.





Discussion

Numerous studies have verified the beneficial effects of CGA on the health of human beings and animals (Naveed et al., 2018; Lu et al., 2020). The present study showed that dietary supplemented with 800 mg/kg CGA increased the ADG and F/G in rabbits though had no significant effect on feed intake, which was in accordance with previous studies in weaned pigs and rats (Ruan et al., 2014; Chen et al., 2018a). It suggested that dietary supplementation with 800 mg/kg CGA could increase the bioavailability of dietary nutrients and CGA can also play a good growth promoter for weaned rabbits. These interesting results provided a foundation for further study and the application of CGA in rabbits.

The small intestine is the leading site for nutrient digestion and absorption. A previous study has indicated that the complete intestinal structure is the basis for its normal function (Duan et al., 2022). Maintenance of normal small intestine morphology and structural integrity are imperative for improving nutrient absorption and preventing bacterial translocation from the intestinal tract. However, weaning stress often induces dramatic changes in intestinal morphology, such as villous shedding, villus atrophy, and crypt hyperplasia (Bivolarski and Vachkova, 2014), which adversely influences the digestion and absorption of nutrients and consequently causes growth retardation (Cera et al., 1988). The villi are critical components of the digestive tract, and determine the absorption capacity of the small intestine (Heo et al., 2013). Moreover, the ratio of villus height to crypt depth is an important parameter in evaluating the absorptive capacity of the small intestine (Xu et al., 2017). The findings of Ruan et al. (2014) showed that CGA significantly increased the villus height and the ratio of villus height to crypt depth, and decreased the crypt depth in the jejunum of LPS-challenged weaned rodents. Similarly, in present study, we found that the small intestinal mucosal morphology was significantly elevated by increasing the ratio of villus height to crypt depth in the jejunum, suggesting that dietary CGA supplementation could maintain favorable mucosa structure and enlarge the absorptive area of luminal villous, which benefited to promote the intestinal health of weaned rabbits.

Changes of the intestinal morphology is usually correlated to decreased digestion and absorption function, mainly characterized by digestive enzyme alteration (Kirmiz et al., 2018). Disaccharide enzymes, including maltase, lactase and sucrose, are the main enzymes in brush border of the intestinal epithelium, which play important roles in promoting carbohydrate breakdown, providing continuous energy reserves, and then promoting the growth performance (Fleige et al., 2007). In this study, 800 mg/kg CGA supplementation significantly improved the activities of maltase and sucrase in the jejunum of weaned rabbits, implying that dietary supplementation with 800 mg/kg CGA helped to improve digestion function of small intestine in weaned rabbits. Similarly, Chen et al. (2018a) also found that dietary supplemented 1,000 mg/kg CGA enhanced jejunal activities of lactase and maltase in weaned piglets. Moreover, previous studies have indicated that phenolic compounds (including CGA) possess potential roles in regulating nutrient (such as protein and lipid) metabolism in liver tissues (Lafay et al., 2006; Bagdas et al., 2020). These results in current study, together with similar results, might be a possible explanation for the positive effects of CGA on the growth performance of CGA-supplemented weaned rabbits.

The integrity of intestinal barrier is closely related to the maintenance of intestinal function. However, previous studies in mammal indicated that weaning stress could induce seriously impairment of small intestinal barrier function within a short time after weaning (Smith et al., 2010; Bivolarski and Vachkova, 2014). It is well known that intestinal permeability can be commonly assessed using some blood indices. Diamine oxidase, an intracellular enzyme, is primarily expressed in the small intestine, but rare in the serum under normal circumstances (Zhao et al., 2014). Once the intestinal epithelial barrier is injured, the serum DAO levels will increase (Nieto et al., 2000). Moreover, D-lactic acid, a metabolite of intestinal bacteria, is primarily found in the small intestine, but it will be released into the blood circulation when intestinal injury occurs (Li J. et al., 2021). Therefore, increased serum DAO and D-lactic acid levels can be considered as circulating markers for reflecting an injury degree of intestinal mucosal barrier. In the present study, serum D-lactic acid concentration and DAO activity were found to be decreased in weaned rabbits fed the CGA diet, indicating that CGA had beneficial effects on attenuating intestinal permeability of weaned rabbits. In addition, another meaningful discovery in the present study was that dietary CGA supplementation could also improve the concentration of TGF-α in the jejunum of weaned rabbits. TGF-α is another crucial molecule in maintaining the integrity of intestinal epithelial cells (Chen et al., 2019). This result further suggested the improved effect of CGA on maintaining the integrity of intestinal permeability in weaned rabbits.

Intestinal inflammatory is one of the activators causing intestinal barrier dysfunction (Wang et al., 2020). Luissint et al. (2016) reported that the inflammatory microenvironment could destroy the structure and function of epithelial cell-to-cell junctions, impairing the epithelial barrier and mucosal homeostasis. The inflammatory biomarkers, including TNF-α, IL-6 and IL-1β, were reported to be elevated in weaned animals (Hu et al., 2013; Ma et al., 2021). In the present study, we found that CGA decreased levels of IL-6 and IL-1β in serum and TNF-α in jejunum mucosa, and increased levels of IL-10 in serum and jejunum mucosa. Similar results were also found in previous research in weaned pigs (Chen et al., 2018b). Increased TNF-α concentration usually results in the dysfunction of intestinal mucosal barrier by amplifying local and systemic inflammation (Wang et al., 2019). Yu et al. (2021) pointed out that TNF-α and IL-6 could induce inflammatory activation and tight junction conformation change, and consequently increase the permeability of Caco-2 cell monolayer. Besides, IL-10, as one of the key anti-inflammatory cytokines, can inhibit immune responses to antigens and suppress the expression of pro-inflammatory factors such as TNF-α, IL-6, and IL-1β (Xu et al., 2020). A previous study in IL-10-deficient mice showed that IL-10-deficiency was a primary initiating event in chronic intestinal inflammation (Simon et al., 2016). Therefore, the results in current study indicated that CGA could alleviate the systemic and intestinal inflammatory responses of weaned rabbits by maintaining the cytokines at normal levels, further protecting the integrity of the intestinal barrier. Moreover, MHCII is one of the key molecules in the adaptive immune system, and plays an important role in presenting peptide antigens to T cell scrutiny (Reynisson et al., 2020). In the present study, CGA supplementation significantly increased the concentration of MHCII in the jejunum mucosa, further suggesting that CGA could improve the intestinal anti-inflammatory ability.

In addition, intestinal oxidative stress is closely related to the intestinal barrier dysfunction (Wang et al., 2020). Under normal physiological conditions, the oxidation and antioxidant defense systems are in dynamic equilibrium (Metwally et al., 2020). A previous study indicated that weaning could induce oxidative stress by disrupting the physiologic equilibrium of oxidants and antioxidants (Zhu et al., 2012). Therefore, antioxidant ability of intestinal tissues is important for animal growth. A previous study reported that MDA is an important index reflecting the degree of membrane lipid peroxidation (Cheng et al., 2020). In addition, CAT, one of the most important endogenous antioxidant enzymes, plays a key role in alleviating oxidative stress by converting hydrogen peroxide to H2O (David et al., 2008). In the present study, dietary CGA supplementation reduced the MDA contents, while decreased the activity of CAT in serum, indicating that CGA relieved the oxidative stress of weaned rabbits. In jejunal mucosa, the MDA contents was also reduced, but the content of T-AOC was dramatically increased when rabbits were fed CGA-supplemented diet. The value of T-AOC represents the ability of antioxidants to scavenge free radicals, which reflects the total antioxidant capacity of the body’s defense system and is closely related to the health of body (Tian et al., 2021). Han et al. (2010) pointed that CGA could inhibit cellular oxidative stress as a chemical protective antioxidant by enhancing the cellular antioxidant system’s ability. Therefore, according to those results, we speculated that CGA exhibited an alleviation effect on weaning stress-induced oxidative stress in weaned rabbits partly by improving the antioxidant capacity of the small intestine. But further studies are needed to obtain evidence of the antioxidant effect of CGA.

Based on previous results from Gonthier et al. (2003), dietary CGA is only absorbed at a rate of approximately 33% in the small intestine, and consequently, most dietary CGA is able to reach the large intestine. Gut health often refers to interaction between the intestinal wall barrier, the microbiota, and physiological and immunological components, which enable different animals to cope with internal and external stressors (Placha et al., 2022). The intestinal mucosa, serving as cellular barrier, is the primary location of interaction with external materials and bacteria (Perez-Lopez et al., 2016). An integrated and mature intestinal mucosa plays a vital role in suppressing the colonization and proliferation of pathogenic bacteria (Chen et al., 2021a). In the present study, we found that CGA supplementation increased alpha diversity indexes including observed species, Shannon index, Simpson index, Chao 1 index, and ACE index of cecal microbiota. Previous study in weaned piglet also demonstrated that dietary CGA supplementation increased Shannon index, Simpson index, Chao 1 index, and ACE index of cecal microbiota (Chen et al., 2019). Generally, the observed species was used to calculate unique OTUs, Shannon and Simpson indexes were used to measure community diversity, and Chao 1 and ACE indexes were used to estimate community richness (Li et al., 2020). The results in this study indicated that CGA supplementation could increase bacteria community diversity and richness in cecum of rabbits. The gut microbiota diversity is a reliable indicator of host health. Inflammatory response and oxidative stress were often accompanied by a decreased diversity of gut microbiota which was reproducibly observed in the individuals with gut microbiota dysbiosis (Vasquez et al., 2019). Moreover, we also found that rabbits in CGA group had higher abundances of V9D2013_group, Monoglobus, Papillibacter, UCG-005, and Ruminococcus than those in CON group. V9D2013_group, Monoglobus, Papillibacter, UCG-005, and Ruminococcus were butyrate-producing bacteria (Hao et al., 2022; Yan et al., 2022). Chen et al. (2019) has proven that CGA diet intake increases cecal concentrations of short-chain fatty acids (including acetate, propionate, and butyrate) in weaned piglets. Short-chain fatty acids, especially butyrate, produced by gut microbiota were reported to suppress inflammatory response and oxidative stress (Hu et al., 2013). Besides, Monoglobus was enriched in health individuals, and its abundance was positively correlated with CD4+ T cell counts (Li R. et al., 2022; Wang et al., 2022). CD4(+) T cells play crucial roles in adaptive immune response against pathogens (Yang et al., 2020). Papillibacter was considered as a kind of beneficial bacteria that enriched in healthy gut (Yasoob et al., 2021). Lower Papillibacter abundance was observed in the damaged cecum induced by heat stress in rabbits (Yasoob et al., 2021). Ruminococcus was one of the keystone bacteria of the rabbit cecal microbiota, and could degrade and convert complex polysaccharides into a variety of nutrients for the hosts (Bäuerl et al., 2014; La Reau and Suen, 2018). Therefore, CGA supplementation increased the abundance of beneficial bacteria in the cecum of rabbits. A previous study showed that the cecal microbiota of rabbit could influence the host growth and feed efficiency (Velasco-Galilea et al., 2021). Increased beneficial bacteria is conducive to shaping mucosal immunity, inhibiting the inflammatory response and oxidative stress, and maintaining mucosa integrity of the gut (Perez-Lopez et al., 2016; Li W. et al., 2021). Consistently, in the present study, the changes of bacterial abundances also showed significant correlations with the parameters related inflammatory response and oxidative stress in serum and small intestine of weaned rabbits. Above all, increased bacteria community diversity and richness and beneficial bacteria abundance might be another reason for the positive effect of CGA supplementation on intestinal epithelial barrier functions.



Conclusion

In conclusion, dietary supplemented with 800 mg/kg CGA exerts growth-promoting effects by enhancing intestinal structural integrity, improving intestinal barrier and absorption function, as well as maintaining intestinal microbial homeostasis, which give insight into the protective effects of CGA on the growth retardant of weaned rabbits. These findings allow for a broader understanding of the growth-promoting effects of CGA on the weaned rabbits.
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Rumen microbiota modulation during the pre-weaning period has been suggested as means to affect animal performance later in life. In this follow-up study, we examined the post-weaning rumen microbiota development differences in monozygotic twin-heifers that were inoculated (T-group) or not inoculated (C-group) (n = 4 each) with fresh adult rumen liquid during their pre-weaning period. We also assessed the treatment effect on production parameters and methane emissions of cows during their 1st lactation period. The rumen microbiota was determined by the 16S rRNA gene, 18S rRNA gene, and ITS1 amplicon sequencing. Animal weight gain and rumen fermentation parameters were monitored from 2 to 12 months of age. The weight gain was not affected by treatment, but butyrate proportion was higher in T-group in month 3 (p = 0.04). Apart from archaea (p = 0.084), the richness of bacteria (p < 0.0001) and ciliate protozoa increased until month 7 (p = 0.004) and anaerobic fungi until month 11 (p = 0.005). The microbiota structure, measured as Bray–Curtis distances, continued to develop until months 3, 6, 7, and 10, in archaea, ciliate protozoa, bacteria, and anaerobic fungi, respectively (for all: p = 0.001). Treatment or age × treatment interaction had a significant (p < 0.05) effect on 18 bacterial, 2 archaeal, and 6 ciliate protozoan taxonomic groups, with differences occurring mostly before month 4 in bacteria, and month 3 in archaea and ciliate protozoa. Treatment stimulated earlier maturation of prokaryote community in T-group before month 4 and earlier maturation of ciliate protozoa at month 2 (Random Forest: 0.75 month for bacteria and 1.5 month for protozoa). No treatment effect on the maturity of anaerobic fungi was observed. The milk production and quality, feed efficiency, and methane emissions were monitored during cow’s 1st lactation. The T-group had lower variation in energy-corrected milk yield (p < 0.001), tended to differ in pattern of residual energy intake over time (p = 0.069), and had numerically lower somatic cell count throughout their 1st lactation period (p = 0.081), but no differences between the groups in methane emissions (g/d, g/kg DMI, or g/kg milk) were observed. Our results demonstrated that the orally administered microbial inoculant induced transient changes in early rumen microbiome maturation. In addition, the treatment may influence the later production performance, although the mechanisms that mediate these effects need to be further explored.
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Introduction

Global demand for food is increasing, but reduction of greenhouse gas emissions from the agricultural sectors is required to mitigate climate change (FAO, 2019). One way the livestock sector can contribute to the reduction of greenhouse gas emissions is by increasing animal’s efficiency in production. Ruminants are adapted to utilize plant material that is indigestible to many monogastric animals, including humans, due to symbiotic interaction with the microbiota inhabiting the rumen. The efficiency of digestion is linked to both animal genetics (Brito et al., 2020) and characteristics of microbial ecosystem in the gut (Kruger Ben Shabat et al., 2016). The function of microbiota can be improved by, e.g., optimizing the feeding or adding feed supplements (Beauchemin et al., 2020; Erickson and Kalscheur, 2020), by modulating the microbial communities with antimicrobials or pro-and prebiotics (Cameron and McAllister, 2016; Bąkowski and Kiczorowska, 2021). However, the fully established gut microbiota is resistant to changes, and often reverts to pre-manipulation state shortly after the end of the treatment (Weimer, 2015; Weimer et al., 2017). On the contrary, modulation of rumen microbiota while it is still developing in young ruminants may present a window of opportunity to affect animal performance or health later in life (Yáñez-Ruiz et al., 2015; Malmuthuge and Guan, 2017; Huws et al., 2018; Meale et al., 2021).

Many early-life rumen modulation studies have reported short-to medium-term effects of the treatments on the microbiota development and/or phenotypic characteristics although only a few studies have followed animals long after the treatment ended. Natural versus artificial rearing management practices were found to improve the microbial establishment in young ruminants (Abecia et al., 2014a, 2017; Belanche et al., 2019a,b). Belanche et al. (2019b) showed that natural nurturing of lambs with ewes accelerated the rumen microbiota development and eased the transition to solid diet. These lambs also retained higher fungal diversity that was suggested to contribute to better feed digestibility and growth. The pre-weaning diet influence on the rumen microbiota establishment was demonstrated by Dill-McFarland et al. (2019). They showed that feeding starter, silage, or mixed feed to calves during the pre-weaning period induced differences in bacterial, archaeal, and anaerobic fungal communities up to 2 years of age, but no later differences in milk production efficiency or overall efficiency of the animals were observed. On the contrary, Cristobal-Carballo et al. (2021) found no long-lasting effect of pre-weaning diet on microbial community structure later in life. The direct inoculation of live or processed microbial fluids as means of rumen modulation demonstrated promotion of microbial community establishment during and after weaning, with positive effect on weaning health and growth (e.g., Cersosimo et al., 2019; Belanche et al., 2020; Palma-Hidalgo et al., 2021; Park et al., 2021; Rosa et al., 2021). Park et al. (2021) demonstrated that the inoculation induced differences in community composition persisted at least 3 weeks after the end of the treatment. Studies that aimed to reduce methane emissions through antimicrobial and other feed supplements have been successful in showing medium (Abecia et al., 2013, 2014b; de Barbieri et al., 2015a,b; Lyons et al., 2017) to long-term (Meale et al., 2021) treatment effects. The observations by Meale et al. (2021) that calves treated with 3-NOP early in life had long-term reduced methane emissions suggest that rumen microbiome pre-programming is possible.

For our study, we recruited monozygotic twin calves to eliminate possible differences in response to the treatment caused by the host genetics. During the pre-weaning period, we repeatedly treated half of them with fresh rumen liquid inoculation from a feed efficient adult cow. We demonstrated that the inoculation enhanced the maturation of bacterial, archaeal, and ciliate protozoan communities, but not of rumen anaerobic fungi. Moreover, the treatment had a positive impact on animal growth, and it tended to increase the feed intake during the pre-weaning period (Huuki et al., 2022). The aim of this follow-up study was to examine the impact of early life rumen modulation on the rumen microbiota development post-weaning until animals reached 12 months of age. The second aim was to assess the possible long-term effects on animal production performance and methane emissions during their first lactation. We hypothesized that the treatment would continue to influence the microbial community development after the treatment ended and would lead to improved production efficiency later in life.



Materials and methods


Animals and experimental design

Four pairs of identical twin female calves produced by embryo splitting were separated into individual pens (147 cm × 172 cm) after birth and were randomly assigned to either a treatment (T-group) or a control (C-group) group as described by Huuki et al. (2022). Starting from the 2nd week, the T-group calves received an oral dose of fresh rumen liquid, obtained from a fistulated adult cow, ranked previously as feed efficient animal (Mäntysaari et al., 2012). During weeks 2 and 3, the oral dose was 5 ml, given 3 times a week. During weeks 4–8, the dose was increased to 10 ml. The inoculations were stopped after weaning. The microbial composition of the inoculum and the effect of inoculum on calves’ microbiota establishment during the pre-weaning period have been reported by Huuki et al. (2022). The calves were weaned at the age of 8 weeks and the animals from both the T- and C-groups were placed into a group pen and housed together first at the Natural Resources Institute Finland (Luke) research barn, and later in Viking Genetics breeding facility (Hollola, Finland) until their first calving. Right after weaning the calves were offered silage and concentrate (Pikkumullin herkku, Raisio agro, Finland) supplement ad libitum. After moving to breeding facility, the weight gain of the heifers was controlled to avoid fattening. The goal for growth was to reach 280 kg by 10 ± 0.5 months of age. The weight gain was maintained at maximum of 750 g/d until 18 months old, and maximum of 550 g/d after 18 months of age by offering 2 different forage mixes with different metabolizable energy levels (~9 or ~ 10 MJ/kg DM). The feed was offered once a day. Heifers remained in good general health throughout the experiment. Weight was estimated monthly by measuring hearth-girth with a weight tape measurer (H. Hauptner und Richard Herberholz GmbH & Co. LP, Germany). The monthly weight gain was calculated by subtracting the previous month’s weight from the current weight. Two months before calving the heifers returned to Luke’s research barn. The cows were fed grass silage and concentrate mix, provided through the feeding stations. After calving the proportion of concentrate in the diet was adjusted based on the stage of lactation and the digestibility of the grass silage. When the concentration of digestible organic matter in dry matter (DM) of silage was between 680 and 700 g/kg DM, the concentrates were offered so that the proportion of concentrate in the diet DM became 52% during lactation days 1–150, 47% during days 151–250 and 37% thereafter. The amount of concentrate decreased or increased 2%-units for each 10 g /kg DM increase or decrease in digestibility of grass silage. Adjustment of cow’s individual concentrate offering was based on measured daily silage DM intake of the cow. On average the proportion of concentrate in the diet of twin cows was 49.2%. The composition of feeds is presented in Supplementary Table S1. During the first lactation month, two cows from the C-group and one from the T-group were treated with Penovet vet (Boehringer Ingelheim Animal Health Nordics A/S, Denmark) and Carepen vet (aniMedica GmbH, Germany) because of clinical signs of mastitis.



Rumen sample collection

Rumen samples from heifers were collected monthly starting from month 2 until animals reached 12 months of age. During the 1st lactation, rumen samples were collected from each cow once when they were 147 ± 11 (Average ± SD) days in milk. Rumen fluid from heifers was collected between 1,000 and 1,100 h before feeding via the esophageal PVC tube (10/16 or 12/18 mm inner/outer diameter) and from cows using Ruminator (Profs Products, Wittybreut, Germany). Sample preparation for VFA analysis was performed as described by Ahvenjärvi and Huhtanen (2018). In brief, the rumen liquid was filtered through two layers of cheesecloth, and a 5-mL aliquot was mixed with 0.5 ml of saturated mercuric (II) chloride solution and 2 ml of 1 M sodium hydroxide solution and stored at −20°C for later VFA analysis with gas chromatography (Huhtanen et al., 1998). For microbial analysis, 0.5 ml rumen liquid aliquots were snap-frozen in dry ice and stored at −80°C until DNA extraction.



DNA extraction, sequencing

The total DNA was extracted from 0.5 ml of rumen liquid with a method combining bead-beating and column extraction as described by Rius et al. (2012). Universal primers 515F and 806R (Caporaso et al., 2011) targeting the V4 region of the 16S rRNA gene were used for bacterial and archaeal amplicon sequencing. Primers 316F and 539R targeting the 18S rRNA gene area were used for ciliate protozoa (Sylvester et al., 2004), and primers Neo 18SF and Neo5.8SR targeting the ITS1 region (Edwards et al., 2008) were used for amplicon sequencing of anaerobic fungi. The sequencing libraries were prepared as described by Huuki et al. (2022) and sequenced in Finnish Functional Genomics Centre (Turku, Finland) on Illumina MiSeq platform by using 2 × 250 bp chemistry for bacteria and archaea, and 2 × 300 bp for ciliate protozoa and anaerobic fungi.



Sequence data processing

The demultiplexing of sequences, adapter removal, and sorting sequences by barcode were performed by the sequencing center. Bacterial and archaeal sequencing data were processed using QIIME 2 (Bolyen et al., 2019). Briefly, quality control, filtering of chimeric reads, and clustering of bacterial sequences into amplicon sequence variants (ASV) were performed using DADA2 (Callahan et al., 2016). The ASVs with less than 2 reads in total were removed. The bacterial ASV taxonomy was assigned using the SILVA 138 database (Quast et al., 2013) and the archaeal taxonomy was assigned using the RIM-DB database (Seedorf et al., 2014). The ciliate protozoa and anaerobic fungi sequence data were processed using QIIME v. 1.9.1 (Caporaso et al., 2010) as described by Huuki et al. (2022). In short, the reads were joined using SeqPrep and filtered for quality (>Q20) and length (protozoa: 220–300 bp; anaerobic fungi: 350–410 bp). Open reference OTU clustering (97% similarity) was performed with UCLUST, and chimeric reads were removed with usearch61 (Edgar, 2010). The OTUs with less than two reads were removed. The taxonomy was assigned with BLAST using ciliate protozoa reference database (Kittelmann et al., 2015), and anaerobic fungi ITS reference database v. 3.5, released on 9th of December 2019 (Koetschan et al., 2014). The sequence reads are available in the NCBI Sequence Read Archive under BioProject PRJNA713003 with corresponding BioSample Accessions SAMN28869958 - SAMN28870037.



Quantitation of microbial communities

The quantities of bacteria, archaea, ciliate protozoa, and anaerobic fungi were estimated with qPCR by quantifying rRNA gene copy numbers of each taxonomic group in 1 ng of extracted DNA. The quantitation of archaea, ciliate protozoa, and anaerobic fungi was performed as described by Huuki et al. (2022). The bacteria were quantified by amplifying the 16S rRNA gene area (279 bp) using primers UniF (3′ - GTG STG CAY GGY TGT CGT CA - 5′) and UniR (3′ - ACG TCR TCC MCA CCT TCC TC - 5′; Maeda et al., 2003). Amplification reaction (10 μl) contained 1 x Power SYBR Green PCR master mix (Applied Biosystems by Thermo Fischer Scientific, Life Technologies Ltd., United Kingdom), 0.2 μM of each primer, and 10 ng of DNA. The amplification was done in a Viia7 thermocycler (Applied Biosystems), with denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. A melt curve analysis was performed after amplification with denaturation at 95°C for 15 s, annealing at 60°C for 1 min, and denaturation at 95°C for 15 s, with a ramp increment of 0.4°C. A more detailed description of methods is provided in Supplementary material 1.



First lactation production data

Twin cows calved between August 2019 and January 2020, when cows were 23–29 months old. The body weight (BW, kg) of the cows was recorded daily after each milking using an automatic scale. Daily milk yield (kg/day) and dry matter intake (kg/day) were monitored throughout the lactation period. Morning and evening milk samples for analyses of fat, protein, and lactose were taken once on the lactation weeks 2 and 3 and every fourth week thereafter. Milk analyses were provided by Valio Ltd. milk laboratory in Seinäjoki using MilkoScan FT+ spectrometer (Foss Electric, Hillerød, DK). Daily average milk fat, protein, and lactose content were calculated based on the morning and evening milk yields. Energy-corrected milk yield (ECM) was calculated as proposed by Sjaunja et al. (1990). Metabolizable energy intake (MEI, MJ/d) and average residual energy intake (REI, ME MJ/d) were calculated for each lactation month, except when cows were on summer pasture. REI was calculated by fitting a multiple linear regression model with ECM, metabolic BW (BW0.75), and piecewise regressions of BW gain or BW loss on the MEI. Thereafter, the daily residuals from the prediction equations were defined to be REI (Mäntysaari et al., 2012). Cows with low REI values are defined as efficient.



Methane emissions

The daily methane (CH4) production was measured for the first 5 months after calving by photoacoustic IR spectroscopy (PAS) with F10 multigas analyzer (Gasera Ltd., Turku, Finland) as previously described by Negussie et al. (2017). Briefly, the gas analyzer was attached to two feeding stations and was recording the CH4 and CO2 gas contents of cow’s breath while the animal was visiting the feeding station. The average daily CH4 production was calculated for each lactation month from measurements of daily visits from both stations. Two T-group cows and one C-group cow were missing the data from lactation month 1, and one T-group cow from month 2. For one T-group cow, only data from lactation months 1 and 2 were available.



Statistical analyses

To explore treatment and age effect on the changes in microbial community structure, between-sample diversity was evaluated as Bray-Curtis dissimilarities following Hellinger transformation and visualized using principal coordinate analysis (PCoA) with Phyloseq (McMurdie and Holmes, 2013) R package. The significance for the effect of age, treatment, and treatment × age interaction was estimated using distance-based permutational multivariate analysis (Adonis) as implemented in vegan R package (Oksanen et al., 2019) and the pairwise comparisons between age × treatment with Permutational multivariate analysis of variance with False discovery rate adjustment with RVAideMemoire R package (Herve, 2020). The effect of host genetics on microbial community composition was estimated from the Bray-Curtis distance matrix. Significant differences between months were estimated by comparing the average distances between twins to distances between not related heifers with Kruskal–Wallis test, and pairwise comparison with Wilcoxon signed-rank test.

The taxonomic differences between the groups were evaluated at genus level for bacteria and at species level for the rest. The significance of age and treatment × age interaction was evaluated using ANOVA. Apart from the archaea dataset, the taxa with less than 0.1% relative abundance in the dataset were filtered out. All data were log(1 + x) transformed for normalization before the analysis.

Microbial community alpha diversity in T- and C-groups was estimated using Shannon and Simpson indices, and the richness as number of observed OTUs/ASVs as implemented in Phyloseq. The data were evenly subsampled to 9,600 reads for bacteria, 54,394 reads for ciliate protozoa, 25,369 reads for anaerobic fungi, and 115 reads for archaea. The statistical analysis was performed with Linear Mixed Model GLIMMIX in SAS 9.4 (SAS Institute Inc., Cary, NC, United States). Treatment, age, and the treatment × age interaction were treated as fixed effects. Pair was treated as random while age (month) as a repeated effect. Based on fit statistics, the compound symmetry covariance structure was chosen for alpha diversity measures. The difference in variance between groups was considered in bacteria and archaea alpha diversity models. The Simpson index was (x)20 transformed for anaerobic fungi and log(x) transformed for archaea, to achieve the normal distribution of residuals, and least square means were later reverse transformed. The effects were estimated using Residual Maximum Likelihood (REML) method and were declared significant at p ≤ 0.05. The alpha diversity estimates during the lactation period were compared between the groups using Wilcoxon signed-rank test.

Microbial quantities, measured as gene amplicon copy numbers, were tested using Linear Mixed Model as described above. Based on the Model Fit Statistics, the covariance structure was set to compound symmetry for archaea and ciliate protozoa, and to spatial power for bacteria and anaerobic fungi to improve the model fit.

The rumen VFA proportions (mmol/1,000 mol) until 12 months of age, production performance data (BW, weight gain, dry matter intake (DMI), REI, ECM, methane emissions and milk fat, protein, and lactose proportions) were analyzed using Mixed procedure in SAS v 9.4 with fixed and random effects as above. Pair and interaction of pair and age were treated as random effects with production performance data. Spatial power covariance structure was selected for VFA proportions and autoregressive covariance structure for production data. Milk somatic cell counts (SCC) were log(x) transformed to meet model assumptions and analyzed with the program GLIMMIX using Linear Mixed Model approach. The unequal variance of residuals between groups was considered. The total VFA concentration and individual VFA proportions from the first lactation period were compared between the groups using Wilcoxon signed-rank test.

Random Forests regression was used to regress rarefied ASVs at 9,700 sequences per sample against their chronological age using default parameters as implemented in R package randomForest with ntree – 10,000 (Liaw and Wiener, 2002). The statistically significant OTUs were identified by Boruta algorithm in R package Boruta (Kursa and Rudnicki, 2010). Analysis was done with default confidence level (p = 0.01) but increasing the ‘maxRuns’ to 1,000. Of the tentatively significant OTUs, those with higher median Z-score than the best shadow OTU were included as implemented in ‘TentativeRoughFix’-function. The C-group heifers were used in training the model to estimate the microbial maturity of the animals. A thin plate regression spline (Wood, 2003) was fit between microbiota age and chronological age of the animal separately for C-and T-groups as implemented in R-package mgcv (Wood, 2017). To analyze the contribution of specific OTUs on the model prediction, the approximate Shapley values were calculated with fastshap (Greenwell, 2021).




Results

After quality filtering and removal of rare sequences, there were a total of 1,796,922 bacterial, 29,461 archaeal, 7,296,045 ciliate protozoan, and 6,156,516 anaerobic fungal sequences from the pre-parturition period, with an average number of 22,462 ± 6,067, 368 ± 152, 92,355 ± 13,382, and 81,007 ± 17,188 reads per sample, respectively. The data of bacteria, archaea, ciliate protozoa, and anaerobic fungi from lactation period contained a total of 258,120, 5,199, 447,438, 515,997 reads with an average of 32,265 ± 10,020, 650 ± 204, 55,930 ± 38,364, 64,500 ± 24,997 reads per sample, respectively.


Treatment had minor effect on the archaea community

Treatment or interaction of age and treatment had no effect on archaeal 16S rRNA gene copy numbers (Figure 1A), ASV richness (Figure 1B), alpha diversity indexes (Supplementary Figure S1), or community distances (Figure 1C). At a taxonomical level, treatment affected the relative abundance of two species (Figure 1D; Supplementary Table S2). C-group had a higher overall abundance of Methanosphaera stadtmanae (treatment: p = 0.018) and a higher abundance of Methanomassiliicoccaceae group 10 sp. in month 2 (interaction: p = 0.04). After month 3, differences between the groups were no longer observed.

[image: Figure 1]

FIGURE 1
 The rumen archaeal community in treatment (T-group) and control (C-group) heifers at 2–12 months of age. (A) The rumen archaea 16S rRNA gene copy numbers, (B) the number of observed ASVs, (C) principal coordinate analysis visualization of Bray-Curtis community distances, and (D) the relative abundances of rumen archaea species. Only taxa with statistical significances are shown. The taxa are grouped by increasing (+) or decreasing (−) trend with time, or no significant effects (NS). Statistical significance of Treatment (T-sig), Age (A-sig), and Treatment × Age interaction (T × A sig): p < 0.05: *, p < 0.01: **, p < 0.001: ***.




Archaea community develops with age

The rumen archaeal quantity, estimated as 16S rRNA gene copy numbers, tended to decrease until month 9, and then increased again (Age: p = 0.084; Figure 1A). The archaeal ASV richness numerically decreased after month 2 and increased again after month 6, reaching the highest values in the C-group in month 7 and in the T-group in month 8 (Figure 1B). Similarly, Shannon and Simpson diversity indexes numerically decreased between months 2–6 and increased after month 6 reaching the highest values in month 7 in the C-group and month 8 in the T-group (Supplementary Figure S1). Age explained 20% of the variance in Bray–Curtis distances (treatment: R2 = 0.012, p = 0.400; Age: R2 = 0.2, p = 0.001; Interaction: R2 = 0.105, p = 0.403; Figure 1C). The community at month 2 was distant from the later months, but between months 3 and 10 the variation in the community composition was high and no clear separation into age groups was observed. Among the 18 archaeal species detected, Methanosphaera sp. ISO3-F5, Methanobrevibacter gottschalkii clade, and Mbb. ruminantium clade (71–93%) were the most abundant in both groups (Supplementary Table S2; Figure 1D). Methanosphaera sp. ISO3-F5 and Methanomicrobium mobile had their highest abundances in month 2 in both groups, but the abundance reduced by month 3. Mbb. gottschalkii became the predominant species from month 3 onward, while Methanobacterium alkaliphilum, Mmc. Group 3b sp. and Mmc. Group8 sp. WGK1 did not become abundant before heifers reached 8 months of age.



Treatment effect on bacterial community gradually diminished

Treatment or interaction of age and treatment had no significant effect on the rumen bacteria 16S rRNA gene copy numbers measured with RT-qPCR (Figure 2A), the ASV richness (Figure 2B), or alpha diversity metrics (Supplementary Figure S1). Treatment induced minor differences in bacterial community composition, but the effect of treatment only explained 1.4% of the variance (Adonis; treatment: R2: 0.014, p = 0.04) (Figure 2C). Overall, the T-group had higher abundances of Prevotella (treatment: p = 0.033), Prevotellaceae Ga6A1 group spp. (p = 0.008), Prevotellaceae UCG-001 spp. (p = 0.005), (Eubacterium) nodatum group (p = 0.023), and Lachnospiraceae UCG-009 spp., while Butyrivibrio (p = 0.019) and Saccharofermentans (p = 0.011) were less abundant as compared to C-group (Figure 2D; Supplementary Table S4). Most of the differences between the groups were detected during months 2 and 3, after which the communities became more alike (Figure 2D; Supplementary Table S4). In month 2, the T-group had higher abundances of Prevotellaceae spp. (p < 0.001), Paraprevotella (Tukey: p = 0.004), and Desulfovibrio (p = 0.005), while lower abundances of genus Treponema (Tukey p < 0.0001) and an unidentified genus affiliated with Succinivibrionaceae (p < 0.001), as compared to C-group. After month 2, only minor differences wereobserved in the taxonomic composition between the groups, which were mainly related to genera within Firmicutes phylum.

[image: Figure 2]

FIGURE 2
 The rumen bacterial community in treatment (T-group) and control (C-group) heifers at 2–12 months of age. (A) The rumen bacteria 16S rRNA gene copy numbers, (B) the number of observed ASVs, (C) principal coordinate analysis visualization of Bray-Curtis community distances, and (D) the relative abundances of rumen bacterial genera with abundance >0.1%. Only taxa with statistical significances are shown. The taxa are grouped by increasing (+) or decreasing (−) trend with time, and with significant treatment effects (Trt) or no treatment effects (NS). Statistical significance of Treatment (T-sig), Age (A-sig) and Treatment × Age interaction (T × A sig): p < 0.05: *, p < 0.01: **, p < 0.001: ***.




Bacteria community develops with age

The rumen bacterial 16S rRNA gene copy numbers remained at a similar level from month 2 to month 12 (Age: p = 0.727; Figure 2A). ASV richness increased until month 7 in both groups (p < 0.0001) and then stabilized (Figure 2B). Shannon diversity increased until month 7 (Age: p < 0.0001), while Simpson’s evenness index was low in month 2, but no longer increased after month 3 (Age: p < 0.0001; Supplementary Figure S1). As indicated by Adonis analysis of Bray–Curtis dissimilarities, age explained 16.5% of the variation in the bacterial community structure (treatment: R2 = 0.014, p = 0.04; age: R2 = 0.165; p = 0.001; interaction: R2 = 0.106, p = 0.04; Figure 2C). The first axis separated the communities by age in months 3–6, but not from month 7 onward. The second axis separated the month 2 from the rest. The age differences between the communities were due to decreasing relative abundances of phyla Bacteroidota, Proteobacteria, and Spirochaetota and increasing abundances of Firmicutes, Fibrobacterota, Patescibacteria, and Verrucomicrobiota (Anova age: p < 0.05; Supplementary Table S3). At the genus level, 60 of the 94 observed genera (> 0.1% abundance) were affected by age, of which 23 decreased and 37 increased in abundance over time (Figure 2D; Supplementary Table S4). More than half of the taxa affected by age (36 genera) were affiliated with Firmicutes. The differences in bacterial community structure between months 2 and 3 were related to reducing abundances of Lachnospiraceae NK3A20 group, Succiniclasticum, Acetitomaculum, Selenomonas, Lachnoclostridium, Alloprevotella, Succinivibrio, and Succinivibrionaceae UCG-002, while Lachnospiraceae NK4A136 group, (Eubacterium) ruminantium group and RF39 became more abundant in month 3. Between months 4 to 9 the changes in taxonomic composition were mainly caused by increasing abundance of WCHB1-41, Christensenellaceae R-7 group, Saccharofermentas, Rikenellaceae RC9 gut group, and Fibrobacter. Rikenellaceae RC9 gut group, Absconditabacteriales (SR1) sp., Papillibacter, and Pseudobutyrivibrio were among the last genera to stabilize in abundance after month 7.

To assess early life modulation effect on the rumen prokaryote community maturation during the post-weaning period, we applied the Random Forest analysis. The Random Forest prediction of rumen microbiome age, based on the 29 bacterial and archaeal ASVs, revealed that the treatment accelerated early post-weaning microbiome succession. In month 4, the maturity of rumen bacteria in the T-group was by 0.75 months ahead of the maturity of C-group (Supplementary Figure S2A). The main gradual maturation-related changes caused by the treatment were assessed by calculating the approximate Shapley values for prediction on month 4. They showed that the low abundance ASVs affiliated with, e.g., Methanobrevibacter millerae and some Prevotella ASVs, and a high abundance of other Prevotella ASVs strongly reduced the predicted age, while a higher abundance of, e.g., Pseudobutyrivibrio, other Prevotella, Methanobrevibacter, and Clostridiales bacterium strongly increased the predicted age of T-group (Supplementary Figure S2B). To summarize the patterns on ASVs identified to have an impact on age estimates, several Christensenellaceae R-7 group ASVs were most abundant between 4–6 months of age, and some Prevotella and Lachnospiraceae NK3A20 group ASVs increased in abundance with age, while other Prevotella and Succinivibrionaceae UCG-002 ASVs reduced in abundance with age (Supplementary Figure S2C).



Treatment effect on ciliate protozoa community diminished

The ciliate protozoa copy numbers (Figure 3A) or the number of observed OTUs (Figure 3B) were not significantly affected by the treatment. However, the effect of treatment was visible in the Bray-Curtis distances, which separated the groups until month 3, but not anymore thereafter (treatment: R2 = 0.0229, p = 0.016; interaction: R2 = 0.1114, p = 0.031) (Figure 3C). The management of calves in individual pens during the pre-weaning period resulted in differences in the ciliate protozoa community composition between the groups. All but one C-group heifer received ciliate protozoa by month 2, having a community with 6 abundant (>1%) species, but were highly dominated by Eremoplastron dilobum and Entodinium furca monolobum. On the contrary, the T-group was richer, inhabited by 10 species and dominated by Isotricha sp., Epidinium caudatum, and Isotricha prostoma (Supplementary Table S5; Figure 3D). The Shannon and Simpson indexes were significantly lower in the C-group in month 2 (interaction: p < 0.05), but in month 3 when the heifers were moved to a group pen, the differences between the groups disappeared (Supplementary Figure S1).
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FIGURE 3
 The rumen ciliate protozoa community in treatment (T-group) and control (C-group) heifers at 2–12 months of age. (A) The rumen protozoa 18S rRNA gene copy numbers, (B) the number of observed OTUs, (C) Principal coordinate analysis visualization of Bray-Curtis community distances, and (D) the relative abundances of protozoa species. Only taxa with statistical significances are shown. The taxa are grouped by increasing (+) or decreasing (−) trend with time, and no significant effects (NS). Statistical significance of Treatment (T-sig), Age (A-sig), and Treatment × Age interaction (T × A sig): p < 0.05: *, p < 0.01: **, p < 0.001: ***.




Ciliate protozoa community develops with age

The ciliate protozoan 18S rRNA gene copy numbers were low in month 2 but dramatically increased in month 3, and thereafter gradually reduced until month 9 when the quantity stabilized (age: p = 0.004; Figure 3A). The number of observed OTUs increased until month 10 after which it stabilized (p < 0.0001; Figure 3B). The Shannon and Simpson indexes were significantly lower in month 2 in comparison to the following months (age: p < 0.0001; Supplementary Figure S1). Both indexes reached the stable level in month 4 but experienced a drop around month 7, after which the levels gradually increased by month 10. The age explained 32% of the variation observed in the Bray-Curtis distances of ciliate protozoa (R2: 0.321, p = 0.001; Figure 3C). The first axis of principal coordinate analysis separated the communities by age, months 2–7 being separated from the communities of following months, while the second axis separated the T-group communities at month 2 from the other communities. The abundance of 12 species was affected by age (Figure 3D; Supplementary Table S5). The relative abundance of six protozoa species reduced with age, Eremoplastron dilobum, Epidinium caudatum, and Isotricha sp. being among the most abundant of these. The abundance of Isotricha sp. reduced in both groups by month 4, while Eremoplastron dilobum reduced in both groups by month 8, and Epidinium caudatum by month 9. The abundance of six species increased toward adulthood, of which Isotricha prostoma became the dominant species after month 8, Entodinium longinucleatum increased in abundance between months 3 and 11, while Dasytricha ruminantium and other rarer species became more abundant only after month 9.

The Random Forest model of ciliate protozoa community predicted a significantly faster community maturation of in the T-group in month 2, being 1.5 months ahead of the maturity of C-group. Thereafter, the predicted ages of two groups became similar (Supplementary Figure S3A). When looking at the approximate Shapley values for the T-group in month 2, the low abundance of OTUs affiliated with Ostracodinium dentatum, Polyplastron multivesiculatum, Isotricha prostoma, Entodinium longinucleatum, and Isotricha intestinalis was among the taxa that reduced the age prediction, while the low abundance of OTUs affiliated with Eremoplastron dilobum increased the predicted age (Supplementary Figure S3B). Looking at all the 31-maturation associated ciliate protozoa OTUs (Supplementary Figure S3C) taxa such as Metadinium medium, Polyplastron multivesiculatum, Epidinium spp., and Isotricha spp. were getting more abundant at later ages, while Eremoplastron dilobum, Entodinium sp., and E. nagellum were more abundant when the animals were young.



The anaerobic fungi community was unaffected by treatment

The treatment had no effect on the anaerobic fungi ITS1 gene copy numbers (treatment: p = 0.385; Figure 4A), OTU richness (p = 0.626; Figure 4B), alpha diversity (Supplementary Figure S1), or beta diversity (R2 = 0.012, p = 0.19; Figure 4C). There were no statistically significant differences in relative abundance of any of the anaerobic fungi species between the groups (Figure 4D)
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FIGURE 4
 The rumen anaerobic fungi community in treatment (T-group) and control (C-group) heifers at 2–12 months of age. (A) The rumen anaerobic fungi ITS1 area copy numbers, (B) the number of observed OTUs, (C) principal coordinate analysis visualization of Bray-Curtis community distances, and (D) the relative abundances of protozoa species. Only taxa with statistical significances are shown. The taxa are grouped by increasing (+) or decreasing (−) trend with time, and with no significant effects (NS). Statistical significance of Treatment (T-sig), Age (A-sig), and Treatment × Age interaction (T × A sig): p < 0.05: *, p < 0.01: **, p < 0.001: ***.




The anaerobic fungi community established late

Evidenced by the low fungal ITS1 gene copy numbers, the communities were still established in both groups between months 2–3 (age: p = 0.005; Figure 4A). Anaerobic fungi were detected in month 2 in only one sample in the T-group, and three samples in the C-group. Between months 4–10, the copy numbers remained at a stable level, but again increased after month 11. The OTU richness increased significantly with age, reaching its peak in month 11, but temporarily declined between months 7–8 (p < 0.0001; Figure 4B). The similar stepwise increase was observed in Shannon index continuing up to 10 months (age: p < 0.0001; Supplementary Figure S1). Age explained 35% of variation between fungal community distances (R2 = 0.355, p = 0.001; Figure 4C). The PCoA visualization of Bray-Curtis distances separated the communities by age, where the communities in month 2–3, month 4–7, and month 9–12 were more similar to each other. The species-level taxonomic composition showed that in months 2 and 3, Piromyces 2 and Piromyces 7 dominated the community in both groups (Figure 4D; Supplementary Table S6). The anaerobic fungal richness started increasing in month 3, and the gradual development of fungal community structure continued until month 10, after which it stabilized (all pairwise: p < 0.05). From month 3 onward, Piromyces 2 and Piromyces 7 reduced in abundance in both groups and were replaced by Neocallimastix 1 as the dominant species accompanied by Caecomyces 1 and SK3 in month 4. Both community diversity and evenness further increased with increasing abundances of, e.g., Cyllamyces 2, Piromyces 3 and BlackRhino in month 6, KF1 and Orpinomyces 1b in month 7, and Orpinomyces 5, Orpinomyces 1a, and AL8 in month 8. By month 11, the evenness and diversity of the fungal community had reached its peak, as 11 species were observed with a relative abundance of more than 1.5%.

Random Forest model, based on the 45 age-related OTUs, indicated similar maturities in both groups (Supplementary Figure S4A). Similar to C-group, the Shapley values of the T-group’s model prediction from 2 to 12 months of age showed that higher abundances of Neocallimastix 1, Orpinomyces 1a, Caecomyces 1, BlackRhino, and Orpinomyces 1b were associated with a more mature community, whereas Piromyces 7, Tahromyces munnarensis, and Caecomyces 1 were associated with young community (Supplementary Figures S4B,C).



Rumen function and growth of heifers

There were no significant differences between the groups in the weight of the heifers (treatment: p = 0.627, interaction: p = 0.992; Supplementary Table S7). The T-group gained on average 267 ± 9 kg and C-group 272 ± 9 kg during the 1st year period.

The total VFA concentration decreased significantly with age (age: p < 0.019), and acetate proportion increased, while the proportions of all other individual VFAs reduced or had monthly fluctuation (Supplementary Figure S5). Butyrate (interaction: p = 0.04) was significantly affected by the treatment. The butyrate proportion was at its highest in month 3, with numerically higher proportion in the T-group.



Host genetic effect on the microbial community similarity

To assess if the host genetics influences the rumen microbial community composition, we compared Bray-Curtis distances within twin-pairs against non-sibling animals (Figure 5). We hypothesized that inoculation will be the major factor influencing rumen microbiota differences between the animals right after the weaning. If host genetics has an impact, the community distances between the twins will be smaller as compared to the distances between non-related animals during rumen maturation. Bray-Curtis distances reduced over time and were smaller between the twins than between the non-related animals at the end of the 12-month period for bacteria (Figure 5A), ciliate protozoa (Figure 5C) and anaerobic fungi (Figure 5D). A similar trend was not observed for archaea (Figure 5B).
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FIGURE 5
 The Hellinger transformed Bray-Curtis distances of (A) bacteria, (B) archaea, (C) ciliate protozoa, and (D) anaerobic fungi communities between twin pairs (red) and between non-related heifers (green) at 2–12 months of age.




Rumen microbiome and rumen function during the first lactation

There were no significant differences between the groups in the total quantity of rumen bacteria, archaea, ciliate protozoa, or anaerobic fungi (Supplementary Table S8), or ASV/OTU alpha diversity (Supplementary Table S8) during the first lactation period. The Bray-Curtis distances of bacteria and fungi did not significantly differ between the groups (Adonis p > 0.05; Supplementary Figure S6), while differences in archaea and ciliate protozoa community structure between the groups were significant (Adonis p < 0.05). From the total of 83 bacterial genera observed (Supplementary Table S9), the T-group had higher relative abundances of unidentified genera affiliated with Lachnospiraceae (p = 0.025), Lachnospiraceae NK3A20 group (p = 0.03), Lachnospiraceae XPB1014 group (p = 0.066) and (Eubacterium) xylanophilum group (p = 0.067) as well as lower abundance of unidentified genera affiliated with Prevotellaceae (p = 0.058). Methanobrevibacter gottschalkii, Mbb. ruminantium, Methanosphaera ISO3-F5, and 6 less abundant (<5% relative abundance) archaeal species were observed within the dataset, but no significant differences between the groups were detected (Supplementary Table S10). In both groups, ciliate protozoa were represented by 16 species with Entodinium spp. and Entodinium furca monolobum being predominant, although two C-group heifers had high abundance of Epidinium caudatum (Supplementary Table S11). Only Diplodinium dentatum was more abundant in the C-group (p = 0.037), while Entodinium longinucleatum was significantly more abundant in the T-group (p = 0.043). The fungal community was represented by 10 genera in both groups (Supplementary Table S12). Neocallimastix and Buwchfawromyces/SK2 were predominant fungi, but there was a high between-sample variation.

No significant differences between the groups were observed in total VFA concentration or in any other individual VFA proportions (Supplementary Table S13).



Early life modulation effect on cows’ production performance

During the first lactation, no significant differences were observed in the DMI between the groups (Figure 6A). The C-group ate on average 18.6 kg DM/d corresponding to 204 ± 10 ME MJ/d, while the T-group ate on average 18.0 kg DM/d corresponding to 197 ± 10 ME MJ/d. The DMI increased until month 4 in the C-group and month 5 in the T-group after which it started to reduce (month: p < 0.0001).

[image: Figure 6]

FIGURE 6
 The average feed dry matter intake (DMI, kg/day) (A), average weekly body weight gain (B), energy-corrected milk yield (ECM, kg/day) (C), and residual energy intake (REI) (D) in treatment (T-group) and control (C-group) cows during the 1st lactation period. Data is presented in least square means ± standard error.


There was no significant difference in the average BW between the groups, although the body weight of T-group was numerically lower (523 ± 26 kg) in comparison to C-group (563 ± 26 kg) at the beginning of lactation. The BW increased from 543 ± 18 kg in the first lactation month to 628 ± 18 kg in the end of the lactation period (Month: p < 0.0001) (Supplementary Table S14). Due to high between-animal variation, there were no significant differences between the groups or lactation months in the weekly weight gain of the cows (Figure 6B). The cows from T-group gained on average 2.6 ± 1.6 kg/week and from the C-group 1.6 ± 1.6 kg/week during the 1st lactation. However, the T-group maintained a more even weight gain through the whole lactation as compared with the C-group, while C-group tended to lose weight during the second lactation month.

The average daily ECM yield was 24.8 ± 1.6 kg for C-and 23.3 ± 1.6 kg for the T-group and varied with month (treatment: p = 0.504, Month: p < 0.0001, interaction: p = 0.0009; Figure 6C). The peak in ECM yield in the C-group was observed in month 4 (28.8 ± 1.8 kg), but from 5 months onward the ECM rapidly diminished. In the T-group the ECM reached the highest yield (25.4 ± 1.8 kg) at 3 months after calving and remained more stable throughout the remaining lactation period. There were no significant differences in milk lactose, fat, or protein percent between the groups (Supplementary Table S15). The overall protein production (C-group:0.88 ± 0.05 kg; T-group: 0.83 ± 0.05 kg, p = 0.498), lactose production (C-group:1.01 ± 0.06 kg; T-group: 0.96 ± 0.06 kg, p = 0.595), and fat production (C-group:1.03 ± 0.08 kg; T-group: 0.95 ± 0.08 kg, p = 0.494) did not differ between groups (Supplementary Table S15). However, numerically higher milk yield in the C-group during the early lactation resulted into a numerically higher lactose (treatment × month: p = 0.002), protein (treatment × month: p = 0.001), and fat production (treatment × month: p = 0.001) during the first 5 months, in comparison to later months, while the production in T-group increased after first month, and remained at the same level thereafter. Treatment tended to affect the milk somatic cell count (SCC; treatment: p = 0.081; Supplementary Figure S6). Throughout the first lactation period the C-group had a numerically higher SCC (36 ± 1.1 × 1,000/ml) in comparison to the T-group (14 ± 1.1 × 1,000/ml).

The REI was affected by the stage of lactation in both groups (p = 0.018) but tended to have a different pattern of cycles of low and high REI between the group (interaction: p = 0.069; Figure 6D). Numerically, the mean REI was negative in the beginning and at the end of lactation in both C-and T-groups. The C-group had numerically lowest REI (−30 ± 8 ME MJ/d) in 1st lactation month, while the T-group in 9th month (−24 ± ME MJ/d). The shifts from negative to positive REI were delayed in the T-group, occurring ca. 2 months later in comparison to C-group. The T-group showed a longer period of negative REI in the early lactation, and lower and longer negative REI in the late lactation in comparison to C-group, while the C-group returned to negative REI earlier in mid-lactation and experienced a second positive REI peak in the late lactation.

The average methane production did not differ between the groups (C-group: 335 ± 14 g/d; T-group: 336 ± 16 g/d, LS mean ± SE, p = 0.951), but increased from 286.5 ± 19.9 g/d during the first lactation month to 373.3 ± 23.8 g/d in fifth lactation month (p = 0.02; Supplementary Table S14). After the first lactation month, the methane production in the C-group increased and remained stable, while the methane output in the T-group was more variable. There were no significant differences between the groups in the average methane yield (C-group: 18.1 ± 0.6, T-group: 17.4 ± 0.8 g/kg DMI; p = 0.378) or in the methane intensity (C-group: 13.7 ± 0.4, T-group: 15.0 ± 0.6 g/kg milk; p = 0.123). Both the methane yield and the methane production intensity maintained a similar level during 5 months measurement period (Month: p > 0.05; Supplementary Table S14).




Discussion

In this study, we investigated the effect of rumen microbiota modulation during the pre-weaning period on the rumen microbiota maturation post-weaning and further elucidated its influence on the production performance of cows during their first lactation period. The present study builds upon our previous findings that inoculation with fresh rumen liquid can enhance the bacterial and archaeal community maturation before calves are weaned (Huuki et al., 2022). Here, we show that the effect of inoculation persisted post-weaning but gradually diminished, making the C-and T-groups similar in rumen microbiota structure before they reached 12 months of age. We also demonstrated that the inoculum treatment may affect the production performance during the 1st lactation period in monozygotic twins, but a larger number of animals would be needed to reach significance.


The transfer of microbes from inoculum donor into calves’ rumen before weaning

In our previous study (Huuki et al., 2022; Supplementary Tables S12–S14) we investigated the transfer of microbes between the donor cow and the recipient calves. We did this by comparing the number of shared OTUs between the donor and the core microbial community within the T-and C-groups at each sampling week during the pre-weaning period. The inoculum increased the OTU richness of the prokaryote and eukaryote core community in T-group starting from week 2. The number of OTUs shared with the donor increased with age in both groups, so that by weaning both groups shared all their prokaryote core OTUs with the donor. In a similar way, all anaerobic fungal and ciliate protozoan core OTUs detected within T-and C-groups at weaning were shared with the donor (Huuki et al., 2022). In the present study we no longer followed the donor community transfer, because, by weaning, all the core community microbes were shared with the donor. Instead, we focused on the further microbiota development with age, and on the community differences between the groups.



Microbial community development until 1 year of age


Bacteria

The rumen modulation during the pre-weaning period influenced the bacterial community maturation for at least 2 months after the treatment. Based on the age-determinant taxa, the T-group calves were predicted to be older in comparison to the C-group until around month 4, after which the difference in predicted age was no longer apparent. The more mature community in the T-group was associated with increased abundance of Prevotella, Christensenellaceae R-7 group, and Lachnospiraceae NK3A20 group as well as higher abundance of Pseudobutyrivibrio, and Clostridiales bacterium. Interestingly, ASVs affiliated with these taxa were significant contributors to maturation also in grazing yaks (Guo et al., 2020). Our observations are in line with the results of de Barbieri et al. (2015a), where inoculation of lambs with rumen liquid from ewes fed either coconut oil or rumen protected fat induced changes in the bacterial community lasting up to 3 months after the treatment. Similarly, different diets induced significant differences in the bacteria community composition in pre-weaned calves, but later these differences greatly diminished or disappeared (Dill-McFarland et al., 2019). The microbiome composition in the rumen is controlled by deterministic effects of both diets, in terms of available substrates for the function of microbes, and age of the animal, in terms of anatomical and physiological constraints, but also stochasticity that especially may affect the microbial communities in early life (Furman et al., 2020). It is possible that the plasticity of the rumen microbial community allowed the microbes obtained through the pre-weaning inoculation to be still active in microbial interactions, but with shared diet and environment, the communities gradually became more alike.

We saw major changes occurring in the bacterial community composition right after weaning (2–3 months) and continuing until 7 months of age, after which only minor changes were observed. The taxonomical changes around weaning were related to the decreasing abundance of Proteobacteria, such as Succinivibrio or Succinivibrionaceae spp., and several Bacteroidota genera, such as Alloprevotella and Prevotellaceae spp., but also shifts in the taxonomic composition of Firmicutes. Bacteroidota are known to be abundant in the pre-weaned calves (Jami et al., 2013; Rey et al., 2014), but major shifts within Bacteroidota occur by weaning due to increasing dominance of Prevotellaceae family that is linked to increasing diet fiber content (Rey et al., 2014; Furman et al., 2020). Similarly, the Proteobacteria are more abundant in young calves (Jami et al., 2013), and Succinivibrionaceae has been observed to decrease around weaning, which was speculated to be associated with increasing fiber content in the diet and increasing abundance of Methanobacteriaceae family archaea (Furman et al., 2020). On the other hand, our results showed, that the bacterial community continued to develop until month 7, mainly due to shifts in abundances of several Firmicutes genera. Changes in some rare taxa were observed even up to 10 months of age. Firmicutes contain many important cellulolytic taxa, that have a role in fiber degradation (Deusch et al., 2017; Terry et al., 2019). The observed shifts in the Firmicutes taxonomical composition with age could be an adjustment to the changing diet or could be an indication of changes in the rumen microbial interactions, as an increase in abundance of, e.g., Lachnospiraceae family has been previously found without changes in the diet (Furman et al., 2020). Our results on the timeline of the rumen maturation agree with some of the few studies that have followed the natural progress of rumen bacteria community development until adulthood, which showed that rumen core community establishes by 5 months of age, but few and less persistent changes related to other taxa continued to occur until adulthood (Furman et al., 2020).



Archaea

The archaea community post-weaning was not affected by treatment, and experienced small taxonomical changes until month 6. These changes were related to Methanosphaera spp. being more abundant in younger heifers but being replaced by Methanobrevibacter gottchanlkii as the dominant species after month 3. Methanobacterium alkaliphilum, Methanomassiliicoccaceae Group3b sp., and Mmc. Group8 sp. were late arrivals and increased in abundance after month 8. The increasing taxonomical diversity of archaea is possibly linked to the rumen metabolite diversity, which increases with age due to the more complex microbial functional interactions. Our observations are in line with Dias et al. (2017) who demonstrated that Methanosphaera was dominating in the pre-weaning calves fed milk and concentrate diet, while Mbb. gottschalkii dominated in calves receiving milk. While Mbb. gottschalkii is a hydrogenotrophic methanogen (Miller and Lin, 2002), Methanosphaera uses methanol for methanogenesis (Miller and Wolin, 1985). Methanol is produced in pectin degradation, with Prevotella spp. being regarded as the main producer of methanol in the rumen (Kelly et al., 2019). Methanomassiliicoccaceae spp. can also utilize methanol as an electron acceptor, but unlike Methanosphaera, they are also able to utilize methylamines (Poulsen et al., 2013; Söllinger et al., 2018), and have advantage in competition for substrates with Methanosphaera. Methanobacterium alkaliphilum, on the other hand, is known to tolerate high pH (Worakit, 1986). The greater abundance of Methanobacterium alkaliphilum during the last months could be related to potential changes in the rumen pH caused by changes in feed/silage quality, but unfortunately, rumen pH was not measured to confirm this hypothesis.



Ciliate protozoa

The initial housing conditions for transmission of ciliate protozoa differed between the two groups, resulting in Eremoplastron dilobum dominating the C-group, whereas Isotricha sp. and Epidinium caudatum being predominant in the T-group by the end of the pre-weaning period (Huuki et al., 2022). While the T-group received ciliate protozoa with rumen liquid inoculum, and in all the T-group heifers protozoa were observed already in month 1 (Huuki et al., 2022), majority of the C-group calves remained defaunated and acquired ciliate protozoa only by month 3, when they were moved to a group pen. Therefore, the T-group community had more time to establish, and the treatment continued to enhance the maturation of ciliate protozoa community until animals reached 4 months of age. However, from month 3 onward, the communities of both groups started to become more alike, and the C-group quickly caught-up in maturation. The ciliate protozoa are transmitted through a contact with conspecifics and contaminated environment (Bird et al., 2010). The translocation of heifers into a different barn, and the housing of calves from both groups inside the same group pen may have caused exchange of different ciliate protozoan taxa, and shifts in the relative abundance of species, that resulted in similar community composition between the groups at the age of 7–8 months, dominated by Isotricha prostoma. While, the ciliate protozoa have been intensively studied in terms of methane mitigation and protein metabolism, recent research on the long-term community changes is sparse. Despite ciliate protozoa being robust in their group persistence (Eadie, 1962a,b), it looks that C-group, with different taxa abundant at month 2, was still flexible for changing ciliate community composition.



Anaerobic fungi

In our previous study, we demonstrated that the adult animal rumen liquid inoculum, provided to the calves during the pre-weaning period, did not stimulate earlier anaerobic fungi establishment and rather had the opposite effect (Huuki et al., 2022). By following rumen microbial community development post-weaning, we demonstrated that the quantity of rumen fungi remained low until month 4, and that the development of the anaerobic fungi community structure and the increase in richness was gradual and continued at least until month 10, after which it stabilized.

In our study, the pre-weaning treatment did not induce fungal community composition differences between the groups in any of the community diversity measures post-weaning. Dill-McFarland et al. (2019) found that the pre-weaning diet affected the fungal community later in life in cows, and Belanche et al. (2019a) showed that natural rearing with lambs enhanced the fungal community establishment and had long-term impact on fungal richness when lambs were grazing. Together these observations suggest that the diet determines the fungal community composition, and the establishment of anaerobic fungi in the rumen cannot be aided by the pre-weaning inoculation with rumen fluid from an adult cow. It is possible that in the case of anaerobic fungi, the best time window for modulation is only after the weaning, when the rumen environment can maintain the community and the establishment properly begins.

The anaerobic fungi taxonomical composition continued to develop at least until month 10. During milk feeding period, Caecomyces and SK3 were the most abundant taxa (Huuki et al., 2022). The diet before weaning is rich in fast fermentable carbohydrates, and high levels of fermentation products could have an inhibiting effect on anaerobic fungi (Joblin and Naylor, 1993). As the solid feed intake increased toward the weaning, Caecomyces and SK3 were gradually replaced by Buwchfawromyces/SK2, and Piromyces 2 and 7 became dominant around month 3. These Piromyces species have not yet been cultured and their functional properties are not yet characterized. However, some Piromyces strains are known to possess very high hydrolytic activities in comparison to other anaerobic fungi (Tripathi et al., 2007), which could give them advantage in competition for increasing substrates during the early stages of rumen development. From month 4 onward, the Piromyces spp. were replaced by Neocallimastix 1, which retained the dominant status until the end of the experiment.

Secondly, the taxonomic richness and evenness of the fungal community increased with age. While at weaning the Piromyces 2 abundance reached 62%, and only five other taxa were detected at a relative abundance >1%, the fungal taxonomic richness and evenness greatly increased between months 4 and 10. This period in rumen anaerobic fungi development was described by fluctuation among various fungal species, including Orpinomyces spp. It is likely, that the increasing solid feed intake, the more stable rumen environment, and more developed rumen microbial ecosystem supported the establishment of increasing number of fungal species, but also induced competition between the species, which was seen in increased evenness estimate. Competition between Orpinomyces and Neocallimastix has been previously proposed by (Kittelmann et al., 2012) as they seem to have structurally similar cellulase and xylanase enzymes (Li et al., 1997). The taxonomic composition of rumen anaerobic fungi has been found to vary with the diet in adult animals, e.g., the Neocallimastix being more dominant in high concentrate-to-forage ratio diet (Tapio et al., 2017).




Rumen volatile fatty acids until 1 year of age

The age-dependent patterns of rumen VFA likely reflected the changes in the feeding regime and quality of the feed. The proportion of acetate had a slight increase, while the propionate and butyrate proportions reduced with age, most significant changes occurring after weaning at month 3. A high concentrate diet has been shown to increase the production of butyrate and propionate due to breakdown of carbohydrates into sugars by amylolytic bacteria. The hexoses are further broken down to pyruvate, which is used to produce butyrate, and propionate through intermediate metabolites such as lactate and succinate (Zhang et al., 2020). We saw a reduction in the relative abundance of several sugar utilizing, succinate, and/or lactate-producing taxa, e.g., Selenomonas (Silley and Armstrong, 1985), Succinivibrio (Bryant and Small, 1956), Alloprevotella (Downes et al., 2013), Blautia (Liu et al., 2021), and, e.g., in propionate producing taxa such as Succiniclasticum (Van Gylswyk, 1995). Therefore, it is tempting to speculate that the changes in diet around weaning may have contributed to the reduction of fermentation intermediates such as lactate and succinate and led to the decrease of propionate and butyrate proportions. This is further supported by previous studies, which have reported higher concentrations of fermentation intermediates in calves, as well as a decrease in propionate and increase in acetate proportions in response to changing from milk diet toward fiber and starch diet (Dill-McFarland et al., 2019), or decreasing acetate to propionate ratio and butyrate concentration (Anderson et al., 1987). Dill-McFarland et al. (2019) suggested that the decrease in propionate is related to increased maturation of gastrointestinal tract, as propionate is the main substrate of gluconeogenesis in ruminants.

Despite some differences in microbial community composition between the T-and C-group, we observed only minor differences in the VFA proportions between the groups, which was likely due to functional plasticity within the rumen (Taxis et al., 2015). In comparison to C-group, the T-group tended to have higher proportion of butyrate around month 3. Many of the taxa, identified by Random Forest to be related to more mature community in T-group around the same time, are known to include butyrate-producing species, e.g., Christensenellaceae (Morotomi et al., 2012) and Pseudobutyrivibrio (Van Gylswyk et al., 1996). The overall higher abundance of butyrate-producing taxa may have contributed to the numerically higher butyrate proportion in T-group. Moreover, the ciliate protozoa quantity peaked in month 3 in both groups, being slightly higher in T-group in comparison to the C-group. The ciliate protozoa have been shown to contribute to the VFA production to a varying degree, depending on the protozoa community structure (Solomon et al., 2022). Also, it has been shown that the defaunation of ruminants from ciliate protozoa may have a negative effect on the butyrate production (Newbold et al., 2015). We therefore speculate, that the ciliate protozoa contributed to the butyrate concentration peak around month 3 and can partially explain the numerically higher butyrate proportion in T-group.



Host genetics effect on rumen microbiome

The host genetics is known to affect the ruminant microbiota (Li F. et al., 2019; Wallace et al., 2019). An increasing body of evidence suggests that the transfer of bacteria and archaea from the mother to fetus starts already in the uterus (Guzman et al., 2020; Husso et al., 2021) and microbiome between the twins in humans (Turnbaugh et al., 2009; Goodrich et al., 2014) and bovine (Mayer et al., 2012) is more similar than between unrelated individuals. To minimize the variation caused by the host genetics in the present study, we used monozygotic twin calves, produced by embryo splitting. Due to inoculation treatment during the pre-weaning period, we observed differences in the rumen microbial community composition between the C-and T-groups (Huuki et al., 2022). However, we hypothesized that if the hosts’ genetics affects its own microbiome development, the impact will be visible after rumen modulation is over and animals are left to develop until adulthood. In this study, we observed that the treatment effect gradually diminished and the microbial communities in all individuals became more alike with age. However, apart from the archaea, the Bray-Curtis distances in all other domains became smaller with age between the twin pairs in comparison to distances between the non-siblings. The impact of host genetics on ciliate protozoa and fungi has not been extensively studied, and currently existing data suggest that the rumen eukaryome is not considered to be highly hereditary (Gonzalez-Recio et al., 2018; Wallace et al., 2019; Martínez-Álvaro et al., 2022). Yet, we found that the communities tended to be more similar within the twin-pairs in comparison to non-siblings. It is tempting to speculate that this greater similarity could be a result of host genetic impact on own pro-and eukaryome development, that became apparent when the effect of inoculation diminished. However, a study with larger number of animals is needed to confirm our preliminary findings.



First lactation period animal performance

We observed some differences in production parameters between the T-and C-groups during their 1st lactation period. During the first four lactation months, the C-group maintained numerically higher milk production in comparison to the T-group. The differences between the groups in early lactation could be due to numerically lower body weight in the T-group after parturition caused by slightly younger parturition age due to earlier insemination success. The lower body reserves at the start of the lactation period have been shown to direct the energy use toward growth and reduce the milk yield, because cows with higher BW are able to mobilize more energy from the body reserves, especially during early lactation (Mäntysaari et al., 1999; Mäntysaari and Mäntysaari, 2010). Between 2nd and 4th lactation month the C-group also started to compensate for the earlier body mass loss. In comparison, the T-group did not lose BW, although the BW gain temporarily slowed down during the first lactation month. The C-group had its highest efficiency (lowest REI) during 1st month of lactation, while the T-group reached highest efficiency between 8th and 10th month of lactation, when the ECM and DMI gradually reduced, and more energy was used toward growth. These observations may suggest that the T-group partitioned more of the energy into growth than into milk production, while keeping a steady milk yield, whereas the C-group used more of the energy into milk production especially during the early lactation but had to invest more energy into growth in the late lactation. Previously, high, and low merit producers have been found to vary in partitioning of metabolizable energy into different energy sinks, and that there is genetic variation within these traits (Mehtiö et al., 2018).

There were no differences in milk composition between the groups, but differences were detected in SCC, with C-group having on average higher SCC in comparison to T-group throughout the whole lactation. Two of the C-group cows and one T-group cow were diagnosed with mastitis during their early lactation. The SCC of all these cows reduced to a healthy level (<150,000 cell/ml) after treatment. However, one C-group cow with mastitis and another C-group cow without clinical signs of mastitis retained SCC on average higher than 50,000 cells/ml throughout the experiment. A link between the rumen microbiome and clinical mastitis has been demonstrated in cows (Zhong et al., 2018, 2020) and in sheep (Boggio et al., 2021). Zhong et al. (2018) showed that the high SCC associated cows had a higher rumen bacterial diversity, changes in the bacterial taxonomical composition, a lower milk yield, and a lower milk lactose (%), but a higher milk fat and protein (%). No similar observations were made in our study, as the C-group had numerically higher milk yield in comparison to T-group, and the milk composition did not differ between the groups. The C-group showed signs of lower REI during the first lactation month in comparison to the T-group, which could have affected the higher SCC. It has been previously shown that the low REI often leads to greater negative energy balance, which may increase the risk of diseases (Becker et al., 2021).

Because the microbial community composition and rumen fermentation characteristics were similar between the groups, and the genetic background of individuals was identical, the production performance of the animals would be expected to be similar. Yet, subtle differences in production performance were observed. In general, the different seasons and the age of the cow can cause variation in the production performance experiments, which is normally resolved with a higher number of study subjects. Due to the limited number of animals in the present experiment, and the differences in calving times, we cannot rule out the possibility that these factors may have influenced the results. However, in the current experiment the genetic background, housing and dietary conditions were controlled, apart from pasture season. Therefore, the differences between the groups could be speculated to be affected by the rumen modulation treatment, especially during the first 5 lactation months, when none of the cows were on pasture and the diet was strictly controlled. We cannot rule out the possibility, that the rumen microbiome modulation during the pre-weaning period induced permanent changes in, e.g., calf’s metabolism (Li W. et al., 2019), immune development (Raabis et al., 2019), or intestinal development and/or function, that could indirectly impact the performance. Further studies are also needed to assess influence of the lower gut microbiome on the differences in the phenotypic characteristics, as some indications of changes caused by rumen liquid inoculum on colon microbiota exist (Yu et al., 2020) and in lambs’ differences in lower intestine microbiota have been associated with feed efficiency phenotype (Perea et al., 2017).




Conclusion

Our results showed that the orally administered microbial inoculant enhanced the maturation of T-group bacteria and ciliate protozoa until month 4, and in both groups, the community development reached the adult animal stage between 8 and 9 months after birth. The pre-weaning treatment did not enhance the anaerobic fungi establishment, as the anaerobic fungi were the last domain that started efficient rumen colonization only post-weaning, and their gradual development to adult stage continued until month 10. The age-related changes in the archaea community were not as apparent as in bacteria, and the community tended to stabilize at 6 months of age. Some differences in production parameters were observed between the T-and C-groups during the 1st lactation period. The T-group tended to have a more uniform energy-corrected milk yield and residual energy intake during the different phases of lactation, and had lower somatic cell count, as compared to the C-group animals. No differences in methane production were detected. However, further studies with a larger number of animals are needed to elucidate the mechanisms through which the early-life microbiome modulation influences the production performance in ruminants.
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This study aims to assess the effects of the partial replacement of whole corn silage (WCS) with fermented pineapple peel residue (FPPR) on growth, serological parameters, muscle quality, rumen microorganisms, and fecal microorganisms. A total of 24 Chuanzhong black goats weighing 10.23 ± 1.42 kg were evaluated in a randomized complete trial design in accordance with the following treatments: (1) 0% FPPR in the diet, (2) 25% FPPR in the diet, and (3) 50% FPPR in the diet. In goats, the partial substitution of FPPR for WCS increased the abundance of probiotics, such as Blautia, Butyrivibrio fibrisolvens, and Ruminococcus albus, and did not exert significant effects on overall serological parameters and muscle quality. In conclusion, the partial substitution of FPPR for WCS in the diet did not impair or affect the productive performance of goats.
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 agricultural by-products, fermented feeds, Chuanzhong black goats, pineapple peel, rumen microfora, fecal microfora, meat quality


Introduction

Roughages are essential for ruminant production because they stimulate the chewing response and enhance saliva output to stabilize the rumen microbial environment (Tafaj et al., 2006). In Chinese rangelands, corn silage is the most common source of roughage for ruminants; however, continuous maize monoculture can negatively affect nutrient extraction from the soil and increase the chance of erosion (Silva et al., 2021). In addition, there is an urgent need to develop new sources of roughage for the progression of ruminant farming in many areas where maize cultivation is unsuitable due to climatic, geographical, or economic conditions.

Pineapple, which is widely distributed in the tropics, is well received by consumers for its unique fragrance and rich nutrition. Moreover, it promotes the body's health (Brito et al., 2020; Padrón-Mederos et al., 2020). In addition to being consumed fresh, pineapple is often used to produce fruit juices, jams, dried fruits, and syrups (Sanya et al., 2020). However, the edible part of pineapple only accounts for 30–45% of its total weight, and the rest parts are often discarded or buried in landfills, causing great environmental pollution and resource waste (Gasmi Benahmed et al., 2021). Pineapple peel residue (PPR) is a by-product of pineapple processing that is rich in nutrients and bioactive substances (Roda and Lambri, 2019). This waste is mainly composed of dietary fibers, flavonoids, minerals, sugars, polyphenols, and vitamins and plays an important role in antibiosis, antioxidation, and gastrointestinal protection (Hu et al., 2019). Therefore, it can be developed as a feed material. Studies on the use of pineapple residue as feed have been reported. These works demonstrated that in animals, the favorable palatability of pineapple residue can improve feed intake (Shivakumar Gowda et al., 2015; Kiggundu and Kabi, 2019; Liu et al., 2021) and that PPR has no adverse effects on health and metabolism (Shivakumar Gowda et al., 2015; Kiggundu and Kabi, 2019).

Rumen microorganisms can transform fibrous materials into energy needed for daily activities of ruminants and execute important roles in regulating host physiological functions, metabolic reactions, and resistance to pathogens (Jami et al., 2013; Wang et al., 2013). Bacteria dominate rumen microorganisms and play a crucial role in the digestion and conversion of feed into short-chain fatty acids and mycoproteins (Brulc et al., 2009). Diet composition is an important factor affecting rumen microorganisms. A previous study found that in lambs, substituting a certain proportion of buckwheat straw for corn straw in the feed reduced the diversity of rumen microflora. Another study (Wang et al., 2021) reported that grapeseed decreased Firmicutes and increased Bacteroidetes and Prevotella_1 in the rumen microflora of lambs. Nevertheless, studies reporting the effects of PPR on the rumen microflora of ruminants are limited.

Intestinal microorganisms also perform an important role in host health, and the disorder of microbial composition may lead to inflammation and diseases (Lee et al., 2020). Intestinal flora is affected by numerous factors, such as physiological status, nutrient composition, environmental changes, drug treatments, pathogens, and stress (Kunz et al., 2019). In animal husbandry, numerous works have demonstrated that different feed ingredients cause changes in the composition of fecal microbiota (Sun et al., 2017; Xie et al., 2020). In our previous study, we found that replacing whole corn silage (WCS) with a certain proportion of Broussonetia papyrifera silage could affect the composition and function of fecal microbiota in Holstein heifers (Tian et al., 2020). However, related studies on the effects of fermented PPR (FPPR) as a new feed material on the intestinal microflora in ruminants are still limited.

Although FPPR has the potential to replace corn silage as a new source of roughage due to its nutritional richness, there is a lack of the literature assessing its feasibility in ruminant feeding. This study aims to use FPPR as a partial replacement for maize silage as a source of roughage for Chuanzhong black goats and to evaluate growth performance, serological parameters, muscle quality, rumen microbiology, and fecal microbiology for complementing the theoretical basis to determine the feasibility of FPPR as a source of roughage for ruminants.



Materials and methods

All experimental procedures used in this study were approved by the Committee of Animal Experiments of South China Agricultural University (No. 2021G018).


Experimental materials

Pineapple peel residue was purchased from a technology company in Leizhou city. After being crushed and pressed, the PPR measurement was approximately 2–3 cm. Then, it was evenly sprayed with a commercial starter (moisture ≤ 12%; Bacillus subtilis ≥ 2 × 109 cfu/g; Peeltococcus acitilactict ≥ 2 × 109 cfu/g; and Candida utilis ≥ 4 × 109 cfu/g) solution. Approximately 40 kg of PPR was sealed into a polyethylene fermentation bag, and after 20 days of fermentation, FPPR was obtained.



Determination of nutrients in diets

The nutrient composition of the feed used in the experiment was determined as follows: dry matter, crude protein, ether extract, and ash were measured based on the method described by the Association of Official Analytical Chemists (2002). Neutral detergent fiber and acid detergent fiber were determined in accordance with a previous study (Van Soest et al., 1991). Calcium and phosphorus were tested via the ethylenediaminetetraacetic acid (EDTA) complexometric titration method and vanadium molybdate yellow colorimetric method, respectively.



Experimental animals

The trial was conducted at a commercial farm in Zhaoqing (Guangdong province, China). It included a preliminary feeding period of 7 days and a formal experimental period of 35 days. A total of 24 healthy 4-month-old female Chuanzhong black goats (10.23 ± 1.42 kg) with similar genetic backgrounds were evenly and randomly assigned into three groups. In all three groups, the substitution amounts of FPPR for WCS in the diet were 0% (CON), 25% (B25), and 50% (B50). The diets were mixed in accordance with the National Research Council (2016), and their nutrient compositions were analyzed according to Xie et al. (2020). The ingredients and nutrient composition of these diets are shown in Table 1. Feeding was performed at 09:00 and 17:00 every day, and the goats were allowed to eat and drink freely during the experiment. During the experimental period, feed intake and average daily gain (ADG) were measured.


TABLE 1 The ingredients and chemical composition of the diets.
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Collection of samples

Serum sample collection was carried out on days 17 and 35 of the formal experimental period. Goats were fasted for 12 h before blood sampling, and blood was collected from the jugular vein. After centrifugation at 4,000 r/min for 15 min, the upper serum was removed and stored at −20°C.

Fecal samples were collected from the rectum on the last day of the experimental period. Approximately 2 g of the sample was stored in a 2-ml frozen pipe at −80°C for the determination of bacterial communities.

A total of 16 goats from CON and B50, which showed a strong effect of FPPR on ADG and feed intake, were selected and mercy killed on the last day of the experimental period. The rumen fluid from each goat was filtered through the four layers of sterile gauze, and 150 ml was collected. Filtered rumen fluid was poured into a 2-ml frozen pipe and 50-ml centrifuge tube. The samples in the frozen pipes were stored at −80°C for the analysis of bacterial community. The pH value of the rumen fluid in the centrifuge tube was determined using a pH meter (FE28-Standard, METTLER-TOLEDO). Then, the rumen fluid was centrifuged at 5,000 r/min for 15 min. The supernatant obtained through centrifugation was removed and stored at −20°C for the determination of fermentation parameters.

The longissimus dorsi muscles of the killed goats were removed and divided into two parts along their sections. One was used for the determination of pH, meat color (brightness, L*; redness, a*; and yellowness, b*), drip loss, shear force, and water-holding capacity (WHC) through the determination methods reported by Abdel-Wareth et al. (2019) and Wassie et al. (2020). Another part was used for the determination of amino acid content in muscles with an L-8900 amino acid analyzer (Hitachi, Japan) in accordance with the method of Fu et al. (2016).



Determination of serum indicators

Serum biochemical indicators, including albumin, total protein, globulin, uric acid, blood urea (UREA), nonesterified fatty acids (NEFA), creatine kinase, and blood glucose, were determined using a HITACHI Automatic Analyzer 7600 (Hitachi, Ltd., Tokyo, Japan). Interferon-γ, C-reactive protein, β-hydroxybutyric acid, heat shock protein-70, triiodothyronine, and immunoglobulin family were measured via the ELISA method. Catalase, glutathione peroxidase, and total antioxidant capacity were measured using commercial colorimetric ABTS kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing).



Analysis of rumen and fecal bacterial communities

The cetyltrimethyl ammonium bromide method was adopted to extract genomic deoxyribonucleic acid (DNA) from the samples. The genomic DNA sample were tested for purity, concentration, and integrity. The 16S rDNA V1–V9 regions were amplified with a tansStart® FastPfu DNA polymerase kit. The forward and reverse primers were designed as 27F (GAGAGTTTGATCCTGGCTCAG) and 1541R (AAGGAGGTGATCCAGCCGCA), respectively (Jin et al., 2018). Reaction systems were established as follows: Trans Fastpfu, 1 μl; 5× buffer, 10 μl; 5× Stimulate, 5 μl; dNTP, 5 μl; forward primer, 1 μl; reverse primer, 1 μl; gDNA 5 μl; and nuclease-free water, 23 μl. The reaction conditions were set as follows: initial denaturation, 95°C for 2 min; denaturation (95°C, 30 s), annealing (60°C, 45 s), and extension (72°C, 90 s) for 35 cycles; and final extension, 72°C for 10 min. After amplification, the quality and integrity of the PCR products were determined by electrophoresis with 2% agarose gel. Then, the products were purified using a QIAquick Gel Extraction kit (QIAGEN, Inc., Valencia, CA, USA). The sequencing library was generated with a SMRTbellTM template preparation kit (Pacific Biosciences, Inc., Menlo Park, CA, USA) (Song et al., 2019). Library quality was evaluated by using a Qubit@ 2.0 fluorimeter and FEMTO Pulse system. Finally, the PacBio Sequel platform (Pacific Biosciences, Inc., Menlo Park, CA, USA) was selected for library sequencing, and the data were subjected to bioinformatics analyses based on the methods described by Yang et al. (2020). α-diversity, including Ace, Chao1, Shannon, and Simpson indexes, was calculated using Qiime software, and β-diversity was analyzed with the “vegan” package in R software (De Filippis et al., 2018). Functional prediction of the microflora was performed using Tax4Fun (Sharma et al., 2020). Linear discriminant analysis (LDA) effect size (LEfSe) and functional prediction of the microflora were carried out using an online tool (http://huttenhower.sph.harvard.edu/galaxy/), and p < 0.05 and LDA score >2 were selected as cutoffs (Cadena et al., 2019).




Statistical analysis

Test data were preliminarily sorted and analyzed using Excel software (Microsoft, Redmond, WA, USA) and then analyzed with SAS 9.4 software (SAS Institute, Inc., Cary, NC, USA). The normality of the data was tested using the UNIVARIATE procedure. Outliers were processed based on the Studentized absolute residual values > 2.5.

The MIXED procedure model used for the data from meat quality processing is Yij = μ + Bi + Tj + εi, where Yij is the value of the dependent variable of the test goats under different treatments, μ is the overall mean, Bi are the dietary treatment effects, Tj are the time treatment effects, and εij is the random error.

The generalized linear model (GLM) procedure model used for data other than meat quality processing data is Yi = μ + Bi + εi, where Yi is the value of the dependent variable of the test goats under different treatments, μ is the overall mean, Bi are the dietary treatment effects, and εi is the random error.

Unless otherwise noted, test data are shown in figures and tables as mean and standard deviation (SD), and p < 0.05 indicates a significant difference.



Results


Performance and serum indicators

Throughout the experiment, the feed intake of the CON group was always lower than that of the B50 group (Figure 1A) and the ADG of B50 was significantly higher than that of CON (p < 0.05). However, the B25 group did not significantly differ from the CON group (p > 0.05) (Figure 1B). Figure 2 shows that on day 17, the UREA in B50 was significantly lower than that in CON (p < 0.05). On day 35, NEFA in B50 was significantly lower than that in CON (p < 0.05). The contents of other serum indicators did not differ significantly among all groups.


[image: Figure 1]
FIGURE 1
 Effect of fermented pineapple peel residue (FPPR) on the growth performance of black goats. (A) Feed intake and (B) average daily gain (ADG). **p < 0.01; ns, No Significant.



[image: Figure 2]
FIGURE 2
 Effect of FPPR on the serum indicators of black goats.




Meat quality

The results of meat quality and amino acid composition of longissimus dorsi in goats are shown in Tables 2, 3. The physical properties presented in Table 2 indicated that FPPR decreased the pH value of longissimus dorsi at 45 min and 48 h (p < 0.05). The results in Table 3 demonstrated that FPPR reduced the content of phenylalanine (p < 0.05), whereas the contents of total amino acids (TAA), essential amino acids (EAA), and delicious amino acids (DAA) did not change significantly (p > 0.05).


TABLE 2 Effect of the partial substitution of fermented pineapple peel residue (FPPR) for WSC on the meat quality of longissimus dorsi in Chuangzhong black goats.
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TABLE 3 Effect of the partial substitution of FPPR for WSC on the amino acid composition of longissimus dorsi in Chuangzhong black goats (g/100 g protein).

[image: Table 3]



The diversity of fecal and rumen fluid microflora

The 24 fecal samples were sequenced using the PacBio platform, and 278,008 raw read sequences were obtained. After removing primers and mosaics, 193,765 optimized sequences were retained. The optimized sequences were 1,432–1,441 bp in length and had an average length of 1,438 bp. The 16 samples of rumen fluid from CON and B50 were also sequenced using the PacBio platform, and 233,489 raw reads and 170,176 clean reads were obtained. The average lengths of these valid sequences were 1,429–1,477 nt. Clean reads from all samples were clustered to study the diversity of the species composition of the samples, and their sequences were grouped into operational taxonomic units (OTUs) with 97% identity. Then, species annotation was performed on the representative sequences of OTUs. A total of 2,701 and 2,612 effective OTUs were obtained from fecal and rumen fluid samples, respectively. A Venn diagram was used to illustrate the composition of unique and shared fecal and rumen fluid species. The Venn diagram of the fecal samples (Figure 3Aa) showed that there were 764 OTUs under all the three treatments; 375, 383, and 429 OTUs were exclusive to CON, B25, and B50, respectively. In the rumen fluid, 836 OTUs were present in both treatments (Figure 3Ab), and 1,005 and 771 OTUs were exclusively present in the CON and B50 treatments, respectively. The observed species curve (Figure 3B) and species accumulation boxplot (Figure 3C) show that with increasing sequence numbers, the curves tended to become level gradually, indicating that sampling was sufficient for data analysis.


[image: Figure 3]
FIGURE 3
 Overall microbial species composition (A) a Venn diagram of operational taxonomic units (OTUs); (B) species accumulation boxplot; and (C) rarefaction curve.


The results of the α-diversity of fecal and rumen fluid microflora (Figures 4A,B, a,c) were obtained. In terms of α-diversity, both fecal and rumen fluid microbiota were not affected significantly by FPPR (p > 0.05). Separation among the CON, B25, and B50 fecal samples was not noticeable (Figure 4Ab,d). However, the result of the analysis of similarities (ANOSIM) (Table 4) revealed that the R-values of CON/B25, CON/B50, and B25/B50 were all greater than 0, indicating that the differences between the groups were significantly greater than those within the groups. Furthermore, in this study, the p-values for CON/B50 and B25/B50 were less than 0.05, demonstrating that there were significant differences between the two treatments. The results of principal co-ordinates analysis (PCoA) and nonmetric multidimensional scaling (NMDS) for the β-diversity of rumen fluid (Figure 4Bb,d) revealed a noticeable separation between CON and B50. The ANOSIM results (Table 4) unanimously showed that the R-value of CON/B50 was greater than 0 and the p-value of CON/B50 was less than 0.05. These results indicated that FPPR significantly affected the β-diversity of rumen fluid microbiota.


[image: Figure 4]
FIGURE 4
 α- and β-diversity of fecal and rumen fluid microflora affected by FPPR. (A) α- and β-diversity for fecal microflora: (a) Chao1 index; (b) non-metric multidimensional scaling (NMDS) plot; (c) Shannon index; (d) principal co-ordinates analysis (PCoA) plot; (B) α- and β-diversity for rumen fluid microflora: (a) Chao1 index; (b) NMDS plot; (c) Shannon index; (d) PCoA plot.



TABLE 4 Analysis of similarities (ANOSIM) of the composition and predicted function in fecal and rumen fluid microflora.
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The composition of fecal and rumen fluid microbiota

The effects of FPPR on fecal microflora are shown in Figure 5A. Firmicutes, Bacteroidetes, Spirochaetes, unidentified bacteria, Tenericutes, Proteobacteria, Melainabacteria, Deferribacteres, Verrucomicrobia, and Lentisphaerae were the most abundant bacteria at the phylum level. Lysinibacillus, Anaerovibrio, Bacteroides, Campylobacter, Roseburia, unidentified Ruminococcaceae, Alistipes, Phascolarctobacterium, Anaerosporobacter, and Mucispirillum were the dominant bacteria at the genus level. Among the dominant phyla, significant differences were found in Firmicutes and Bacteroidetes. In addition, among the dominant genera, Lysinibacillus had significantly greater abundance in B25 than in CON and B50. LEfSe analysis is an analytical tool for discovering and interpreting high-dimensional biomarkers in microbial research. It emphasizes statistical significance and biological correlation and can be used to find biomarkers with statistical differences among groups. Two differential OTUs were identified in fecal samples under the three treatments (Figure 5B), including one genus and one class that were each distributed in CON and B50. B25 had no biomarker. The LDA score plot showed that Alphaproteobacteria was upregulated and obviously enriched in CON, whereas Blautia was downregulated and obviously enriched in B50.


[image: Figure 5]
FIGURE 5
 Composition and linear discriminant analysis effect size (LEfSe) analyses of fecal microflora. (A) Component of fecal microbiota: (a) phylum level; (b) Genus level. (B) LEfSe analysis plot of fecal microflora.


The composition of rumen fluid in CON and B50 are shown in Figure 6A. At the phylum level, the dominant bacteria were Firmicutes, Tenericutes, Bacteroidetes, unidentified_bacteria, Synergistetes, Lentisphaerae, Melainabacteria, Proteobacteria, Kiritimatiellaeota, and Planctomycetes. Compared to CON, the relative abundance of Bacteroidetes had decreased in B50 (p < 0.05). At the genus level, the dominant bacteria were Candidatus_Saccharimonas, Quinella, Saccharofermentans, Fretibacterium, unidentified_Ruminococcaceae, unidentified_Bacteroidales, unidentified_Lachnospiraceae, Anaeroplasma, Anaerovorax, and Succiniclasticum. The microflora compositions of CON and B50 did not significantly differ. In addition, LEfSe analyses found 26 differential OTUs between CON and B50 (Figure 6B). Among these OTUs, six were upregulated and 30 were downregulated in B50.


[image: Figure 6]
FIGURE 6
 Composition and LEfSe analyses of rumen fluid microflora. (A) Component of rumen fluid microbiota: (a) phylum level; (b) genus level. (B) LEfSe analysis plot of rumen fluid microflora.




Predicted function of fecal and rumen fluid microflora

In this study, 6,043 Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs in fecal microflora were predicted by Tax4Fun. In the first level, these KEGG orthologs were related to organismal systems, human diseases, cellular process, environmental information processing, genetic information processing, and metabolism (Figure 7Aa). In the second level, fecal microflora were connected with the metabolism of cofactors and vitamins, signal transduction, glycan biosynthesis and metabolism, carbohydrate metabolism, and replication and repair (Figure 7Ab). Figure 7Ac shows that at the third level, the dominant pathways were transporters, DNA repair and recombination proteins, a two-component system, transfer ribonucleic acid (RNA) biogenesis, and purine metabolism. Figure 7Ad illustrates that the top 5 KEGG orthologs were K03406, K06147, K02014, K02004, and K07497. The β-diversity of the predicted functions in feces was determined after pathway annotation (Figure 7B). The PCoA and NMDS score plots revealed no obvious separations among the three treatments. ANOSIM analyses were also performed and, as shown in Table 4, no significant difference was found among the three treatments (p > 0.05). The results indicated that FPPR had no effect on the function of fecal microflora. The difference analysis results of functional prediction are provided in Figure 7C. Volcano plots (p < 0.05, fold-change = 2) showed 12 upregulated points in CON–B25 and one upregulated and two downregulated points in B25–B50. Different KEGG orthologs are given in Table 5.


[image: Figure 7]
FIGURE 7
 Functional prediction on the composition and difference for fecal microflora in the three treatments. (A) Functional prediction on the fecal microflora: (a–d) bar plot of the relative abundance of the predicted function on levels 1, 2, 3, and K; (B) (a) NMDS plot; (b) PCoA plot; and (C) pairwise comparison of different functions between the groups based on the t-test.



TABLE 5 Significant differential KEGG orthologs of functional prediction in fecal microorganisms.
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Tax4Fun detected 6,278 KEGG orthologs in rumen fluid. The first level (Figure 8Aa) that was related to rumen fluid microflora included cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, organismal systems, and unclassified. In the second level (Figure 8Ab), the primary orthologs in rumen fluid were related to carbohydrate metabolism, replication and repair, membrane transport, translation, and amino acid metabolism. Figure 8Ac shows that at the third level, the dominant orthologs were transporters, DNA repair and recombination proteins, a two-component system, transfer RNA biogenesis, and purine metabolism. The main orthologs at the K level (Figure 8Ad) were K06147, K02014, K03406, K02004, and K03296. The β-diversity results (Figure 8B) from PCoA and NMDS analyses revealed no noticeable separation between CON and B50. The ANOSIM results given in Table 4 further illustrated the lack of differentiation (p > 0.05). In addition, LEfse analysis showed that 27 differential pathways were found in rumen fluid microflora (Figure 8C). Of these pathways, 14 and 13 were significantly enriched in CON and B50, respectively.


[image: Figure 8]
FIGURE 8
 Functional prediction on the composition and LEfSe analyses for rumen fluid microflora affected by FPPR: (A) Functional prediction on fecal microflora: (a–d) Bar plot of the relative abundance of the predicted function on Levels 1, 2, 3, and K; (B) (a) NMDS plot; (b) PCoA plot; and (C) LAD bar plot for the predicted function of rumen microflora.





Discussion

Fermented pineapple peel residue is an unconventional feedstuff (UCF) with the characteristics of unique fragrance, sufficient water content, soft texture, and good palatability. It can considerably stimulate the appetite of black goats. This study showed that FPPR had an obvious effect on the weight gain of black goats. In addition, as the experimental period proceeded, the regularity of the feed intake of the goats in the FPPR group increased, indicating that FPPR might lessen the susceptibility of goats to the adverse influence of external factors.

Various biochemical components in the blood are the material basis of life activities, and their contents and changes reflect the basic situation of nutrition and metabolism in the body. UREA is the decomposition product of protein and fat and plays an important role in renal function (Liu et al., 2020; Lu et al., 2020). A previous research showed that high UREA reflects the high decomposition rates of proteins and amino acids and indicates the levels of fatigue in the body (Wang et al., 2020). High levels of NEFA in the blood are often used as a sign of negative energy balance or fat mobilization (Hendriks et al., 2022). Compared with WCS without FPPR, the partially replaced feeds contained more energy that can be provided to goats and were more beneficial to goat fat deposition during production. In this study, other biochemical indicators did not show no significant differences between the two treatments, indicating that the replacement of WCS with FPPR had no adverse effect on the physical status of black goats.

The α-diversity analysis is a single-sample microflora diversity test based on OTU clustering results. Biodiversity can be estimated by calculating species richness indexes, such as the Chao1 index, and diversity indexes, such as Shannon index. In this study, FPPR did not appear to cause significant changes in the abundance or diversity of microorganisms in rumen fluid or feces (p > 0.05). PCoA and NMDS can reflect the variance within and between the groups based on the distance between dots. Furthermore, ANOSIM is a nonparametric test that is performed to determine the presence of significant differences in the community structure between the groups and to compare between- and within-group differences. Using a combination of the three analysis methods mentioned earlier can provide a great indication of the β-diversity of the microbiota. In this study, the different levels of FPPR addition did not cause significant differences in fecal microflora (p > 0.05). However, LEfse analysis showed that g_Blautia and c_Alphaproteobacteria that differed significantly in each treatment were enriched in B50 and CON, respectively. Previous studies have demonstrated that Blautia is a group of beneficial microorganisms that can be beneficial to glucose metabolism and obesity-associated inflammation (Ding et al., 2022). Functional prediction of the microflora did not significantly differ between the treatments with or without FPPR addition, indicating that FPPR presumably did not cause changes in microbial functions.

Furthermore, goats that were highly affected by FPPR in terms of ADG and feed intake were selected to further explore the effects of partially replacing WCS with FPPR on Chuanzhong black goats. Then, the effects of FPPR on rumen microflora and meat quality were studied after the goats were slaughtered.

Muscle pH is related to the glycolysis of glycogen and plays an important role in meat quality (Beauclercq et al., 2016). Studies have reported that when animals are in a highly stressed state before slaughter, the pH of the muscles increases significantly (El Otmani et al., 2021; Zhang J. Y. et al., 2021). The results indicated that in black goats, FPPR might reduce preslaughter stress, but had no effect on the flesh color, tenderness, and WHC of longissimus dorsi. For amino acid composition, the content of phenylalanine under the FPPR treatment was lower than that under CON. However, TAAs, EAAs, and DAA did not significantly differ between CON and B50. Thus, FPPR had little effect on the amino acid composition.

The rumen is vital for ruminant digestion and health. It contains microbes that enable ruminants to digest plant fiber for energy, and this environment is a natural home for many anaerobic bacteria. Moreover, rumen fermentation provides 70% of a ruminant's energy (Fregulia et al., 2021). s_Butyrivibrio fibrisolvens, s_Ruminococcus albus, g_Ralstonia, o_Rhizobiales, c_Mollicutes, and p_Tenericutes were affected by FPPR and became biomarkers and enriched in B50. s_Butyrivibrio fibrisolvens and s_Ruminococcus albus are bacteria that are good for ruminants. s_Butyrivibrio fibrisolvens can increase the content of conjugated linoleic acid in the intestine and adipose tissue (Srivastava et al., 2021) and produce diverse carbohydrate-active enzymes that hydrolyze cellulose and other plant-derived macromolecular polymers (Sengupta et al., 2022). This bacterium is similar to s_Ruminococcus albus, which can also synthesize some types of hydrolytic enzymes that help ruminants digest plant-based feed (Storani et al., 2020; Ortiz-Chura et al., 2021). Firmicutes and Bacteroidetes are essential for ruminant digestion. Bacteroidetes plays an important role in the degradation of nonfibrous and protein materials, whereas Firmicutes is mainly involved in the degradation of fibrous materials (Zhang X. et al., 2021). These two phyla were the most abundant phyla in the rumen of goats in this experiment, but were not significantly enriched in either group, likely because the partial substitution of Water Soluble Carbohydrates (WSC) by FPPR did not result in an obvious difference in fiber and protein content and, therefore, did not cause any significant differences between the two bacterial phyla. Similar to this experiment, a previous work found that Tenericutes, the third most abundant phylum in the rumen and the phylum that was enriched in the group under FPPR treatment, has a significant association with feed intake (Zhang Y. K. et al., 2021). Nevertheless, other studies have shown that Tenericutes is abundant in animals at high risk of subacute ruminal acidosis (Li et al., 2017). However, no symptomatic goats were found in this study. This finding will be the focus of further research on the use of FPPR to replace WCS. The results shown above indicated that although replacing WCS with FPPR can increase the number of bacteria that are capable of degrading and increasing the ADG of goats, it did not cause differences between the two main phyla in the rumen and can likely improve the digestion ability of the rumen to some extent in Chuanzhong black goats. Additionally, g_Ralstonia can be used to degrade monofluoroactetate (MFA) contained in plants, and in goats, the inoculation of g_Ralstonia into the rumen under artificial conditions can effectively relieve the symptoms of MFA poisoning (da Silva et al., 2016). Among the predicted functions affected by FPPR, pathways related to replication and repair, translation, and K03466 (ftsK, DNA segregation ATPase FtsK/SpoIIIE) were enriched. Metabolism-related functions, such as inositol phosphate metabolism, amino-acid-related enzymes, nicotinate, and nicotinamide metabolism, were also enriched by FPPR replacement. The abovementioned phenomena indicated that the mixed feed might have promoted the proliferation and metabolic activity of bacteria.



Conclusion

This study revealed that FPPR has potential as a substitute for WCS. Like UCF, FPPR had no harmful effects on the physical status of Chuanzhong black goats. In contrast, feed intake and ADG improved. Replacing WCS with a certain ratio of FPPR might play a positive role in the hindgut and rumen health manifested as the upregulation of probiotics, such as Blautia, B. fibrisolvens, and R. albus. FPPR could exert significant effects on the composition of fecal and rumen microflora. However, the mechanism underlying these effects is unclear and requires deep research.
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The primary product of rumen fermentation is acetic acid, and its sodium salt is an excellent energy source for post-partum cows to manage negative energy balance (NEB). However, it is unknown how adding sodium acetate (NAc) may affect the rumen bacterial population of post-partum cows. Using the identical nutritional total mixed ration (TMR), this research sought to characterize the impact of NAc supplementation on rumen fermentation and the composition of bacterial communities in post-partum cows. After calving, 24 cows were randomly assigned to two groups of 12 cows each: a control group (CON) and a NAc group (ACE). All cows were fed the same basal TMR with 468 g/d NaCl added to the TMR for the CON group and 656 g/d NAc added to the TMR for the ACE group for 21 days after calving. Ruminal fluid was collected before morning feeding on the last day of the feeding period and analyzed for rumen bacterial community composition by 16S rRNA gene sequencing. Under the identical TMR diet conditions, NAc supplementation did not change rumen pH but increased ammonia nitrogen (NH3-N) levels and microbial crude protein (MCP) concentrations. The administration of NAc to the feed upregulated rumen concentrations of total volatile fatty acids (TVFA), acetic, propionic, isovaleric and isobutyric acids without affecting the molar ratio of VFAs. In the two experimental groups, the Bacteroidota, Firmicutes, Patescibacteria and Proteobacteria were the dominant rumen phylum, and Prevotella was the dominant rumen genus. The administration of NAc had no significant influence on the α-diversity of the rumen bacterial community but upregulated the relative abundance of Prevotella and downregulated the relative abundance of RF39 and Clostridia_UCG_014. In conclusion, the NAc supplementation in the post-peripartum period altered rumen flora structure and thus improved rumen fermentation in dairy cows. Our findings provide a reference for the addition of sodium acetate to alleviate NEB in cows during the late perinatal period.
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Introduction

After calving, dairy cows in the transition period are subjected to various physiological stress shocks that cause low dry matter intake, hormonal changes, and high morbidity (Contreras et al., 2018). Especially in high-performance dairy cows, decreased feed intake makes it impossible to fulfill the nutritional needs of rapidly producing milk, resulting in development of NEB (Lopreiato et al., 2020). Adipose tissue is catabolized into considerable amounts of non-esterified fatty acids (NEFA), which subsequently enter the liver. This will swiftly lead to the development of ketosis or fatty liver, which will reduce liver and immune function in post-partum cows (Gao et al., 2018; White, 2020). Additionally, the body’s metabolism is boosted, and a significant amount of reactive oxygen species and lipid peroxides are created in the NEB state to adjust to breastfeeding requirements. This puts cows in a condition of oxidative stress that surpasses the body’s antioxidant system’s capacity for scavenging, which causes immunosuppression and in turn causes metabolic illnesses such as mastitis, metritis, retained placenta, and reduced fertility (Ingvartsen and Moyes, 2013). Therefore, the intensity and length of NEB have a significant impact on cow health, making them more prone to illness and less effective in terms of milk output and quality, which in turn has a negative impact on farm economics.

As a frequent treatment for NEB, exogenous nutritional addition to modulating dairy cow metabolism during the perinatal period can help dairy cows produce more milk, eliminate energy metabolism problems, and enhance breeding effectiveness (Sordillo and Raphael, 2013; Lopreiato et al., 2020). Acetic acid, which typically makes up around 60% of fermented acid products in ruminants, is crucial for the synthesis of milk fat and energy supply as it serves as a primary precursor to milk fat and a basic energy source (Aschenbach et al., 2010). Sodium acetate (NAc) can be utilized to treat NEB issues in dairy cows by hydrolyzing into lactic acid and sodium ions in the rumen (Bampidis et al., 2021). According to the experimental results of injecting 0, 5, 10, and 15 mol/d of acetic acid into the rumen, dairy cows’ ability to produce milk and milk fat increased linearly (Urrutia and Harvatine, 2017). In addition, reports have been made using intraruminal infusion of acetic acid or NAc to test its effects on milk production and milk composition and feed intake in lactating dairy cows (Rook and Balch, 1961; Urrutia and Harvatine, 2017). Although intraruminal infusion of acetic acid has been proven to positively impact energy balance, body health, milk output, and milk composition in nursing dairy cows. The effectiveness of acetic acid to treat NEB of post-partum cows as a result of inadequate feed intake has not been documented, although the putative role of acetic acid in the energy metabolism of cows is well recognized. We postulated that adding acetic acid to TMR after calving may help cows to produce more milk, boost immunity, and successfully treat NEB. By including an additional 8 mol/d of NAc in the feed of post-calving cows, we confirmed this theory (unpublished data). Whereas, uncertainty persists about the part rumen microbes play in the supplementary NAc-induced NEB reduction.

A wide range of microorganisms are engaged in the deconstruction and use of feed to supply the nutritional needs of ruminants for maintenance, development, and lactation through fermentation of feed in the rumen of ruminants, which is a sizable “fermenter” (Bickhart and Weimer, 2018). The rumen microbiome, which is sensitive to changes in feed type and diet structure, is substantially connected with dairy cow performance (Liu et al., 2019). The health and productivity of dairy cows can be controlled by modifying the makeup of the rumen’s microbial population and fermentation products. It is critical to understand the alterations in the makeup of the rumen microbial population of dairy cows in order to explore the influence of NAc feed additives on the rumen microorganisms of dairy cows. Because acetate is one of the principal fermentation products of the rumen microflora, it may modify rumen fermentation indicators and rumen bacterial community composition, lowering NEB in post-partum cows. Based on this, we hypothesize that NAc may improve post-partum cows performance by altering rumen fermentation and microbiota. As a result, the purpose of this study was to use 16S rRNA sequencing to investigate the impact of NAc supplementation on rumen fermentation and rumen bacterial community composition in dairy cows following calving.



Materials and methods

All Holstein dairy bovines utilized in this think were entirely cared for in understanding the standards of Yangzhou University, the Institutional Animal Care and Use Committee (SYXK (Su) IACUC 2016-0019).


Experimental design, animals, diets, and management

The exploration was conducted from September to December 2021 at the test base of The Animal Nutrition and Feed Engineering Research Center of Yangzhou University (Gaoyou, China; yoke stall). Twenty-four Holstein cows in postpartum were randomly divided into two blocks (n = 12 per treatment) based on parity (2, n = 24), weight (640.1 ± 20.9 kg), and anticipated calving date. All cows were nourished the equal basal total mixed ration diet (TMR), formulated based on the nutritional requirement of the National Research Council (NRC, 2001). The composition and nutrient level of the diets are given in Table 1. Similar to previous research (Urrutia et al., 2019), the control and NAc groups were given 468 g/day sodium chloride (Jiangsu Baimei Chemical Co., Ltd.) and 656 g/day sodium acetate (Shandong Yutian Food Science & Technology Co., Ltd.) with >99% effective constituent content from calving to 21 days postpartum, respectively. The control group (sodium chloride) was designed to provide equal moles of sodium as the sodium acetate group. The oral drenching was achieved by separately taking an equal portion from the offered TMR (Ensure 5% ~ 10% orts daily), mixing it with sodium chloride or sodium acetate using a mixer and then orally delivering (drenched) to each cow within the experimental groups (control or NAc group). Afterwards, the cows had access to the remaining portion of the TMR diet offered. Cows were drenched and fed TMR three times a day at 08:00, 14: 00 and 21: 00. The cows had free access to water throughout the experimental period. The daily offered TMR feed throughout the experimental period was adjusted based on the daily leftover from each cow. The feed samples were collected from the trough on three consecutive days per week, and one sample was mixed each week. The nutrient content was assayed in previous studies (Jiang et al., 2022).



TABLE 1 Composition and nutrient levels of the experiment diet [dry matter (DM) basis %].
[image: Table1]



Ruminal sample collection and analyses

Ruminal contents samples were collected with an oral collector (A1141K, Colibri Pastoral Technology Co., Wuhan, Hubei, China) before morning feeding (At 07: 30) on day 21 of parturition, and ruminal fluid was collected from a total of 24 cows. Among them, the insertion length of the rumen fluid collector is about two meters. The first 150 ml of rumen contents were discarded to avoid saliva contamination. Then 150 ml of rumen contents were collected after filtering through 4 layers of sterile gauze and dispensed into ten 15 ml plastic cryotubes. Ruminal pH was immediately with a mettler-toledo pH meter (Model FE20, Shanghai, China). The NH3-N, VFA and MCP concentrations were determined using the methods of previous studies (Zhang et al., 2022). The rumen content samples were kept in liquid nitrogen to quickly cool down and then stored at −80°C for later microbiome analysis (Tables 2, 3).



TABLE 2 Effect of NAc addition on rumen pH, NH3-N and volatile fatty acids (VFA).
[image: Table2]



TABLE 3 Effects of dietary NAc supplementation on α-diversity indexes of rumen bacteria.
[image: Table3]



16S rRNA gene sequencing and data processing

The total DNA of rumen bacteria were extracted by the cetyltrimethylammonium bromide (CTAB) and then assessed for DNA quality by 1% agarose gel electrophoresis. The V4 high variant region of the bacteria was amplified using primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′; Lin et al., 2021). The PCR products were sent to Novogene Co., Ltd. (Beijing) for high-throughput sequencing analysis.

Data read from both ends of the raw DNA fragments were processed using FASTP (Version 0.14.1; Chen et al., 2018). The final amplicon sequence variants (ASVs), as well as feature tables, were obtained by noise reduction using the DADA2 module in QIIME2 (Version 1.9.1) software or deblur based on the quality-controlled Effective Tags and filtering out sequences with abundance less than 5 (Bolyen et al., 2019). Subsequently, the ASVs were compared with the SILVA (version 138.1) database to determine species information (Quast et al., 2012). Based on the ASVs information, α-diversity analysis (chao1, observed_otus, shannon, simpson, pielou_e) was calculated using QIIME2. Principal coordinate analysis (PCoA), non-metric multidimensional scale analysis (NMSD) and LDA Effect Size (Lefse) were analyzed using online resources.1 The 16S sequence data have been submitted to the GSA database under the PRJCA010405 program.



Statistical analysis

The correlation and differences between rumen fermentation parameters and bacterial abundance were analyzed with Spearman’s correlation analysis and independent samples t-tests in SPSS 26 (IBM, New York, USA) and results were expressed as mean ± SEM. Correlation coefficients with absolute values greater than 0.5 are considered relevant. Significant differences were declared at p < 0.05. And p < 0.01 was considered a highly significant difference.




Results


Ruminal fermentation parameters

The NAc supplementation significantly increased rumen microbial crude protein (MCP) concentration (p < 0.001), but had no significance on pH (p = 0.110) and NH3-N concentration (p = 0.418). Dietary addition of NAc significantly increased the concentrations of acetate (p < 0.001), propionate (p = 0.001), isobutyrate (p = 0.008), isovalerate (p = 0.025) and TVFA (p = 0.001) in the rumen fluid, but did not affect the ratio of acetate to propionate (Table 2). NAc supplementation induced an increasing trend in the concentration of both butyrate (p = 0.066) and valerate (p = 0.059). The molar ratios of individual rumen fluid VFA are shown in Supplementary Table S1. The addition of NAc did not alter the molar percentage of rumen fluid VFA.



Sequencing and diversity measures

A total of 1,927,895 high-quality V4 16S rRNA sequences were generated in 24 rumen samples, with an average of 80,329 per sample (minimum 71,936; maximum 88,726). A total of 5,499 ASVs were detected in the samples, with 4,364 and 3,613 detected in the CON and ACE groups, respectively. Venn diagrams (Supplementary Figure S1) show the number of common and unique rumen bacterial ASVs in the two groups. The sparsity curves of the rumen samples (Supplementary Figure S2) indicate that the sequencing depth was sufficient to assess the different bacterial communities accurately. The supplementation of NAc did not affect (p > 0.05) the α-diversity (Table 3) measurement index (chao1, observed_otus, shannon, simpson, pielou_e). As shown in the PCoA and NMDS plots, the distribution of samples from the ACE group was relatively concentrated, and the two groups crossed and overlapped each other (Figure 1). This indicates that the samples from the ACE group had better reproducibility and did not differ significantly from the rumen microbial community of the CON group in terms of β-diversity.

[image: Figure 1]

FIGURE 1
 Beta community diversity analysis of the CON and ACE groups of rumen microbiota. (A) Principal coordinate analysis (PCoA) and (B) non-metric multidimensional scale analysis (NMDS) CON = control group, basal diet plus 468 g/day oral sodium chloride; ACE = NAc group, basal diet plus 656 g/day oral NAc.




Microbiota composition

The effect of NAc addition on bacterial composition of the rumen was compared by taxonomic analysis. A total of 28 bacterial phyla were obtained from 24 rumen samples. Figure 2A shows that the Bacteroidota (CON: 43.54%; ACE: 65.82%), Firmicutes (CON: 46.47%; ACE: 28.43%), Patescibacteria (CON: 4.02%; ACE: 1.25%) and Proteobacteria (CON: 3.41%; ACE: 3.29%) were the major clades in all groups. The addition of NAc increased the relative abundance of Bacteroidota in the rumen (p = 0.001) but decreased the abundance of Firmicutes (p = 0.001) and Patescibacteria (p < 0.01; Table 4). At the genus level, a total of 388 genera were detected in the rumen. As shown in Figure 2B and Table 5, the unclassified sequences in the CON and ACE groups were 9.82 and 7.48%, respectively, with Prevotella (CON: 30.73%; ACE: 49.71%) being the most abundant genus in the rumen. The results of this experiment showed that the addition of NAc to the diet increased the abundance of Prevotella (p < 0.01) and Rikenellaceae_RC9_gut_group (p = 0.001) in Bacteroidota. However, NAc supplementation reduced the abundance of RF39 (p < 0.05), Clostridia_UCG-014 (p < 0.05), Saccharofermentans (p < 0.05), Pseudobutyrivibrio (p < 0.05), Lachnospira (p < 0.05), Eubacterium_ruminantium_group (p < 0.05), Butyrivibrio (p < 0.05) and Anaerovibrio (p < 0.05) in Firmicutes. Besides, the abundance of Candidatus_Saccharimonas (p < 0.05) and Absconditabacteriales_(SR1) (p < 0.05) in the Patescibacteria of the ACE group of rumen microorganisms were reduced.

[image: Figure 2]

FIGURE 2
 Distribution of rumen bacterial community composition in CON and ACE groups. (A) Phylum level; (B) genus level. CON = control group, basal diet plus 468 g/day oral sodium chloride; ACE = NAc group, basal diet plus 656 g/day oral NAc.




TABLE 4 Effects of dietary supplementation with NAc on the relative abundance of ruminal bacterial communities at phylum level (average relative abundance ≥0.5% for at least one treatment) of dairy cows.
[image: Table4]



TABLE 5 Effects of dietary supplementation with NAc on the relative abundance of ruminal bacterial communities at genus level (average relative abundance ≥0.5% for at least one treatment) of dairy cows.
[image: Table5]

LEfSe analysis was performed using all microbial data to identify key bacterial groups associated with the diets and NAc addition. Figure 3 depicts a representative structural branched map of the major microbial groups, showing the most significant differences in taxa between treatments. Figure 4 shows the differences in the abundance of the different bacterial groups in CON and ACE. Among them, the bacterial genera identified as biomarkers in the CON group were RF39 and Clostridia_UCG-014, and the bacterial genus with the greatest difference in the ACE group was Prevotella.

[image: Figure 3]

FIGURE 3
 Histograms of LDA scores >4 were calculated for each taxonomic unit from phylum to genus. LDA scores indicate differences in relative abundance between two communities, with an exponential multiplicative change of 10 indicating significant differences between taxa.


[image: Figure 4]

FIGURE 4
 Linear discriminant analysis effect size (LEfSe) analysis to identify biomarker genera within the rumen microbial community of diets supplemented with NAc. Nodes indicate the position of microbial groups within taxa, and circles and axes indicate the number of taxa at the level of the taxon and at lower levels. Letters provided prior to the microbial taxa associated with the taxonomic level (p_: phylum; c_: class; o_: order; f_: family; g_: genus).




Correlation analysis of rumen fermentation parameters and major bacteria

Spearman correlation analysis was performed to assess the relationship between rumen fermentation parameters and rumen microflora structure in the presence of NAc addition. At the genus level, pH was negatively correlated with the relative abundance of F082 (r = −0.56; p < 0.01) and Rikenellaceae_RC9_gut_group (r = −0.51; p < 0.05). The relative abundance of Prevotella in rumen fluid was positively correlated with the concentrations of MCP (r = 0.65; p < 0.001), Acetate (r = 0.56; p = 0.005), and Butyrate (r = 0.53; p = 0.008). The relative abundance of Rikenellaceae_RC9_gut_group had a positive correlation with the concentrations of MCP (r = 0.55; p < 0.01) and Acetate (r = 0.55; p < 0.01) similar to that of Prevotella. In contrast, the relative abundance of RF39 was negatively correlated with the concentrations of MCP (r = −0.66; p < 0.001), Acetate (r = −0.64; p < 0.001), and Butyrate (r = −0.51; p < 0.05). Besides, the relative abundance of Saccharofermentans was negatively correlated with the concentrations of MCP (r = −0.67; p < 0.001), Acetate (r = −0.68; p < 0.001), Propionate (r = −0.59; p < 0.01) and Butyrate (r = −0.52; p < 0.01) concentrations were also negatively correlated. But the concentration of MCP was positively correlated with the concentrations of Clostridia_UCG_014 (r = −0.57; p < 0.01), Candidatus_Saccharimonas (r = −0.52; p < 0.01), Christensenellaceae_ R7_group (r = −0.52; p < 0.01) and Pseudobutyrivibrio (r = −0.67; p < 0.001) were negatively correlated in relative abundance. Other negative correlations included between Butyrivibrio and MCP (r = −0.61; p < 0.01), acetate (r = −0.61; p < 0.01), and propionate (r = −0.56; p < 0.01; Figure 5.)
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FIGURE 5
 Spearman correlation between rumen fermentation indicators and bacterial populations. The area of the circle indicates the magnitude of the correlation, and the different colors indicate positive correlation (red) or negative correlation (blue). * indicates 0.01 < p ≤ 0.05, ** indicates p ≤ 0.01 and *** indicates p ≤ 0.001.





Discussion

Acetate is the main VFA produced in the rumen, providing 50% of the energy produced by VFA metabolism and is the main source of energy and substrate for milk fat synthesis in dairy cows (Baldwin and Smith, 1971; Bergman, 1990; Urrutia et al., 2019). Numerous studies have shown that rumen infusion of acetic acid or NAc has a positive effect on milk production, milk composition and especially milk fat synthesis in lactating cows (Rook and Balch, 1961; Reynolds et al., 1979; Urrutia and Harvatine, 2017; Matamoros et al., 2021). However, there is little research on the combined effects of NAc as a supplement to diets on cows in the post-peripartum period. This study was part of a larger experiment to investigate the effects of NAc supplementation in the diet on feed intake, body weight changes, rumen fermentation, rumen microbiome, lipid metabolism, innate immunity, milk production performance, and plasma physiological and biochemical parameters in the post-peripartum period (unpublished). The objective of this study was to assess the effect of NAc supplementation on rumen fermentation parameters and bacterial community composition of Chinese Holstein cows in the post-peripartum period under the same TMR conditions, using high-throughput sequencing techniques.

The fermentation profile of rumen fluid pH, NH3-N, MCP and VFA concentrations reflects the function and stability of the internal rumen environment (Zhang et al., 2022). Rumen pH is influenced by the composition of the diet and can reflect rumen fermentation and health (Wang et al., 2020). The increased concentrations of total VFA often lead to a lower rumen pH (Aschenbach et al., 2011; Fregulia et al., 2021). However, in this trial, the increase in total VFA did not change the rumen fluid pH. We speculate that the stability of rumen pH may be related to the weak alkalinity of the aqueous NAc solution, as NAc is a strong base and weak acid salt (Neavyn et al., 2013). Another significant influencing factor is the higher level of NH3-N concentration in the rumen, which readily associates with protons to increase pH (Wang and Fung, 1996). The stable rumen fluid pH also suggests that NAc supplementation did not affect the normal function of rumen microorganisms.

In ruminants, nitrogen is shuttled between the portal excretory viscera (particularly the rumen) and the liver in the form of NH3-N and urea, a physiological mechanism known as urea-N recycling, which is vital for the utilization of nitrogen in the diet (Lapierre and Lobley, 2001). Ruminal fluid NH3-N concentration is influenced by the amount and degradability of dietary and endogenous sources of nitrogen and dietary carbohydrate sources, which reflects changes in the degree of ruminal crude protein degradation (Reynolds and Kristensen, 2008; Li et al., 2019). The use of NH3-N for MCP synthesis is energy-dependent (Reynolds, 2006). Therefore, the metabolite of carbohydrates, short-chain fatty acids, can influence the concentration of NH3-N. In this experiment, the addition of NAc did not affect NH3-N levels but increased the concentration of MCP in the rumen fluid. The MCP is synthesized by microorganisms with NH3-N and amino acids using energy to provide endogenous rumen protein, which allows cows to improve crude protein availability (Xie et al., 2019). Furthermore, the results of our additional trial (unpublished) showed that NAc supplementation increased feed intake in cows in the post-peripartum period. Hence, we suggest that NAc supplementation provides more crude protein and carbohydrates to the rumen by promoting feed intake, which increases NH3-N production. Microorganisms use the NH3-N, peptides and amino acids produced to synthesize MCP, which ultimately leads to increased concentrations of MCP in the rumen. However, whether this process increases the apparent digestibility of crude protein is something we need to verify further.

The VFAs produced by microbial fermentation of carbohydrates and endogenous substrates are an essential source of energy for cows, providing approximately 70% of the total energy required (Bergman, 1990). In this trial, NAc supplementation increased the concentration of rumen TVFA. More TVFA production was able to stimulate an expansion of the rumen absorption area while improving VFA absorption, which was beneficial in alleviating NEB in cows in the post-peripartum period (Melo et al., 2013; Schären et al., 2016; Dieho et al., 2017; Zhang et al., 2022). Moreover, in the NAc supplemented group, the concentrations of acetic, propionic, isobutyric and isovaleric acids were increasing, and there was a trend towards increasing concentrations of butyric and valeric acids. Similarly, a previous study reported that infusion of 36 mol/d acetic acid into cows in the post-peripartum period increased ruminal acetic, isobutyric and isovaleric acid concentrations. The molar ratios of rumen acetic, propionic and butyric acids were all unaltered in this study, unlike the previous report (Sheperd and Combs, 1998). This may be due to the fact that Sheperd et al. collected rumen fluid 2 h after the afternoon feeding when the VFAs concentrations had not reached equilibrium values for fermentation and absorption. In this experiment, the rumen was sampled in the morning before feeding, when rumen VFAs concentrations and molar ratios were in equilibrium. In addition, the addition of NAc did not alter the molar ratio of VFAs in the rumen, which may be related to the increased absorption capacity of the rumen epithelium (Zhang et al., 2022). Acetate is the primary substrate for the ab initio synthesis of milk fat in cows and is the main VFA produced by the rumen, which provides 45% of the energy generated by VFA metabolism (Baldwin and Smith, 1971; Bergman, 1990). Recent studies have suggested that acetate supplementation increases milk fat production primarily by increasing mammary gland neonatal lipogenesis (Urrutia and Harvatine, 2017; Urrutia et al., 2019; Matamoros et al., 2021). However, it is unclear whether the use of acetate affects rumen fermentation patterns in dairy cows. Acetic acid is rapidly absorbed in the rumen, and the molar ratio of acetic acid may increase slightly after feeding, but there is no change at the time of sampling. Our results showed that supplementation with NAc increased rumen fluid TVFA concentration and kept the molar ratio constant, suggesting that supplementation with NAc promotes rumen fermentation and increases rumen VFA production.

Differences in microbial community composition were mainly attributed to diets (Ley et al., 2008; Henderson et al., 2015). However, there were few previous reports on the effects of NAc supplementation on rumen bacterial communities in dairy cows in the post-peripartum period. The results showed that NAc supplementation did not alter the α-diversity indices (chao1, observed_otus, shannon, simpson, pielou_e), indicating bacterial diversity and richness in the rumen were not affected. The influence of the relative abundance of rumen bacteria is crucial to the apparent digestibility of nutrients and rumen fermentation characteristics, which may significantly affect ruminants’ productive performance and health status (Ran et al., 2021; Zhou et al., 2022). Feeding NAc did not affect the α-diversity of the rumen bacterial community, which explains the unaltered rumen NH3-N and VFA molar percentages in the NAc treated group.

In contrast, the PCoA and NMDS results showed that NAc supplementation altered the structure of the rumen bacterial community. In the current results, NAc supplementation changed the relative abundance of the dominant phylum and most genera with relative abundance ≥0.5%. Although evidence that NAc supplementation affects rumen microbial communities in the post-peripartum period is lacking, it has been shown that short-chain fatty acid salt supplementation reduces bacterial diversity and alters rumen microbiota before and after the weaning of calves (Cao et al., 2020). Dietary variation has an important effect on rumen microbial community composition. Still, the ratio of forage to concentrate and the processing method of the diet are the main factors affecting rumen microbial population structure on the same diet basis (Henderson et al., 2015; Bi et al., 2018; Zhou et al., 2022). More studies have shown that high grain diets can alter the structure of the rumen microbiota (Mao et al., 2015; Seddik et al., 2019; Plaizier et al., 2021). Ruminal hydrogenotrophic acetogens (e.g., Acetitomaculum) can use both inorganic (H2/CO2) and organic substrates (e.g., cellobiose and glucose) in the diet as energy and carbon sources to produce acetate. And the molar percentage of acetate and the molar ratio of acetate to propionate is higher in cattle adapted to fibre-rich diets (Joblin, 1999; Kim et al., 2020; Li Q. S. et al., 2022). Our results suggest that the relative abundance of rumen microbiota composition at the genus level is influenced by NAc supplementation. More often than not, the molar ratio of fermentable acids in the rumen fluid remains relatively balanced after acetic acid, a precursor substance for milk fat synthesis, is rapidly absorbed by the cow’s rumen for milk fat synthesis. This study showed that supplementation of NAc in the diet altered the composition of the rumen bacterial community but not the α-diversity, which may have contributed to the increase in the concentration of VFAs in the rumen. At the same time, the molar ratio of VFAs remained unchanged.

The Bacteroidota, Firmicutes, Patescibacteria and Proteobacteria were the main gates in the rumen in this study, similar to previous studies (Seddik et al., 2019; Plaizier et al., 2021). The sequence analysis of 16S rRNA showed that Bacteroidota was the dominant bacterium after NAc supplementation and consisted mainly of Prevotella. Previous reports have demonstrated that Prevotella was the dominant genus in the rumen of dairy cows which was similar to the present study results (Mu et al., 2021; Plaizier et al., 2021). Prevotella is known to degrade starch and protein and is usually positively correlated with the levels of carbohydrate, resistant starch and fiber in the diet, and has a number of OTUs strongly correlated with feed efficiency (Fregulia et al., 2021; Tett et al., 2021). Furthermore, NH3-N concentrations were significantly positively correlated with the relative abundance of Prevotella (Cao et al., 2020). In this study, supplementation with NAc increased the relative abundance of Prevotella, which explained the greater NH3-N production in the rumen. Previous studies have reported that high-fat diets can increase the relative abundance of the Bacteroidota (Wan et al., 2019), thereby improving lipid metabolism by regulating acetate production, of which the genus Rikenellaceae_RC9_gut_group also promotes lipid metabolism (Yin et al., 2018; Zhou et al., 2018). In the current study, supplementation with NAc increased the relative abundance of Rikenellaceae_RC9_gut_group, suggesting a potential role in rumen lipid metabolism. However, the results also showed that the relative abundance of RF39 and Clostridia_UCG-014 was lower in the NAc group than in the control group. The Clostridia_UCG-014 is a pro-inflammatory bacterium, and its high abundance may lead to the production of more pro-inflammatory metabolites, which are detrimental to the organism’s health (Wang et al., 2021; Li M. et al., 2022). Previous studies have shown that the relative abundance of RF39 and Clostridia_UCG-014 is negatively correlated with milk protein production and that these bacteria have a negative role in improving rumen nitrogen metabolism. This may indicate that the addition of NAc improves rumen health, promotes nitrogen metabolism and regulates milk fat production by inhibiting RF39 and Clostridia_UCG-014 in Bacteroidota. Overall, supplementing the same TMR diet with NAc changed the composition of the microbial community at the phylum and genus level but not the α-diversity, which may improve lipid metabolism, nitrogen metabolism and rumen health.

VFAs produced by microbial fermentation of organic matter in the diet cause pH changes that affect the microbial ecosystem. And the change in pH value affects the growth of rumen microorganisms and the type and quantity of fermentation products (Aschenbach et al., 2011). By comparing Spearman correlations between rumen fermentation indicators and bacterial populations, we determined the changes in rumen microbial genus levels induced by NAc supplementation and its effect on rumen fermentation. The main fermentation products of Prevotella are acetic and succinic acids and, to a lesser extent, isobutyric, isovaleric and lactic acids, which are usually closely related to feed efficiency (Roager et al., 2019; Fregulia et al., 2021). Previous studies have suggested that significant increases in Prevotella are positively associated with voluntary feed intake, growth performance and high energy use efficiency (Zhang et al., 2019; Wu et al., 2022). It has been shown that the supplementation of acetic acid promotes the growth of Prevotella by promoting the synthesis of outer membrane proteins and lipid membranes (Trautmann et al., 2020). This may explain why NAc supplementation increased the relative abundance of Prevotella in this study, implying a positive feeding effect of NAc supplementation in the post-peripartum period cows. In addition, RF39 and Clostridia_UCG_014 were negatively correlated with rumen fluid VFAs and MCP concentrations, which negatively contribute to rumen nitrogen metabolism and can lead to low feed efficiency and milk protein production (Wang et al., 2021; Li M. et al., 2022). Thus, NAc supplementation may improve NEB status in late-periparturient cows by promoting the growth of Prevotella, which is associated with high energy efficiency and inhibiting the relative abundance of RF39 and Clostridia_UCG_014, which are negatively associated with feed efficiency, thereby increasing ruminal VFAs concentrations.

In general, there was no significant change in microbial α-diversity, but microbial community composition at the phylum and genus level was altered; no change in the molar ratio of VFAs, but an increase in the concentration of VFAs; this may be due to NAc supplementation promoting rumen fermentation by altering the structure of the flora, on an identical diet TMR basis. However, it is undeniable that rumen microbial community composition does not fully represent the actual effects of NAc supplementation on the rumen of post-partum cows. Therefore, future studies involving metabolomics and in vitro trial validation should be considered, and additional directions are needed to explore the specific effects of acetic acid supplementation.



Conclusion

This study showed that supplementation of NAc to late periparturient cows on the same basal TMR diet altered microbiota and promoted ruminal fermentation. NAc supplementation had no significant effect on the α-diversity of the rumen bacterial community but upregulate the relative abundance of Prevotella and downregulate the relative abundance of RF39 and Clostridia_UCG_014. This study will help guide future research into using NAc in alleviating NEB in post-partum period cows.
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Black soldier fly (Hermetia illucens) larvae (BSFL) act as a biological system converting organic waste into protein and fat with great potential application as pet food. To evaluate the feasibility of BSFL as a protein and fat source, 20 healthy beagle dogs were fed three dietary treatments for 65 days, including (1) a basal diet group (CON group), (2) a basal diet that replaced 20% chicken meal with defatted black soldier fly larvae protein group (DBP group), and (3) a basal diet that replaced 8% mixed oil with black soldier fly larvae fat group (BF group). This study demonstrated that the serum biochemical parameters among the three groups were within the normal range. No difference (p > 0.05) was observed in body weight, body condition score, or antioxidant capacity among the three groups. The mean IFN-γ level in the BF group was lower than that in the CON group, but there was no significant difference (p > 0.05). Compared with the CON group, the DBP group had decreasing (p < 0.05) apparent crude protein and organic matter digestibility. Furthermore, the DBP group had decreasing (p < 0.05) fecal propionate, butyrate, total short-chain fatty acids (SCFAs), isobutyrate, isovalerate, and total branched-chain fatty acids (BCFAs) and increased (p < 0.05) fecal pH. Nevertheless, there was no difference (p > 0.05) in SCFAs or BCFAs between the CON and BF groups. The fecal microbiota revealed that Lachnoclostridium, Clostridioides, Blautia, and Enterococcus were significantly enriched in the DBP group, and Terrisporobacter and Ralstonia were significantly enriched in the BF group. The fecal metabolome showed that the DBP group significantly influenced 18 metabolic pathways. Integrating biological and statistical correlation analysis on differential fecal microbiota and metabolites between the CON and DBP groups found that Lachnoclostridium, Clostridioides, and Enterococcus were positively associated with biotin. In addition, Lachnoclostridium, Clostridioides, Blautia, and Enterococcus were positively associated with niacinamide, phenylalanine acid, fumaric acid, and citrulline and negatively associated with cadavrine, putrescine, saccharopine, and butyrate. In all, 20% DBP restrained the apparent CP and OM digestibility, thereby affecting hindgut microbial metabolism. In contrast, 8% BF in the dog diet showed no adverse effects on body condition, apparent nutrient digestibility, fecal microbiota, or metabolic profiles. Our findings are conducive to opening a new avenue for the exploitation of DBP and BF as protein and fat resources in dog food.
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Introduction

With the increase in the population of humans and animals, the shortages of protein and fat, mainly referring to fishmeal (Dawood and Koshio, 2020; Luthada-Raswiswi et al., 2021) and soybean (Herrera et al., 2022), is an urgent problem. Apart from traditional economic animals, the amount of pets, mainly dogs and cats, is also in a booming development stage, and the demand for pet food has further increased (De Marchi et al., 2018). In addition, meats, such as chicken, swine, bovine, fish, and exotic meats, and meat and bone byproducts are the major protein sources of dog food, which also fail to meet the increasing demands of the pet industry (Swanson et al., 2013). It is well known that dogs are omnivorous animals, cats are carnivorous animals, and the levels of animal protein and fat are high in their diets, which has promoted the development of new high-quality and sustainable protein and fat sources for pet food (Bosch et al., 2016). Hence, it is necessary to develop novel protein and fat sources.

Insects, which have been successfully introduced in animal diets (poultry, swine, rabbits, fish, and pets) in recent years, have bright prospects as alternate protein and fat sources (Benzertiha et al., 2020). Protein from insects shows high biological value, and fat may replace palm (i.e., kernel) fat and hence contribute to the conservation of tropical forests (Müller et al., 2017). The three most evaluated insects, black soldier fly (Hermetia illucens) larvae (BSFL), mealworm, and adult cricket, have high protein contents (dry matter basis) and are similar to soybean meal and meat meal (Valdés et al., 2022). Moreover, these insects are rich in essential amino acids (Bosch et al., 2014), such as aspartic acid, glutamic acid, valine, leucine, and alanine, which are similar to those of animals (Churchward-Venne et al., 2017) and have a high digestibility (76–98%; Ramos-Elorduy et al., 1997). Particularly, among these insects, BSFL is a highly investigated insect due to its strong fecundity, high conversion rate, high nutrition, low cost, and easy management (Yildirim Aksoy et al., 2020), and it is most commonly used in pet food (Valdés et al., 2022). In detail, BSFL promote environmental sustainability by converting a vast amount of low-value organic wastes, such as vegetables, fruits, and garbage, into protein and fat (Kim et al., 2011; Kelemu et al., 2015), leaving behind a compost-like residue that can be used as a soil conditioner (Somroo et al., 2019). Moreover, BSFL is rich in fatty acids (Tschirner and Simon, 2015; Ewald et al., 2020), including lauric acid, palmitic acid, oleic acid, linoleic acid, and linolenic acid, and contains abundant amino acids (Do et al., 2020), such as arginine, histidine, isoleucine, leucine, and lysine, which suggests that BSFL is an excellent raw feed material. Early studies have demonstrated that BSFL showed accelerative effects on the growth performance and nutrient digestibility of finishing pigs (Hong and Kim, 2022), was a suitable substitute for soybean meal in the diet of poultry (Józefiak et al., 2016; Mwaniki et al., 2018; Secci et al., 2018), and acted as a complementary protein source in dog diets with characteristics comparable to fish meal (Freel et al., 2021). Recently, a similar study was conducted to assess the digestibility and safety, including dry matter, protein, fat, energy, and hematology parameters of BSFL and BSFL fat, in beagle dogs, and some referential results were obtained (Freel et al., 2021). However, the investigation of BSFL as a protein or fat material in pets is highly limited and not profound enough to explore the relationship between intestinal health (Bruno et al., 2019) and metabolic variation.

Thus, the purpose of this study was to explore the effects of protein and fat isolated from BSFL on apparent nutrient digestibility, serum biochemistry, antioxidant and anti-inflammatory properties, and fecal SCFAs in dogs. In addition, we further detected fecal microbiota and metabolic profiles through 16S rRNA amplicon sequencing and ultra-performance liquid chromatography-Orbitrap-tandem mass spectrometry (UPLC-Orbitrap-MS/MS) and mined the potential relationships between microbiota and metabolites. This study is conducive to providing a new understanding of the exploitation of defatted black soldier fly larvae protein (DBP) and black soldier fly larvae (BF) as protein and fat resources.



Materials and methods


Preparation of defatted black soldier fly larvae protein and black soldier fly larvae fat

The DBP and BF were purchased from Guangzhou Unique Biotechnology Co., Ltd., and BSFL aged 10–12 days were reared with kitchen waste under constant temperature and humidity (28°C, 80%). The BSFL were killed by the refrigeration technique by keeping the temperature under − 20°C for 24 h and then oven drying under 65°C for 24 h. The dried BSFL were boiled in a steamer for 20–30 min and then stir-fried in a wok for 10–20 min. Afterward, the stir-fried BSFL was finely pulverized and prepared using n-hexane as the solvent in the press, and the leach solution was collected as the BF. Next, the DBP was extracted by alkaline solution and acid precipitation, dialysis desalting, and lyophilization.



Animals, diets, and experimental design

The animal experimental procedures mentioned in this study were reviewed and approved by the Experimental Animal Ethics Committee of South China Agricultural University (approval code 2021E028).

After a month of adaptation, 20 beagle dogs [mean age: 10 months; mean body weight (BW): 12.67 ± 1.48 kg; mean body condition score (BCS): 5.84 ± 0.71] were randomly allotted to three dietary treatments according to their gender and BW. The dietary treatments included the following: (1) a basal diet group (CON group; n = 6, 2 male and 4 female); (2) a basal diet that replaced 20% chicken meal with 20% defatted black soldier fly larvae protein group (DBP group; n = 7, 3 male and 4 female); and (3) a basal diet that replaced 8% mixed oil with 8% black soldier fly larvae fat group (BF group; n = 7, 3 male and 4 female). These extruded diets exceeded the nutrient requirements of adult dogs recommended by the Association of American Feed Control Officials (AFFCO; AAFCO Official Publication, 2022). Table 1 shows the ingredients and nutrient levels of the experimental diets, and Supplementary Table 1 presents the proximate analysis data of chicken meal and DBP. The three kinds of dog food were made at Guangzhou Qingke Biotechnology Co., Ltd., and the experimental period lasted for 65 days, including a 5-day preliminary trial period and a 60-day formal trial period.



TABLE 1 Ingredients and nutrient levels of the experimental diets (as-fed basis, %).
[image: Table1]

All dogs were housed individually in custom-made stainless steel metabolism cages (1.2 × 1.0 × 1.1 m kennels) under a constant temperature and humidity (23°C, 70%) with a 12 h light/dark cycle. A restricted diet of 130 g per dog was offered at each of the two daily meals at 8:00 am and 5:00 pm. All dogs were dewormed and vaccinated before the experiment, and no drugs were used throughout the entire experiment. All dogs were always given fresh water and toys and socialized with humans at least once a day. Final BW and BCS (Cline et al., 2021) were performed on day 65 before the morning feeding.



Diets, feces collection and analysis

Three diet samples (100 g) were collected when each bag of the three kinds of dog food was opened throughout the experimental period. Whole feces were collected, and 10% HCl was added to the nitrogen fixation on days 62–65. Diet and feces samples were stored at −20°C, oven-dried at 65°C for 48 h and finely ground to pass through a 1-mm mesh screen for subsequent analysis. The dry matter (DM) and organic matter (OM) contents of the diet and feces samples were determined according to the methods of the Association of Official Analytical Chemists (AOAC, 2000; Hortwitz and Latimer, 2007). Based on AOAC, crude protein (CP), ether extract (EE), and gross energy (GE) were determined with a semiautomatic Kjeldahl apparatus (VAPODEST 200, C. Gerhardt GmbH & Co. KG, Germany), fatty analyzer (FT640, Grand Analytical Instrument Co., Ltd., Guangzhou, China), and oxygen bomb calorimeter [IKA C 200, IKA (Guangzhou) Instrument Equipment Co., Ltd., Guangzhou, China], respectively. Finally, the apparent digestibility of nutrients was calculated by referencing the following formula: Apparent nutrient digestibility (%) = (Nutrient intake – Nutrient in feces)/Nutrient intake*100 (g/d, DM basis).



Serum sample collection and analysis

On day 65, fasting blood was collected and placed for 30 min and centrifuged at 1,811 × g at room temperature for 15 min. Finally, aliquots for serum biochemical, antioxidant, inflammatory parameters and metabolomics analysis were snap-frozen in liquid N2 and stored at −80°C until analysis. The serum biochemical parameters, including albumin (ALB), total protein (TP), globulin (GLO), albumin/globulin (ALB/GLO), aspartate aminotransferase (AST), alanine transaminase (ALT), amylase (AMY), creatine kinase (CK), creatinine (CRE), urea nitrogen (BUN), glucose (GLU), calcium (Ca), and inorganic phosphorus (IP), were detected using an automatic biochemical analyzer (SMT-120VP, Chengdu Seamaty Technology Co., Ltd., Chengdu, China). According to the manufacturer’s protocol of commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), the serum contents of total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), catalase (CAT), and superoxide dismutase (SOD) were detected. Serum tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin 6 (IL-6), IL-8, IL-10, IL-1β, immunoglobulin A (IgA), IgG, and IgM were measured using canine enzyme-linked immunosorbent assay (ELISA) kits (MEIMIAN, Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China).



Fecal 16S rRNA high-throughput sequencing analysis

On day 65, fresh fecal samples of each dog were collected within 15 min of defecation. A total of 0.5 g of each fecal sample was taken for the extraction of total fecal DNA using the CTAB method according to the manufacturer’s instructions. Determination of DNA concentration and purity using a NanoDrop2000. The 16S rRNA genes of V3–V4 were amplified with the barcode using the primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 805R (5′-GGACTACHVGGGTWCTAAT-3′). PCRs were carried out with approximately 10 ng of template DNA and 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs) with 2 μM forward and reverse primers. The cycling parameters consisted of 98°C for 30 s, followed by 32 cycles of denaturation at 98°C for 10 s, annealing at 54°C for 30 s, and elongation at 72°C for 45 s, followed by 72°C for 10 min. PCR amplification products were detected by 2% agarose gel electrophoresis, and the target fragments were recovered using the AxyPrep PCR Cleanup Kit. The purified PCR products were quantified by a Quant-iT PicoGreen dsDNA Assay Kit on a Qbit fluorescence quantitative system, and the qualified library concentration was above 2 nM. The qualified libraries (index sequence could not be repeated) were gradient diluted, mixed according to the required amount of sequencing in proportion, and denatured by NaOH into a single chain for on-machine sequencing. A NovaSeq 6000 sequence analyzer was used for 2 × 250 bp double-end sequencing, and the corresponding reagent was a NovaSeq 6000 SP Reagent Kit (500 cycles).

After the on-board sequencing was completed, we obtained the original off-board data RawData, used overlap to splice the dual-end data, and performed quality control chimaism filtering to obtain the high-quality CleanData. DADA2 (Divisive Amplicon Denoising Algorithm; Callahan et al., 2016) no longer clusters in sequence similarity but instead clusters by dereplication (Dereplication, equivalent to clustering with 100% similarity) to obtain representative sequences with single base accuracy, which greatly improves data accuracy and species resolution. The core of DADA2 was denoised, and then amplicon sequence variants (ASVs) were constructed (Blaxter et al., 2005) to obtain the final ASV feature table and feature sequence and to further conduct diversity analysis, species classification annotation, difference analysis, etc. Based on these output-normalized data, subsequent analyses of alpha diversity and beta diversity were performed. Alpha diversity, including Observed_species, Chao1, Shannon, Simpson, and Pielou_e, was applied to analyze species diversity and richness. All these indices were calculated using QIIME 2 (Version QIIME2-202006). We calculated the linear discriminant analysis (LDA) effect size (LEfSe) using LEfSe software1 with the default setting of LDA score ≥ 3.



Fecal fermentation metabolite analysis

Fresh fecal samples from each dog were collected within 15 min of defecation at the end of the 65-day intervention, and pH was measured immediately after mixing the 10% fecal suspension with ultrapure water using a portable pH meter (Starter 3,100, Ohaus Instruments Co., Ltd., Shanghai, China). Fecal samples were snap-frozen in liquid N2 and stored at −80°C for further analysis. The fecal short-chain fatty acids (SCFAs) and branched-chain fatty acids (BCFAs) were measured by gas chromatography–mass spectrometry (GC–MS; Shimadzu, Tokyo, Japan) with a DB-FFAP capillary column (30 m × 0.25 mm × 0.25 μm, Onlysci, China). The instrument parameters and sample processing procedures were performed according to Yang et al. (2021).



Fecal and serum untargeted metabolomics analysis


Fecal untargeted metabolomics analysis

Frozen fecal samples were thawed at 4°C, and approximately 60 mg of sample was put into 2-ml round-bottom centrifuge tubes. Magnetic beads and 600 μl of methanol:water (1:1, v/v) were added to the centrifuge tubes for homogenization to extract the fecal metabolites. Ultrasonic crushing was performed at a low temperature for 10 min and placed at −20°C for 30 min. The samples were then centrifuged at 19,745 × g and 4°C for 15 min, and 200 μl of supernatant was dried in a vacuum centrifuge. Then, the samples were redissolved with 200 μl of methanol (chromatographic grade) water and vortexed for 2 min. After ice bath ultrasonication for 10 min at low temperature, the microcentrifuge tube was centrifuged again at 19,745 × g and 4°C for 15 min. The supernatant was placed in a sample bottle with a lined tube and stored at −80°C. Fecal untargeted metabolomic analysis was performed using the UPLC-Orbitrap-MS/MS system from Thermo Fisher Scientific (Q-Exactive Focus, United States).



Serum untargeted metabolomics processing

Frozen serum samples were thawed at 4°C and vortexed for 2 min. Then, 200 μl of each serum sample was added to 800 μl of methanol (chromatographic grade). Then, the mixed solution was sequentially vortexed for 2 min and centrifuged at 19745 × g and 4°C for 15 min (Eppendorf, Centrifuge 5,424, Germany), after which 800 μl of the supernatant was dried in a vacuum centrifuge and processed immediately. The detection procedure was similar to that for the fecal samples.



Ultra-performance liquid chromatography-Orbitrap-MS/MS analysis and metabolite profiling analysis

The UPLC-Orbitrap-MS/MS analysis method was described in a previous work (Xin et al., 2018). Briefly, the raw data were processed by Compound Discoverer 2.1 software (Thermo Fisher Scientific, USA) to produce a data matrix including retention time (RT), mass spectrometry (m/z), and peak intensity. Meanwhile, metabolic features with a relative standard deviation greater than 30% were excluded. Then, we searched the mzCloud and mzVault libraries to identify metabolites from these data.

Principal component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA) and response permutation testing (RPT) were performed using SIMCA-P 14.1 software (Umetrics, Umea, Sweden). OPLS-DA was applied to better understand the different metabolic patterns, and RPT was conducted to examine the accuracy of the OPLS-DA models.




MetOrigin analysis

MetOrigin is a web server analysis system that integrates microbiome and metabolome data by providing the quick identification of microbiota-related metabolites and their metabolic functions in metabolomics studies (Yu et al., 2022). We performed the origin analysis, function analysis, correlation analysis, and network summary using MetOrigin analysis. Functional analysis was performed to perform metabolic pathway enrichment analysis according to different categories of metabolites: metabolites belonging to the host, bacteria, or both. Correlation analysis was performed to determine the correlation between microbiota at different levels and metabolites by Spearman analysis. Network summary highlights the interactions with both biological and statistical signification. MetOrigin analysis is freely available at http://metorigin.met-bioinformatics.cn/.



Statistical analysis

All data were analyzed by SPSS 26.0, graphical presentation was performed using GraphPad Prism 8.0 software, and the results were expressed as the mean ± standard error (mean ± SE). p-values were determined using an unpaired Student’s t test for comparisons between two groups. p < 0.05 and p < 0.10 indicated significant differences and tendencies, respectively. Furthermore, variable importance in the projection (VIP) was calculated in the OPLS-DA model. The metabolites with VIP > 1 and p < 0.05 were deemed differential metabolites. The KEGG database was applied to functionally annotate these differential metabolites, which were further mapped to the KEGG pathway database using MetaboAnalyst 5.0.2




Results


Effects of DBP and BF on BW, BCS, and apparent nutrient digestibility in dogs

The effects of DBP and BF on BW, BCS, and the apparent nutrient digestibility of dogs are shown in Table 2. At the end of the experiment, BW and BCS among the three groups showed no difference (p > 0.05). Compared to the CON group, the apparent CP and OM digestibility in the DBP group were significantly decreased (p < 0.05), while apparent DM, EE, and GE digestibility were not different (p > 0.05). All apparent nutrient digestibilities in the BF group showed no differences compared with the CON group (p > 0.05).



TABLE 2 Effects of DBP and BF on BW, BCS, and apparent nutrient digestibility in dogs.
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Effects of DBP and BF on serum biochemistry, antioxidant, and inflammatory parameters in dogs

The effects of DBP and BF on serum biochemistry, antioxidant, and inflammatory parameters are presented in Supplementary Table 2. Neither the DBP group nor the BF group affected the serum biochemical parameters ALB, GLO, ALB/GLO, AST, ALT, AMY, CK, CRE, BUN, GLU, Ca, and IP compared with the CON group (p > 0.05).

The effects of DBP and BF on serum antioxidant and inflammatory parameters are presented in Table 3. Neither the DBP group nor the BF group affected the serum antioxidant parameters GSH-Px, MDA, T-AOC, CAT, and SOD and serum inflammatory parameters TNF-α, IL-6, IL-8, IL-10, IL-1β, IgA, IgG, and IgM compared with the CON group (p > 0.05). However, the mean IFN-γ level in the BF group was lower than that in the CON group but showed no significant difference (p > 0.05).



TABLE 3 Effects of DBP and BF on serum biochemical parameters in dogs.
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Effects of DBP and BF on serum metabolomics in dogs

To further explore the influence of DBP and BF on host metabolic profiles in dogs, the serum metabolome among the three groups was monitored. The PCA score plots showed no obvious separation after DBP and BF administration (Figure 1A). Ultimately, the OPLS-DA score plot demonstrated that the DBP and BF groups were separated from the CON group (Figures 1B,D). Additionally, RPT models showed that the models were reliable and had good accuracy and fitness (Figures 1C, E).

[image: Figure 1]

FIGURE 1
 Effects of defatted black soldier fly larvae protein (DBP) and black soldier fly larvae fat (BF) on serum metabolites in dogs. Principal component analysis (PCA) of serum metabolites among the three groups (A). Orthogonal partial least squares discriminant analysis (OPLS-DA) plot of serum metabolites after DBP (B), and BF (D), administration in dogs. Response permutation testing (RPT) derived from the DBP group (C), or the BF group (E), compared with the CON group.


Differential serum metabolites were screened out using the standard of VIP (threshold > 1) combined with the p value (threshold < 0.05), which was applied to select the significant differential metabolites. We found no differential metabolites between the CON and DBP or BF groups, indicating that feeding 20% DBP or 8% BF had no effect on serum metabolic profiles.



Effects of DBP and BF on the fecal microbiota in dogs

As demonstrated in Supplementary Figure 1, the Venn diagram revealed 393 shared features between the CON and DBP groups and 864 and 703 in the CON and DBP groups, respectively. The Venn analysis identified 479 shared features between the CON and BF groups and 778 and 617 in the BF and CON groups, respectively. The Venn analysis identified 423 shared features between the DBP and BF groups and 673 and 673 in the DBP and BF groups, respectively. As presented in Supplementary Figure 2A, the alpha diversity, including Observed_species, Shannon, Simpson, Chao1, Goods_coverage, and Pielou_e, of the fecal microbiota showed no difference between the CON and DBP or BF groups (p > 0.05). Principal component analysis revealed distinct separation among the three groups (Supplementary Figure 2B), indicating that environment and DBP or BF exhibited no influence on gut microbiota composition or diversity in dogs.

At the phylum level, Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, and Proteobacteria were the dominant bacteria and showed no difference among the three groups (Figure 2A). At the genus level, Fusobacterium, Faecalibacterium, Collinsella, Bacteroides, Ligilactobacillus, Alloprevotella, Blautia, and Phascolarctobacterium constituted the dominant genera in the top 20 among the three groups (Figure 2B). We identified ASV biomarkers using the LEfSe algorithm. A cladogram representing the fecal microbiota and the predominant species is shown in Figures 2C,D. Compared with the CON group, the DBP group had an elevated relative abundance of Blautia, Allobaculum, Prevotellaceae_Ga6A1_group, Escherichia_shigella, Enterococcus, Holdemanella, Lachnoclostridium, Erysipelotrichaceae_unclassified, Flavonifractor, Erysipelotrichaceae_UCG_003, Clostridia_UCG_014_unclassified, and Clostridium_innocuum_group (Figure 2C). Meanwhile, the BF group was more enriched in Terrisporobacter and Ralstonia than the CON group (Figure 2D).

[image: Figure 2]

FIGURE 2
 Effects of DBP and BF on gut microbiota and structure in dogs. Histogram of abundance distribution at phylum (A), and genus (B). The LEfSe analysis between the CON group and the DBP (C), or the BF groups (D).




Effects of DBP and BF on the fecal metabolomics in dogs

The effects of DBP and BF on fecal fermentation metabolites are shown in Figure 3. Fecal pH was markedly elevated (p < 0.05), and propionate, butyrate, total SCFAs, isobutyrate, isovalerate, and total BCFAs were significantly lowered in the DBP group compared to in the CON group (p < 0.05), while all the SCFAs and BCFAs showed no difference between the BF and CON groups (p > 0.05).
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FIGURE 3
 Effects of DBP and BF on fecal pH (A), acetate (B), propionate (C), butyrate (D), total SCFAs (E), isobutyrate (F), isovalerate (G), valerate (H), and total BCFAs (I) in dogs. Data are presented as mean ± SE (n = 6, 7, or 7). The symbol (*) indicates a significant correlation (*p < 0.05, **p < 0.01, and ***p < 0.001). Total SCFAs = acetate + propionate + butyrate; Total BCFAs = isobutyrate + isovalerate + valerate.


To further investigate the effects of DBP and BF on intestinal microbiota, untargeted metabolomics techniques were used to analyze the contents of metabolites in feces. The PCA score plots showed obvious separation after DBP and BF administration (Figure 4A). In addition, the OPLS-DA model (Figures 4B,E) further separately distinguished the separation in the fecal metabolites between the CON and DBP or BF groups. The quality of the resulting discriminant models between the CON and DBP or BF groups is shown in Figures 4C,F, demonstrating that the models were reliable and predicted.
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FIGURE 4
 Effects of DBP and BF on fecal metabolites in dogs. PCA of fecal metabolites among the three groups (A). OPLS-DA plot of fecal metabolites between the CON group and DBP group (B), or the BF group (E), in dogs. RPT between the CON group and the DBP group (C), or the BF group (F), in dogs. KEGG metabolic pathways enrichment analysis based on differential fecal metabolites after DBP treatment compared with group (D).


Differential fecal metabolites were screened out using the standard of VIP > 1 and p < 0.05. There were 54 identified potential markers between the CON and DBP groups (Supplementary Table 3), while there were no differential metabolites between the CON and BF groups. In addition, the KEGG analysis further revealed that DBP mainly impacted 18 metabolic pathways, the most dominant of which were arachidonic acid metabolism, arginine biosynthesis, pentose and glucuronate interconversions, biotin metabolism, nicotinate and nicotinamide metabolism, arginine and proline metabolism, alanine, aspartate and glutamate metabolism, and lysine degradation (Figure 4D).



Effects of DBP and BF on the MetOrigin analysis in dogs

To further understand the association between the gut microbiota and metabolic changes, we employed MetOrigin analysis on the differential fecal microbiota and metabolites between the CON and DBP groups. A total of 49 identified metabolites were initially classified into three groups: 10 bacteria-specific metabolites, 17 bacteria-host cometabolites, and 22 others (drug, food, and unknown; Figure 5A). Origin-based metabolic pathway enrichment analysis identified 8 bacteria-specific metabolites and 25 bacteria-host metabolites (Figure 5B). Spearman analysis indicated a strong correlation between the fecal microbiota and metabolites (Figure 5C). The microbiota network of biotin metabolism illustrated that Clostridioides, Lachnoclostridium, and Enterococcus were positively associated with biotin in the microbiota network (p < 0.05), which had been validated by both biological and statistical correlation analysis (Figure 5D). The cometabolism network of nicotinate and nicotinamide metabolism, glutathione metabolism, lysine degradation, arginine biosynthesis, phenylalanine metabolism, styrene degradation, butanoate metabolism, and alanine, aspartate and glutamate metabolism showed that eight metabolites were biologically and statistically associated with eight differential bacteria (p < 0.05). Among them, six bacteria (i.e., Lachnoclostridium, Clostridioides, Blautia, Enterococcus, Gordonibacter, and Flavonifractor) and four metabolites (i.e., niacinamide, fumaric acid, citrulline, and phenylacetic acid) were upregulated, while two bacteria (i.e., Romboutsia and Turicibacter) and another four metabolites (i.e., cadaverine, putrescine, saccharopine, and butyrate) were downregulated by DBF (Figure 5E).
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FIGURE 5
 MetOrigin analysis on the differential fecal microbiota and metabolites between the CON and DBP groups. Bar plot of the number of metabolites in different categories (A). Venn diagram and bar plot of the number of enriched metabolic pathways from origin-based MPEA analysis (B). Correlation analysis between the differential fecal microbiota and metabolites using Spearman (C). Network summary of DBP on beagle dogs for microbiota (D), and co-metabolism (E). Diamond and dot shapes indicate correlate metabolites and bacteria, correspondingly. The red/green color of nodes indicates up/down regulation. The red/green lines indicate the positive/negative correlations between microbes and metabolites. The symbol (*) indicates a significant correlation (*p < 0.05 and **p < 0.01).





Discussion

Meat and byproduct meals of poultry, cattle, pig, lamb, and fish are most commonly used as the main protein and fat sources in pet formula (Bosch and Swanson, 2021). These traditional sources of protein and fat are not sufficient to meet the demand for additional feed production; thus, there is an urgent need for alternative protein and fat sources for pet diets (Benzertiha et al., 2020). The amount of protein and fat in insects is comparable to meat (Baiano, 2020), and several novel insect protein and fat sources have been proposed since the last decade (Feng et al., 2018; Hua, 2021). Among them, BSFL has gained substantial attention worldwide as protein (Lalander et al., 2019) and fat (Spranghers et al., 2018; Pinotti et al., 2019; Kim et al., 2020; Li et al., 2022a) substitutes in pet food in recent years due to its economic, nutritional, and environmental advantages (Do et al., 2020). To our knowledge, previous studies have not systematically explored the fungibility of the protein or fat in BSFL. Hence, a 65-day randomized controlled-feeding trial among healthy dogs was implemented. We evaluated apparent nutrient digestibility, serum biochemistry, antioxidant and anti-inflammatory properties, and metabolomics, as well as fecal microbiota and metabolic profiles in the DBP and BF groups compared to the CON group.

The apparent nutrient digestibility reflects the degree of absorption and utilization of the dietary nutrient. In poultry research, DBP meals have been assessed as an excellent source of apparent metabolizable energy and ileal amino acid digestibility (Schiavone et al., 2017). A recent report demonstrated that 1% and 2% DBP elevated CP digestibility in beagle dogs (Lei et al., 2019). In contrast, our findings suggested that 20% DBP reduced the apparent CP and OM digestibility, while 8% BF had no effect on apparent nutrient digestibility. Similar to 20% DBP, previous studies in beagle dogs and cats showed that feeding 20% or 5% BSFL also decreased the apparent CP digestibility (Kröger et al., 2020; Do et al., 2022). Moreover, several studies of BSFL in economic animals (Cullere et al., 2016; Hartinger et al., 2021) and cricket meal in beagle dogs (Kilburn et al., 2020) yielded similar results. Thus, we speculate that the reduction in apparent CP and OM digestibility may be related to the 4.65 ~ 6.43% concentration of chitin in the BSFL (Gariglio et al., 2019; Caimi et al., 2020). Chitin, a linear polymer of β-(1–4) N-acetyl-D-glucosamine units, has high molecular weight, poor water solubility, and protein-binding activity, which makes it difficult to be digested by monogastric animals, has an anti-nutritional effect and has a negative effect on protein digestibility (Longvah et al., 2011). Taking into account the increased proportion of chitin caused by the defatted process, about 5.0 ~ 7.21% (Schiavone et al., 2017; Traksele et al., 2021), the anti-nutritional effect of chitin could explain the reduction of apparent CP and OM digestibility. However, the underlying mechanisms remain to be elucidated (Penazzi et al., 2021).

The serum biochemistry, antioxidant, and anti-inflammatory properties and metabolomics were analyzed to confirm the safety of feeding DBP and BF. Our results revealed that the serum biochemistry and metabolomics were within the normal range with no difference among the three groups, illustrating that neither 20% DBP nor 8% BF affected the heath of all dogs in the experiment. A study by Kröger et al. (2020) reached a similar conclusion that 20% BSFL had no effect on serum biochemistry in adult dogs, and a cricket meal evaluation on beagle dogs also found that all blood values remained within desired reference intervals (Kilburn et al., 2020). In weaning piglets, 2% BF regulated serum GLO, TP, and TG, decreased IFN-γ levels and increased IL-10 and IgA levels (Yu et al., 2020). Likewise, in this study, a lower level but no significant difference in serum IFN-γ level was observed in the BF group, indicating that the anti-inflammatory potential of BF may be due to the anti-inflammatory effects of lauric acid and linoleic acid in BSFL (Kim et al., 2020; Darwish et al., 2021). In addition, a study on beagle dogs found a decreasing serum TNF-α level and an increasing GSH-Px level that linearly altered with increasing DBP (0, 1, and 2%; Lei et al., 2019), and beagle dogs treated with house flies revealed a lower serum MDA level (Hong et al., 2020). However, no difference was observed between the CON and DBP groups in our study, indicating that a high proportion of DBP (20%) did not exert antioxidant or anti-inflammatory effects.

Insects are known to contain nondigestible components that are important fermentable substrates for the colonic microbiota (Bosch et al., 2016). Thus, we further explored the changes in gut microbial composition of the DBP and BF groups. No differences were noted in the α- and β-diversity of the fecal microbiota among the three groups, indicating that 20% DBP and 8% BF had no obvious effect on the gut microbial richness or diversity in adult dogs. Consistent with previous studies (Pilla and Suchodolski, 2020; Yang K. et al., 2022a,b), Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, and Proteobacteria were the dominant bacterial phyla. Moreover, Fusobacterium, Faecalibacterium, Collinsella, and Bacteroides were the dominant bacterial genera among the three groups and showed no difference between the CON and DBP or BF groups. Upon further analysis of bacterial genera, we found that 20% DBP decreased the relative abundance of SCFA-producing bacteria, including Prevotella_9 (Li et al., 2022b), Lachnospiraceae_NC2004_group (Egerton et al., 2022), Catenibacterium (Liu et al., 2021), Allisonella (Zhao et al., 2021), Turicibacter, and Romboutsia (Li et al., 2021), and a previous study confirmed that Flavonifractor (Hong et al., 2021), Blautia, and Enterococcus (Kellingray et al., 2018) acted as inhibitors of butyrate, resulting in a reduction in butyrate in feces, thereby increasing fecal pH. SCFAs are produced by the microbial fermentation of undigestible carbohydrates (Kawauchi et al., 2011). Numerous studies have demonstrated the beneficial roles of SCFAs, including maintaining host immunity and nutritional metabolism (Song et al., 2021) and positively affecting the regulation of inflammation and intestinal barrier function (Liu et al., 2021). In addition, we found that 20% DBP increased the relative abundance of Blautia, which exhibited a negative correlation with the levels of fecal SCFAs (Pérez-Burillo et al., 2019; Lin et al., 2021). Meanwhile, increasing Escherichia_shigella (Cattaneo et al., 2017; Yang L. et al., 2022), Enterococcus, Holdemanella (Xu et al., 2021), Lachnoclostridium (Chen et al., 2021), and Flavonifractor (Straub et al., 2021) in the DBP group have potentially negative consequences for gut health (Sekirov et al., 2010). Unlike our results, a study of cricket on the gut microbiota in beagle dogs demonstrated that cricket decreased the abundance of Faecalibacterium and Bacteroides (Jarett et al., 2019). It is known that the gut microbiota generates BCFAs as a result of proteolysis of undigested proteins and deamination of branched-chain amino acids (Badri et al., 2021). We found that the microbial alterations obviously reduced the concentrations of isobutyrate, isovalerate, and total BCFAs in the DBP group. One of the key reasons for this was that the high proportion of chitin constrained the utilizability of protein (Gariglio et al., 2019), thereby affecting BCFA production. In brief, long-term feeding with 20% DBP may have adverse effects on canine health. The present study also found that the BF group recruited more Terrisporobacter, which played a key role as a beneficial intestinal bacterium (Lin et al., 2020), indicating that 8% BF may act as an anti-inflammatory (a lower level of serum IFN-γ) effect by enhancing the production of beneficial bacteria.

Gut microbial metabolites are closely associated with nutritional status, metabolism, and stress response (Yang et al., 2021). Therefore, untargeted metabolomics was performed to determine the effects of DBP and BF on fecal metabolic profiles. The PCA and OPLS-DA plots showed that the DBP group rather than the BF group had a distinct separation of fecal metabolites from the CON group. To further confirm the biological relationships of metabolites to gut microbiota, MetOrigin, an interactive web server that discriminates metabolites originating from the microbiome, was applied to explore their relationship (Yu et al., 2022). From the outcome of the microbiota network via MetOrigin analysis, we found that feeding 20% DBP increased the relative abundances of Lachnoclostridium, Clostridioides, and Enterococcus, which metabolized desthiobiotin to produce biotin by secreting biotin synthase, in turn modulating the biotin metabolic pathway. Biotin, a cofactor of intermediary metabolism, is covalently attached to enzymes (Sirithanakorn and Cronan, 2021), which may have therapeutic potential for patients with inflammatory bowel disease (Skupsky et al., 2020). Moreover, in the cometabolism network, we found that Lachnoclostridium, Blautia, Enterococcus, and Clostridioides upregulated niacinamide, phenylalanine acid, fumaric acid, and citrulline and downregulated cadavrine, putrescine, saccharopine, and butyrate. Among them, glutathione metabolism and nicotinate and nicotinamide metabolism participate in antioxidant activity (Seo et al., 2018) and protect against aging (Si et al., 2019), respectively, which may benefit gut health in dogs. Moreover, 20% DBP increased the relative abundances of Flavonifractor, Blautia, and Enterococcus, which inhibited the secretion of acetoacetate CoA-transferase, thereby reducing the production of butyrate (Kellingray et al., 2018; Hong et al., 2021). This further verified our conclusion.

Overall, our findings confirmed that 20% DBP restrained the apparent CP and OM digestibility, thereby affecting hindgut microbial metabolism, while 8% BF had no negative effect on canine gut health. Specifically, taking into account the increased proportion of chitin caused by the defatted process, continued efforts are warranted in understanding the chitin effects. We suggest that adding high-quality chitinase to dog food may be an effective way to improve the apparent nutrient digestibility of DBP.



Conclusion

The current findings suggested that neither 20% DBP nor 8% BF affected the body condition of all dogs in this experiment. 20% DBP had decreasing apparent CP and OM digestibility on day 65, while 8% BF had no effect on apparent nutrient digestibility. Furthermore, the DBP group had decreasing fecal propionate, butyrate, total SCFAs, isobutyrate, isovalerate, and total BCFAs and increased fecal pH. Nevertheless, there was no difference in SCFAs and BCFAs between the CON and BF groups. The fecal microbiota revealed that Lachnoclostridium, Clostridioides, Blautia, and Enterococcus were enriched in the DBP group, and Terrisporobacter and Ralstonia were enriched in the BF group. The fecal metabolome further showed that the DBP group significantly influenced 18 metabolic pathways. Additionally, MetOrigin analysis between the CON and DBP groups found that Lachnoclostridium, Clostridioides, and Enterococcus were positively associated with biotin. In addition, Lachnoclostridium, Clostridioides, Blautia, and Enterococcus were positively associated with niacinamide, phenylalanine acid, fumaric acid, and citrulline and negatively associated with cadavrine, putrescine, saccharopine, and butyrate. Overall, 20% DBP restrained the apparent CP and OM digestibility, thereby affecting hindgut microbial metabolism. In contrast, 8% BF in the dog diet showed no adverse effects on body condition, apparent nutrient digestibility, fecal microbiota, or metabolic profiles. Our findings are conducive to opening a new avenue for the exploitation of DBP and BF as protein and fat resources in dog food.



Data availability statement

The 16S rRNA data presented in the study are deposited in the NCBI repository, accession number: https://www.ncbi.nlm.nih.gov/, PRJNA865813. The untargeted metabolomic data presented in the study are deposited in the EMBL-EBI MetaboLights repository with the identifier MTBLS6097 (serum metabolomics) and MTBLS6102 (fecal metabolomics), accession numbers corresponding to the following: https://www.ebi.ac.uk/metabolights/MTBLS6097 and https://www.ebi.ac.uk/metabolights/MTBLS6102.



Ethics statement

The animal study was reviewed and approved by Experimental Animal Ethics Committee of South China Agricultural University (approval code 2021E028).



Author contributions

SJ and LZ designed the study and performed the experiments. SJ detected the samples, analyzed the data, and prepared the manuscript. ND, KY and ZX carried out the assays described in the study. MH, ZdZ and ZhZ contributed to the data analysis. KY and BD revised the manuscript. JD and BD provided the funding and resources. All authors contributed to the article and approved the submitted version.



Funding

This project was supported by National Natural Science Foundation of China (Grant Nos. 32172744, 31790411, and 32002186), National Key R&D Program of China (Grant No. 2021YFD1300400), Natural Science Foundation of Guangdong Province (Grant No. 2020A1515010322), Guangzhou Basic and Applied Basic Research Foundation (Grant No. 202102020850), Start-up Research Project of Maoming Laboratory (Grant No. 2021TDQD002), and Science and Technology Planning Project of Guangdong Province (2021B1212060001).



Acknowledgments

The authors acknowledge the Laboratory Animal Center at the South China Agricultural University (Guangzhou, China) for providing the experimental sites and Guangzhou General Pharmaceutical Research Institute Co., Ltd. (National Canine Laboratory Animal Resources Center) for providing the experimental animals.



Conflict of interest

LZ is employed by Guangzhou Qingke Biotechnology Co., Ltd., ND is employed by Guangzhou Customs Technology Center, and MH, ZdZ, and ZhZ are employed by Guangzhou GeneralPharmaceutical Research Institute Co., Ltd. (National CanineLaboratory Animal Resources Center).

The remaining 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.2022.1044986/full#supplementary-material



Footnotes

1http://huttenhower.sph.harvard.edu/lefse/

2https://www.metaboanalyst.ca


References

 AAFCO Official Publication (2022). Association of American Feed Control Official. AAFCO Official Publication: Oxford, IN.

 Badri, D. V., Jackson, M. I., and Jewell, D. E. (2021). Dietary protein and carbohydrate levels affect the gut microbiota and clinical assessment in healthy adult cats. J. Nutr. 151, 3637–3650. doi: 10.1093/jn/nxab308 

 Baiano, A. (2020). Edible insects: an overview on nutritional characteristics, safety, farming, production technologies, regulatory framework, and socio-economic and ethical implications. Trends Food Sci. Tech. 100, 35–50. doi: 10.1016/j.tifs.2020.03.040

 Benzertiha, A., Kierończyk, B., Rawski, M., Mikołajczak, Z., Urbański, A., Nogowski, L., et al. (2020). Insect fat in animal nutrition-a review. Ann. Anim. Sci. 20, 1217–1240. doi: 10.2478/aoas-2020-0076

 Blaxter, M., Mann, J., Chapman, T., Thomas, F., Whitton, C., Floyd, R., et al. (2005). Defining operational taxonomic units using DNA barcode data. Philos. T. R. Soc. B. 360, 1935–1943. doi: 10.1098/rstb.2005.1725 

 Bosch, G., and Swanson, K. S. (2021). Effect of using insects as feed on animals: pet dogs and cats. J. Insects Food Feed 7, 795–805. doi: 10.3920/JIFF2020.0084

 Bosch, G., Vervoort, J. J. M., and Hendriks, W. H. (2016). In vitro digestibility and fermentability of selected insects for dog foods. Anim. Feed Sci. Tech. 221, 174–184. doi: 10.1016/j.anifeedsci.2016.08.018

 Bosch, G., Zhang, S., Oonincx, D. G., and Hendriks, W. H. (2014). Protein quality of insects as potential ingredients for dog and cat foods. J. Nutr. Sci. 3:e29. doi: 10.1017/jns.2014.23 

 Bruno, D., Bonelli, M., De Filippis, F., Di Lelio, I., Tettamanti, G., Casartelli, M., et al. (2019). The intestinal microbiota of Hermetia illucens larvae is affected by diet and shows a diverse composition in the different midgut regions. Appl. Environ. Microb. 85, e1818–e1864. doi: 10.1128/AEM.01864-18 

 Caimi, C., Renna, M., Lussiana, C., Bonaldo, A., Gariglio, M., Meneguz, M., et al. (2020). First insights on black soldier fly (Hermetia illucens L.) larvae meal dietary administration in Siberian sturgeon (Acipenser baerii Brandt) juveniles. Aquaculture 515:734539. doi: 10.1016/j.aquaculture.2019.734539

 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 

 Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., et al. (2017). Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively impaired elderly. Neurobiol. Aging 49, 60–68. doi: 10.1016/j.neurobiolaging.2016.08.019 

 Chen, W., Zhang, M., Guo, Y., Wang, Z., Liu, Q., Yan, R., et al. (2021). The profile and function of gut microbiota in diabetic nephropathy. Diabet. Metab. Synd Ob., 4283–4296. doi: 10.2147/DMSO.S320169 

 Churchward-Venne, T. A., Pinckaers, P., van Loon, J., and van Loon, L. (2017). Consideration of insects as a source of dietary protein for human consumption. Nutr. Rev. 75, 1035–1045. doi: 10.1093/nutrit/nux057 

 Cline, M. G., Burns, K. M., Coe, J. B., Downing, R., Durzi, T., Murphy, M., et al. (2021). 2021 AAHA nutrition and weight management guidelines for dogs and cats. J. Am. Anim. Hosp. Assoc. 57, 153–178. doi: 10.5326/JAAHA-MS-7232 

 Cullere, M., Tasoniero, G., Giaccone, V., Miotti-Scapin, R., Claeys, E., De Smet, S., et al. (2016). Black soldier fly as dietary protein source for broiler quails: apparent digestibility, excreta microbial load, feed choice, performance, carcass and meat traits. Animal 10, 1923–1930. doi: 10.1017/S1751731116001270 

 Darwish, R. S., Shawky, E., Nassar, K. M., Rashad ElSayed, R. M., Hussein, D. E., Ghareeb, D. A., et al. (2021). Differential anti-inflammatory biomarkers of the desert truffles Terfezia claveryi and Tirmania nivea revealed via UPLC-QqQ-MS-based metabolomics combined to chemometrics. LWT-Food Sci. Technol. 150:111965. doi: 10.1016/j.lwt.2021.111965

 Dawood, M. A. O., and Koshio, S. (2020). Application of fermentation strategy in aquafeed for sustainable aquaculture. Rev. Aquacult. 12, 987–1002. doi: 10.1111/raq.12368

 De Marchi, M., Righi, F., Meneghesso, M., Manfrin, D., and Ricci, R. (2018). Prediction of chemical composition and peroxide value in unground pet foods by near-infrared spectroscopy. J. Anim. Physiol. An. N. 102, 337–342. doi: 10.1111/jpn.12663 

 Do, S., Koutsos, E. A., McComb, A., Phungviwatnikul, T., de Godoy, M. R. C., and Swanson, K. S. (2022). Palatability and apparent total tract macronutrient digestibility of retorted black soldier fly larvae-containing diets and their effects on the fecal characteristics of cats consuming them. J. Anim. Sci. 100:c68. doi: 10.1093/jas/skac068 

 Do, S., Koutsos, L., Utterback, P. L., Parsons, C. M., de Godoy, M. R. C., and Swanson, K. S. (2020). Nutrient and AA digestibility of black soldier fly larvae differing in age using the precision-fed cecectomized rooster assay1. J. Anim. Sci. 98:z363. doi: 10.1093/jas/skz363 

 Egerton, S., Donoso, F., Fitzgerald, P., Gite, S., Fouhy, F., Whooley, J., et al. (2022). Investigating the potential of fish oil as a nutraceutical in an animal model of early life stress. Nutr. Neurosci. 25, 356–378. doi: 10.1080/1028415X.2020.1753322 

 Ewald, N., Vidakovic, A., Langeland, M., Kiessling, A., Sampels, S., and Lalander, C. (2020). Fatty acid composition of black soldier fly larvae (Hermetia illucens)-possibilities and limitations for modification through diet. Waste Manag. 102, 40–47. doi: 10.1016/j.wasman.2019.10.014 

 Feng, Y., Chen, X., Zhao, M., He, Z., Sun, L., Wang, C., et al. (2018). Edible insects in China: utilization and prospects. Insect Sci. 25, 184–198. doi: 10.1111/1744-7917.12449 

 Freel, T. A., McComb, A., and Koutsos, E. A. (2021). Digestibility and safety of dry black soldier fly larvae meal and black soldier fly larvae oil in dogs. J. Anim. Sci. 99:b47. doi: 10.1093/jas/skab047 

 Gariglio, M., Dabbou, S., Biasato, I., Capucchio, M. T., Colombino, E., Hernandez, F., et al. (2019). Nutritional effects of the dietary inclusion of partially defatted Hermetia illucens larva meal in Muscovy duck. J Anim Sci Biotechnol. 10:37. doi: 10.1186/s40104-019-0344-7 

 Hartinger, K., Greinix, J., Thaler, N., Ebbing, M. A., Yacoubi, N., Schedle, K., et al. (2021). Effect of graded substitution of soybean meal by Hermetia illucens larvae meal on animal performance, apparent ileal digestibility, gut histology and microbial metabolites of broilers. Animals 11:1628. doi: 10.3390/ani11061628 

 Herrera, E., Petrusan, J., Salvá-Ruiz, B., Novak, A., Cavalcanti, K., Aguilar, V., et al. (2022). Meat quality of Guinea pig (Cavia porcellus) fed with black soldier fly larvae meal (Hermetia illucens) as a protein source. Sustainability-Basel. 14:1292. doi: 10.3390/su14031292

 Hong, J., and Kim, Y. Y. (2022). Insect as feed ingredients for pigs. Anim. Biosci. 35, 347–355. doi: 10.5713/ab.21.0475 

 Hong, D., Yoo, M., Heo, K., Shim, J., and Lee, J. (2021). Effects of L. Plantarum HY7715 on the gut microbial community and riboflavin production in a three-stage semi-continuous simulated gut system. Microorganisms. 9:2478. doi: 10.3390/microorganisms9122478 

 Hong, Y., Zhou, J., Yuan, M., Dong, H., Cheng, G., Wang, Y., et al. (2020). Dietary supplementation with housefly (Musca domestica) maggot meal in growing beagles: hematology, serum biochemistry, immune responses and oxidative damage. Ann. Anim. Sci. 20, 1351–1364. doi: 10.2478/aoas-2020-0045

 Hortwitz, W., and Latimer, G. (2007). Official methods of analysis of AOAC international. AOAC International: Gaithersburg, MD.

 Hua, K. (2021). A meta-analysis of the effects of replacing fish meals with insect meals on growth performance of fish. Aquaculture 530:735732. doi: 10.1016/j.aquaculture.2020.735732

 Jarett, J. K., Carlson, A., Rossoni Serao, M., Strickland, J., Serfilippi, L., and Ganz, H. H. (2019). Diets with and without edible cricket support a similar level of diversity in the gut microbiome of dogs. PeerJ. 7:e7661. doi: 10.7717/peerj.7661 

 Józefiak, D., Józefiak, A., Kierończyk, B., Rawski, M., Świątkiewicz, S., Długosz, J., et al. (2016). Insects-a natural nutrient source for poultry-a review. Ann. Anim. Science. 16, 297–313. doi: 10.1515/aoas-2016-0010

 Kawauchi, I. M., Sakomura, N. K., Vasconcellos, R. S., De-Oliveira, L. D., Gomes, M. O. S., Loureiro, B. A., et al. (2011). Digestibility and metabolizable energy of maize gluten feed for dogs as measured by two different techniques. Anim. Feed Sci. Tech. 169, 96–103. doi: 10.1016/j.anifeedsci.2011.05.005

 Kelemu, S., Niassy, S., Torto, B., Fiaboe, K., Affognon, H., Tonnang, H., et al. (2015). African edible insects for food and feed: inventory, diversity, commonalities and contribution to food security. J. Insects Food Feed 1, 103–119. doi: 10.3920/JIFF2014.0016

 Kellingray, L., Gall, G. L., Defernez, M., Beales, I. L. P., Franslem-Elumogo, N., and Narbad, A. (2018). Microbial taxonomic and metabolic alterations during faecal microbiota transplantation to treat infection. J. Infection. 77, 107–118. doi: 10.1016/j.jinf.2018.04.012 

 Kilburn, L. R., Carlson, A. T., Lewis, E., and Serao, M. C. R. (2020). Cricket (Gryllodes sigillatus) meal fed to healthy adult dogs does not affect general health and minimally impacts apparent total tract digestibility. J. Anim. Sci. 98:a83. doi: 10.1093/jas/skaa083 

 Kim, W., Bae, S., Park, K., Lee, S., Choi, Y., Han, S., et al. (2011). Biochemical characterization of digestive enzymes in the black soldier fly, Hermetia illucens (Diptera: Stratiomyidae). J. Asia Pac. Entomol. 14, 11–14. doi: 10.1016/j.aspen.2010.11.003

 Kim, B., Bang, H. T., Kim, K. H., Kim, M. J., Jeong, J. Y., Chun, J. L., et al. (2020). Evaluation of black soldier fly larvae oil as a dietary fat source in broiler chicken diets. J. Anim. Sci. Technol. 62, 187–197. doi: 10.5187/jast.2020.62.2.187 

 Kim, S. M., Park, E., Kim, J., Choi, J., and Lee, H. (2020). Anti-inflammatory effects of fermented lotus root and linoleic acid in lipopolysaccharide-induced RAW 264.7 cells. Life Basel. 10:293. doi: 10.3390/life10110293 

 Kröger, S., Heide, C., and Zentek, J. (2020). Evaluation of an extruded diet for adult dogs containing larvae meal from the black soldier fly (Hermetia illucens). Anim. Feed Sci. Tech. 270:114699. doi: 10.1016/j.anifeedsci.2020.114699

 Lalander, C., Diener, S., Zurbrügg, C., and Vinneras, B. (2019). Effects of feedstock on larval development and process efficiency in waste treatment with black soldier fly (Hermetia illucens). J. Clean. Prod. 208, 211–219. doi: 10.1016/j.jclepro.2018.10.017

 Lei, X. J., Kim, T. H., Park, J. H., and Kim, I. H. (2019). Evaluation of supplementation of defatted black soldier fly (Hermetia illucens) larvae meal in beagle dogs. Ann. Anim. Sci. 19, 767–777. doi: 10.2478/aoas-2019-0021

 Li, X., Dong, Y., Sun, Q., Tan, X., You, C., Huang, Y., et al. (2022a). Growth and fatty acid composition of black soldier fly Hermetia illucens (Diptera: Stratiomyidae) larvae are influenced by dietary fat sources and levels. Animals 12:486. doi: 10.3390/ani12040486 

 Li, X., Wang, Q., Wu, D., Zhang, D. W., Li, S. C., Zhang, S. W., et al. (2022b). The effect of a novel anticonvulsant chemical Q808 on gut microbiota and hippocampus neurotransmitters in pentylenetetrazole-induced seizures in rats. BMC Neurosci. 23:7. doi: 10.1186/s12868-022-00690-3 

 Li, Y., Zafar, S., Salih Ibrahim, R. M., Chi, H., Xiao, T., Xia, W., et al. (2021). Exercise and food supplement of vitamin C ameliorate hypertension through improvement of gut microflora in the spontaneously hypertensive rats. Life Sci. 269:119097. doi: 10.1016/j.lfs.2021.119097 

 Lin, C., Wei, Z., Yi, Z., Tingting, T., Huamao, D., and Lichun, F. (2020). Analysis of the effects of nanosilver on bacterial community in the intestinal fluid of silkworms using high-throughput sequencing. B. Entomol. Res. 110, 309–320. doi: 10.1017/S0007485319000634 

 Lin, W., Wen, L., Wen, J., and Xiang, G. (2021). Effects of sleeve gastrectomy on fecal gut microbiota and short-chain fatty acid content in a rat model of polycystic ovary syndrome. Front. Endocrinol. 12:747888. doi: 10.3389/fendo.2021.747888 

 Liu, C., Du, P., Cheng, Y., Guo, Y., Hu, B., Yao, W., et al. (2021). Study on fecal fermentation characteristics of aloe polysaccharides in vitro and their predictive modeling. Carbohyd. Polym. 256:117571. doi: 10.1016/j.carbpol.2020.117571 

 Liu, P., Wang, Y., Yang, G., Zhang, Q., Meng, L., Xin, Y., et al. (2021). The role of short-chain fatty acids in intestinal barrier function, inflammation, oxidative stress, and colonic carcinogenesis. Pharmacol. Res. 165:105420. doi: 10.1016/j.phrs.2021.105420 

 Longvah, T., Mangthya, K., and Ramulu, P. (2011). Nutrient composition and protein quality evaluation of eri silkworm (Samia ricinii) prepupae and pupae. Food Chem. 128, 400–403. doi: 10.1016/j.foodchem.2011.03.041 

 Luthada-Raswiswi, R., Mukaratirwa, S., and O’Brien, G. (2021). Animal protein sources as a substitute for fishmeal in aquaculture diets: a systematic review and meta-analysis. Appl. Sci. 11:3854. doi: 10.3390/app11093854

 Müller, A., Wolf, D., and Gutzeit, H. O. (2017). The black soldier fly, Hermetia illucens-a promising source for sustainable production of proteins, lipids and bioactive substances. Z. Naturforsch. C 72, 351–363. doi: 10.1515/znc-2017-0030 

 Mwaniki, Z., Neijat, M., and Kiarie, E. (2018). Egg production and quality responses of adding up to 7.5% defatted black soldier fly larvae meal in a corn-soybean meal diet fed to shaver white leghorns from wk 19 to 27 of age. Poultry Sci. 97, 2829–2835. doi: 10.3382/ps/pey118 

 Penazzi, L., Schiavone, A., Russo, N., Nery, J., Valle, E., Madrid, J., et al. (2021). In vivo and in vitro digestibility of an extruded complete dog food containing black soldier fly (Hermetia illucens) larvae meal as protein source. Front. Vet. Sci. 8:653411. doi: 10.3389/fvets.2021.653411 

 Pérez-Burillo, S., Pastoriza, S., Fernández-Arteaga, A., Luzón, G., Jiménez-Hernández, N., D’Auria, G., et al. (2019). Spent coffee grounds extract, rich in mannooligosaccharides, promotes a healthier gut microbial community in a dose-dependent manner. J. Agr. Food Chem. 67, 2500–2509. doi: 10.1021/acs.jafc.8b06604 

 Pilla, R., and Suchodolski, J. S. (2020). The role of the canine gut microbiome and metabolome in health and gastrointestinal disease. Front. Vet. Sci. 6:498. doi: 10.3389/fvets.2019.00498 

 Pinotti, L., Giromini, C., Ottoboni, M., Tretola, M., and Marchis, D. (2019). Review: insects and former foodstuffs for upgrading food waste biomasses/streams to feed ingredients for farm animals. Animal 13, 1365–1375. doi: 10.1017/S1751731118003622 

 Ramos-Elorduy, J., Moreno, J. M. P., Prado, E. E., Perez, M. A., Otero, J. L., and de Guevara, O. L. (1997). Nutritional value of edible insects from the state of Oaxaca. Mexico. J. Food Compos. Anal. 10, 142–157. doi: 10.1006/jfca.1997.0530

 Schiavone, A., De Marco, M., Martínez, S., Dabbou, S., Renna, M., Madrid, J., et al. (2017). Nutritional value of a partially defatted and a highly defatted black soldier fly larvae (Hermetia illucens L.) meal for broiler chickens: apparent nutrient digestibility, apparent metabolizable energy and apparent ileal amino acid digestibility. J. Anim. Sci. Biotechno. 8:51. doi: 10.1186/s40104-017-0181-5 

 Secci, G., Bovera, F., Nizza, S., Baronti, N., Gasco, L., Conte, G., et al. (2018). Quality of eggs from Lohmann Brown classic laying hens fed black soldier fly meal as substitute for soya bean. Animal 12, 2191–2197. doi: 10.1017/S1751731117003603 

 Sekirov, I., Russell, S. L., Antunes, L. C. M., and Finlay, B. B. (2010). Gut microbiota in health and disease. Physiol. Rev. 90, 859–904. doi: 10.1152/physrev.00045.2009

 Seo, J. H., Pyo, S., Shin, Y. K., Nam, B. G., Kang, J. W., Kim, K. P., et al. (2018). The effect of environmental enrichment on glutathione-mediated xenobiotic metabolism and Antioxidation in Normal adult mice. Front. Neurol. 9:425. doi: 10.3389/fneur.2018.00425 

 Si, H., Wang, X., Zhang, L., Parnell, L. D., Ahmed, B., LeRoith, T., et al. (2019). Dietary epicatechin improves survival and delays skeletal muscle degeneration in aged mice. FASEB J. 33, 965–977. doi: 10.1096/fj.201800554RR 

 Sirithanakorn, C., and Cronan, J. E. (2021). Biotin, a universal and essential cofactor: synthesis, ligation and regulation. FEMS Microbiol. Rev. 45:1. doi: 10.1093/femsre/fuab003 

 Skupsky, J., Sabui, S., Hwang, M., Nakasaki, M., Cahalan, M. D., and Said, H. M. (2020). Biotin supplementation ameliorates murine colitis by preventing NF-κB activation. Cell Mol. Gastroenter. 9, 557–567. doi: 10.1016/j.jcmgh.2019.11.011 

 Somroo, A. A., Ur Rehman, K., Zheng, L., Cai, M., Xiao, X., Hu, S., et al. (2019). Influence of lactobacillus buchneri on soybean curd residue co-conversion by black soldier fly larvae (Hermetia illucens) for food and feedstock production. Waste Manag. 86, 114–122. doi: 10.1016/j.wasman.2019.01.022 

 Song, Q., Wang, Y., Huang, L., Shen, M., Yu, Y., Yu, Q., et al. (2021). Review of the relationships among polysaccharides, gut microbiota, and human health. Food Res. Int. 140:109858. doi: 10.1016/j.foodres.2020.109858 

 Spranghers, T., Michiels, J., Vrancx, J., Ovyn, A., Eeckhout, M., De Clercq, P., et al. (2018). Gut antimicrobial effects and nutritional value of black soldier fly (Hermetia illucens L.) prepupae for weaned piglets. Anim. Feed Sci. Tech. 235, 33–42. doi: 10.1016/j.anifeedsci.2017.08.012

 Straub, T. J., Chou, W., Manson, A. L., Schreiber, H. L., Walker, B. J., Desjardins, C. A., et al. (2021). Limited effects of long-term daily cranberry consumption on the gut microbiome in a placebo-controlled study of women with recurrent urinary tract infections. BMC Microbiol. 21:53. doi: 10.1186/s12866-021-02106-4 

 Swanson, K. S., Carter, R. A., Yount, T. P., Aretz, J., and Buff, P. R. (2013). Nutritional sustainability of pet foods. Adv. Nutr. 4, 141–150. doi: 10.3945/an.112.003335 

 Traksele, L., Speiciene, V., Smicius, R., Alencikiene, G., Salaseviciene, A., Garmiene, G., et al. (2021). Investigation of in vitro and in vivo digestibility of black soldier fly (Hermetia illucens L.) larvae protein. J. Funct. Foods. 79:104402. doi: 10.1016/j.jff.2021.104402 

 Tschirner, M., and Simon, A. (2015). Influence of different growing substrates and processing on the nutrient composition of black soldier fly larvae destined for animal feed. J. Insects Food Feed 1, 249–259. doi: 10.3920/JIFF2014.0008

 Valdés, F., Villanueva, V., Durán, E., Campos, F., Avendaño, C., Sánchez, M., et al. (2022). Insects as feed for companion and exotic pets: a current trend. Animals 12:1450. doi: 10.3390/ani12111450 

 Xin, Z., Ma, S., Ren, D., Liu, W., Han, B., Zhang, Y., et al. (2018). UPLC-Orbitrap-MS/MS combined with chemometrics establishes variations in chemical components in green tea from Yunnan and Hunan origins. Food Chem. 266, 534–544. doi: 10.1016/j.foodchem.2018.06.056 

 Xu, T., Ge, Y., Du, H., Li, Q., Xu, X., Yi, H., et al. (2021). Berberis kansuensis extract alleviates type 2 diabetes in rats by regulating gut microbiota composition. J. Ethnopharmacol. 273:113995. doi: 10.1016/j.jep.2021.113995 

 Yang, K., Deng, X., Jian, S., Zhang, M., Wen, C., Xin, Z., et al. (2021). Gallic acid alleviates gut dysfunction and boosts immune and antioxidant activities in puppies under environmental stress based on microbiome-metabolomics analysis. Front. Immunol. 12:813890. doi: 10.3389/fimmu.2021.813890 

 Yang, K., Jian, S., Guo, D., Wen, C., Xin, Z., Zhang, L., et al. (2022a). Fecal microbiota and metabolomics revealed the effect of long-term consumption of gallic acid on canine lipid metabolism and gut health. Food Chem X. 15:100377. doi: 10.1016/j.fochx.2022.100377 

 Yang, K., Jian, S., Wen, C., Guo, D., Liao, P., Wen, J., et al. (2022b). Gallnut tannic acid exerts anti-stress effects on stress-induced inflammatory response, dysbiotic gut microbiota, and alterations of serum metabolic profile in beagle dogs. Front. Nutr. 9:847966. doi: 10.3389/fnut.2022.847966 

 Yang, L., Xiang, Z., Zou, J., Zhang, Y., Ni, Y., and Yang, J. (2022). Comprehensive analysis of the relationships between the gut microbiota and fecal metabolome in individuals with primary sjogren's syndrome by 16S rRNA sequencing and LC-MS-based metabolomics. Front. Immunol. 13:874021. doi: 10.3389/fimmu.2022.874021 

 Yildirim Aksoy, M., Eljack, R., and Beck, B. H. (2020). Nutritional value of frass from black soldier fly larvae, Hermetia illucens, in a channel catfish, Ictalurus punctatus, diet. Aquac. Nutr. 26, 812–819. doi: 10.1111/anu.13040

 Yu, M., Li, Z., Chen, W., Rong, T., Wang, G., Wang, F., et al. (2020). Evaluation of full-fat Hermetia illucens larvae meal as a fishmeal replacement for weanling piglets: effects on the growth performance, apparent nutrient digestibility, blood parameters and gut morphology. Anim. Feed Sci. Tech. 264:114431. doi: 10.1016/j.anifeedsci.2020.114431

 Yu, G., Xu, C., Zhang, D., Ju, F., and Ni, Y. (2022). MetOrigin: discriminating the origins of microbial metabolites for integrative analysis of the gut microbiome and metabolome. iMeta. 1:e10. doi: 10.1002/imt2.10

 Zhao, Y., Bi, J., Yi, J., Wu, X., Ma, Y., and Li, R. (2021). Pectin and homogalacturonan with small molecular mass modulate microbial community and generate high SCFAs via in vitro gut fermentation. Carbohyd. Polym. 269:118326. doi: 10.1016/j.carbpol.2021.118326 









 


	
	
TYPE Original Research
PUBLISHED 28 November 2022
DOI 10.3389/fmicb.2022.998095






Effects of heat stress on growth performance, carcass traits, serum metabolism, and intestinal microflora of meat rabbits

Hongli Liu1,2, Bin Zhang1, Fan Li1, Lei Liu1, Tongao Yang2, Haihua Zhang2* and Fuchang Li1*


1Shandong Provincial Key Laboratory of Animal Biotechnology and Disease Control and Prevention, Department of Animal Science and Technology, Shandong Agricultural University, Taian, Shandong, China

2Hebei Key Laboratory of Specialty Animal Germplasm Resources Exploration and Innovation, Department of Animal Science and Technology, Hebei Normal University of Science and Technology, Qinhuangdao, Hebei, China

[image: image2]

OPEN ACCESS

EDITED BY
 Jinxin Liu, Nanjing Agricultural University, China

REVIEWED BY
 Mohamed Farghly, Assiut University, Egypt
 Miguel Mellado, Universidad Autónoma Agraria Antonio Narro, Mexico

*CORRESPONDENCE
 Fuchang Li, chlf@sdau.edu.cn 
 Haihua Zhang, zhh83@126.com

SPECIALTY SECTION
 This article was submitted to Microorganisms in Vertebrate Digestive Systems, a section of the journal Frontiers in Microbiology


RECEIVED 19 July 2022
 ACCEPTED 04 October 2022
 PUBLISHED 28 November 2022

CITATION
 Liu H, Zhang B, Li F, Liu L, Yang T, Zhang H and Li F (2022) Effects of heat stress on growth performance, carcass traits, serum metabolism, and intestinal microflora of meat rabbits. Front. Microbiol. 13:998095. doi: 10.3389/fmicb.2022.998095

COPYRIGHT
 © 2022 Liu, Zhang, Li, Liu, Yang, Zhang and Li. 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.
 

To investigate the effects of heat stress on meat rabbits, we assigned 80 rabbits to the moderate temperature group (24 ± 1°C; Control group) and the continuous high-temperature group (HT group), then monitored the effects using growth performance, carcass characteristics, biochemical assays, UPLC–MS/MS-based metabolomics, and microbiome. The results showed that after continuous high-temperature exposure, the average daily gain, average daily feed intake, and thymus index were significantly decreased (p < 0.05). Contents of HSP70, ALP, and Cortisol in serum were significantly increased, while TP, GLU, T3, and T4 were significantly decreased (p < 0.05). Nine kinds of differential metabolites were screened by serum metabolomics, which can be used as biomarkers of heat stress in meat rabbits. The selected differential metabolites were analyzed by KEGG annotation and enrichment analysis. The results showed that 14 pathways affected by heat stress were identified by KEGG pathway enrichment analysis, including Sphingolipid metabolism, Pyrimidine metabolism, Citrate cycle (TCA cycle)), aminoacyl-tRNA biosynthesis, and so on. The analysis of the effect of heat stress on the cecal microflora of meat rabbits showed that the abundance of cecal Proteus in the HT group was significantly higher than that in the moderate Control group. The number of Candidatus-saccharimonas in the cecum microflora was significantly higher than that in the moderate temperature group (p < 0.05) which may be related to inflammatory diseases in the heat stress group. These findings indicated that the heat-stressed rabbits were in negative energy balance, which affected protein metabolism, and subsequently affected growth performance and carcass characteristics.
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Introduction

With the continuous acceleration of global warming and intensive breeding environment, heat stress has gradually become a global issue of common concern in modern livestock and poultry production, and heat stress is considered to be one of the most important stresses in livestock and poultry breeding. Heat stress refers to the sum of non-specific responses produced by animals when they are stimulated by excessive temperature beyond their thermoregulatory capacity (Mount, 1975). Heat stress causes serious economic losses to the livestock industry by changing various physiological and biochemical reactions of the body, reducing feed intake, daily gain, feed conversion rate, and product quality (West, 2003; Franco, 2004; Beckford et al., 2020).

Climate warming is unequivocal, and will greatly impact animal health and growth, especially during the summer months, either directly or secondarily (Leon et al., 2005). Heat stress seriously restricts the development of the rabbit industry. Rabbits belong to constant temperature animals, and the normal body temperature is 38.5–39.9°C, while the upper limit of the moderate temperature of rabbits is lower than 30°C in all current studies. The suitable growth temperature of meat rabbits is 15–25°C. The heat insulation layer formed by a few sweat glands and thick hair on the body surface of rabbits leads to poor heat dissipation ability (Lee, 1965). Moreover, the rabbit is very sensitive to temperature change and is easy to produce stress reactions. When the ambient temperature is higher than the body surface temperature of rabbits, non-evaporative heat dissipation methods such as radiation, convection and conduction fail, and respiratory heat dissipation becomes the main way of heat dissipation in rabbits. However, after all, the ability of breathing and heat dissipation is limited, and high temperature for a long time will increase the respiratory frequency of rabbits, wheeze, increase body temperature, and then appear heat stress reaction, resulting in changes in rabbit behavior and physiology. Heat stress can cause changes in some of the physiological indicators of meat rabbits such as rectal temperature increase, feed intake and daily gain decreased, and water consumption increased, thus heat stress will increase energy consumption, reduce production performance, and reproductive performance. The thermoregulation characteristics of rabbits make them have poor tolerance to a high heat environment, which is related to breed, age, sex, stress intensity, and duration (Yang et al., 2011; Li et al., 2019; Zheng et al., 2022). Heat stress resulted in a decrease in feed intake, daily gain, and meat quality in rabbits (Marai et al., 2002). Research has found that, heat stress regulates stress response through the endocrine system (Mete et al., 2012).

The present study aimed to characterize the serum metabolic profile of heat-stressed broilers and to investigate the change rule and related regulatory mechanisms using Ultra Performance Liquid Chromatography Tandem Mass Spectrometry (UPLC–MS/MS) metabolomics, biochemical validation, microbiomics, and multivariate data analysis. The study also aimed to elucidate the relationships between growth performance, serum biochemical and hormonal parameters, serum metabolism, and gut microflora changes in heat-stressed rabbits.



Materials and method


Animal and experiment

In the experiment, eighty 35-day-old Hyla meat rabbits (half male and half female) were pre-fed at 24 ± 1°C for 7 days, and then sixty 42-day-old meat rabbits were randomly divided into two groups: moderate temperature group (24 ± 1°C) and continuous high-temperature group (high-temperature feeding, 34 ± 2°C). The temperature and humidity were adjusted by the air conditioner and humidifier (ZDR-41). Hangzhou Zeda Instrument Co., Ltd.) automatically records room temperature every 30 min, the experimental period is 14 days (Figure 1). Rabbits were housed in homemade plastic cages (60 × 40 × 40 cm) in couples. The relative humidity and photoperiod were maintained according to commercial conditions (55°C to 65°C, 12 light/12 dark). Diets were pelleted using pressure, and the diameter of the pellets was 4 mm. All rabbits had free access to feed and water during the rearing period. At the end of the experimental period, 8 rabbits in each group were randomly selected to fast for 12 h, and the blood was collected from the heart. The blood was placed for 30 min and centrifuged at 3,000 rpm for 10 min. The serum was separated and stored at-80°C for blood biochemical index and metabonomics determination. After blood collection, the rabbits were killed after breaking their necks and weighed after peeling off the fur, thymus, spleen, liver, kidney, shoulder fat, and perirenal fat. Samples of cecal contents were quickly frozen in liquid nitrogen and stored at-80°C for 16 s analysis of microbial diversity and metabonomics analysis.

[image: Figure 1]

FIGURE 1
 The actual average temperature in the room every day.




Growth performance and sample collection

Rabbits in every replicate from each treatment group were weighed both on the transfer days (experimental 8-day) and at the end of the experiment (experimental 21-day). Average daily gain (ADG), Average daily feed intake (ADFI), Feed conversion ratio (FCR), Liver index, Spleen index, Thymus index, Kidney index, Shoulder fat rate, and Kidney fat rate were calculated according to the formula:

ADG = body increase (g)/number of trial days.

ADFI = (feed intake-leftover feed) /number of trial days.

FCR = ADFI/ADG.

Fully eviscerated slaughtering rate (%) = full eviscerated weight/live weight before slaughter * 100.

Liver index (%) = liver weight/live weight before slaughter * 100.

Spleen index (%) = spleen weight / live weight before slaughter * 100

Thymus index (%) = thymus weight / live weight before slaughter * 100

Kidney index (%) = kidney weight / live weight before slaughter * 100

Shoulder fat rate (%) = shoulder fat weight/live weight before slaughter * 100.

Kidney fat rate (%) = perirenal fat weight/live weight before slaughter * 100.



Serum biochemical and hormonal parameters

Serum concentrations of total protein (TP), albumin (ALB), glucose (GLU), triglyceride (TG), cholesterol (CHO), urea (UREA), high-density lipoprotein (HDL), low-density lipoprotein (LDL), calcium (Ca), phosphorus (P), glutamic pyruvic transaminase (ALT), and glutamic-oxalacetic transaminase (AST) were measured using a Hitachi 7,020 automatic biochemical analyzer (Hitachi Ltd., Tokyo, Japan). Serum growth hormone (GH), thyroid-stimulating hormone (TSH), triiodothyronine (T3), and tetraiodothyronine (T4) were determined by the ELISA method with the corresponding ELISA kits (Ybio Bio-tech Co., Ltd., Shanghai, China).



Metabonomic analysis based on UPLC–MS/MS

The serum samples were taken from the refrigerator at-80°C and thawed in the refrigerator at 4°C. Six samples were selected for each group. 100 and 400 μl pre-cooled 80% methanol containing 0.1% formic acid were mixed by rotation method, and the samples were incubated for 5 min on ice. Under the condition of 15,000 g 10 min at 4°C, the supernatant was injected into the sample by centrifugation and analyzed by LC–MS/MS system. The materials used for LC-MS/MS analyses were given in Supplementary material S1 (Liu et al., 2022b).



Gut microbiomics

Microbial community genomic DNA was extracted from cecal contents samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s instructions. The materials used for DNA extraction, PCR amplification of 16S rRNA gene, and 16S rRNA gene sequencing reads were given in Supplementary material S2 (Liu et al., 2022a).

The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, United States). The hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9,700 PCR thermocycler (ABI, CA, United States).

The PCR amplification of 16S rRNA gene was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. The PCR mixtures contain 5 × TransStart FastPfu buffer 4 μl, 2.5 mM dNTPs 2 μl, forward primer (5 μM) 0.8 μl, reverse primer (5 μM) 0.8 μl, TransStart FastPfu DNA Polymerase 0.4 μl, template DNA 10 ng, and finally ddH2O up to 20 μl. PCR reactions were performed in triplicate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, United States).

Purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina NovaSeq PE250 platform (Illumina, San Diego, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database.

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 and merged by FLASH version 1.2.7 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.

Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE version 7.1, and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 against the 16S rRNA database (eg. Silva v138) using the confidence threshold of 0.7.




Data processing and statistical analysis


Production performance and serum biochemical data

The raw data were statistically processed using Excel and the data were analyzed using the One-Way ANOVA model in SAS 8.2 software and compared using Duncan’s multiple tests. p-values were obtained, with p < 0.05 indicating significant differences, and results are presented as means ± SEs.



Metabolomics data processing and analysis

Statistical analyses were performed using the statistical software R (R version R-3.4.3), Python (Python version 2.7.6) and CentOS (CentOS version 6.6), and when the data were not normally distributed, they were transformed normally using the area normalization method. The metabolites were annotated using the KEGG database1 and the HMDB database2 and Lipidmap database.3 Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were performed on MetaX. Statistical significance was calculated using a univariate analysis of variance (T-test) p < 0.05.



Microbial diversity data processing and analysis

Quality control of raw sequenced sequences using fastp (https://github.com/OpenGene/fastp, version 0.20.0) software and FLASH (http://www.cbcb.umd.edu/software/flash, version 1.2.7) software for splicing. OTU clustering of sequences based on 97% similarity using UPARSE software (http://drive5.com/uparse/, version 7.1). Each sequence was annotated for species classification using the RDP classifier (http://rdp.cme.msu.edu/, version 2.2), compared to the Silva 16S rRNA database (v132), and a comparison threshold of 70% was set.




Results


Effect of heat stress on production performance of meat rabbits

Table 1 showed that under the condition of no difference in initial body weight, the final weight, ADFI and ADG of meat rabbits in the heat stress group were significantly lower than those in the control group (p < 0.05). At the same time, the thymus index and liver index in the heat stress group were significantly lower than those in the control group (p < 0.05), while the shoulder fat rate and kidney fat rate in the heat stress group were significantly higher than those in the control group (p < 0.05).



TABLE 1 Effect of heat stress on meat rabbit’s carcass trait.
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Effects of heat stress on serum biochemical indexes of meat rabbits

The effect of heat stress on serum biochemical indexes of meat rabbits is shown in Table 2. Compared with the control group, the contents of HSP70, ALP and cortisol in the serum of the heat stress group increased significantly (p < 0.05), while the contents of TP, GLU, T3 and T4 decreased significantly (p < 0.05), and other biochemical indexes did not change significantly.



TABLE 2 Effects of Heat stress on serum biochemical of meat rabbits.
[image: Table2]



Effects of heat stress on serum metabolomics in meat rabbits

Metabolome refers to a collection of small molecule compounds that are involved in the metabolism of organisms and maintain normal growth and development of organisms. These are mainly referred to as endogenous small molecules with relative molecular weight of less than 1,000. We used LC–MS/MS method combined with positive ion mode (POS) and negative ion mode (NEG) for serum metabolite analysis, making metabolite coverage higher and the detection effect better. In POS mode, a total of 5,456 peaks were obtained, and 343 substances of these were identified while the number of metabolites annotated to the public database was 399. In NEG mode, a total of 4,809 peaks were obtained, and 496 substances of these were identified and 464 were annotated to the public database (see Table 3).



TABLE 3 TOTAL ion count and identification statistics table.
[image: Table3]

According to the expression of metabolites in different samples, PCA principal component analysis was carried out to evaluate the similarity of samples within groups and the differences between samples, and PLS-DA analysis was carried out. The results are shown in Figure 2. The PCA and PLS-DA score maps show that the QC samples are gathered together, and PCA shows that the confidence ellipses of the two groups of samples overlap, but there are no outliers, indicating that the degree of variability between the two groups of samples is small, and the results of PLS-DA analysis show that the two groups of samples are separated greatly, indicating that the classification effect is significant.

[image: Figure 2]

FIGURE 2
 PCA and PLS-D Aanalysis score of quality control under the positive ion mode (A,C) and negative ion mode (B,D). In the figure, Control represents the appropriate temperature group, and Stress represents the heat stress group, n=6.


Multidimensional statistical analysis of the identified metabolites was carried out by PCA, PLS-DA and OPLS-DA statistical analysis (Figure 3) to screen out the most important and noteworthy differential metabolites. In the PCA model, the sample distances between the two sample groups overlap, indicating that the intra-and inter-group differences between the two groups are small. The PLS-DA score chart shows that the separation degree of the two groups of samples is high, indicating that the classification effect is significant. The OPLS-DA score map filters out the information that has nothing to do with the grouping through orthogonal rotation so that it can better distinguish the differences between groups and improve the efficiency of the model. It can be seen from the chart that the classification effect between the two groups of samples is significant, which shows that the construction of the experimental model is reliable and the data is effective.

[image: Figure 3]

FIGURE 3
 PCA, PLS-DA, OPL-DA analysis under the positive ion mode (A,C,E) and negative ion mode (B,D,F). In the figure, Control represents the appropriate temperature group, and Stress represents the HT group, n=6.


Multidimensional statistical analysis showed that VIP > 1 and FC > 1.2 or FC < 0.83 were used as screening criteria for differential metabolites. A total of 126 differential metabolites were screened, including 48 up-regulated differential metabolites and 78 down-regulated differential metabolites, while there are 9 different metabolites with specific names (volcanic diagram see Figure 4, results see Table 4). For all the identified metabolites, FC and T-tests were combined to measure the influence and explanatory ability of the expression patterns of metabolites on the classification and discrimination of each group of samples according to the VIP values obtained by the PLS-DA model. The differential metabolites with biological significance were mined and selected at the same time.

[image: Figure 4]

FIGURE 4
 Volcano plot by metabolomics analysis.




TABLE 4 Different metabolites in the meat rabbit serum after heat stress.
[image: Table4]

The differential metabolites were analyzed by KEGG database and significantly enriched to 14 pathways affected by heat stress (Figure 5), including Phospholipid metabolism pathway, Glyoxylate and dicarboxylate metabolism, Pyrimidine metabolism, Pyruvate metabolism, Alanine, aspartate and glutamate metabolism, Lysine biosynthesis, Citrate cycle (TCA cycle), Aminoacyl-tRNA biosynthesis, etc.

[image: Figure 5]

FIGURE 5
 KEGG pathway significantly enriched in differential metabolites. The size of each spot represents the metabolite number, and the color represents -log10 (p-value).




Effects of heat stress on cecal microflora of meat rabbits

Tags were clustered at 97% similarity level to obtain OTU, and taxonomic annotation of OTU based on Silva (bacteria) taxonomic database, and the number of OTU of each sample was obtained. A total of 1,113 different OTU, were obtained from the two groups of samples. The Venn map (Figure 6) showed that there were 907 OTU in the moderate temperature group and heat stress group, 128 in the cecum of meat rabbits in the appropriate temperature group, and 78 OTU in the heat stress group.

[image: Figure 6]

FIGURE 6
 Shared OTU across different groups. In the figure, C▬S represents the HT group and C▬C represents the appropriate temperature group, n=6.


The α diversity of the samples was analyzed by Chao1, Shannon, and Simpson by T-tests. The results show that there is no significant difference between each index in Figure 7, indicating that there is no significant difference in flora diversity, flora abundance and community coverage between the two groups.

[image: Figure 7]

FIGURE 7
 Alpha diversity.


As shown in Figure 8, PCA uses the analysis of variance of the OTUs of different samples to present the calculation results on a two-dimensional coordinate graph, and the distance between the samples reflects the differences between the samples. It can be seen that the relative aggregation of the two groups of samples in the picture, PC1 = 14.27%, PC2 = 11.99%, shows that the species composition of the two groups of samples is similar, there is no significant difference.

[image: Figure 8]

FIGURE 8
 PCA of the cecal microflora of rabbits. In the figure, C▬S represents the HT group and C▬C represents the appropriate temperature group, n=6.


As shown in Figure 9, the dominant flora in the cecum of meat rabbits was Firmicutes, bacteroidota and verrucomicobiota, while the Proteobacteri of Proteus in cecum of meat rabbits under heat stress was significantly higher than that in the temperature group (p < 0.05). Further refinement of the taxonomy to genus level, Muribaculaceae unnamed genera, Ackermania are the dominant genera. At the species level, the abundance of akkermansia_muciniphila increased. The results of the T-test in the cecum of heat-stressed meat rabbits showed that the number of Lachnospiraceae-UGG-010 in the intestines of heat-stressed meat rabbits was significantly lower than that in the normal temperature group, while the unnamed genera of Lachnospiraceae, Ruminococcaceae and Candidatus-saccharimonas in the heat-stressed meat rabbits were significantly higher than those in the cecum samples of the heat-stressed meat rabbits.

[image: Figure 9]

FIGURE 9
 Effects of stress on cecum bacterial in meat rabbits. Relative abundance of species and between-group difference tests at different species taxonomy levels (A:Phylum level, B:Genus level, C:Species level). In the figure, C▬S represents the HT group and C▬C represents the appropriate temperature group, n=6.


LEfSe (LDA Effect Size) analysis showed that the genera of Spirillaceae and Rumen Fungi played an important role in the heat stress group, while Colidextribacter, Eubacterium_nodatum_group and Anaeroplasma played an important role in the moderate temperature group, and the heat stress group played an important role in the heat stress group (Figure 10), while in the moderate temperature group, colonic bacilli, Escherichia coli and anaerobic mycoplasma played an important role in the heat stress group.

[image: Figure 10]

FIGURE 10
 Column diagram of LDA value distribution (default set to 4) and evolutionary branch diagram. In the Figure, C▬S represents the HT group and C▬C represents the appropriate temperature group, n=6.





Discussion


Effects of heat stress on production performance, serum biochemical and hormonal parameters of meat rabbits

In recent years, the environmental problem has become an important factor affecting the development of the rabbit industry, especially the temperature problem. Studies have pointed out that meat rabbits exposed to high temperatures for a long time will inhibit the excitability of their feeding centers and decrease their food intake, resulting in insufficient supply of nutrients in the body. Heat stress reduces feed utilization and body weight gain by reducing feed intake and nutrient metabolism, which affects the production performance of meat rabbits. This is a typical manifestation of heat stress. In this study, it was found that under the condition of continuous high temperature, the average daily gain and average daily feed intake of meat rabbits decreased significantly. This is consistent with the results of previous studies (Liu et al., 2010; Anoh et al., 2020). A high-temperature environment has a great influence on the change of immune index, the increase in temperature will significantly inhibit the immune function (Thaxton et al., 1968), and its immune organ will change in response, and the index of the immune organ is an important index to reflect the development of the immune organ (Tang and Chen, 2016). In this study, it was found that the immune organ index of meat rabbits decreased significantly under high temperatures, which was consistent with the results of chicken research.

The changes in serum biochemical and hormonal parameters are important characteristics that reflect the changes in material metabolism and functional state of tissues and organs during heat stress, and it is found that serum biochemical indexes are related to productivity. HSP70 plays an important role in protecting antioxidant cells and reducing inflammation in animals (Farid et al., 2006; Zhou and Zhou, 2010). It is the main sign of biological heat shock response, and can still maintain a high measured value after the disappearance of the stressor, so the detection of HSP70 content can reflect the level of heat stress (Boyko, 2013). In this study, it was found that the content of HSP70 in the serum of meat rabbits increased under high temperatures, which was consistent with previous studies. The results showed that under the condition of high temperature, the content of alkaline phosphatase in meat rabbits increased, while the contents of total protein and serum glucose decreased, which was similar to the results of previous studies of Other species (Li et al., 2016). Under the condition of heat stress, meat rabbits produce available energy through glycogen decomposition to enhance their resistance to heat stress, so the supply of serum glucose can not be guaranteed, so the serum glucose concentration is reduced. When the meat rabbit is under heat stress, the weakening of thyroid activity leads to the obstruction of protein synthesis, which leads to the decrease of protein content in the blood. Heat stress caused cell damage, increased cell membrane permeability and increased enzyme content. It is the energy supply during stress, and the serum glucose decreases during chronic stress (Jia, 2012).

The results showed that when the ambient temperature was 34°C, the contents of T3 and T4 in the serum of meat rabbits decreased significantly, while the content of cortisol increased significantly (You et al., 1999). Thyroid hormone acts on almost all organs and tissues of the body, affecting growth, development, metabolism and other aspects. A large number of studies have shown that the increase in body temperature will reduce the secretory function of thyroid gland, reduce the level of thyroid hormone in blood during heat stress, inhibit the metabolic function of the body, and reduce thermogenesis (Cui and Gu, 2015). Heat stress modes significantly decreased the ADG, liver index and the contents of TP and GLU in serum, and increased the contents of cortisol and ALP in the serum of meat rabbits, which is similar to the research on broiler (Wang et al., 2003).



Effects of heat stress on serum metabonomics in meat rabbits

In the state of heat stress, the body needs to use reserves to deal with heat stress, leading to metabolic disorders or the re-establishment of homeostasis. In this study, 39 kinds of differential metabolites were screened by multidimensional statistical analysis, which can effectively distinguish meat rabbits from the heat stress group and moderate temperature group. These potential biomarkers are involved in the phospholipid metabolism pathway, glyoxylic acid, and dicarboxylic acid metabolism, pyrimidine metabolism pathway, tricarboxylic acid cycle, nitrogen metabolism and other pathways, involving glucose metabolism, lipid metabolism, nucleic acid metabolism, amino acid metabolism, energy metabolism and translation process. The results of heat stress are consistent with those of broilers (Tang, 2015) and mice (Straadt et al., 2010; Ippolito et al., 2014). In this study, it was found that heat stress significantly decreased the levels of L-glutamine and L-malic acid in the blood of meat rabbits. Glutamine can produce glucose through gluconeogenesis (Anders, 1981; Mccauley et al., 1998; Shanware et al., 2011), and malic acid is an important intermediate in the tricarboxylic acid cycle (Jun-Lin et al., 2014; Wei et al., 2021). Glutamine is a necessary nutrient for intestinal mucosal cell metabolism, which plays a very important role in maintaining the integrity of the intestinal mucosal epithelial structure, improving the antioxidant capacity of the body and promoting protein synthesis (Zhangjun-Min, 2002).In addition, several recent reports have highlighted the functions of Gln metabolism in regulating oxidative stress resistance (Amoressánchez, 1999; Gao et al., 2009, p. 23).

Sphingosine and sphingosine-1-phosphate, which are involved in the pathway of phospholipid metabolism, were significantly down-regulated under heat stress. Sphingosine, also known as sphingosine, is one of the components of the cell membrane, while sphingosine-1-phosphate. Sphingosine-1-phosphate is a powerful signaling lipid molecule, which can regulate cell proliferation, regeneration, migration and intracellular calcium movement, expression of adhesion molecules and activation of monocytes adhering to endothelial cells (Spiegel and Milstien, 2003). Heat stress decreased the level of cytosine nucleosides involved in pyrimidine metabolism in the blood of meat rabbits, and L-glutamine was also involved in pyrimidine metabolism.



Effects of heat stress on cecal microflora of meat rabbits

When the animals are in a healthy state, the species and number of intestinal microorganisms are relatively balanced, and there is a balance between the intestinal microflora host and the intestinal microenvironment. However, many external factors can break this balance, and it has been reported that diet, age and environmental factors can affect the intestinal flora structure of meat rabbits (Blas, 2013; Li et al., 2022). At present, it has been found that heat stress can cause changes in the structure of intestinal microflora in chickens and dairy cows (Song et al., 2014; Koch et al., 2019). The dominant bacteria in the cecum of meat rabbits were thick-walled bacteria and Bacteroides. The phylum of Proteus in the cecum of meat rabbit in the heat stress group was significantly higher than that in the temperature group, and it was gram-negative bacteria, including Escherichia coli, Salmonella, Helicobacter and other pathogenic bacteria. This shows that heat stress may increase the number of harmful bacteria in the intestinal tract of meat rabbits.

The dominant bacteria in the cecum were Ackermann (AKK) and Muri. Akk is a strictly anaerobic, non-mobile, non-spore-producing oval Gram-negative bacteria that can grow in the intestinal mucus layer and grow well using gastrointestinal mucin as the only carbon and nitrogen source. It can grow individually or in pairs, and can also grow in clusters in a medium containing mucin, thus settling in the intestines by competitive rejection and protecting the intestines from pathogens (Derrien et al., 2004). Although Akk bacteria use mucin as an energy source, a large number of observations have confirmed that Akk bacteria have a positive regulatory effect on intestinal mucus layer thickness and intestinal barrier integrity, which is closely related to energy metabolism, immune response and intestinal mucin secretion (Zhang et al., 2009; Png et al., 2010). Muribaculaceae, formerly known as S24-7, is a dominant family of Bacteroides in the intestinal tract, which has functional diversity in the degradation of complex carbohydrates. The Candidatus-saccharimonas microflora in the cecal flora of heat-stressed meat rabbits was significantly higher than that of the cecal samples in the moderate temperature group. Studies have found that Candidatus-saccharimonas may be associated with inflammatory diseases (Cruz et al., 2020). In this study, it was found that heat stress had a certain effect on the structure of cecal flora in meat rabbits, which may cause intestinal inflammation and increase the abundance of harmful bacteria.




Conclusion

In summary,combined physiological, UHPLC–MS/MS-based metabolomics, and 16S rRNA microbiome analyses were performed to investigate metabolic and gut microbiota responses in the meat rabbits to continuous high-temperature exposure for 14 days. The results revealed that heat stress significantly reduced the production performance of meat rabbits and destroyed the blood biochemical balance of meat rabbits. There were 9 kinds of differential metabolites could be used as biomarkers of heat stress in meat rabbits. Heat stress may affect glucose and fat metabolism in meat rabbits by modulating the gut microflora. These investigations provide new insights into the metabolism mechanisms of meat rabbits to heat stress and contribute to a better understanding of the adverse effects of heat stress on rabbits.
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Introduction: Negative energy balance (NEB) is the pathological basis of metabolic disorders in early lactation dairy cows. Rumen-protected glucose (RPG) is a feed additive to relieve NEB of cows in early lactation. The aims of the current study were to evaluate the impact of different doses of RPG supply on fecal microbiota and metabolome in early lactation dairy cows, and their correlation with each other.

Methods: A total of 24 multiparous Holstein dairy cows in early lactation were randomly assigned to one of four treatments for the first 35 days of the early lactation period, as follows: control group, a basal diet without RPG (CON); low RPG, a basal diet plus 200 g/d RPG (LRPG); medium RPG, a basal diet plus 350 g/d RPG (MRPG); or HRPG, high RPG, a basal diet plus 500 g/d RPG (HRPG). After 35 days, fecal samples were obtained from cows in all groups individually and using 16S rRNA gene sequencing to evaluate their microbiotas, while their metabolites were evaluated through metabolomics.

Results: As expected, Firmicutes and Bacteroidetes were the core bacteria phyla. After RPG supplementation, there were an increase in Firmicutes and a decrease in Bacteroidetes. MRPG increased the relative abundance of cellulolytic bacteria, including Ruminococcaceae_UCG-005, Lachnospiraceae_UCG-008, Lachnospiraceae_FCS020_group, and Ruminiclostridium_9, while it decreased the relative abundance of Alistipes, Prevotellaceae_UCG-003, and Dorea. RPG supplementation could regulate the carbohydrate metabolism and amino acid metabolism pathway significantly and relieve lipolysis in dairy cows. Correlation analysis of fecal microbiome and metabolome showed that some major differential bacteria were the crucial contributors to differential metabolites.

Conclusion: In conclusion, RPG supplementation can affect the fecal microbial components and microbial metabolism, and 350 g RPG might be the ideal dose as a daily supplement.
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Introduction

Accompanied by the decrease in dry matter intake (DMI) around parturition and the increased energy requirements for milk in early lactation, cows are prone to negative energy balance (NEB), leading to a series of metabolic disorders such as ketosis and fatty liver (Pérez-Báez et al., 2019a,b). The essence of NEB is the lack of glucose, while the bacterial transformation of dietary components may play key roles in host health and disease (Zhang and Davies, 2016), so the potential of manipulating the microbiome and meeting livestock challenges through dietary interventions have recently emerged as promising new technologies (Huws et al., 2018). Extensive degradation of directly supplemented glucose in the rumen via microbial degradation substantially lowers the post-ruminal availability of dietary glucose. Rumen-protected glucose (RPG) can escape rumen fermentation partly and play a role in the intestine under the coating of hydrogenated fat.

The gut microbiota produces a large number of bioactive metabolites through fermented feed, which plays a crucial role in regulating key physiological processes, like host metabolism and immune response (Thursby and Juge, 2017). These coordinated processes facilitate the growth and development of dairy cows (Malmuthuge and Guan, 2017). Recently, some research revealed that diet changes greatly influence the intestinal microbiota of cattle (Shanks et al., 2011; Faulkner et al., 2017; Lourenco et al., 2020), and the fecal microbiome may serve as a means for assessing intestinal (Faulkner et al., 2017). The fecal microbiome of cows plays an important part not only in animal development and performance but also in food safety, pathogen shedding, and the performance of fecal contamination detection methods (Shanks et al., 2011). Diet is considered as one of the main drivers that shape the gut microbiota throughout life time. Intestinal bacteria play an important part in maintaining immune and metabolic homeostasis and protecting against pathogens. Altered gut bacterial composition and even dysregulation are implicated in the pathogenesis of many inflammatory diseases and infections (Thursby and Juge, 2017). A previous study uncovered that dietary RPG supplementation not only promoted epithelial metabolism but also improved immune homeostasis in the ileum (Zhang et al., 2019). However, as a feed additive that plays a role in the hindgut, whether and how RPG supplementation has an effect on the flora and metabolism of the hindgut microorganisms remains unknown.

Metabolomics constitutes a powerful avenue for the functional characterization of the gut microbiota and its interactions with the host (Marcobal et al., 2013). The application of metabolomics approaches has greatly advanced our understanding of the mechanisms that link the composition and activity of the gut microbiote to health and disease phenotypes (Thursby and Juge, 2017). Our previous work used metabolomics technology to reveal that RPG had a positive effect on dairy cattle serum metabolism and conventional serum biochemical indicators of energy balance. As far as we know, no studies were performed to investigate the effects of different doses of RPG supplementation on fecal microbiota and metabolites in early lactation dairy cows. Therefore, it was our objective to evaluate the dynamic profile changes and interactions of fecal microbiota and metabolites in early lactation dairy cows by supplementing different doses of RPG. We hypothesized that RPG supplementation can improve the structure of intestinal microbiota, alleviate lipid metabolism of intestinal microbiota, and provide more glucose for intestinal absorption and utilization. To address this hypothesis, we employed 16S rRNA gene sequencing along with metabolomics approach to exhaustively characterize the structural and metabolic changes in the gut microbiota elicited by experimental treatments.



Materials and methods

Protocols for this experiment were reviewed and approved by the Animal Ethics Committee of the Chinese Academy of Agricultural Sciences (Beijing, China) (Approval Number: IAS2019-54) and were under the academy’s guidelines for animal research.


Animals, diets, and experimental design

The dairy farm is located in Beijing, China, and is affiliated with Beijing Sunlon Livestock Development Ltd. All diets were formulated to meet National Research Council [NRC] (2001) dairy predicted requirements. Nutrient composition of the basal diet during the experiment is shown in Supplementary Table 1. During the experiment, cows were milked three times daily at 06:00, 13:00, and 20:00 and fed three times daily at 07:00, 14:00, and 21:00, respectively. Cows were housed in individual stalls, where water was available at all times.

Multiparous Holstein cows in early lactation (n = 24) were grouped according to their parity (2.92 ± 1.19) and milk yield (35.78 ± 7.90 kg/d) and assigned randomly to receive control diet (CON, n = 6), low RPG diet (LRPG, n = 6), medium RPG diet (MRPG, n = 6), or high RPG diet (HRPG, n = 6) group in a randomized block design. Supplemental RPG was fed twice daily as a top dress on the basal diet from the calving date to 35 days postpartum with the first 7 days for adaptation. The dosage of RPG was based on the manufacturer’s recommendation (200–500 g/cow/day) and a previous study which reported 200 g of supplemented RPG was insufficient to meet the elevated energy requirements associated with increased milk production which reported 200 g of supplemented RPG was insufficient to meet the elevated energy requirements associated with increased milk production (Li et al., 2019; Wang et al., 2020). Therefore, cows were supplemented with 0, 200, 350, or 500 g RPG per cow per day, respectively. The commercially sourced RPG is in the form of small beads made by mass with 45% glucose as the core, 45% hydrogenated fat as the coating, and 10% water. As such, 0, 90, 157.5, or 225 g of glucose supplement per day was received by cows from CON, LRPG, MRPG, or HRPG group, respectively.



Fecal sampling and storage

At the end of the experiment (day 35), fecal samples were collected by digital rectal palpation before midday feeding according to institutional animal care guidelines. Immediately after collection, a subset of the fecal samples were immersed in liquid nitrogen for freezing and then stored at −80°C for further DNA extraction, and part of the samples used for metabolomics analysis were first filtered through four layers of cheesecloth, followed by the same procedures. Unfortunately, a fecal sample used to determine the 16S rRNA was damaged.



DNA extraction and sequencing

Using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) to extract microbial genomic DNA from fecal samples according to manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). After extracting the total DNA of the sample, primers were designed according to the conserved region, the hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI Gene Amp® 9700 PCR thermocycler (ABI, CA, USA) (Zhang et al., 2017), and sequencing adaptors were added to the end of primers. The amplicons were purified, quantified, and homogenized to obtain a sequencing library; then library QC was performed and the qualified library was sequenced on Illumina HiSeq 2500. The original image data files got by high-throughput sequencing of sequencing platforms, such as Illumina MiSeq were converted into Sequenced Reads by Base Calling analysis, and the results were stored in FASTQ referred to as fq format file, which contains sequence information of reads and their corresponding sequencing quality information.



Bioinformatics workflow

Data preprocessing: According to the overlap relation between PE reads, merge the paired-ends sequence data obtained from Miseq sequencing into tags of one sequence, then perform quality control and filtering for reads quality and Merge effect. There are three main steps as follows: (1) PE reads merge: FLASH (Version 1.2.7) software is used to merge reads through overlap, the obtained merged sequences are Raw Tags; (2) Tags filtering: Use Trimmomatic (Version 0.33) software to filter merged Raw Tags to get high quality processed reads; (3) Remove Chimera: Use UCHIME (Version 4.2) software to identify and remove chimera sequences to get Effective Tags. Bioinformatics content: Divide operational taxonomic units (OTU), diversity, and difference analysis. All the raw reads were submitted to the NCBI Sequence Read Archive (SRA)1 database (Accession Number: PRJNA657329).

OTU is Operational Taxonomic Unit. Perform OTU classification for all sequences according to different similarity levels. Generally speaking, when the similarity between sequences is higher than 97%, it can be defined as an OTU, and each OTU corresponds to a representative sequence. Use Usearch software (Edgar, 2013) then perform taxonomic annotation for OTU on the basis of SILVA (Bacteria) and UNITEUNITE (fungi) taxonomic database. The count of OTU of each sample was obtained at 97% similarity level. Combined with the species represented by OTU, shared microorganisms in different environments can be found. In order to obtain the species classification information of each OTU, the representative sequences of the OTU can be aligned to the microbial reference database, and then the community composition of each sample at each level (phylum, class, order, family, genus, and species) was counted.

Use QIIME software to generate the composition of the microbial community, at varying taxonomic levels, which was graphed in R (detail the package used and the version of R used). Alpha diversity reflects the species richness and the species diversity of the individual sample. Use Mothur (Version 1.30) software to investigate the Alpha diversity index of samples. The Shannon diversity rarefaction curve is made by Mothur software and R, Shannon indexes of sequencing amount under different sequencing depths are also used. Use QIIME software to perform Beta diversity analysis to compare the similarity of species diversity between different samples. Non-metric multi-dimensional scaling (NMDS) can simplify the research objects from multi-dimensional space to low-dimensional space for positioning, analysis, and classification. Significant difference analysis between groups is mainly used to find biomarkers with statistical differences between different groups. According to the established Biomarker screening criteria [line discriminant analysis (LDA) score > 2], the eligible biomarkers are identified and presented as icons. Line discriminant analysis effect size (LEfSe) can find Biomarkers with statistical difference between different groups (Segata et al., 2011), by combining the statistical significance of the Kruskal-Wallis tests with additional tests to assess biological consistency and effect relevance.



Metabolomics processing

Fecal samples were layered for 1 h at room temperature and then centrifuged at 3,000 g for 10 min at 4°C. Before analysis, the supernatant was added with 400 μL of ice-cold methanol/water (4:1, v/v) and then ground with high-throughput tissue grinder at a low temperature. After vertexing, samples were sonicated three times for 10 min on ice, followed by treated at −20°C for 30 min. Subsequently, after a centrifugation at 13,000 g, 4°C for 15 min, all the samples supernatant were collected and transferred to injection vials for further liquid chromatography-mass spectrometry analysis (LC-MS).

Fecal metabolites were analyzed using Ultra-performance liquid chromatography (UPLC) coupled with a Triple time-of-flight (TOF) system (AB SCIEX, Framingham, USA). The chromatographic separation was performed on a BEH C18 column at 40°C (100 mm × 2.1 mm, 1.7 μm, Waters, Milford, USA). The mobile phase consisted of 0.1% formic acid aqueous solution (solvent A) and acetonitrile/isopropanol (v/v, 1:1) solution with 0.1% formic acid (solvent B). The injection volume was 20 μL and the elution gradient was shown in Supplementary Table 2.

Mass spectrometry was performed on a Triple TOF mass spectrometer, and the electrospray ionization source operated simultaneously in positive and negative-ion modes. The capillary voltage was 1.0 kV, the injection voltage was 40 V, and the collision energy was 6 eV. Source temperature was 120°C, and desolvation temperature was 500°C. Gas flow rate was 900 L/h. Mass data were collected between 50 and 1,000 m/z and the instrument resolution was 30,000.



Metabolomics data analysis

Metabolomics data files were processed to multivariate statistical analysis using SIMCA-P 14.0 software (Umetrics, Umeå, Sweden). The preprocessing results were imported into the software package for log-transformation and pareto-scaling prior to performing multivariate analysis. The score plot of the unsupervised multivariate statistical principal component analysis (PCA) model was used to display the overall metabolic profile of all samples, which was used to reveal the similarities and dissimilarities among the inter-groups. Then partial least squares discriminant analysis (PLS-DA) was used to identify the overall differences in metabolic profiles between groups and to find metabolites with different abundance. PLS-DA is a widely used supervised multivariate classification model. Samples were specified and grouped during analysis, and the model will automatically add another data set Y. This method of model calculation forcibly classifies each component to facilitate the discovery of similarities and differences between different groups. For samples with insufficient differences between groups, the PLS-DA model may be more effective. In PLS-DA analysis, the value of variable importance in projection (VIP) score was greater than 1, which was the typical rule for selecting differential variables. The permutation test was a random sort method to evaluate the accuracy of the PLS-DA model. In order to prevent the model from over-fitting, 200 permutation tests were used to examine the fitting effect of the model. T-test combined with PLS-DA multivariate analysis was used to screen the metabolites with differential abundance between groups. The screening criteria were: VIP > 2 and P < 0.05.



Correlations between microbial communities and fecal metabolites

By Spearman’s correlation analysis in R (version 3.2.4), correlation analysis of different metabolites with VIP > 2, P < 0.05, and differentially abundant microbial genera (P < 0.05 and relative abundance > 0.05% in at least one of the samples) were assessed. Spearman’s rank correlations were calculated using the Psych packages (FDR correct was embedded in the package) in R. Only connections with p-value below 0.05 and | r| > 0.4 were considered as statistically significant. These correlations were visualized using the Heatmap package in R and Cytoscape (version 2.8.2).




Results


Changes of fecal bacteria

Following Illumina sequencing, a total of the 1,807,144 raw reads were obtained in the four group samples. After paired-end reads were spliced and filtered, 1,760,224 processed reads were generated, accounting for 97% of the raw reads.

At least 44,129 processed reads were obtained from each sample, with an average of 76,531 processed reads. Rarefaction curves indicated that a high level of microbial diversity was obtained for subsequent analysis of treatments (Supplementary Figure 1). When the curve tends to be flat, it means the sequencing data are sufficient and the OTU species won’t grow with sequencing data growing (Supplementary Figure 1). In addition, OTU Coverage is counted, the higher its value is, the higher the probability of species measured in the sample is. The index reflects whether the sequencing result represents the actual situation of the microorganism in the sample. Similarly, the Good’s coverage value of all samples exceeded 99.7%, demonstrating the accuracy and reproducibility of the sequencing in this study.

The curve explains both the species richness and species evenness in the sample (Supplementary Figure 2). Rank abundance curves for all treatments were usually overlapping, which revealed that overall microbial diversity was similar. NMDS analysis result was shown as follows: the closer the samples are on the coordinate graph, the higher the similarity is. The treatment groups were separated from the control group (Figure 1). Chao1 and Ace indexes measure species richness, while larger Shannon index and smaller Simpson index indicate that the species diversity of the sample is higher (Grice et al., 2009). Alpha diversity analysis showed that there were no significant differences in diversity and richness between groups (Table 1).
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FIGURE 1
Non-metric multi-dimensional scaling (NMDS) analysis graph. Dots represent all samples; different colors represent different groups, and the distance between dots presents the difference; when stress is less than 0.2, it indicates that NMDS analysis has certain reliability. The closer the samples are on the coordinate diagram, the higher the similarity is.



TABLE 1    Alpha diversity index statistics of fecal microbiota.
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In total, 12 bacterial phyla were identified in the fecal samples. Independent of the dose of RPG, Firmicutes and Bacteroidetes were the two predominant phyla in the dairy cow’s fecal samples. The combined abundance of these two phyla accounts for 90.46% of the entire microbial community. As shown in Figure 2A, the mean abundance levels of Firmicutes and Bacteroidetes are 55.9 ± 4.4% (mean ± standard error of the mean) and 34.6 ± 3.2%, respectively. Between them, the relative abundance of Firmicutes in CON was significantly lower than that in the three RPG supplementation groups (P = 0.001), while the Bacteroidetes were the opposite (P = 0.0004). The remaining bacterial phyla (e.g., Proteobacteria, Spirochetes, Verrucomicrobia, etc.) accounted for < 4% of the total sequences (Supplementary Table 3).
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FIGURE 2
Histogram of species distribution of fecal microbiota. One color represents one specie, and the length of the color block presents the relative richness proportion of the species. For the best view, only species with the top 10 richness level will be shown, the rest species are combined as others in the chart, unclassified represents the species that has not been taxonomically annotated. The detailed species information can be found in the species richness table of the corresponding classification. (A) Phylum. (B) Genus.


152 bacterial taxa were identified at the genus level through the analysis of microbiota compositions. Among these genus, Ruminococcaceae_UCG-005 (28.6 ± 4.7%), Rikenellaceae_RC9_gut_group (16.2 ± 2.3%), Ruminococcaceae _UCG-010 (6.75 ± 0.4%), uncultured_bacterium_f_Bacteroidales _RF16_group (5.2 ± 0.5%), Bacteroides (5.0 ± 1.27%), Treponema_2 (3.2 ± 1.5%), and Alistipes (2.3 ± 0.4%) were considered as relatively high abundance genus (Figure 2B). Table 2 compared the fecal bacteria composition among the four groups. Among them, seven different genera bacteria were identified. Ruminococcaceae_UCG-005 (P = 0.007), Lachnospiraceae_UCG-008 (P = 0.005), Lachnospiraceae_FCS020_group (P = 0.020), and Rumini- clostridium_9 (P = 0.012) were greater in MRPG and HRPG compared to CON. However, the relative abundance of Alistipes (P = 0.045), Prevotellaceae_UCG-003 (P = 0.003), and Dorea (P = 0.023) was higher in CON than RPG supplementary groups (Table 2).


TABLE 2    Main microbiota (accounting for ≥ 0.05% of the total sequences in at least one of the samples) in the four groups (abundance of the genera is expressed as a percentage).
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Line discriminant analysis effect size analysis identified numerous bacteria with significantly different abundances between CON, LRPG, MRPG, and HRPG (Figure 3). Bacteria with LDA scores greater than 3 were speculated to have different abundance across the four dose groups. Here, MRPG cows had a greater abundance of Lachnospiraceae_UCG-001, Lachnospiraceae_UCG-008, Escherichia_Shigella, Rumini- clostridium_9, and Helicobacter. HRPG cows had a higher abundance of Ruminococcaceae_UCG-005, Sphingomonas. CON cows had a greater abundance of Dorea, Prevotella_1, Prevotellaceae_UCG-003. Furthermore, we found that the overall abundance of bacteria in the Firmicutes phylum was greater in MRPG, while that of Bacteroidetes was greater in CON group.
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FIGURE 3
Line discriminant analysis effect size (LEfSe) analysis of samples between groups. (A) LDA value distribution histogram. The figure shows the species whose LDA Score is higher than the set value (the default is 3.0). The length of the histogram represents the impact of different species, and different colors represent species in different groups. (B) Evolutionary branch graph of LEfSe analysis. The circle of radiation from the inside to the outside represents the taxonomic rank from phylum to species. Each small circle at a different classification level represents a classification at that level. The diameter of the small circle is proportional to the relative abundance. The coloring principle is to color the species with no significant difference uniformly as yellow. Other different species are colored according to the group with the highest abundance of the species. Different colors represent different groups, and the nodes with different colors represent the microflora that plays an important role in the group represented by the color.




Fecal metabolomics profiling

The PLS-DA score plot of fecal samples revealed significant separation between comparison groups, and the permutation testing R2 between pairwise comparisons was all greater than 0.89 (Figure 4), which indicates that the model had satisfactory validity and could be used to identify the difference between the two groups.


[image: image]

FIGURE 4
PLS-DA score plots and corresponding validation plots derived from the LC-MS metabolite profiles of rumen samples for cows fed increasing doses of RPG supplementary in their diets. PLS-DA score plots and corresponding validation plots (respectively) for: (A,B) the CON group vs. LRPG group, (C,D) the CON group vs. MRPG group, (E,F) the CON group vs. HRPG group, (G,H) the LRPG group vs. MRPG group, (I,J) the LRPG group vs. HRPG group, and (K,L) the MRPG group vs. HRPG group. CON, control group, a basal diet; LRPG, low RPG, a basal diet plus 200 g/d RPG; MRPG, medium RPG, a basal diet plus 350 g/d RPG; HRPG, high RPG, a basal diet plus 500 g/d RPG.


As shown in Figure 5, a total of 295 metabolites (P < 0.05) were identified and quantified in the fecal samples (Supplementary Table 3) according to querying the Human Metabolome Database (HMDB).2 Among them, 35.02, 19.41, and 16.88% of the differential metabolites were classified into lipids and lipid-like molecules, organic acids and derivatives, and organ heterocyclic compounds, respectively. Through further screening, a total of 45 differential metabolites (P < 0.05, VIP > 2) were obtained from the pairwise comparisons between the four groups. Among them, 13, 22, 17, 9, 6, and 11 metabolites (P < 0.05, VIP > 2) were significantly different between CON vs. LRPG, CON vs. MRPG, CON vs. HRPG, LRPG vs. MRPG, LRPG vs. HRPG, and MRPG vs. HRPG, respectively. Meanwhile, 11, 9, 5, 4, 3, 1, and 1 metabolites were classified into lipids and lipid-like molecules, organ heterocyclic compounds, organic acids and derivatives, phenylpropanoids and polyketides, organic oxygen compounds, nucleosides, nucleotides, and analogs, organooxygen compounds, respectively (Supplementary Table 4).
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FIGURE 5
The HMDB compound classification of 295 identified metabolites. According to the number of metabolites, the name of selected HMDB hierarchy (superclass) and the percentage of metabolites are displayed from high to low. Different colors in each pie chart represent different HMDB classification, and the area represents the relative proportion of metabolites in the classification.


Here, we presented histograms of 11 major differential metabolites between each pair of comparison groups (Figure 6). CON cows had the greatest concentrations of KAPA, succinic acid, and some metabolites of lipids, like LysoPC(18:1(9Z)), LysoPE(16:1(9Z)/0:0), dioscoretine, and PE(18:1(9Z)/0:0). In contrast, MRPG cows had the highest concentrations of 2-isopropylmalic acid (2-iPMA) and 2-linoleoyl glycerol (2-LG). In addition, MRPG showed the highest concentrations of multiple metabolites in the paired comparison between the three RPG supplementation groups, like LysoPC(18:1(9Z)), LysoPE(16:1(9Z)/0:0), and PE(18:1(9Z)/0:0). While HRPG cows had a greater concentration of tetracycline than CON and the lowest concentrations of thymine and deoxyinosine.
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FIGURE 6
Differential bar graph of differential metabolites. The X-axis of the left histogram represents the average relative abundance of a certain metabolite in different groups, the Y-axis represents the group categories of pairwise comparison, and different colors represent different groups. The middle region is within the confidence interval set, and the value corresponding to the dot represents the difference of the average relative abundance of metabolites in the two groups. The color of the dot is the group color with a large proportion of metabolites. The interval of type I on the dot is the upper and lower limit of the difference value. The right-most value is P, *0.01 < P 0.05, **0.001 < P 0.01, ***P < 0.001.




Correlations between the fecal microbiome and metabolome

A correlation analysis between the differential bacteria and major differential metabolites was conducted to investigate the potential co-occurrences as displayed with a correlation heat map. Prevotallaceae_UCG-003 was strong positively associated (r > 0.67, P < 0.001) with thymine, deoxyinosine, and KAPA and positively associated (r > 0.43, P < 0.04) with succinic acid, dioscoretine, LysoPE(16:1(9Z)/0:0), and LysoPC(18:1(9Z)). Dorea was positively associated (r > 0.48, P < 0.02) with KAPA, deoxyinosine, thymine, succinic acid, dioscoretine, LysoPC(18:1(9Z)). Treponema_2 was positively associated (r > 0.47, P < 0.02) with dioscoretine and thymine, but strong negatively associated (r = −0.64, P = 0.001) with tetracycline. Alistipes was positively associated (r > 0.49, P < 0.02) with dioscoretine, thymine, deoxyinosine, and KAPA and negatively associated (r = −0.48, P = 0.02) with tetracycline. Ruminococcaceae_UCG-005 was negatively associated (r < −0.42, P < 0.04) with dioscoretine, succinic acid, and thymine. Lachnospiraceae_UCG-008 was also negatively associated (r < −0.47, P < 0.02) with dioscoretine, succinic acid, and thymine, but positively associated (r = 0.48, P = 0.02) with 2-LG. Lachnospiraceae_FCS020_group was negatively associated (r = −0.47, P = 0.02) with succinic acid and positively associated (r = 0.45, P = 0.03) with 2-LG. Ruminiclostridium_9 was also positively correlated (r = 0.58, P = 0.004) with 2-LG (Figure 7).
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FIGURE 7
Correlation between the microbiota and metabolites. Cells are colored based on Spearman’s correlation coefficient: positive correlations are shown in red and negative correlations in blue. ***Means strongly significant relationship (P < 0.001), **means extremely significant relationship (0.001 < P < 0.01), and *means significant relationship (0.01 < P < 0.05).





Discussion

It is increasingly clear that the composition of mammalian gut microbial communities is essentially driven by diet. These microbiota form intricate symbiotic relationship with their hosts, which has profound implications for overall health (La Reau et al., 2016). The variable presence of microorganisms exploiting diet-dependent metabolic pathways may be key to understanding the variable host response to specific dietary components and susceptibility to disease (Zeevi et al., 2015). Perturbations of gut microbiota composition or functions may play a crucial part in the development of health associated with altered metabolism (Velagapudi et al., 2010). The gut microbiota has recently been identified as an environmental factor that may promote metabolic diseases. The gut microbiota not only influences host energy and lipid metabolism but also highlights its role in the development of metabolic diseases (Velagapudi et al., 2010). Nevertheless, NEB is widely regarded as the pathological basis of metabolic disorders such as ketosis and fatty liver disease. Recent findings revealed that RPG significantly alleviated NEB in cows, significantly reduced NEB-related serum biochemical indexes such as NEFA and BHBA, and changed lipid metabolism in the body. However, to the best of our knowledge, no current data establishes associations between fecal microbiota shifts and doses in RPG. The theory about which (and how) bacteria affect gut metabolism after RPG supplementation is not fully clear yet (Lourenco et al., 2020). Although Zhang et al. (2019) have provided an overview of the ileal microflora under RPG supplementation, the effects of RPG on gut microbiota and metabolism need to be further studied. A more complete characterization of dairy cows’ fecal bacterial community composition afforded by combined analysis of metabolome and 16S can also help address current research gaps concerning the effects of RPG on the changes of microflora and its metabolism in the hindgut of dairy cows. Inspired by Xue et al.’s 2020 research which assessed potential regulatory mechanisms of milk protein production at both the rumen microbiome and host levels by analyzing rumen metagenomics and metabolomics as well as serum metabolomics, we studied microbial changes in the hindgut at different doses of RPG supplementation by combining fecal 16S rRNA gene amplicon sequencing with metabolomics analysis. Because a massive outflow of fermentable materials from the rumen to the hindgut is considered to lead to post-rumen fermentation in the hindgut, we believe that the fecal microbiota not only partly reflects ruminal microbiota but also represents hindgut microbiota (Uchiyama et al., 2020). Furthermore, the method of collecting rumen contents is invasive and may cause damage to the health of dairy cows. Thus, considering animal welfare, the fecal microbiota is part of the final product of digestion, which could be used as an effective and non-invasive balance diagnosis of gastrointestinal tract health (Hagey et al., 2019). In this study, we used the Illumina-MiSeq sequencing method to study the changes in the microbial composition and metabolism of Holstein cow feces after supplementing RPG.


Changes of gut microbes at the phylum level after rumen-protected glucose supplementation

Firmicutes and Bacteroidetes in particular play a critical role in the microbial ecology of the mammalian gut, including the bovine gut (Shanks et al., 2011). Clustering analysis showed that the Firmicutes and Bacteroidetes were the most dominant phyla in the total sequences, which was consistent with studies by Xie et al. (2020). Importantly, in this study, the composition and structure of the fecal microbial community were affected by RPG. At the phylum level, the relative abundance of Firmicutes in the feces of dairy cows supplemented with RPG increased significantly, while the Bacteroidetes decreased significantly. The intestinal microflora is usually controlled by bacteria in Firmicutes and Bacteroidetes (La Reau et al., 2016). The changes in relative abundance of Bacteroidetes and the Firmicutes bacterial divisions are associated with obesity. It is shown that obesity is positively correlated with Firmicutes (Turnbaugh et al., 2006). The change of phylum level in this study indicates that RPG supplement may relieve lipolysis through the regulation of core microflora, so as to exert an effect on fat deposition in the body. Other bacterial phyla were not significantly different among the groups, a plausible reason for this was that the shared microflora was involved in housekeeping functions, thus masking the role of RPG.



Changes of gut microbes at the genus level after rumen-protected glucose supplementation

Ruminococcaceae_UCG-005, Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-010, and Bacteroides were the core bacteria, in line with the report by Li et al. (2020), which also revealed that the dominant genera were Ruminococcaceae_UCG-005 and Rikenellaceae_RC9_gut_group as well as Bacteroides observed in feces of dairy cows in the spring season, our study was conducted in the fall, similar to spring. After different doses of RPG supplementation, there were significant differences in the microbiota of feces between groups. The fecal abundances of Ruminococcae_UCG-005, Ruminiclostridium_9, Lachnospiraceae_FCS020_group, and Lachnospiraceae_UCG-008 in MRPG group were significantly higher than that of CON or LRPG. They belong, respectively, to the Ruminococcaceae and Lachnospiraceae families. The Lachnospiraceae and Ruminococcaceae are two of the most abundant families from the order Clostridiales found in the mammalian gut environment (Biddle et al., 2013; Mancabelli et al., 2017); both families include cellulose- and hemicellulose-degrading bacteria and members contributing to butyrate production (Lourenco et al., 2020). Butyrate is absorbed by the gastrointestinal tract epithelium. Here, it is converted to β-hydroxybutyrate and acetoacetate and used as energy substrates for the epithelial cells. That could be beneficial to the energy metabolism and development of the gastrointestinal tract in cows (Kamke et al., 2016), that may protect healthy cows from chronic intestinal inflammation (Lepage et al., 2011) and have been associated with the maintenance of gut health and a healthy state of dairy cows (Biddle et al., 2013; Mancabelli et al., 2017). More specifically, Ruminiclostridium_9 belongs to the Ruminococcaceae family and is associated with the release of inflammatory and cytotoxic factors from the gut for maintenance of a stable intestinal microecology (Xiao et al., 2019). The Lachnospiraceae family is known to contribute to volatile fatty acid production, especially butyrate, from diverse polysaccharides (Seshadri et al., 2018). Reduction in the abundance of butyrate-producing Lachnospiraceae, which is beneficial for the intestinal barrier, was involved in the formation of visceral hypersensitivity (Zhang et al., 2018). Furthermore, those short-chain fatty acids are known for their anti-inflammatory properties and may also prevent against the development of metabolic diseases (Nguyen et al., 2019). Together, the addition of RPG, especially MRPG, could regulate the relative abundances of intestinal health-related bacteria, and play a positive role in reducing intestinal inflammation and preventing related metabolic diseases.

Other abundant differential genera including Prevotellaceae_UCG-003, Alistipes, and Dorea showed the highest levels in CON group. Previous findings revealed that different Prevotella spp. can selectively utilize carbohydrates and proteins from diet to produce succinate and acetate (Stevenson and Weimer, 2007). However, although Prevotella have this capability of breaking down different carbohydrates, one of their most significant roles is in the protein and peptide breakdown (Lourenco et al., 2020). This genus plays an important role in normal intestinal metabolism and is also an important substance to maintain intestinal health (Xue et al., 2020). Similar evidence was observed in previous investigations, which highlighted that anaerobic organism such as the abnormal increase of Prevotellaceae abundance exacerbated the occurrence of inflammation (Elinav et al., 2011). Alistipes is a relatively new genus of bacteria, which was also classified as a member of the phylum Bacteroidetes (Kim et al., 2011). Although at a low rate compared to other genus members of the Bacteroidetes phylum, which are highly relevant in dysbiosis and disease (Parker et al., 2020). In a previous study, the percentage of genera Alistipes was significantly decreased in the fecal microbiota of colorectal cancer patients by 454 pyrosequencing (Li et al., 2020). In contrast, other studies indicate Alistipes is pathogenic in colorectal cancer and is associated with mental signs of depression (Parker et al., 2020). Meanwhile, dietary change affected the abundance of Alistipes, which is a bile-tolerant bacterium (David et al., 2014). Notably, in our study, there was a significant negative correlation between Alistipes and tetracycline concentration involved in bile synthesis, that may be related to the location of the farms and the feeding operation. The fecal microbiota of calves is rich, diverse, and potentially highly variable between farms (Weese and Jelinski, 2017). The feeding operation is a more important determinant of the cattle microbiome than in the geographic location of the feedlot (Shanks et al., 2011). Dorea, an intestinal bacterium that produces gas with carbohydrates, experienced a marked increase in irritable bowel syndrome. In the feces of patients with non-alcoholic fatty liver disease, the abundance of Dorea increased while that of Ruminococcaceae decreased (Raman et al., 2013). Similar to the change of bacteria in CON in this study, this indicated that cows in the control group may have risks such as impaired intestinal immunity and lipid metabolism disorder. The three bacteria mentioned above had the highest levels in the control group, the result corresponded with the downregulation of amino acid metabolism and associated intestinal inflammation in dairy cows.



Connection between microbe and metabolites

The change in the microbial community was probably caused by an altered metabolism of the host linked to a modified secretion of host metabolites into the gut lumen (Tilocca et al., 2017). A previous study suggested that the fecal bacterial community composition correlated significantly with fecal starch concentrations, largely reflected in changes in the Bacteroidetes, Proteobacteria, and Firmicutes populations (Shanks et al., 2011). As a result, a mechanism through which diet can influence immune responses is the gut microbiome, which is emerging as a critical contributor in numerous human diseases (Cignarella et al., 2018). The interactions between intestinal bacteria and the host immune system are mediated either via direct contact between bacteria and the innate immune system (e.g., toll-like receptors, NOD2 receptors) or through microbial metabolites. These metabolites can be produced directly by bacteria (e.g., vitamins, SCFA) or are primary host metabolites that are converted through bacterial enzymes into secondary metabolites (e.g., conversion of primary to secondary bile acids) (Suchodolski, 2016). The above contents suggest a higher concern of the response of fecal metabolites to RPG supplementation. Ultra-performance liquid chromatography (UPLC) coupled with high-resolution mass spectrometry (MS) allows reproducible measurements of a wide range of metabolites in a complex sample (Marcobal et al., 2013).



Dominant gut microbial metabolites of control group, a basal diet without rumen-protected glucose, after rumen-protected glucose supplementation

LysoPC(18:1(9Z)), PE(18:1(9Z)/0:0), LysoPE(16:1(9Z)/0:0), and dioscoretine belong to lipids and lipid-like molecules. Compared with the three RPG groups, the three metabolites were at the highest levels in CON group. LysoPC(18:1(9Z)) is a kind of lysophosphatidylcholines (LysoPC) that belong to glycerophospholipids, resulting from the partial hydrolysis of phosphatidylcholines, involved in choline metabolism in cancer and the glycerophospholipid metabolism pathway. LysoPC is a strong proinflammatory mediator, and it has been suggested to be mediated via the platelet-activating factor (PAF) receptor (Oestvang et al., 2011). LysoPC initiate and contribute to inflammation through the activation of phospholipase a2 enzymes and the consequent release of amino acid, which is a precursor for the proinflammatory hormones, the eicosanoids (Oestvang et al., 2011). LysoPCs are the major components of ox-low density lipoprotein which play dual functions in the cardiovascular disease (Nuli et al., 2019). LysoPC can activate endothelial cells during early atherosclerosis and can stimulate phagocyte recruitment when they were released by apoptotic cells (Li et al., 2018). Another glycerophosphate PE(18:1(9Z)/0:0) that positively regulate autophagy and longevity (Rockenfeller et al., 2015) is one kind of glycerophosphoethanolamines. Phosphatidylethanolamine (PE) is a class of phospholipids found in biological membranes; it can be found in all living organisms. PE is the second-most abundant phospholipid in mammalian membranes ranging from 20 to 50% (Nuli et al., 2019). LysoPE(16:1(9Z)/0:0) is a kind of lysophosphatidylethanolamine (LysoPE) that belongs to glycerophospholipids, resulting from the partial hydrolysis of PE. Metabolites such as LysoPE were related to the amount of fatty acid in feces (Lee et al., 2013). As stated before, Nuli explored the mechanisms underlying the potential characteristic metabolite changes during different glycemic stages and demonstrated that significantly changed metabolites LysoPC and PE between the normal group and the impaired glucose regulation patients were involved in glycerophospholipid metabolism (Nuli et al., 2019). Together, the results showed that the changes of glycerophosphate in the intestine could reflect the state of glucose metabolism in the body. RPG can down-regulate lipid metabolism and indirectly regulate the body’s glucose metabolism.



Dominant gut microbial metabolites of rumen-protected glucose groups after rumen-protected glucose supplementation

2-IPMA is mainly involved in carbohydrate metabolism and amino acid metabolism. 2-iPMA, an intermediate compound in the leucine biosynthesis pathway, is synthesized from α-ketoisovalerate and acetyl-coenzyme A, a reaction catalyzed by 2-iPMA synthase (Suzuki et al., 2007). Moreover, 2-iPMA possesses superior Al(III)-ion detoxification ability. 2-iPMA secreted from the yeast cells chelates Al ions and prevents them from entering the cells, resulting in Al tolerance (Suzuki et al., 2007). MRPG regulated amino acid metabolism and carbohydrate metabolism and may help alleviate heavy metal poisoning. MRPG interacted amino acid metabolism and carbohydrate metabolism and may help alleviate heavy metal poisoning. Similarly, MRPG significantly increases the concentration of 2-LG. In mammals, biosynthesis, degradation, and metabolism of these bio-active lipids like 2-arachidonoylglycerol (2-AG) and 2-LG intertwine and form a complicated biochemical pathway to affect the mammal neuromodulation of the central nervous system and also other physiological processes in most peripheral organs and non-nervous tissue cells (Yuan et al., 2016). For instance, 2-LG significantly inhibited the inactivation of 2-AG in neuronal and basophilic cells (Murataeva et al., 2016). After MRPG supplementation, some intestinal metabolites participated in neuromodulation. HRPG significantly down-regulated abnormal nucleotide metabolism. Deoxyinosine is an abnormal nucleoside and has hypoxanthine as its base moiety (Murataeva et al., 2016). Deoxyinosine occurs in DNA either by oxidative deamination of a previously incorporated deoxyadenosine residue or by misincorporation of deoxyinosine triphosphate from the nucleotide pool during replication (Yoneshima et al., 2016). Deoxyinosine triphosphate induces cell growth arrest and DNA instability in mammalian cells. The individual nucleobases in feces were analyzed by HPLC after hydrolysis using HClO, all the individual nucleobases were highly digestible. Uracil showed the highest digestibility (on average 96.8%), whereas thymine showed the lowest digestibility (Mydland et al., 2008). Considering that, it was not surprising that HRPG may also regulate related bacteria to improve the digestibility of thymine, for example, significantly negatively correlated Ruminococcaceae_UCG-005 and Lachonospiraceae_UCG-008. However, additional targeted investigations are necessary to explore the mechanism. Collectively, MRPG improved the carbohydrate metabolism and amino acid metabolism pathway in dairy cows and changed the neuromodulation-related metabolites. HRPG supplementation down-regulated abnormal nucleotide metabolism and reduced the concentration of harmful metabolites in nucleotide metabolism pathway.



Correlations between microbial communities and fecal metabolites

The results of the correlation analysis showed that Prevotellaceae_UCG-003 and Dorea were positively correlated with most of the major differential metabolites. The interactions between microbial taxa and functions with microbial metabolites suggest that the Prevotellaceae family may be crucial contributors to microbial metabolites including amino acids and carbohydrates. This observation was consistent with the report by Xue et al. (2020). Gut microbiota is the predominant source of luminal succinate (Faith et al., 2014). Succinate is a gut microbiota-derived metabolite with a key role in governing intestinal homeostasis and energy metabolism (Fernández-Veledo and Vendrell, 2019). The Prevotella species, along with Succinimonas amilolytica, act as a succinate-producing bacterium in the bovine rumen (Bryant et al., 1958). Therefore, we retain that the positive correlation could be explained. Even though, the available evidence suggested a link between dysbiosis, succinate accumulation in gut, and inflammation (Fernández-Veledo and Vendrell, 2019). In other words, succinic acid in the intestine was advantageous in certain concentrations. The human (mammalian) biotin cycle in humans is complex. Humans do not synthesize biotin but must obtain it from the diet or, perhaps, from gut bacteria (Beckett, 2018). 7-Keto-8-aminopelargonic acid synthase (KAPA synthase) is the enzyme that catalyzes the first committed step of the biotin synthesis pathway (Fan et al., 2015). Biotin is an essential cofactor for enzymes that function in the carboxylation, decarboxylation, and trans-carboxylation reactions found in processes such as fatty acid biosynthesis, gluconeogenesis, and amino acid metabolism (Fan et al., 2015; Beckett, 2018). Prevotellaceae_UCG-003, Dorea, and Alistipes, which were positively related, may regulate glucose metabolism and amino acid metabolism through the important role of this enzyme. Overall, Prevotellaceae and Dorea were important contributors of differential metabolites. Succinic acid and some lipids were important differential metabolites in this study. Bacteroidetes were positively correlated with major differential metabolites, while Firmicutes were negatively correlated with them.




Conclusion

This study provides the first in-depth understanding of changes in hindgut microbiota, its metabolites and their relationships by combining high-throughput microbiomics and untargeted metabolomics after RPG supplementation in early lactation dairy cows. RPG supplement may relieve lipolysis through the regulation of core microflora, so as to exert an effect on fat deposition in the body, especially MRPG, could regulate the relative abundances of intestinal health-related bacteria, and play a positive role in reducing intestinal inflammation and preventing related metabolic diseases. MRPG improved the carbohydrate metabolism and amino acid metabolism pathway in dairy cows and changed the neuromodulation-related metabolites. HRPG supplementation down-regulated abnormal nucleotide metabolism and reduced the concentration of harmful metabolites in nucleotide metabolism pathway. Overall, our study contributes to an increased understanding of how the RPG supplementation affects the fecal microbiota functions. Our work also provides insights into the influence of RPG on gut metabolism. Further research is needed to understand how RPG influences fat metabolism and glucose metabolism by lipidomics and glycomics, so as to deeply reveal the metabolic mechanism of RPG alleviating NEB.
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Introduction: Very little is known about the impact of n-3 long-chain fatty acids (n-3 LCFAs) on the microbiota of sows and their piglets. The aim of this study was to evaluate the effect of n-3 LCFA in sow diets on the microbiota composition of sows’ feces, colostrum, and milk as well as that of piglets’ feces.

Methods: Twenty-two sows were randomly assigned to either a control or an n-3 LCFA diet from service to weaning. Sows’ and piglets’ performance was monitored. The gestating and lactating sows’ microbiomes in feces, colostrum, and milk were characterized by 16s ribosomal RNA gene sequencing. The fecal microbiome from the two lowest (>800 g) and the two highest birth weight piglets per litter was also characterized, and the LPS levels in plasma were analyzed at weaning.

Results and Discussion: n-3 LCFA increased microbiota alpha diversity in suckling piglets’ and gestating sows’ feces. However, no effects were observed in colostrum, milk, or lactating sows’ feces. Dietary n-3 LCFA modified the microbiota composition of gestating sows’ feces, milk, and suckling piglets’ feces, without affecting lactating sows’ feces or colostrum. In gestating sows’ feces and milk, the decrease in genus Succinivibrio and the increase of Proteobacteria phylum, due to the increased genera Brenneria and Escherichia, respectively, stand out. In the feces of suckling piglets, the higher abundance of the beneficial genus Akkermansia and Bacteroides, and different species of Lactobacillus are highlighted. In addition, positive correlations for families and genera were found between lactating sows’ feces and milk, milk and suckling piglets’ feces, and lactating sows’ feces and suckling piglets’ feces. To conclude, dietary n-3 LCFA had a positive impact on the microbiome of suckling piglet’s feces by increasing microbial diversity and some beneficial bacteria populations, had a few minor modifications on the microbiome of milk and gestating sows’ feces and did not change the microbiome in lactating sows’ feces or colostrum. Therefore, this study shows the effect of dietary n-3 LCFA on the microbiota of sows, colostrum, milk, and suckling piglets during the lactation period providing crucial information on the microbiota status at the early stages of life, which have an impact on the post-weaning.
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gestating and lactating sows, suckling piglets, n-3 long-chain fatty acids, microbial communities, colostrum, milk, microbial transference


Introduction

The microbiota of pigs is composed of hundreds of different microorganisms and their acquisition and establishment are influenced by different external factors. Concretely, the predominant immediate postnatal factors that determine initial microbial definition in newborn piglets are likely colostrum, milk, feed, oral-fecal transmission, and the neonatal environment (Nowland et al., 2019; Lauridsen, 2020). However, the exact time of initial colonization in pigs has not yet been determined, and some previous reports described prenatal microbial colonization driven by the mother, so it is reasonable to assume that sows’ microbiota would also significantly influence the microbiota of their offspring before or during parturition (Nowland et al., 2021). Moreover, the establishment of the gut microbiota has become a key factor in piglet survival, as suggested by previous studies in humans showing that an appropriate intestinal microbiota resulting from optimal colonization may improve health and limit diseases (Nowland et al., 2019). After all, the microbiota is an important regulator of mammal physiology and could exert several beneficial roles in digestion, protection against pathogens, maintenance of normal function of intestinal villi, and regulation of the immune response (Gresse et al., 2017). In addition, optimal colonization during lactation could become a critical factor considering that the change from maternal milk to solid food during weaning entails microbial modifications that coincide with the morphological and functional maturation of the gut barrier, and with important changes in the gut immune system (Hooper, 2004; Beaumont et al., 2021).

Genetic selection for hyperprolific sows has resulted in a substantial increase in litter size, and this increase in the sows’ prolificacy has resulted in an increased proportion of piglets born with a low weight (< 1.0 kg birth weight) (Quiniou et al., 2002). Low birth weight piglets present a greater energy requirement per kg of body weight (Noblet and Etienne, 1987), and a poorer thermoregulatory ability, which is combined with a limited colostrum intake (Edwards and Baxter, 2015) due to being less vigorous when competing for the limited number of teats in hyperprolific sows. As consequence, these animals present reduced growth rates (Lopez-Verge et al., 2018) and they are less likely to survive. Nutritional strategies applied to the sow may become an effective tool to shape the microbiota establishment of piglets to improve their growth and immune development.

Although under commercial conditions the ingredients in sow diets contain considerable amounts of n-6 long-chain fatty acids (LCFAs) and the fat sources used are rich in saturated fatty acids, over the last few years the study of the inclusion of n-3 LCFA sources in sow diets has gained interest (Tanghe and De Smet, 2013). Concretely, research on n-3 LCFA in sow nutrition has mainly focused on their influence on milk composition and offspring performance (Lauridsen, 2020; Llauradó-Calero et al., 2021). Moreover, due to their anti-inflammatory effects (Calder, 2010) and capability to influence the epithelial barrier functions (Liu, 2015), the impact of n-3 LCFA on immune status (Huber et al., 2018) and intestinal epithelium function (Liu et al., 2012) has also been evaluated. However, little is known about the influence of n-3 LCFA on microbiota diversity and composition in sows’ feces, colostrum, milk, and piglets’ feces.

Considering the sow as the first and most relevant factor for the establishment of an optimal microbiota in the newborn piglet, the aim of the current study was to evaluate the inclusion of n-3 LCFA, concretely a solid fish oil rich in eicosapentaenoic acid (EPA) (C20:5 n-3) and docosahexaenoic acid (DHA) (C22:6 n-3), in sow diets and their impact on the microbiota of gestating and lactating sows’ feces, colostrum, milk and the feces of suckling piglets. The impact of n-3 LCFA on the sow to piglet microbial transference was also analyzed.



Materials and methods


Ethics statement

Institute for Food and Agricultural Research and Technology’s (IRTA) Ethical Committee on Animal Experimentation approved the use of animals for this experiment in accordance with Directive 2010/63/EU of 22 September 2010 and according to the recommendation of the European Commission 2007/526/CE, the Spanish guidelines for the care and use of animals in research (B.O.E. number 34, Real Decreto 53/2013) and the regional regulations on the use and handling of experimental animals (Decree 214/97, Generalitat de Catalunya) (project number: 10294).



Animals, experimental design, and housing

Twenty-two sows in two batches (12 and 10 sows met the selection criteria of being between the third and the sixth parity, respectively) were fed one of the two experimental diets from service until the end of lactation (c.a. 28 days post-farrowing). Within each batch, sows were grouped regarding their body weight and their parity number into pairs, as similar as possible, and sows in each pair were randomly assigned to either a control or an n-3 long-chain fatty acid (n-3 LCFA) diet. At birth, the two piglets with the lowest (>800 g) (LBW) and the two piglets with the heaviest (HBW) body weight in each litter were selected for future microbiome analyses. Cross-fostering of piglets was performed only during the first 24 h of life to standardize litter size to 12 piglets per sow, whenever possible, solely among sows belonging to the same experimental treatment, and without involving selected piglets. Sow feeds were provided ad libitum in self-dispensing feeding hoppers. At 11 days of age, piglets were offered either a control or an n-3 LCFA creep feed according to the corresponding maternal diet, using floor-attached round feeders. Water was provided ad libitum from nipple drinkers.

Sows were allocated in individual stalls from service until pregnancy confirmation. Once confirmed, they were group-housed in a gestation barn until 1 week before farrowing. Sows were then relocated to individual farrowing crates (0.7 x 2 m) in pens equipped with partially slatted floors and a heated floor panel for piglets (set at 32–34°C). The farrowing room was lit with natural light from a window and with fluorescent artificial light (manually operated), and ventilated via single, variable-speed fans linked to temperature sensors. The inside temperature of the building was automatically controlled, and the target temperature of the stables at farrowing was set at 24°C and it was reduced by 0.5°C per week during the lactation period.

Unfortunately, one sow from the second batch (n-3 LCFA treatment) farrowed out of the scheduled time, without supervision, and it was not possible to record the litter characteristics at birth and sample colostrum, so the sow was removed from the trial.



Experimental diets

Barley–corn-based gestation and lactation diets for sows and the creep feed for piglets were formulated in accordance with FEDNA specifications (de Blas et al., 2013), and their ingredient and nutrient composition were already described by Llauradó-Calero et al. (2021). Diets were formulated to contain the same level of nutrients (metabolizable energy, crude protein, digestive lysine, and ether extract) except for the fat content. In control diets, dietary fat was included using a common animal fat source (5 Sysfeed®; Sysfeed SLU, Granollers, Spain) at 15 and 30 g/kg in the gestation and lactation phases, respectively. In the test diets (n-3 LCFA), 15 g/kg of fat was replaced (totally during gestation and one-half during lactation) by solid fish oil (Lipomega®; V&S Asociados, Madrid, Spain). Creep feed diets for piglets contained 30 g/kg of animal fat or an equivalent amount of solid fish oil in the control or n-3 LCFA diet, respectively.

Feed intake of sows was restricted to a maximum of 3 kg/day during the gestation period and progressively increased after farrowing until reaching ad libitum feed intake. Piglets’ creep feed was offered ad libitum from day 11 post-farrowing.



Growth measurements and sampling

Sows were weighed at service, 1 week before farrowing (when moved to the farrowing crates), the day after farrowing, and at weaning. In addition, backfat thickness in the P2 position of sows was also measured at the same time points (except the day after farrowing) through ultrasound scanning (Piglog 105®; Frontmatec, Kolding, Denmark). Daily feed intake was monitored and recorded individually during gestation and lactation. The average daily gain of gestation period was calculated from service to day 107 of gestation (1 week before farrowing), and the average daily gain of lactation period from 1 day after farrowing to weaning (c.a. 28 days post-farrowing). At birth, the total number of piglets born, piglets born alive/dead, mummies, and their individual weights were recorded for each sow. During lactation, the weight of piglets was monitored at 24 h, at 20 days of age, and weaning. Cross-fostering was performed within 24 h after birth and the 24 h recordings were considered as the initial values for litter characteristics and growth performance of suckling piglets during lactation. In the same way, the average daily gain of litters and piglets was calculated from 24 h post-farrowing to each weighing time. Creep feed disappearance was monitored from day 11 of lactation until weaning. One sow from the n-3 LCFA group gave birth to less than six piglets and the corresponding data for litter characteristics at birth (obtained before performing cross-fostering) were excluded from the analysis.

Individual animals were selected for the microbiome studies. Fecal samples from all the sows were collected 1 week before parturition (day 107 of gestation) and at weaning after removing the piglets (c.a. day 28 post-farrowing). At birth, the two lowest (> 800 g) and the two highest birth-weight piglets in each litter were selected and their feces were sampled at weaning. In all cases, samples were individually preserved with Real stock buffer (Durviz, Paterna, Spain) and stored at −80°C until analysis.

Colostrum samples from each sow were obtained immediately after the birth of the first piglet and milk samples were collected at weaning after the piglet’s removal. Sows were milked from all mammary glands following i.v. injection of 1.0 ml of oxytocin (20 IU/ml) (Super’s Diana S.L., Parets del Vallès, Spain). The samples from the different nipples in each sow were pooled and aliquots of at least 3 ml were immediately frozen and stored at −80°C until analysis for microbiome determination.

Blood samples from selected piglets were collected at weaning. Blood was obtained by jugular venipuncture in tubes with ethylenediaminetetraacetic acid (EDTA) and was kept at 4°C a maximum of 120 min until centrifugation (3,000 rpm, 10 min). Plasma aliquots for LPS measurement were obtained and stored at −80°C for a maximum of 30 min after centrifugation.



Deoxyribonucleic acid extraction and bacterial 16S gene amplification and sequencing

For microbiome analysis, DNA from feces was isolated with the aid of QIAamp Power Fecal Pro DNA Kit (Qiagen, Hilden, Germany), with bead beating and enzymatic lysis steps prior to extraction to avoid bias in DNA purification toward the misrepresentation of gram-positive bacteria. For milk and colostrum, samples were processed with bead beating and enzymatic lysis steps followed by the Blood & Tissue Kit (Qiagen) and further DNA concentration. To evaluate the bacterial composition, massive genome sequencing of the hypervariable region V3–V4 of the bacterial 16s rRNA gene was conducted. Samples were amplified using key-tagged eubacterial primers (Klindworth et al., 2013) and sequenced on a MiSeq Illumina Platform, using a 2 × 300nt paired-end strategy, following Illumina Library preparation and sequencing for metagenomic studies protocol (Zhang et al., 2014; Marcel, 2011).


Analysis of sequencing data

The resulting sequences were split considering the barcode introduced during the PCR reaction. PEAR program version 0.9.1 was used to overlap R1 and R2 reads (overlap of 50 nt and quality of the overlap with a minimum of Q20 (Zhang et al., 2014), providing a single FASTQ file for each of the samples. Cutadapt v2.6 (Marcel, 2011) was used to trim 16S rRNA PCR primers and sequences were treated with a quality filter, removing low-quality fragments (under Q20 in Phred scale) and short sequences (under 200nt). Chimeric sequences that potentially arise during the PCR amplification step were identified de novo using CD-HIT software v4.8.1 (Li et al., 2012) and removed. CD-HIT software was also used to create OTUs at 99.7% of identity. The BLAST tool was used to taxonomically identify each OTU against the National Center for Biotechnology Information (NCBI) 16S rRNA database (20th December 2020) using BLASTn version 2.10.0+.




Lipopolysaccharides measurement in plasma of suckling piglets

The sandwich ELISA kit Porcine Lipopolysaccharides (LPSs) ELISA Kit (MBS269464; MyBioSource, San Diego, CA, USA) was employed according to the manufacturer’s instructions for the quantitative measurement of LPS in all plasma samples from weaned piglets. Intra-assay precision and inter-assay precision of the kit were ≤ 8% and ≤ 12%, respectively.



Statistical analysis

The analysis of variance of growth and performance data of gestating and lactating sows and suckling piglets and LPS concentration data of plasma from suckling piglets were performed through the GLIMMIX procedure of SAS software (SAS/STAT 14.1; SAS Institute Inc., Cary, NC, USA). For growth and performance measurements, dietary treatment was included in the model as the fixed effect and batch as the random effect. Sow body weight at the beginning of the trial and the parity number were initially introduced into the model as covariates. However, only the initial sow body weight was included in the statistical analysis since parity had no significant effect. In addition, the variable days of lactation were included in the model as a covariate for all the data at weaning. In terms of stillborn piglets, deaths, and mummies, data were normalized using a square root transformation [image: image], but the means of the original data are presented in tables. For LPS concentrations, the model included dietary treatment as the fixed effect and sow as the random effect. All data were tested using Kolmogorov–Smirnov test to identify possible outliers and values were excluded if P < 0.01. Results were expressed as means ± SD. Significant differences were set at P < 0.05.

Microbiome analyses were done using R software (R Core Team, 2012). Alpha and beta diversity indexes were obtained using the vegan package, as implemented for R version 3.2.3 (Oksanen et al., 2020). Bray–Curtis distances were selected to analyze beta diversity, and their significance was studied with PERMANOVA tests. DESeq2 package from R (Love et al., 2014) was used to generate a generalized linear model with fixed effects (control vs. n-3 LCFA diet) with negative binomial family to compare operational taxonomic unit (OTU) counts between groups and select the potential bacterial biomarkers. P-values were corrected for multiple testing with Benjamini and Hochberg method, and the statistical significance cutoff was set at P < 0.05. The ratios Firmicutes/Bacteroidetes and Lactobacillus/Proteobacteria were calculated through relative abundances and adjusted to a maximum value of 100. Higher values were considered outliers and were removed from the analysis. Significant differences were set at P < 0.05, while tendencies at P < 0.1 using Mann–Whitney–Wilcoxon test.

The PROC CORR procedure of SAS software was used to obtain the Pearson correlation coefficient of the relative abundances of differential microbial populations regardless of the dietary treatment between gestating sows’ feces and colostrum, lactating sows’ feces and milk, milk and sucking piglets’ feces, and lactating sows’ feces and suckling piglets’ feces to study the sow-piglet microbial transference and between suckling piglets’ feces and growth measurements of suckling piglets to identify possible microbial populations affecting the animal growth. A significant correlation level was set at r > 0.5 and P < 0.05.




Results


Sows’ weight, feed Intake, litter characteristics, and piglets’ weight

The body weight, backfat thickness, and feed intake of sows during gestation and lactation are presented in Supplementary Table 1. Sow’s body weight at service (P = 0.494), 107 days of gestation (P = 0.207), one day after farrowing (P = 0.336), and at weaning (P = 0.812), and sow’s average daily weight gain during gestation (P = 0.202) and lactation (P = 0.278) did not differ between dietary treatments. In the same way, backfat thickness in the P2 position at service (P = 0.696), 107 days of gestation (P = 0.795), and at weaning (P = 0.502), and the average daily feed intake during gestation (P = 0.787) or lactation (P = 0.683) did also not differ either between treatments.

The number of piglets born, piglets born alive/dead, mummies, piglet’s weight, average daily gain during lactation, and creep feed intake are presented in Supplementary Table 2. Litter characteristics and the average piglet’s body weight did not show any significant differences between treatments at birth, 24 h after birth, 20 days after birth, or at weaning (all P ≥ 0.166). In the same way, no effects of dietary fish oil were observed for litter or piglet average daily weight gain during the first 20 days (P = 0.339 and P = 0.553, respectively) or during the whole lactation period (P = 0.974 and P = 0.714, respectively). Piglet creep feed disappearance did not differ between control and n-3 LCFA diets (P = 0.599) either.



Microbiota diversity

Table 1 shows richness and diversity values for each experimental group and type of sample at phylum, family, genera, and species levels. The largest differences in terms of alpha diversity were observed in the feces of suckling piglets. An increase in microbiota diversity calculated through Simpson and Shannon indices in all studied levels was detected in piglets from the n-3 LCFA sows compared with piglets from the control sows. In addition, microbiota diversity was significantly increased by dietary fish oil through the Simpson index in feces from n-3 LCFA gestating sows.


TABLE 1    Microbiota alpha diversity indices, calculated at phylum, family, genera, and species level, of feces of gestating and lactating sows, colostrum, milk, and feces of suckling piglets from animals fed either control or n-3 LCFA diets.1
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Alpha-diversity in terms of Richness, Simpson, and Shannon indices in colostrum, lactating sow’s feces, or milk were not significantly affected by fish oil in the sows’ diet (Table 1).



Microbiota composition and differential microbial communities

The PCoA analysis of sows and piglets’ feces, colostrum, and milk regardless of experimental dietary treatments is presented in Figure 1. PERMANOVA revealed distinct clusters for each sample type (R2 = 0.32; P = 0.001). Beta-dispersion analysis showed differences among all the different types of samples analyzed (all P ≤ 0.037) except between feces of gestating and lactating sows (P = 0.235).


[image: image]

FIGURE 1
Principal coordinates analysis (PCoA) plot of gestating and lactating sows’ feces (n = 21, respectively), colostrum (n = 21), milk (n = 21), and suckling piglets’ feces (n = 84), regardless of experimental dietary treatments, revealed distinct clusters for each sample type (R2 = 0.32; P = 0.001). PERMANOVA test performed using Bray–Curtis distances to analyze beta-dispersion showed differences between all the different types of samples analyzed (all P ≤ 0.037) except among gestating and lactating sows’ feces (P = 0.235).


The fecal microbiome of gestating sows was composed mainly of phylum Firmicutes, Families Clostridiaceae, Peptostreptococcaceae, Lactobacillaceae, Streptococcaceae, Erysipelotrichaceae, and Lachnospiraceae, and genera Clostridium, Lactobacillus, Streptococcus, Terrisporobacter, and Turicibacter (Figure 2). Lower abundances of the family Succinivibrionaceae (P = 0.020) and genus Succinivibrio (P = 0.031) were observed in the feces of sows from the n-3 LCFA group than those from the control group (Figure 3).
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FIGURE 2
Microbiota composition by the relative abundance of the top 10 phyla (A), top 20 families (B), and top 20 genera (C) of feces of gestating and lactating sows (n = 21), colostrum (n = 21), milk (n = 21), and feces of suckling piglets (n = 84) according to dietary treatment (control vs. n-3 LCFA). LCFA, long-chain fatty acids.
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FIGURE 3
Heatmap representing the differentially abundant phyla, families, and genera between control and n-3 LCFA dietary treatments in feces of gestating and lactating sows, colostrum, milk, and feces of suckling piglets. For feces of gestating and lactating sows, colostrum, and milk; n = 11 for control and n = 10 for n-3 LCFA. For feces of suckling piglets; n = 44 for control and n = 40 for n-3 LCFA. Significant differences between treatments were set at P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). LCFA, long-chain fatty acids.


The core microbiome obtained in colostrum samples was represented by phyla Firmicutes, Actinobacteria, and Proteobacteria. Staphylococcaceae, Lactobacillaceae, Clostridiaceae, and Moraxellaceae were the dominant Families and Staphylococcus, Lactobacillus, Clostridium, and Streptococcus represented the most abundant genera (Figure 2). No differential bacterial communities were detected between control and n-3 LCFA treatments at any taxonomical level studied (Figure 3).

In the feces of lactating sows, Firmicutes was also the most abundant phylum. Families Peptostreptococcaceae, Clostridiaceae, Erysipelotrichaceae, Lactobacillaceae, and Lachnospiraceae and genera Clostridium, Terrisporobacter, Turicibacter, and Lactobacillus had the highest abundance (Figure 2). As for colostrum, no significant differences between the control and n-3 LCFA groups were observed for any taxa at any taxonomical level (Figure 3).

In milk, Firmicutes, Proteobacteria, and Actinobacteria were the dominant bacterial phyla followed by Bacteroidetes. At the family and genus level, the dominant taxa were Lactobacillaceae, Streptococcaceae, Peptostreptococcaceae, Staphylococcaceae, and Lachnospiraceae, and Lactobacillus, Streptococcus, Staphylococcus, and Clostridium, respectively (Figure 2). Differences between the control and the n-3 LCFA treatments were observed for specific groups (Figure 3). Concretely, Phylum Proteobacteria (P = 0.017) was increased by dietary n-3 LCFA due to the increased families Pectobacteriaceae (P = 0.020) and Enterobacteriaceae (P = 0.020) and the main genera belonging to these families, Brenneria (P = 0.026) and Escherichia (P = 0.026), respectively. In addition, other changes by the inclusion of dietary fish oil were detected such as decreases in the family Ruminococcaceae (P = 0.023) and genera Ruminococcus (P = 0.026), increases in family Propionibacteriaceae (P = 0.020) and genera Cutibacterium (P = 0.026), and decreases in family Spirochaetaceae (P = 0.023) and genera Treponema (P = 0.028).

Microbiota composition in the feces of suckling piglets was dominated by phyla Firmicutes, Bacteroidetes, Proteobacteria, Euryarchaeota, and Actinobacteria. Lachnospiraceae, Bacteroidaceae, Lactobacillaceae, Ruminococcaceae, and Clostridiaceae were the most abundant families, and Bacteroides, Lactobacillus, Gemmiger, Clostridium, and Methanobrevibacter the most abundant genera (Figure 2). Piglet feces were the type of sample that presented a larger number of differences in microbial communities between treatments. Concretely, one phylum, 15 families, and 27 genera differed between treatments (Figure 3). Phylum Verrucomicrobia (P = 0.045) and genera Akkermansia (P = 0.041) were increased in the feces of piglets from n-3 LCFA-fed sows. In addition, and within Firmicutes, dietary n-3 LCFA reduced the family Ruminococcaceae (P < 0.001) due to reductions in the genera Gemmiger (P = 0.032) and Ruminococcus (P = 0.036). Within the same phylum, the family Clostridiaceae (P = 0.002) and genera Clostridium (P = 0.001) were increased by dietary n-3 LCFA. Family Enterococcaceae (P = 0.010) and genera Enterococcus (P = 0.011) were also increased by fish oil. It should also be pointed out that the feces from piglets in the n-3 LCFA group had a reduced abundance of genus Holdemanella (P = 0.032), Flintibacter (P = 0.024), and Anaerotaenia (P = 0.009), and an increased abundance of genus Streptococcus (P = 0.023) and Erysipelatoclostridium (P < 0.001). Regarding phylum Bacteroidetes, dietary fish oil increased in piglets’ feces in the families Tannerellaceae (P < 0.001) and Odoribacteraceae (P = 0.042) due to the increase in their respective genera Parabacteroides (P < 0.001) and Butyricimonas (P = 0.002). Within the same phylum also stands out the increased abundance of genera Bacteroides (P = 0.009) by n-3 LCFA. In terms of phylum Proteobacteria, an increase of families Pectobacteriaceae (P = 0.047) and Enterobacteriaceae (P = 0.023), due to the increase in their respective genera Brenneria (P < 0.001) and Escherichia (P < 0.001), and a reduction of family Desulfovibrionaceae (P = 0.006) were observed in piglets from sows fed the n-3 LCFA. In the phylum of Actinobacteria, n-3 LCFA reduced family Coriobacteriaceae (P < 0.001) and genera Collinsella (P < 0.001), and increased family Actinomycetaceae (P < 0.001) and genera Schaalia (P = 0.007), and family Atopobiaceae (P < 0.001), including genus Olsenella (P < 0.001) and Atopobium (P < 0.001). In addition, n-3 LCFA also reduced genera Synergistes (P = 0.002) but not modifying phylum Synergistetes or family Synergistaceae.

Finally, the ratios Firmicutes/Bacteroidetes and Lactobacillus/Proteobacteria were also compared between treatments for all types of samples, and this is reported in Figure 4. In the feces of lactating sows, an increase in the ratio Firmicutes/Bacteroidetes (P = 0.040) and a tendency to decrease the ratio Lactobacillus/Proteobacteria were observed (P = 0.072) with the n-3 LCFA inclusion, while a tendency to reduce the ratio Firmicutes/Bacteroidetes (P = 0.070) was observed in feces of suckling piglets of n-3 LCFA group. For feces of gestating sows, colostrum, and milk, no differences between treatments were observed for either, Firmicutes/Bacteroidetes ratio (all P ≥ 0.22) or Lactobacillus/Proteobacteria ratio (all P ≥ 0.19).
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FIGURE 4
Firmicutes/Bacteroidetes (A) and Lactobacillus/Proteobacteria (B) ratios calculated between treatments in all sample types. For feces of gestating and lactating sows, colostrum, and milk; n = 11 for control and n = 10 for n-3 LCFA. For feces of suckling piglets; n = 44 for control and n = 40 for n-3 LCFA. Significant differences between treatments were set at P < 0.05 (*), while tendencies were set at P < 0.10 (†). Ratios were adjusted at a maximum value of 100 and higher values were removed by being considered outliers. LCFA, long-chain fatty acids.




The concentration of lipopolysaccharides in the plasma of suckling piglets

As shown in Figure 5, no differences in plasma LPS concentration were observed between samples from piglets of the control group and piglets of the n-3 LCFA group (181 ± 98.4 and 162 ± 77.8 pg/ml, respectively; P = 0.700).
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FIGURE 5
Lipopolysaccharide (LPS) concentration in plasma of suckling piglets from control and n-3 LCFA-fed sows. n = 44 for control and n = 40 for n-3 LCFA. LCFA, long-chain fatty acids.




Correlations of differential microbial populations between sample types

The comparison of feces from lactating sows and their milk rendered positive correlations at the family level, Ruminococcaceae in feces with Ruminococcaceae and Spirochaetaceae in milk, and four positive correlations at the genus level, Anaerostipes in feces with Anaerostipes in milk, and Ruminococcus in feces with Anaerostipes, Ruminococcus, and Treponema in milk (Figure 6).
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FIGURE 6
Correlations between modified microbial families (A) and genera (B) from feces of lactating sows (navy blue, n = 21), milk (light blue, n = 21), and feces of suckling piglets (purple, n = 84). Pearson correlation coefficient (r) in green indicates a positive correlation. A significant correlation level was set at r > 0.5 and P < 0.05.


Between milk and feces of suckling piglets, two positive correlations were observed at the family level and five positive correlations at the genus level (Figure 6). Concretely, at the family level, Odoribacteraceae and Tannerellaceae in milk were positively correlated with Tannerellaceae in piglets’ feces. At the genus level, Akkermansia, Bacteroides, Flintibacter, and Parabacteroides in milk were also positively correlated with Parabacteroides in feces and Erysipelatoclostridium in milk with Olsenella in feces.

One positive correlation at family and genus levels was observed between feces from lactating sows and feces from suckling piglets (Figure 6). Specifically, the correlations were between the family Atopobiaceae and genus Atopobium in lactating sows’ feces with the family Peptoniphilaceae and genus Akkermansia in suckling piglets’ feces, respectively.

Finally, no significant correlations between microbial populations were observed at any taxonomical level between gestating sow’s feces and colostrum, and between bacterial populations in suckling piglets’ feces and the growth measurements of suckling piglets during lactation.




Discussion

The microbiota plays an integral role in influencing host metabolism, its immune system, and the development of a healthy gastrointestinal tract. In addition, the health of offspring is strongly linked to microbial exposure throughout life (Nowland et al., 2019). Considering that weaning is a critical part of pig life characterized by being a complex and stressful event due to the dietary, social and environmental changes (Gresse et al., 2017), the acquisition of an optimal microbiota during the suckling period becomes crucial. Few studies on mice and humans have studied the effect of n-3 fatty acids on the gut microbiota; however, it is described as a poorly understood topic (Costantini et al., 2017). To our knowledge, no prior studies have evaluated the impact of n-3 LCFA on the microbial diversity and composition of sows’ feces, colostrum, and milk and the feces of their suckling piglets, and therefore research on the impact of n-3 LCFA on swine microbiota deserves further attention.

The effects of the inclusion of n-3 LCFA in sows’ diets on sow’s weight, litter characteristics, and growth performance of piglets during lactation have been previously reported (Tanghe and De Smet, 2013). The animals selected for the current study are part of a larger trial studying the impact of n-3 LCFA inclusion in the diets of gestating and lactating diets of sows on different parameters including performance (Llauradó-Calero et al., 2021), and a trend to increase average piglet body weight at weaning is reported, which was in the line with the results of Rooke et al. (2001). However, with the group of sows selected for the current study, no differences in performance between treatments were observed, which would also be consistent with the results of Lauridsen and Danielsen (2004) and Leonard et al. (2010).

Despite diet being one of the main factors affecting intestinal microbiota (Duan et al., 2019), in the current study, the inclusion of fish oil as a source of n-3 LCFA in sow diets cause minor changes in microbial populations in the feces of the sows. This may be due to the fact that sows, as adult animals, are characterized by presenting a stable and well-developed microbiota (Simpson et al., 2000; Niu et al., 2019). However, in gestating sows, microbial diversity increased when they were fed with the n-3 LCFA diet. In addition, the decrease of family Succinivibrionaceae due to the decrease of genus Succinivibrio stands out, which is considered a core microbiome of the proximal colon or cecum of swine and is related to propionate formation and decarboxylation process (Bergamaschi et al., 2020). However, in lactating sows, no differences in diversity or populations at family and genus levels were found between control and n-3 LCFA-fed animals. Even so, in lactating sows, an increase in the ratio of Firmicutes/Bacteroidetes was observed for the n-3 LCFA group. More Firmicutes and fewer Bacteroidetes have been suggested as a characteristic of fat pigs and have been related to fat deposition (Zhao et al., 2015), although we found no differences between treatments for the weight of the sows or their backfat thickness on P2 position at weaning.

Both colostrum and milk play a critical role in piglets’ development since they are the first sources of nutrients for newborn piglets which are characterized as having low energy reserves and being immunologically naive. In addition, colostrum and milk not only provide nutrients, energy, and immunity, but they also enable the establishment of commensal microbes (Nowland et al., 2019). Given that optimal colostrum and milk supply are crucial for intestinal microbiota colonization and development (Nowland et al., 2021), the impact of n-3 LCFA on colostrum and milk microbiota composition becomes very relevant. In the current study, the bacterial compositions of colostrum and milk were shown to be different, regardless of dietary treatment. On the one hand, the microbiota of colostrum was dominated mainly by phyla Firmicutes, Actinobacteria, and Proteobacteria and families Staphylococcaceae, Lactobacillaceae, Clostridiaceae, and Moraxellaceae. On the other hand, the microbiota of milk was dominated by phyla Firmicutes, Proteobacteria, and Actinobacteria and Lactobacillaceae, Streptococcaceae, Peptostreptococcaceae, Staphylococcaceae, and Lachnospiraceae at the family level. Interestingly, dietary n-3 LCFA impacted differently on the microbial populations from colostrum and milk. In colostrum, no changes were observed in microbial diversity nor differential populations due to n-3 LCFA supplementation. In milk, however, one phylum, six families, and seven genera were modified by the n-3 LCFA diet, although no changes in microbial diversity were observed. Among these changes, the increase in Proteobacteria should be highlighted since it is one of the most dominant phyla in milk microbiota. This increase was mainly due to the higher abundance of families Pectobacteriaceae and Enterobacteriaceae and the increase in genera Brenneria and Escherichia, respectively. While no effects of Brenneria have been described on animal microbiota, Escherichia is a common inhabitant in swine gut microbiota although some of its species could be pathogenic (Schierack et al., 2007). In addition, the decrease of the family Ruminococcaceae due to the decrease of the genus Ruminococcus stands out. Ruminococcaceae has been reported to play a role in the degradation of complex carbohydrates (Crost et al., 2018) and the production of butyrate, and it is associated with anti-inflammatory effects (Liu et al., 2019). Particularly, Ruminococcus OTU was identified as R. flavefaciens, which plays an important role in the digestion of hemicellulose and cellulose plant cell walls (Fontes and Gilbert, 2010), and their degradation-derived products may act as prebiotics to gut microbiota (Rajan et al., 2021).

Compared to sows, suckling piglets experienced larger modifications in the diversity and bacterial populations of their fecal microbiota due to n-3 LCFA. However, we cannot be sure whether the higher diversity in the fecal samples from n-3 LCFA piglets is due to the direct effect of dietary n-3 LCFA in creep feed, vertical transmission from the sow at birth, or a combination of both. In addition, no effects of birth weight category (low vs. high birth weight piglets) or interactions between dietary treatment and piglets’ birth weight were observed for either diversity or bacterial populations. This contrasts with the results reported by Li et al. (2018), Li N. et al. (2019) who described differences between LBW and normal birth weight piglets during the suckling period for the microbiota of feces and the microbiota of digesta in the ileum and colon. Regarding dietary treatment, bacterial alpha diversity according to Simpson and Shannon indices was increased in suckling piglets on the n-3 LCFA diet. In a previous study, Djuric et al. (2019) described an increase of colonic bacterial diversity in healthy human adults following dietary fish oil supplementation which they related to the anti-inflammatory effects of n-3 LCFA, agreeing with Calder (2019), who suggested a new mechanism by which n-3 LCFA dampen intestinal inflammation. In terms of differential microbial populations, n-3 LCFA modified one phylum, 15 families, and 27 genera in feces from suckling piglets.

Among the observed changes in the fecal microbiota of suckling piglets, the phylum Verrucomicrobia increased due to the increase in the Akkermansia genus with its tentative species A. muciniphila. A previous study with mice also reported an increase in A. muciniphila after fish oil supplementation (Caesar et al., 2015). Moreover, another study in healthy humans described an increase in the family Akkermansiaceae in an n-3 LCFA-treated group (Watson et al., 2018). A. muciniphila is the most common species of Verrucomicrobia and colonizes the mucus layer acting as a mucin degrader (Ottman et al., 2017). It is well established that it plays a crucial role in supplying mucin-derived nutrients to other members of the gut microbiota that are unable to degrade the mucin layer by themselves (Tailford et al., 2015). This mucin-degrading capacity makes A. muciniphila a modulator for gut homeostasis improving and regulating the gut barrier function (Guo et al., 2017). In addition, its presence in the feces of highly feed-efficient animals (Gardiner et al., 2020) and its possible role as the host immune system modulator (Crespo-Piazuelo et al., 2019) have also been previously described. Other studies propose that excessive mucin degradation may facilitate the access of pathogens to the mucosa (Ganesh et al., 2013). However, in the current study, no differences in LPS concentration in the plasma of suckling piglets at weaning, as a gut barrier integrity marker, were observed between n-3 LCFA and control diets.

Within the important bacterial populations of the Firmicutes phylum that were modified by n-3 LCFA in the feces of suckling piglets, we observed a decrease in the family Ruminococcaceae and the increase of family Clostridiaceae, which are two of the core families in the swine gastrointestinal tract (Holman et al., 2017). Decreased Ruminococcaceae was due to the decrease of genera Ruminococcus (tentatively identified as R. gnavus) and Gemmiger, and increased Clostridiaceae due to the increase of the genus Clostridium and, specifically, the increases of OTUs identified as C. innocuum, C. cadaveris, and C. perfringens. On the one hand, as already described, Ruminococcaceae is associated with anti-inflammatory effects (Liu et al., 2019). Conversely, R. gnavus has been associated with a pro-inflammatory role (Hall et al., 2017; Henke et al., 2019). On the other hand, members of the family Clostridiaceae are also associated with the production of butyrate, so they can also contribute to decreasing inflammation in the gut of the host (Holman et al., 2017). However, species C. innocuum, C. cadaveris, and C. perfringens can become pathogenic causing infections (Crum-Cianflone, 2009; Gupta et al., 2020; Posthaus et al., 2020). Concretely, C. perfringens can cause severe, acute, and necrotic enteritis in humans and livestock, particularly in neonatal pigs (Posthaus et al., 2020). The pathogenicity of C. perfringens is given by toxin-α and toxin-β, which are generated by C. perfringens type A and C (Baker et al., 2010; Posthaus et al., 2020). Although C. perfringens infection causes diarrhea, low weaning weights, and pre-weaning mortality, no differences in body weight nor mortality were observed between treatments for suckling piglets at weaning. Within the same phylum, we also observed an increase in the abundance of Streptococcus, which contains some species described as probiotics and has been related to the improvement of colostrum quality, milk quality and quantity, litter size, and piglet vitality, and body weight (Knecht et al., 2020). In addition, Lactobacillus species (OTUs tentatively identified as L. delbrueckii and Lactobacillus mucosae) were also increased in the feces of n-3 LCFA suckling piglets. Previous reports have described an immunomodulatory effect of L. mucosae (Ryan et al., 2019), and that the oral administration of L. delbrueckii improves intestinal integrity, stimulates the intestinal immune response, and alleviates intestinal oxidative damage in piglets (Li Y. et al., 2019; Chen et al., 2020). Moreover, Yang et al. (2017) described that many beneficial bacteria belonging to the Firmicutes phylum, such as Enterococcus, Streptococcus, Lactobacillus, and Clostridium, were reduced in diarrheic piglets. In the current study, these beneficial genera and pertaining species were increased by dietary n-3 LCFA.

Relevant modifications of bacterial populations belonging to phyla Bacteroidetes and Proteobacteria by dietary n-3 LCFA should also be noted in the feces suckling piglets. Regarding Bacteroidetes, n-3 LCFA increased the Bacteroides genus, which is one of the core bacterial genera of pigs’ microbiota and is reported to be found in more than 90% of healthy pigs of different ages (Luo et al., 2022). Moreover, as described above for A. muciniphila, genus Bacteroides is also considered to be a mucin glycan degrader (Bell and Juge, 2021) and its low abundance has been associated with post-weaning diarrhea (Ren et al., 2022). It should be mentioned that n-3 LCFA also decreased Prevotella copri species, which are present during lactation at low abundances but increase drastically upon weaning (Amat et al., 2020). A high abundance of P. copri has recently been related to hosting chronic inflammation responses resulting in excessive fat accumulation in pigs (Chen et al., 2021). In terms of Proteobacteria, n-3 LCFA increased the Pectobacteriaceae and Enterobacteriaceae families mainly due to the increases of genus Brenneria and Escherichia, respectively, modifications that match those observed in milk. Enterobacteriaceae consists of a set of genera that colonize the intestinal microbiota and includes commensal microbiota as well as pathogens (Schierack et al., 2007). This family contains LPS-producing bacteria and Escherichia coli species, which can cause diarrhea and infections in both humans and animals (Schierack et al., 2007; Costantini et al., 2017). However, in the present study, despite Escherichia being increased in the feces of n-3 LCFA suckling piglets, no increase in E. coli was detected and as already mentioned, there were no differences in piglets’ LPS plasma levels.

According to Lauridsen (2020), colostrum, milk and oral-fecal transmission play a crucial role in the acquisition and establishment of the microbiota of newborn piglets. Some correlations were observed between lactating sows’ feces and milk, milk and suckling piglets’ feces, and lactating sows’ feces and suckling piglets’ feces showing that the changes observed in the former due to the inclusion of dietary n-3 LCFA may be transferred and have an impact on the latter. First, between lactating sows’ feces and milk, the family Ruminococcaceae and genus Ruminococcus in lactating sows were positively correlated with the same family and genus in milk, but also with the family Spirochaetaceae, and genera Anaerostipes and Treponema. Second, the genera Akkermansia, Bacteroides, Flintibacter, and Parabacteroides in milk correlate positively with the genus Parabacteroides in suckling piglets’ feces. Concretely, different OTUs belonging to these four previous genera in milk were positively correlated with Parabacteroides distasonis in suckling piglets’ feces, which is described as immunomodulatory health-promoting bacteria (Kverka et al., 2011). Moreover, positive correlations between lactating sows’ feces and suckling piglets’ feces were also observed. OTUs such as Olsenella scatoligenes, Erysipelatoclostridium ramosum, Peptostreptococcus stomatis, A. muciniphila, and L. delbrueckii on feces from lactating sows were positively correlated with the Bacteroides species Bacteroides stercoris and Bacteroides fluxus in feces from suckling piglets. Correlations between species are reported in Supplementary Figure 1. Therefore, milk appears to be the type of sample with more bacterial populations positively correlated with those in the feces of lactating sows or suckling piglets, suggesting its key role in microbial transfer from sow to piglets. Finally, it is important to mention that the study of correlations was performed using samples that were collected at the same time and although the transference of microbiota is not an immediate process, sampling was carried out when both, sows and piglets, had been eating for several days the same diet and it could be assumed that results are representative of the correlations among the different types of samples. Nevertheless, a future study evaluating microbial transference considering a time window between samplings may be of interest.



Conclusion

The inclusion of fish oil as a source of n-3 LCFA in sow diets influences the microbiota of the feces of gestating sows, their milk, and the feces of suckling piglets, while no effects were observed in colostrum or the feces of lactating sows. The largest impact of n-3 LCFA supplementation is observed in the feces of suckling piglets, which are young animals that are in the process of acquiring microbiota. Concretely, n-3 LCFA increased piglets’ fecal microbial diversity and the relative abundance of beneficial bacteria such as the mucin-degraders genera Akkermansia and Bacteroides, and different species of Lactobacillus, which may contribute to the achievement of a gut anti-inflammatory microbiota. In addition, it can also be concluded that some of these modifications were positively correlated among the feces of lactating sows, their milk, and the feces of the suckling piglets. Milk stands out as the factor with more bacterial populations correlated with both, lactating sows’ and suckling piglets’ feces.
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Gut microbiota plays important roles in mediating fat metabolic events in humans and animals. However, the differences of meat quality traits related to the lipid metabolism (MQT-LM) in association with gut microbiota involving in lipid metabolism have not been well explored between Angus cattle (AG) and Xinjiang brown cattle (BC). Ten heads of 18-month-old uncastrated male AG and BC (5 in each group) raised under the identical conditions were selected to test MQT-LM, i.e., the backfat thickness (BFT), the intramuscular fat (IMF) content, the intramuscular adipocyte areas (IAA), the eye muscle area (EMA), the muscle fiber sectional area (MFSA) and the muscle shear force after sacrifice. The gut microbiota composition and structure with its metabolic function were analyzed by means of metagenomics and metabolomics with rectal feces. The correlation of MQT-LM with the gut microbiota and its metabolites was analyzed. In comparison with AG, BC had significant lower EMA, IMF content and IAA but higher BFT and MFSA. Chao1 and ACE indexes of α-diversity were lower. β-diversity between AG and BC were significantly different. The relative abundance of Bacteroidetes, Prevotella and Blautia and Prevotella copri, Blautia wexlerae, and Ruminococcus gnavus was lower. The lipid metabolism related metabolites, i.e., succinate, oxoglutaric acid, L-aspartic acid and L-glutamic acid were lower, while GABA, L-asparagine and fumaric acid were higher. IMF was positively correlated with Prevotella copri, Blautia wexlerae and Ruminococcus gnavus, and the metabolites succinate, oxoglutaric acid, L-aspartic acid and L-glutamic acid, while negatively with GABA, L-asparagine and fumaric acid. BFT was negatively correlated with Blautia wexlerae and the metabolites succinate, L-aspartic acid and L-glutamic acid, while positively with GABA, L-asparagine and fumaric acid. Prevotella Copri, Blautia wexlerae, and Ruminococcus gnavus was all positively correlated with succinate, oxoglutaric acid, while negatively with L-asparagine and fumaric acid. In conclusion, Prevotella copri, Prevotella intermedia, Blautia wexlerae, and Ruminococcus gnavus may serve as the potential differentiated bacterial species in association with MQT-LM via their metabolites of oxoglutaric acid, succinate, fumaric acid, L-aspartic acid, L-asparagine, L-glutamic acid and GABA between BC and AG.
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Introduction

Beef is a main source of animal protein in human food, and consumers are paying an increasing amount of attention to meat quality. Most of meat quality traits that are closely related to lipid metabolism (MQT-LM) include the backfat thickness (BFT), intramuscular fat (IMF) content, the intramuscular adipocyte areas (IAA), the eye muscle area (EMA) and the muscle fiber sectional area (MFSA), marbling and tenderness, they are mainly involved in the fat metabolism/deposition in the beef (Picard et al., 2018; Li et al., 2020). Although a large number of studies on MQT-LM have been performed in Angus cattle (AG), few studies have systematically compared MQT-LM in AG with Xinjiang brown cattle (BC), an indigenous dual- purpose of meat and milk cattle breed with excellent adaptability, strong disease resistance, good grazing and tolerance to extreme weather in China (Li et al., 2020). Therefore, the comparison on the difference of meat quality between AG and BC is pivotal for assisting the improvement of meat quality of Xinjiang brown cattle.

The gut microbiota is a highly complex and diverse microecosystem which is strongly associated with various host physiological functions, e.g., metabolism, immune regulation, growth and development and production performance, and to overall host health and disease in human and animals (Turnbaugh and Gordon, 2009; Petri et al., 2013; Lee and Hase, 2014; Myer et al., 2015; Noel et al., 2019). Large body of studies have figured out the contribution of microbiota on host health and indicated marked shifts in the relative abundance of various phyla or species in various physiological statuses (Li et al., 2017; Franzosa et al., 2019; Wu et al., 2020). Regarding the gut microbiota in the interaction with host lipid metabolism and body fat deposition, most studies are human or experimental rodents orientated for human health. For example, the comparisons of the gut microbiota of lean and obese people indicated that the relative abundance of Bacteroidetes and Firmicutes are associated with obesity (Ley et al., 2005, 2006). Additionally, gut microbiota may directly regulate the expression of genes related to fatty acid synthesis and triglyceride storage in animals, thus altering energy balance to determine adipose tissue expansion, or fat deposition, in different parts of the body (Hooper et al., 2001). When gut microbiota obtained from obese mice are transplanted into non-obese, aseptic mice, the previously non-obese mice exhibit greater efficiency in energy absorption in the gut and significant increases in total body fat (Turnbaugh et al., 2006). Bäckhed et al. (2004) experiment showed that the gut microbiota acts through angiopoietin-like protein 4 as to coordinate increased hepatic lipogenesis with increased lipoprotein lipase activity in adipocytes, thereby promoting storage of calories harvested from the diet into fat. In terms of gut microbiota and its lipid metabolic regulating function on MQT-LM / fat deposition in food animals, there are already some studies in pigs (Khanal et al., 2020; Wu et al., 2021; Ma et al., 2022), chickens or broilers (Wen et al., 2019; Yang et al., 2021), and ducks (Lyu et al., 2021). However, the association of MQT-LM with the gut microbiota and its lipid metabolic functions on beef cattle has been seldom elucidated. Zhang and colleagues did the comparison of the gut microbiota in Angus beef cattle reared under the grazing and feedlot conditions and then speculated that the significant differences in gut microbiota composition may have an impact on the meat quality (Zhang et al., 2021). Zheng et al. (2022) studied the association of gut microbiota with host intramuscular differentially expressed genes and metabolites in Angus and Chinese Simmental cattle, unveiled the different associations of gut microbiota and the meat quality between these two breeds. Therefore, we hypothesized that differentials MQT-LM between different AG and BC could be associated with the specific composition and structure in gut microbiota and its metabolic function. MQT-LM namely, the BFT, IMF, IAA, EMA, and MFSA were assessed using 18-month-old BC and AG. The structure, function and metabolic pathways of the gut microbiota were determined by metagenomics and metabolomics and their associations with meat quality traits were determined by correlation analysis so as to provide a potential novel biomarker for improving the meat quality of BC.



Materials and methods


Animals, housing, and feeding

Eighteen-month-old uncastrated male AG (n = 5) and BC (n = 5), which were collected at age of about 5-month-old with initial body weight between 170 and 180 kg from a beef cattle breeding farm in Xinjiang, raised under the identical feeding regime, management and condition (Table 1) were used for the study. The study protocol was approved by the Animal Ethics Committee of Xinjiang Agricultural University (2017015).



TABLE 1 Diet composition and nutrient levels (based on dry matter).
[image: Table1]



Sample collection

Bulls were fasted for 24 h, but provided water ad libitum up 12 h prior to sacrifice. Following the 24 h fast, cattle were weighed. About 20 g of feces was collected from the rectum of cattle by samplers equipped with aseptic gloves 6 h prior to slaughter, and then placed in a sterile, frozen tube and quickly stored in liquid nitrogen for subsequent testing. All the bulls were slaughtered in the automatic cattle slaughter line of a slaughterhouse head by head in the same day. The bulls’ carcass was weighed after sacrifice, and the longissimus dorsi muscle was dissected, about 1 cm3 sample of it was collected and fixed in picric acid solution, the remaining muscle was stored at 4°C for shear force examination.



Meat quality traits detection

The BFT and the EMA were measured in vivo by veterinary B-ultrasound (Pyle Co. LTD, Aquila Vet, Netherlands) via detector located on the back of longissimus dorsi muscle between intercostal space of 12th and 13th ribs. The muscle shear force was measured using a computer-coupled muscle tenderness instrument (Brad Technology Development Co. Ltd., c-lm4, Beijing, China) as described elsewhere (Wen et al., 2020; Bai et al., 2022). The muscle moisture content was measured by the oven drying method, the samples were dried at 101–105°C for 24 h under the constant temperature and pressure condition. The moisture (%) was calculated by calculation formula: (sample weight before drying – weight after drying) / weight before drying × 100 (Mamani-Linares and Gallo, 2013; Wen et al., 2020). The ash content was measured by high temperature burning method, the samples were burned in furnace at ca 500°C. The ash (%) was calculated by calculation formula: (sample weight before burning – weight after burning) / weight before burning × 100 (Latimer, 2012; Luo et al., 2019). IMF was determined by Soxhlet extraction, in which 2.5 g of freeze-dried longissimus dorsi muscle was extracted in 85 ml of hexane for 60 min and then placed in a forced draft oven for 30 min at 105°C. The variation in sample weight before and after extraction was used to calculate fat content (Holman et al., 2019; Chen G. et al., 2021). Fixed muscle tissue was dehydrated and paraffin-embedded, paraffin sections were prepared, stained with oil red O, and observed under an optical microscope (Nikon Instruments Co. Ltd., 55I-1,000, Shanghai, China). Adipocyte diameter was measured using a microscopic imaging system (Motic Advanced 3.5). Three non-consecutive muscle sections from each muscle sample were used to measure adipocyte diameter. Within each section, adipocyte diameter was measured in three separate field of vision. All measurements for each bull were averaged and used for statistical analyses. The IAA and the MFSA were measured and calculated (Pertl et al., 2013; Ding et al., 2021).



Metagenomics of gut microbiota

Total DNA was extracted from cattles’ feces with OMEGA Soil DNA Kit (D5625-01), as previously described by Huang et al. (2019). DNA concentration and quality were determined by NanoDropND-1,000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively. The extracted microbial DNA was processed to construct metagenome shotgun sequencing libraries with insert sizes of 400 bp by using the Illumina TruSeq Nano DNA LT Library Preparation Kit. Each library was sequenced by the Illumina HiSeq X-ten platform (Illumina, United States) with PE150 strategy.

Raw sequencing reads were processed to obtain quality-filtered reads for further analysis. Adapter sequences were removed by Cutadapt (v1.2.1; Marcel, 2011). The sequencing reads were aligned to the host genome using BWA to remove host contamination. Quality-filtered reads were de novo assembled to construct the metagenome for each sample by IDBA-UD (Iterative De Bruijn graph Assembler for sequencing data with highly Uneven Depth). The coding sequences (CDS, > 300 bp) were predicted by MetaGeneMark (v3.25; Zhu et al., 2010). CDSs were clustered by CD-HIT (v4.8.1) at 90% amino acid sequence identity to obtain a non-redundant gene catalogue. The alpha diversity index (Chao1 index, Ace index, Simpson index, and Shannon index) was based on Mothur (version 1.30.1). The beta-diversity of both bacterial and fungal communities was assessed by computing weighted UniFrac distance matrices and then ordinated using non-metric multi-dimensional scaling (NMDS). The relative contribution of different biotic and abiotic factors on community dissimilarity was tested with PERMANOVA using the Adonis function. Linear discriminant analysis Effect Size (LEfSe) was measured the consistency of differences in relative abundance between taxa in the groups analyzed (BC vs. AG), taxa with LDA score > 2 and p value <0.05 set as the significant level. Gene abundance in each sample was estimated by SOAPdenovo2 (v1.0). The taxonomy was annotated by searching against the NCBI-NT database by BLASTN (e value <0.001) and annotated by MEGAN with the lowest common ancestor approach. The functional gene was annotated by searching the sequence of the non-redundant genes against the KEGG databases (release 90.0) by DIAMOND protein aligner (v2.0.4; Cantalapiedra et al., 2021). Gene abundances were derived from mapping the all reads back to the predicted ORF via bowtie2 (v2.2.6) and calculated transcripts per kilobase million (TPM) via SamTools (v1.5; Rausch et al., 2019). Metagenomic sequencing were analyzed at Personal Biotechnology Co., Ltd. (Shanghai, China).



Metabolomics analysis

LC–MS was performed as previously described (Fan et al., 2021). For each fecal sample, 100 mg was transferred into a 2 ml centrifuge tube and 500 μl of ddH2O at 4°C added. The supernatant was collected by centrifugation. Chromatographic separation was accomplished in an Thermo Ultimate 3,000 system equipped with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 μm, Waters) column maintained at 40°C. The temperature of the autosampler was 8°C. Gradient elution of analytes was carried out with 0.1% formic acid in water (C) and 0.1% formic acid in acetonitrile (D) or 5 mM ammonium formate in water (A) and acetonitrile (B) at a flow rate of 0.25 ml/min. Injection of 2 μl of each sample was done after equilibration. Analytes from fecal samples were obtained via chromatographic separation and subjected to electrospray ionization multistage mass spectrometry (ESI-MSn) on the Thermo Q Exactive mass spectrometer. LC–MS was performed by Personal Biotechnology Co., Ltd. (Shanghai, China).



Statistical analysis

Inter-group variables were analyzed by Mann–Whitney test using GraphPad Prism 9.0.0 (GraphPad Software, San Diego, CA, United States). Data are reported as mean ± SEM. * denotes p < 0.05, meaning significant difference, ** denotes p < 0.01, meaning extremely significant difference. The differential species in the gut microbiota between BC and AG screened by metagenomics analysis were correlated with the differential MQT-LM and metabolites, separately, and then the correlation of MQT-LM with metabolites was analyzed by Spearman correlation method. Based on R (Version 3.6.2), ggplot2 and corrplot packages were used for correlation analysis and mapping. Spearman correlation coefficient was calculated, and significance test was conducted.




Results


Meat quality detection

The body and carcass weight of BC was extremely lower than that of AG (p < 0.01). The EMA, IMF content, muscle ash content and IAA were significantly lower in BC (p < 0.05), however, the BFT and MFSA were significantly higher in BC (p < 0.05; Figure 1; Table 2).

[image: Figure 1]

FIGURE 1
 Intramuscular fat in longissimus dorsi sections (200×). Angus cattle (A); Xinjiang brown cattle (B).




TABLE 2 Comparison of beef quality traits.
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Metagenomics of gut microbiota


Composition analysis of gut microbiota

The α-diversity indices of gut microbiota (Simpson, Chao1, ACE, Shannon) and β-diversity were compared in BC and AG shown in Figures 2, 3, respectively. Chao1 and ACE in BC were significantly lower than those in AG (p < 0.05). The β-diversity of gut microbiota showed extremely significant independent distribution between AG and BC (Anosim p < 0.01).

[image: Figure 2]

FIGURE 2
 Comparison of α-diversity in the gut microbiota between Xinjiang brown cattle (BC) and Angus cattle (AG). (n = 5 in each breed). Simpson diversity index (A); The Chao1 estimator (B); The ACE estimator (C); Shannon diversity index (D). Values were expressed as means ± SEM. * denotes P < 0.05 indicating significant difference.
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FIGURE 3
 Comparison of β-diversity in the gut microbiota between Xinjiang brown cattle (BC) and Angus cattle (AG). (n = 5 in each breed). ANOSIM, analysis of similarities.


Results of linear discriminant analysis effect size (LEfSe) showed the gut microbiota was significantly different between AG and BC (Figure 4). At the class level, the Coriobacteriia was enriched in BC and Negativicutes enriched in AG. At the order level, the Coriobacteriales was enriched in BC and Acidaminococcales enriched in AG. At the family level, there were 7 bacteria in gut microbiota significantly different between BC and AG, in which 2 families were enriched in BC and 5 families enriched in AG. At the genus level, there were 21 bacteria significantly different in gut microbiota between BC and AG, in which 5 genera were enriched in BC and 16 genera enriched in AG. At the species level, there were 68 bacteria significantly different in gut microbiota between BC and AG, in which 13 species were enriched in BC and 55 species enriched in AG (Figure 4). As shown in Figure 5A, in both BC and AG gut microbiota were mainly comprised of bacteria within phyla of Firmicutes, Bacteroidetes, Actinobacteria, and Spirochaetes with the relative abundance of Firmicutes and Bacteroidetes being highest. The relative abundance of Bacteroidetes in BC was significantly lower than that in AG (p < 0.05; Figure 5B) thus resulting in the ratio of Firmicutes/Bacteroidetes in the relative abundance had a tendency of increase in BC (p = 0.08; Figure 5C). Bifidobacterium, Prevotella, Bacteroides and Eubacterium were the most abundant genera in both BC and AG (Figure 6A). The relative abundance of Prevotella and Blautia were significantly lower in BC if compared to AG (p < 0.05; Figures 6B,C). The top 20 species in the gut microbiota between breeds were listed in Figure 7A with the highest relative abundance of Prevotella copri in AG and Bifidobacterium pseudolongum in BC (Figure 7A). The relative abundance of Prevotella copri and Blautia wexlerae in BC were significantly lower than that in AG (p < 0.05; Figures 7B,C). The relative abundance of Ruminococcus gnavus was extremely lower in BC than that in AG (p < 0.01; Figures 7B,C).

[image: Figure 4]

FIGURE 4
 LEfSe analysis in the gut microbiota between Xinjiang brown cattle (BC) and Angus cattle (AG). (n = 5 in each breed). LEfSe, Linear discriminant analysis Effect Size.
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FIGURE 5
 The phyla composition and the differentials in the gut microbiota between Xinjiang brown cattle (BC) and Angus cattle (AG; top 20 Phyla). (n = 5 in each breed). The relative abundance of phyla composition (A); The differential phyla in the different relative abundance (B); Firmicutes/Bacteroidetes Ratio (C). Values were expressed as means ± SEM. * denotes p < 0.05 indicating significant difference.
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FIGURE 6
 The genera composition and the differentials in the gut microbiota between Xinjiang brown cattle (BC) and Angus cattle (AG; top 20 genera). (n = 5 in each breed). The relative abundance of genera composition (A); The differential genera in the different relative abundance (B,C). Values were expressed as means ± SEM. * denotes p < 0.05 indicating significant difference.
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FIGURE 7
 The species composition and the differentials in the gut microbiota between Xinjiang brown cattle (BC) and Angus cattle (AG; top 20 species). (n = 5 in each breed). The relative abundance of species composition (A); The differential species in the different relative abundance (B,C). Values were expressed as means ± SEM. * denotes p < 0.05 indicating significant difference, ** denotes p < 0.01 indicating extremely significant difference.




Functional analysis of gut microbiota

Protein sequences were annotated using the KEGG database, and the number of KEGG metabolic pathways annotated to different grades and categories was determined according to their KEGG Orthology (KO) classification. As shown in Supplementary Figure 1, enriched KEGG pathways within metabolism function included: carbohydrate metabolism, amino acid metabolism, nucleotide metabolism and lipid metabolism. Protein sequences and KO data were obtained from the gene coding regions of gut microbiota (Table 3). Sixteen functional genes related to lipid metabolism were identified within the KEGG differential lipid metabolism pathway (Pathway ID: ko00564) and enriched in 10 bacterial species: Methanobrevibacter millerae, Methanosphaera stadtmanae, Fermentimonas caenicola, Prevotella intermedia, Paenibacillus terrae, Clostridium bornimense, Butyrivibrio fibrisolvens, Flavonifractor plautii, Escherichia coli, and Spirochaeta africana. TPM values of lipid metabolism related functional gene pgpB derived from Escherichia coli and GPCPD1 from Prevotella intermedia were significantly higher in the gut microbiota of BC than those in the gut microbiota of AG (p < 0.05; Figure 8; Table 3).



TABLE 3 Genes of the glycerophospholipid metabolism pathway.
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FIGURE 8
 The relative abundance of genes related to lipid metabolism in lipid metabolism pathways between Xinjiang brown cattle (BC) and Angus cattle (AG). (n = 5 in each breed). The expression of genes related to lipid metabolism (A–O). Values were expressed as means ± SEM. * denotes p < 0.05 indicating significant difference.





Metabolomics of gut microbiota

Metabolomic analysis identified 450 microbiota-derived metabolites that differed between Xinjiang brown and AG (Supplementary Figure 2). These included mainly carboxylic acids and derivatives (15.66%), fatty acyls (14.46%), benzene and substituted derivatives (11.65%), organooxygen compounds (6.43%) and steroids and steroid derivatives (5.02%; Supplementary Figure 2). Two metabolic pathways related to lipid metabolism, i.e., D-glutamine and D-glutamate metabolism and Alanine, aspartate and glutamate metabolism, were used in subsequent analyses based on pathway impact analysis (Supplementary Figure 3). Within the enriched pathways, 7 microbiota-related metabolites were identified as being significantly different between BC and AG. These included oxoglutaric acid, succinate, fumaric acid, L-aspartic acid, L-asparagine, L-glutamic acid and GABA (Table 4). As shown in Figure 9, L-asparagine, fumaric acid (p < 0.01) and GABA (p < 0.05) were significantly higher, whereas succinate, oxoglutaric acid, L-aspartic acid and L-glutamic acid were significantly lower in BC (p < 0.01).



TABLE 4 Pathways enriched in microbiota-related metabolites.
[image: Table4]
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FIGURE 9
 Metabolites in gut microbiota related to lipid metabolism between Xinjiang brown cattle (BC) and Angus cattle (AG). (n = 5 in each breed). The bacterial metabolites related to lipid metabolism (A–G). Values were expressed as means ± SEM. * denotes p < 0.05 indicating significant difference, ** denotes p < 0.01 indicating extremely significant difference.




Correlation analysis

In total there were 76 species with the relative abundance above 0.1% (RA abv. 0.1%) in metagenomic analysis. They were all analyzed in association with 7 metabolites related to lipid metabolism and 10 MQT-LM by Spearman correlation. Among them, 8 species have different correlations with meat quality traits (Supplementary Figure 4A), 7 metabolites have different correlation with meat quality traits (Supplementary Figure 4B) and 12 species have different correlation with 7 metabolites related to lipid metabolism (Supplementary Figure 4C). Based on this result, the differential genus and species, the differential MQT-LM and the differential metabolites related to fat metabolism between AG and BC were further analyzed by Spearman correlation. IMF was positively correlated with Prevotella copri (p < 0.01, r = 0.84), Blautia wexlerae (p = 0.01, r = 0.78) and Ruminococcus gnavus (p < 0.01, r = 0.93; Figure 10A). BFT was negatively correlated with Blautia wexlerae (p < 0.01, r = −0.83; Figure 10A). The Spearman correlation analysis of MQT-LM and differential microbiota-related metabolites related to lipid metabolism showed that IMF was positively correlated with levels of succinate (p = 0.01, r = 0.81), oxoglutaric acid (p < 0.01, r = 0.83) and L-aspartic acid (p = 0.03, r = 0.71), and negatively correlated with levels of GABA (p = 0.03, r = −0.70), L-asparagine (p < 0.01, r = −0.85) and fumaric acid (p < 0.01, r = −0.87; Figure 10B). BFT was positively correlated with GABA (p = 0.01, r = 0.79), L-asparagine (p = 0.01, r = 0.80) and fumaric acid (p = 0.04, r = 0.66), and negatively correlated with succinate (p = 0.01, r = −0.79), L-aspartic acid (p = 0.01, r = −0.78) and L-glutamic acid (p = 0.01, r = −0.78; Figure 10B).
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FIGURE 10
 Correlation analyses of the differential MQT-LM – species – metabolites in Xinjiang brown cattle (BC) and Angus cattle (AG). (n = 10). Correlation of the differential MQT-LM and species (A); Correlation of the differential MQT-LM and metabolites (B); Correlation of the differential species and metabolites (C). * denotes p < 0.05 indicating significant difference.


Spearman correlation analysis was also performed on the differential metabolites related to fat metabolism with the differential gut microbiota in the BC and AG. Succinate were positively correlated with Prevotella copri (p = 0.03, r = 0.70), Blautia wexlerae (p = 0.02, r = 0.72) and Ruminococcus gnavus (p = 0.04, r = 0.67; Figure 10C). GABA were negatively correlated with Prevotella copri (p < 0.01, r = −0.84) and Blautia wexlerae (p < 0.01, r = −0.83; Figure 10C). Oxoglutaric acid were positively correlated with Prevotella copri (p < 0.01, r = 0.86), Blautia wexlerae (p = 0.02, r = 0.73) and Ruminococcus gnavus (p = 0.02, r = 0.75; Figure 10C). L-aspartic acid levels were positively correlated with Prevotella copri (p = 0.03, r = 0.70) and Blautia wexlerae (p = 0.03, r = 0.71; Figure 10C). L-asparagine levels were negatively correlated with Prevotella copri (p < 0.01, r = −0.84), Blautia wexlerae (p = 0.02, r = −0.73) and Ruminococcus gnavus (p = 0.03, r = −0.70; Figure 10C). L-glutamic acid levels were positively correlated with Blautia wexlerae (p = 0.01, r = 0.82) levels (Figure 10C). Fumaric acid were negatively correlated with Prevotella copri (p = 0.03, r = −0.71), Blautia wexlerae (p < 0.01, r = −0.83) and Ruminococcus gnavus (p = 0.01, r = −0.81; Figure 10C).




Discussion

Our present study showed that the body weight, the carcass weight and the EMA, IMF and the IAA of Angus cattle were significantly higher than those of Xinjiang brown cattle, whereas the BFT and the MFSA of Xinjiang brown cattle were higher. The carcass weight, EMA, and the MFSA were indicators of carcass muscle strength and meat yield (Choi and Kim, 2009; Lang et al., 2016). The subcutaneous fat deposition is a necessary stage in the beef cattle fattening process. The intramuscular adipocytes are mainly derived from fibroblasts that reside in the connective tissue surrounding and within skeletal muscle (Lowe et al., 2012). The proportion of IMF content to total fat content is affected by variety, age, nutrition, and other factors (Bong et al., 2012; Gotoh and Joo, 2016). Tenderness, juiciness, flavor, and marbling all increase as IMF content increases (Farrow et al., 2009). Beef tenderness is improved by intramuscular adipose tissue infiltration, which destroys the collagen cross-linking that determines meat toughness (McEvers et al., 2012). Because adipose tissue is denser than muscle tissue, increased amounts of IMF also make lean meat taste more delicate and may help muscles retain more moisture (Campos et al., 2016). The results herein showed that the meat quality of Angus cattle is preferable than that of Xinjiang brown cattle.

Studies have shown that the gut microbiome is closely related to host macronutrient and lipid metabolism, thus affecting the meat quality traits of IMF content, BFT and tenderness. The gut microbiome may play a part in determining meat quality in cattle (Nicholson et al., 2012; Zhang et al., 2017). By analysis of the host-microbiota-metabolic axis revealed that gut microbiota is closely related to fat, sugar, and protein metabolism. Animal lipid metabolism-related meat quality traits are closely related to the composition of gut microbiota involved in lipid metabolism (Nicholson et al., 2012; Sun et al., 2016; Zhang et al., 2017). Zierer et al. (2018) analyzed the relationship between gut microbiota, host phenotype, and complex genetic traits in human twins and found that the microbiota structure is closely related to fat deposition. Gut microbiota imbalances or alterations in microbiota structure have also been shown to cause alterations in whole blood glucose and triglyceride levels, suggesting gut microbiota may regulate carbohydrate and lipid metabolism in the host body (Kuno et al., 2018). In our present study, the results of the α-diversity analysis showed that the richness and diversity of gut microbiota in Angus cattle were greater than those in Xinjiang brown cattle. Furthermore, results of LEfSe analysis showed Angus cattle possess a greater variety of microbiota species in their gut microbiota compared to Xinjiang brown cattle. Significant differences in microbiota composition were also observed following β diversity analysis. Previous studies have shown that obesity is related to the relative abundance of Bacteroidetes and Firmicutes or changes in the ratio of Firmicutes / Bacteroides win the gut microbiota (Turnbaugh et al., 2006; Parnell and Reimer, 2012). The ratio of Firmicutes / Bacteroides is related to the production of short-chain fatty acids. These acids serve as macromolecular substances that maintain host balance and disease and have been used to prevent or treat obesity and type 2 diabetes (Andrade-Oliveira et al., 2015; Bindels et al., 2015; Zhang et al., 2015; Ohira et al., 2017; Thursby and Juge, 2017). For example, An et al. (2018) showed the gut microbiota in high-fat diet-induced obese rats was composed of higher levels of Firmicutes and lower levels of Bacteroidetes. Increase of Bacteroidetes is related to increased production of short-chain fatty acids, which provide cellular energy, maintain the intestinal epithelial barrier, and regulate the immune system (Greenhalgh et al., 2016). Ley et al. (2005) found that obesity was related to an increase in the number of Firmicutes, a decrease in the number of Bacteroides, or an increase in the ratio of Firmicutes / Bacteroides in the gut. Bacteroidetes abundance is altered by environmental factors, such as dietary protein and fat content, and is also positively correlated with the deposition of animal fat (David et al., 2014; Johnson et al., 2017; Rampelli et al., 2018). Genus Prevotella is among the most abundant bacteria found in the rumen, they break down cellulose and use products of cellulose degradation as an energy source in sheep and cattle (Ellison et al., 2017; Delgado et al., 2019), Prevotella copri is ubiquitous in the intestine and considered a potential marker for distinguishing high feed efficiency in beef cattle during life span and production cycles (Brooke et al., 2019). A greater abundance of Prevotella copri in the gut microbiota is associated with abnormal carbohydrate metabolism during obesity (Duan et al., 2021), along with fat accumulation (Chen C. et al., 2021). Zheng et al. (2022) compared the gut microbiota and intramuscular differentially expressed genes in the Angus and Chinese Simmental cattle. The results show that the relative abundance of Prevotella copri was significantly higher in the Simmental cattle. Blautia wexlerae is yet another obesity-related bacterium. In contrast to Prevotella copri, Blautia wexlerae abundance is decreased during obesity (Benítez-Páez et al., 2020). An important function of Blautia wexlerae is to produce acetic acid and butyric acid (Jang et al., 2019). A decreased abundance of Blautia wexlerae leads to decrease in acetic acid and butyric acid levels (Vital et al., 2018). Our findings to some extents were supported by some recent publications. For example, Cao et al. (2021) fund that Butyrivibrio, CF231 and Dorea were negative correlated with water loss of sheep meat quality traits significantly. Lei et al. (2021) showed that the higher relative abundances of the genera Ruminococcaceae_NK4A214_group, Parabacteroides, Christensenellaaceae_R-7_group, and Ruminiclostridium might corelate with higher intramuscular fat (IMF) content. Zheng et al. (2022) found that the relative abundance of Roseburia, Prevotella, and Coprococcus were positive correlated with IMF of beef quality traits significantly. Animal experiments with Khan and Jena (2016) showed that butyric acid may improve insulin sensitivity and reduce insulin resistance. Recent studies have found that the abundance of Ruminococcus gnavus in the intestine of ruminants was increased in obese animals, decreased with malnourishment, and positively correlates with body mass index (Blanton et al., 2016; Jang et al., 2019). In the present studies, the abundance of Bacteroidetes in the gut microbiota of Xinjiang brown cattle, i.e., Prevotella, Blautia at the genus level, Prevotella copri, Blautia wexlerae, and Ruminococcus gnavus at the species level were significantly lower than that of Angus cattle. Microbiota structure was related to differences in lipid metabolism, fat deposition, and obesity. Correlation analysis between Prevotella, Blautia, Prevotella copri, Blautia wexlerae, Ruminococcus gnavus, and meat quality indices related to lipid metabolism showed positive correlations with IMF amount and negative correlations with the BFT. These correlations suggest that Prevotella, Blautia, Prevotella copri, Blautia wexlerae, and Ruminococcus gnavus play an important role in regulating meat quality in Xinjiang brown cattle. Hosomi et al. (2022) performed a cross-sectional study of Japanese adults and identified that the Blautia genus, especially Blautia wexlerae, as a commensal bacterium inversely correlated with obesity and type 2 diabetes mellitus, furthermore, they administrated Blautia wexlerae orally to the high fat diet (HFD) fed mice, the body weight and the weight of epididymal adipose tissue were significantly decreased than those HFD mice without Blautia wexlerae administration demonstrating Blautia wexlerae has potential to contribute to the prevention of obesity. This research was partly supported our result that Blautia wexlerae was negative correlated with IMF. The correlation of MQT-LM and certain bacterial species showed that these species were mostly related to IMF, the BFT, the IAA, body weight, and carcass weight. Among them, Prevotella sp. P3-122, Prevotella sp. P3-120, Prevotella sp. P2-180, and Prevotella sp. AM42-24 in the genus Prevotella play an important role in polysaccharide degradation and fermentation in the rumen (Shinkai et al., 2022). Zeybel et al. (2022) found that the abundances of Prevotella sp. AM42 24 were significantly reduced in subjects with mild hepatic steatosis versus no hepatic steatosis. Eubacterium hallii affects the metabolic balance of the host by forming different short-chain fatty acids in the intestinal tract (Engels et al., 2016), and it was increased in small intestinal biopsies of obese and insulin-resistant subjects upon lean donor fecal transplantation associated with improved insulin sensitivity (Wan et al., 2019) suggesting it may be associated with MQT-LM. However, there is a lack of study on Blautia sp. AF13-16 in association with lipid metabolism. These data were further supported by the KEGG and KO analyses which showed that lipid metabolism was different in Prevotella intermedia between Xinjiang brown and Angus cattle.

Gut microbiota interacts with its host, receiving energy from and providing energy to the host. This constant exchange of energy between microbiota and host is accomplished through the release of enzymes and metabolites such as short-chain fatty acids, amino acids, bile acids, casein B, and lipopolysaccharide (Fetissov, 2017). Importantly, Escherichia coli secretes casein B and casein B may enhance the peptide YY (PYY) and glucagon-like peptide (GLP) secretion (Breton et al., 2016). PPY and GLP decrease appetite, leading to decreased caloric intake and fat deposition (Murphy and Bloom, 2006; Berthoud, 2011; Zhang and van den Pol, 2017; Leidmaa et al., 2020). Fatty acids in food are absorbed by intestinal epithelial cells, where they are oxidized and degraded or re-esterified into triglycerides. Newly synthesized triglycerides are incorporated into cytoplasmic lipid droplets or chylous particles that are secreted in the lymphatic system (Iqbal and Hussain, 2009; Nakajima et al., 2014). The digestion of polysaccharides provides monosaccharides to intestinal epithelial cells and reduces the absorption of fatty acids, and promotes storage of newly synthesized triglycerides in cytoplasmic lipid droplets. Escherichia coli acts in conjunction with epithelial cells to form mono- and disaccharides that increase fatty acid absorption and oxidation. Increased fatty acid oxidation results in decreased triglyceride synthesis, chylous particle size, and chylous granule secretion, leading to the depletion of cytoplasmic lipid droplets (Poquet and Wooster, 2016; Tazi et al., 2018). Although it is clear that Escherichia coli plays a role in regulating lipid metabolism, but there is no research on the relationship between Prevotella intermedia and lipid metabolism. Functional level analysis of bovine gut microbiota in our present study showed that there were differences in the expression of pgpB and GPCPD1 genes within the “Glycerophospholipid metabolism” pathway in Escherichia coli and Prevotella intermedia suggesting that Escherichia coli and Prevotella are key bacteria that affect the MQT-LM in Xinjiang brown cattle.

Gut microbiota plays a role in maintaining host homeostasis and health via the production of short-chain fatty acids and neuroactive substances (Wang et al., 2020; Han et al., 2021). The neuroactive substance GABA is a major inhibitory neurotransmitter in the central nervous system (Cuevas-Sierra et al., 2021). GABA is also produced by intestinal microbiota to exhibit the largest change of metabolites in the intestine of obese patients in response to fecal transplant using samples from lean patients. This change of GABA was also related to the improvement in insulin sensitivity (Kootte et al., 2017). GABA may also play a role in the treatment of lipid metabolism disorders caused by type 1 and 2 diabetes by inducing pancreatic β-cells and stimulating insulin secretion (Soltani et al., 2011; Tian et al., 2011, 2013). Treatment of obese mice with metabolic dysfunction mice with GABA-producing bacteria attenuated the metabolic dysfunction and reduced mesenteric adipose tissue accumulation (Patterson et al., 2019). GABA can be metabolized to succinate, a metabolic by-product of anaerobic fermentation performed in Bacteroides (Zhang et al., 2008; Feehily and Karatzas, 2013; De Vadder et al., 2016; Louis and Flint, 2017). Interestingly, succinate inhibits fatty acid release from adipocytes. Patients with higher circulating succinate levels have higher blood glucose levels that may be related to changes in gut microbiota and increased barrier permeability. Thus, microbial-derived succinate may play an important role in obesity and metabolism-related cardiovascular disease (Serena et al., 2018). The oxoglutaric acid, succinate and fumaric acid are metabolites of the citric acid cycle pathway that link metabolic pathways and lead to the formation of citric acid (Akram, 2014). L-glutamic acid is an amino acid that can be utilized for carbohydrate production and is the precursor of glutathione. Meanwhile, L-glutamic acid is the first line of defense against free radicals in the liver and plays an essential role in the pathogenesis of metabolic diseases (Melis et al., 2004; Zhou et al., 2019). Glutamine was previously thought to be associated with obesity (Curtasu et al., 2019) and diabetes (Newgard et al., 2009), as higher levels of glutamine and related metabolites are part of the systematic response to higher blood glucose levels and act to stimulate insulin secretion to lower blood glucose levels (Newsholme et al., 2005). In addition, other studies have shown that plasma L-asparagine levels are negatively correlated with blood lipid levels and positively correlated with type 2 diabetes risk (Ottosson et al., 2018), and exogenous L-aspartic acid feeding limits fatty liver progression (Yanni et al., 2010). The results of the metabolomic analysis in the present study showed that oxoglutaric acid, succinate, fumaric acid, L-aspartic acid, L-asparagine, L-glutamic acid, and GABA levels differed between the two breeds of cattle, and differential metabolites were associated with MQT-LM. Specifically, IMF was positively correlated with succinate, oxoglutaric acid, and L-aspartic acid, and negatively correlated with GABA, L-asparagine, and fumaric acid. The BFT was positively correlated with GABA, L-asparagine, and fumaric acid, and negatively correlated with succinate, L-aspartic acid, and L-glutamic acid, suggesting that these metabolites may reflect alterations in lipid metabolism that determine meat quality. Associations between metabolomes, microbiota, and lipid metabolism functional expressions of the microbiota that differed between Xinjiang brown and Angus cattle showed that succinate, oxoglutaric acid, L-aspartate, and L-glutamic acid were positively correlated with the most abundant microbiota and that differed between breeds. Levels of GABA, L-asparagine, and fumaric acid were negatively correlated with the most abundant microbiota that was different between breeds, suggesting that MQT-LM may be regulated by changing the expression of lipid metabolism-related metabolites in gut microbiota. The correlation of microbiota and species (RA abv.0.1%) showed that except for the species correlation beef quality traits, there are four species of Prevotella stercorea, Ruminococcaceae bacterium YAD3003, Clostridium sp. af27-5AA, and Acetivibrio ethanolgignens related to lipid metabolites. Pisanu et al. (2020) evaluate the impact of nutritional intervention on the gut microbiota of obese and overweight patients, then patients presented a statistically significant reduction in body weight and fat mass and an increase in the abundance of Prevotella stercorea. Yuan et al. (2020) found that alteration of the gut microbiota Acetivibrio ethanolgignens under tributyltin exposure was involved in further mediating liver inflammation, causing lipid metabolism abnormalities with the energy supply process. Therefore, Acetivibrio ethanolgignens may be a candidate for a potential microbial community marker for assistant diagnosis. But more supporting study regarding the potentially useful markers of specific gut microbiota from meat animal origin are expected.



Conclusion

There are significant differences in meat quality traits in association with gut microbiota and its lipid metabolism related metabolites between Xinjiang brown cattle and Angus cattle. The intramuscular fat content was positively correlated with Bacteria species of Prevotella copri, Blautia wexlerae, and Ruminococcus gnavus, and the metabolites succinate, oxoglutaric acid, L-aspartic acid and L-glutamic acid, while negatively with GABA, L-asparagine and fumaric acid. The backfat thickness was negatively correlated with Blautia wexlerae and the metabolites succinate, L-aspartic acid and L-glutamic acid, while positively with GABA, L-asparagine and fumaric acid. Furthermore Prevotella Copri, Blautia wexlerae, and Ruminococcus gnavus was all positively correlated with succinate, oxoglutaric acid, while negatively with L-asparagine and fumaric acid. Lipid metabolism genes within the glycerophospholipid metabolism pathway is enriched in Prevotella intermedia and Escherichia coli. Our data suggest that Prevotella copri, Prevotella intermedia, Blautia wexlerae, and Ruminococcus gnavus may serve as the potential differentiated bacterial species in association with meat quality traits related to the lipid metabolism via their metabolites of oxoglutaric acid, succinate, fumaric acid, L-aspartic acid, L-asparagine, L-glutamic acid and GABA may serve as potential biomarkers to assistant for improving the meat quality in Xinjiang brown cattle.
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SUPPLEMENTARY FIGURE S1 | KEGG pathways enriched in Xinjiang Brown and Angus cattle microbiomes.



SUPPLEMENTARY FIGURE S2 | Classification of differential metabolites.



SUPPLEMENTARY FIGURE S3 | Metabolic pathway impact analysis. Alanine, aspartate and glutamate metabolism (-log(p) 4.52; Impact 0.63) (A); D-Glutamine and D-glutamate metabolism (-log(p) 1.89; Impact 1.00).



SUPPLEMENTARY FIGURE S4 | Correlations of the species (RA abv 0.1%) - MQT-LMs - metabolites.
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High-grain diet is commonly used in intensive production to boost yield in short term, which may cause adverse effects such as rumen and colonic acidosis in ruminants. Maize is one of the key components of high-grain diet, and different processing methods of maize affect the digestive absorption and gastrointestinal development of ruminants. To investigate the effects of maize form in high-grain diets on colonic fermentation and bacterial community of weaned lambs, twenty-two 2.5-month-old healthy Hu lambs were fed separately a maize meal low-grain diet (19.2% grain; CON), a maize meal high-grain diet (50.4% grain; CM), and a whole maize high-grain diet (50.4% grain; CG). After 7 weeks of feeding, the total volatile fatty acid concentration (P = 0.035) were significantly higher in lambs from CM than that from CON. The sequencing results of colonic content microbial composition revealed that the relative abundance of genera Parasutterella (P = 0.028), Comamonas (P = 0.031), Butyricicoccus (P = 0.049), and Olsenella (P = 0.010) were higher in CM than those in CON; compared with CM, the CG diet had the higher relative abundance of genera Bacteroides (P = 0.024) and Angelakisella (P = 0.020), while the lower relative abundance of genera Olsenella (P = 0.031) and Paraprevotella (P = 0.006). For colonic mucosal microbiota, the relative abundance of genera Duncaniella (P = 0.024), Succiniclasticum (P = 0.044), and Comamonas (P = 0.012) were significantly higher in CM than those in CON. In comparison, the relative abundance of genera Alistipes (P = 0.020) and Campylobacter (P = 0.017) were significantly lower. And the relative abundance of genera Colidextribacter (P = 0.005), Duncaniella (P = 0.032), Christensenella (P = 0.042), and Lawsonibacter (P = 0.018) were increased in the CG than those in the CM. Furthermore, the CG downregulated the relative abundance of genes encoding infectious-disease-parasitic (P = 0.049), cancer-specific-types (P = 0.049), and neurodegenerative-disease (P = 0.037) in colonic microbiota than those in the CM. Overall, these results indicated that maize with different grain sizes might influence the colonic health of weaned lambs by altering the composition of the colonic bacterial community.
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Introduction

In the current intensive farming system, feeding ruminants a high-grain diet is extensively used to boost yield and earn immediate financial gains (Plaizier et al., 2008). However, the high proportion of starch and low level of fiber in high-grain diets can lead to more volatile fatty acids (VFAs) and lipopolysaccharide in the colon due to increased carbohydrate fermentation in the post-rumen. Then it was followed by a decrease in colonic pH and further changes of microbiota in the colon and injuries to the colonic epithelium (Metzler-Zebeli et al., 2013; Wang et al., 2017).

The ruminant colonic epithelium exists as a physical and immunological barrier to protect animal health (Kostic et al., 2013; Steele et al., 2016). Meanwhile, the microbial communities associated with colonic content play an important role in nutrient digestion of ruminants. It was reported that the nitrogen digestion and VFAs production by microbiota in the large intestine of ruminant can account for up to 7 and 17% of the total intestine (Hoover, 1978; Vanhatalo and Ketoja, 1995). Furthermore, there are remarkable differences between the microbiota of colonic contents and mucosa in pre-weaned calves, suggesting that they may serve different functions (Malmuthuge et al., 2014), and the gastrointestinal mucosa-associated microbiota is believed to be vital for regulating barrier function and the immune system (Hooper et al., 2012). Colonic fermentation and immunity are crucial for the growth and health of ruminants, so it is essential to prevent or mitigate the adverse effects of high-grain diets on the colonic content or mucosal microbiota through nutritional strategies.

Maize, the main grain component of feed (Humer and Zebeli, 2017), can be processed by physical, chemical, and biological methods. Callison et al. (2001) demonstrated with primiparous Holstein cows that the digestibility of nonstructural carbohydrates in the rumen increased when the size of the corn crush was decreased. Chester-Jones et al. (1991) found that feeding whole corn to weaned calves tended to increase the average daily gain (ADG) and feed conversion ratio (FCR). Lopez et al. (2014) demonstrated that whole maize high-grain diets had beneficial effects on the metabolic energy of goats. These studies have shown that feeding larger particle sizes of grains facilitates the promotion of nutrient digestion and ruminant performance, which might be related to the beneficial fermentation of the microbial community under these conditions in the digestive tract. Unfortunately, limited studies have focused on the effects of maize forms on the colonic microbial community and mucosal morphology structure in fattening lambs.

Studies have shown that the entire digestive tract is not fully developed in weaned lambs (Kelly and Coutts, 2000). Early nutritional intervention can substantially impact their intestinal mucosal morphology and microbial composition (Abecia et al., 2013; Yanez-Ruiz et al., 2015), which will further influence their lifelong health and performance (Jiao et al., 2016). Therefore, we hypothesized that replacing crushed maize with whole maize could alleviate the deleterious effects of high-grain diets on developing ruminant colon in this study. To test the hypothesis, the colonic epithelial morphology and microbial community were examined in weaned lambs reared in a maize meal low-grain diet, maize meal high-grain diet, and whole maize high-grain diet.



Materials and methods


Experimental animals and feeding management

The animal experiment was approved by the Animal Protection and Use Committee of Nanjing Agricultural University [Authorisation SYXK(Su)2019-0074] and was performed following the Regulations for the Administration of Affairs Concerning Experimental Animals (the State Science and Technology Commission of P. R. China, 1988). The study was conducted at the experimental station located at Nanjing Agricultural University, Jiangsu Province, China, with twenty-two healthy 2.5-month-old male lambs being used and randomly allocated to three groups: one group was fed a maize meal low-grain diet (19.2% grain; CON, n = 7), another group was fed a maize meal high-grain diet (50.4% grain; CM, n = 8), and the other group was fed a whole maize high-grain diet (50.4% grain; CG, n = 7). The formulas of lambs were designed according to the feeding standard of NY/T 816-2004 fattening lambs (MOA, 2004), and the crude protein, starch, neutral detergent fiber, acid detergent fiber, and crude ash were measured using standard methods of AOAC (2007). Components and nutrient compositions of the diets can be found in Supplementary Table 1. The maize meal was directly crushed by hammer mill without sieve, with an average grain size of 2.57 mm; whole maize was fed directly without processing. The total experimentation period lasted 49 days after a 7-day acclimatization phase. At 8:00 and 17:00 each day for the course of the trial, all lambs were provided water and food. Food intake was recorded daily, and weight changes were monitored weekly.



Sample collection

On day 50, all lambs were slaughtered 4 h after the morning feeding. Colon samples were separated with a blunt instrument immediately after evisceration. The pH of the representative colonic fluid was measured using a portable pH meter (HI 9024C; HANNA Instruments, Woonsocket, RI, USA). Ten g samples of the content were mixed with a double amount of distilled water and immediately centrifuged at 2,000 x g for 10 min and stored at −20°C for analysis of VFAs (GC-14B, Shimadzu, Japan). The colon content was collected and stored in liquid nitrogen for subsequent microbial DNA extraction. Meanwhile, a section of colonic tissue was collected and washed three times in ice-cold phosphate-buffered saline solution immediately (within 5 min) after slaughter. Then, the washed colon tissue was divided into two parts. The first part of the sample was cut into approximately 2 × 2 cm and the mucosal tissue scraped with sterile sections before being stored in liquid nitrogen until microbial DNA extraction. And samples from the second part were immediately fixed in 4% paraformaldehyde (Sigma, St. Louis, MO, USA) for histomorphometric microscopic analysis.



Determination of fermentation parameters

The concentration of VFAs in colonic content was measured by capillary column gas chromatography (GC-14B; Shimadzu company; Japan) (Qin, 1983). One gram of sample was taken to the centrifuge tube, and 5–10 times of double-distilled water was added and mixed thoroughly. Then 0.2 ml of 25% (w/v) metaphosphoric acid was added to 1 mL of supernatant and stored overnight at −20°C. After thawing, we centrifuged the sample at 12,000 rpm for 10 min and retained the supernatant, which was then centrifuged at 12,000 rpm for another 10 min before measurement. The relative correction factors of organic acids could be calculated from the respective peak area of standard samples and internal standard crotonic acid. The concentrations andproportions of VFAs in each sample could be calculated according to the weight (or concentration) of VFAs in proportion to their peak area.



Histological measurements

The colonic tissues were embedded with paraffin and then sliced (6 μm) and stained with hematoxylin and eosin. The microscopist was blinded to the treatment conditions during histomorphometric analysis. Three slides were prepared for each lamb, and two images were taken for each slide. The tissues were fixed with 2.5% glutaraldehyde for at least 24 h, post-fixed in 1% osmium, and embedded in Epon Araldite. Semi-thin sections (0.25–0.5 μm) and ultrathin sections (70–90 nm) were cut using a glass cutter. Then the semithin sections were stained with 1% toluidine blue and 1% sodium borate before the ultrathin sections were stained with uranyl acetate and lead citrate. We used a transmission electron microscope (H-7650; Hitachi Technologies, Tokyo, Japan) to determine the ultrastructures of the colonic epithelial cells.



Microbial DNA extraction

The colonic content and mucosa tissue samples were processed separately, and the microbial DNA was extracted using the DNA Extraction Kit (Mobio laboratory, Carlsbad, CA, USA). The concentration and purity of the extracted DNA samples were measured by the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, USA), ensuring that the OD260/280 value was between 1.80 and 2.00. Then the DNA samples were stored at −80°C for subsequent sequencing analysis.



Sequencing data processing of bacterial 16S rRNA gene

Bacterial 16S rRNA gene sequences were amplified by forwarding primer (5’-CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG-3’) and reverse primer (5’-CCT ATC CCC TGT GTG CCT TGG CAG TCTCAG-3’). Sample identification in the forwarding primer was a unique 12-base barcode. The PCR reaction was performed in a 50 μL C1000 thermal cycler (Bio-Rad, USA) with 10 μL 5x Fast Pfu buffer, 50 ng of DNA, 0.4 μM of each primer, 0.5U FastPfu polymerase, and 2.5 mM dNTPs. The PCR amplification process was as follows: preliminary denaturation at 95°C for 2 min; cycles (30 times for bacteria/archaea/protozoa; 35 times for fungi) of denaturation (95°C, 20 s); annealing (60°C for bacteria/58°C for archaea/54°C for protozoa/50°C for fungi, 20 s) and elongation (65°C, 1 min); and a final extension at 65°C for 7 min (Mao et al., 2012; Kittelmann et al., 2013). The bacterial amplicon sequence was then sequenced by the Illumina MiSeq platform (Illumina, San Diego, CA, USA). The sequenced data processing was operated using the Divisive Amplicon Denoising Algorithm 2 (DADA2) R package (Callahan et al., 2016). The representative amplicon sequence variant (ASV) sequences were identified by the SILVA (v183) and classified into specific bacterial taxonomy. Single sample diversity analysis was accomplished by Alpha diversity index using QIIME: ACE, Chao1, Shannon, and Simpson.



Functional gene prediction

Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt), a bioinformatics tool to predict the metagenome gene’s functional content using 16S rRNA genes, was applied to obtain an overview of the metagenomic contribution of the colonic content and mucosal bacterial community. Predictions were made for genes in databases, including the metagenome inference of Kyoto Encyclopedia of Genes and Genomes (KEGG).



Statistical analyses

The independent-sample t-test was employed to calculate the differences in fermentation parameters between groups. The two-way repeated analysis of variance (ANOVA) evaluation was used to calculate the difference in diversity index between groups. Analysis of similarities (ANOSIM) of bacterial community based in unweighted unifrac distance among the three groups was performed by a principal coordinate analysis (PCoA) using the SIMCA-P (version 14.0) software package (Umetrics, Umea, Sweden). The taxonomy data from the experiment were initially organized in Excel and then statistically calculated by the SPSS software package v.25 (SPSS Inc., Chicago, IL, USA). The normality of the distribution of variables was tested using the Shapiro Wilk. When the variable distributions were assumed normal, the independent samples t-test procedure was used; otherwise, the Kruskal-Wallis procedure was used. P < 0.05 indicates a significant difference, P < 0.01 indicates a significantly difference.




Results


Colonic pH, concentrations of volatile fatty acids, and epithelium morphological structure in weaned lambs

As shown in Table 1, compared with CON, colonic pH in CM showed a decreasing trend (P = 0.069), and a significant increase in the concentration of total VFA (P = 0.035). Between the CM and the CG groups, there was no significant difference in colonic pH and the proportion of VFAs.


TABLE 1    The effect of CON, CM, and CG on colonic fermentation parameters of weaned lambs1.

[image: Table 1]

Compared with CON group, the intestinal villus and colonic epithelial mitochondria were damaged and vacuoles appeared in the colonic epithelial cell in CM group (Figure 1). Although the same high-gain level diet was used, the morphology of the colonic epithelium was significantly improved in CG compared to CM, suggesting that the whole maize form could protect the colonic environment in a high-gain diet feeding.


[image: image]

FIGURE 1
The histology of colon tissue among low-grain fed (CON), maize meal high-grain fed (CM), and whole maize high-grain fed (CG) lambs. Comparison of colonic epithelial ultrastructure of junctional complexes among the CON [(A) scale bar = 800 nm], CM [(C) scale bar = 600 nm], and CG [(E) scale bar = 800 nm]. The colonic epithelial ultrastructure in representative CON [(B) scale bar = 1 μm], CM [(D) scale bar = 1 μm], and CG [(F) scale bar = 1 μm]. TJ, tight junction; IV, intestinal villus; CN, cell nucleus; M, mitochondria; V, vacuole.




Colonic content microbiota in weaned lambs


Diversity of the colonic content microbiota

The bacterial rarefaction profile of colon content flattened, indicating that the sequencing depth and data volume were sufficient to cover most microbes (Figure 2A). The microbial composition was significantly distinct in CON and CM (ANOSIM, R = 0.4096, P = 0.001) but not in CM and CG (ANOSIM, R = 0.0146, P = 0.342) (Figures 2B,C).


[image: image]

FIGURE 2
Effects of low-grain fed (CON), maize meal high-grain fed (CM), and whole maize high-grain fed (CG) on the diversity of colonic content bacterial structures. (A) Bacterial dilution curve of colonic content bacterial community. Horizontal coordinate: the amount of randomly selected sequencing data; vertical coordinate: the number of observed amplicon sequence variants (ASVs). (B) Unweighted UniFrac principal coordinate analysis (PCoA) of bacterial communities in the colonic content between the CON and CM. (C) Unweighted UniFrac principal coordinate analysis (PCoA) of bacterial communities between the CM and CG. Effects of the CON, CM, and CG on the diversity of colonic content bacterial community: Chao1 (D), Shannon (E), Simpson (F).


As shown in Figures 2D,E, there was a decreasing trend of Chao 1 (P = 0.092) and Shannon’s estimate (P = 0.099) for colonic content in CM compared to CON. The diversity index of the content microbiota did not significantly differ between the CM and the CG (P > 0.05), despite the CG having a higher number of Chao 1, Shannon indexes, and lower Simpson index (Figures 2D–F). These findings indicated that the colonic content microbial diversity within a high-gain diet could not be considerably improved by whole maize form.



Composition of the colonic content microbiota

There were nine common phyla detected in the colonic content samples among the three groups: Firmicutes, Proteobacteria, Bacteroidetes, Spirochaetae, Fibrobacteres, Unclassified Bacteria, Actinobacteria, Verrucomicrobia, and Euryarchaeota (Figure 3A). The relative abundance of Candidatus, Saccharibacteria, and Unclassified Bacteria in the CM were substantially lower than those in the CON (P < 0.05).
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FIGURE 3
Effects of low-grain fed (CON), maize meal high-grain fed (CM), and whole maize high-grain fed (CG) on the relative abundance of phylum level in colonic content and mucosa. (A) The distribution of phylum for each sample in colonic content. (B) Distribution of the phylum in colonic mucosa among the CON, CM, and CG groups.


The relative abundance of 183 genera was more than 0.1 %. In Figures 4A,B, some of the genera with notable differences are depicted. Compared with the CON, the relative abundance of Vibrio, Kineothrix, Alistipes, Lacrimispora, Paramuribaculum, Flavonifractor, and Anaerobutyricum in colonic content of the CM were highly significantly decreased (P < 0.01); the relative abundance of Comamonas, Olsenella, Sporobacter, Fluviicola, Parasutterella, and Butyricicoccus were significantly increased (P < 0.05). Compared with the CM, the CG decreased the relative abundance of Paraprevotella (P < 0.01) and Olsenella (P < 0.05) while increased the relative abundance of Unclassified Oscillospiraceae, Bacteroides, Pseudoflavonifractor, Angelakisella, and Unclassified Enterobacteriaceae significantly (P < 0.05). These findings suggested that the whole maize form throughout a long-term high-gain diet restored the alterations in the content microbial community.
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FIGURE 4
Effects of low-grain fed (CON), maize meal high-grain fed (CM), and whole maize high-grain fed (CG) on the genus level bacteria in colonic content and mucosa. (A) The comparison of genus level bacterial relative abundance in colonic content between the CON and CM group. (B) The differences of bacterial relative abundance in colonic content between the CM and CG group. (C) Effects of low-grain fed (CON), and maize meal high-grain fed (CM) on colonic mucosal bacterial relative abundance. (D) The colonic mucosal bacteria respond to the maize meal high-grain fed (CM) and whole maize high-grain fed (CG). *P < 0.05 indicated that mean values were significantly difference. **P < 0.01 indicated that mean values were greatly significantly difference.




Functional prediction of colonic content microbiota

The functional prediction of colonic content microbiota was shown in Figures 5A,B. Compared with the CON, the relative abundance of genes encoding metabolism of cofactors and vitamins (P = 0.004), folding, sorting and degradation (P = 0.001), translation, replication, and repair (P = 0.037) in colonic microbiota of the CM were significantly decreased. In contrast, the relative abundance of genes encoding metabolism of other amino acids (P = 0.037), xenobiotics biodegradation and metabolism (P = 0.015) were significantly increased. Additionally, the colonic microbiota of the CG showed substantially lower relative abundance of genes encoding infectious disease_ parasitic (P = 0.049), cancer_ specific kinds (P = 0.049), and neurodegenerative disease (P = 0.037) compared to the CM, demonstrating how the whole maize form improved colonic microbiota’s capability to combat infection under high-gain diet feeding.
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FIGURE 5
Effects of low-grain fed (CON), maize meal high-grain fed (CM) and whole maize high-grain fed (CG) on the function of colonic content and mucosal bacteria. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of colonic content bacteria in the CON and CM group. (B) KECG pathways of colonic content bacteria in the CM and CG group. (C) Microbial KEGG pathway of colonic mucosal bacteria in the CON and CM group. (D) Microbial KEGG pathway of colonic mucosal bacteria in the CM and CG group. *P < 0.05 indicated that mean values were significantly difference. **P < 0.01 indicated that mean values were greatly significantly difference.





Colonic mucosal microbiome of weaned lambs


Diversity of colonic mucosal microbiota

The rarefaction curves of colonic mucosal microbiota tended to be flat, indicating reasonable sampling and sufficient sequencing depth to reflect the bacterial community in the samples (Figure 6A). Figures 6B,C show the bacterial community profiles in the colonic mucosa of the CON, the CM, and the CM and the CG. The results of the Bray-Curtis metric revealed clear dissimilarities between CON and CM (ANOSIM, R = 0.4519, P = 0.001), while there was no significant segregation between CM and CG (ANOSIM, R = 0.0029, P = 0.432).
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FIGURE 6
Effects of low-grain fed (CON), maize meal high-grain fed (CM), and whole maize high-grain fed (CG) on the diversity of colonic mucosal bacterial structures. (A) Bacterial dilution curve of colonic mucosal bacterial community. Horizontal coordinate: the amount of randomly selected sequencing data; vertical coordinate: the number of observed amplicon sequence variants (ASVs). (B) Unweighted UniFrac principal coordinate analysis (PCoA) of bacterial communities in the colonic mucosa between the CON and CM. (C) Unweighted UniFrac principal coordinate analysis (PCoA) of bacterial communities between the CM and CG. Effects of the CON, CM, and CG on the diversity of colonic mucosal bacterial community: Chao1 (D), Shannon (E), Simpson (F). *P < 0.05 indicated that mean values were significantly difference.


As shown in Figures 6D–F, no significant difference was observed in the colonic mucosal bacterial community diversity index between CON and CM (P > 0.05). And compared with the CON and the CM, the Shannon index of colonic mucosa in the CG was significantly increased (P < 0.05), indicating a higher microbial diversity in the whole maize from diet feeding.



Composition of the colonic mucosal microbiota

The common phyla detected in the colonic mucosa samples of the three groups were: Proteobacteria, Firmicutes, Bacteroidetes, Spirochaetes, Verrucomicrobia, Unclassified Bactiera, Fibrobacteres, Actinobacteria, and Elusimicrobia (Figure 3B). Compared with the CM, the relative abundance of Proteobacteria in the CG was significantly decreased (P < 0.05), and the relative abundance of Firmicutes, Fibrobacteres, and Unclassified Bactiera were significantly increased (P < 0.05).

At least one set of relative abundance greater than 0.1 % was found in 159 genera. It can be seen from Figure 4C that compared with the CON, the relative abundance of Paramuribaculum in the colonic mucosa of the CM was highly significantly decreased (P < 0.01); the relative abundance of Alistipes and Campylobacter decreased significantly (P < 0.05); and the relative abundance of Comamonas, Duncaniella, Succiniclasticum, Eisenbergiella, Blautia, and Lachnoclostridium were dramatically increased (P < 0.05). And as shown in Figure 4D, compared with the CM, the relative abundance of Colidextribacter in the colonic mucosa of the CG was highly considerably increased (P < 0.01); the relative abundance of Duncaniella, Unclassified Gammaproteobacteria, Unclassified Oscillospiraceae, Unclassified Bacyeria, Fibrobacter, Lawsonibacter, Faecalimonas, Stenotrophomonas, and Christensenella were pronouncedly increased (P < 0.05). These findings demonstrated that the maize particle size significantly influenced the mucosal microbial population under a prolonged high-gain diet.



Functional prediction of colonic mucosal microbiota

Figures 5C,D show the functional prediction of colonic mucosal microbiota. Compared with the CON, the relative abundance of genes encoding nucleotide metabolism (P = 0.021), glycan biosynthesis and metabolism (P = 0.015), translation (P = 0.028), replication and repair (P = 0.021), cell motility (P = 0.049) in the CM were significantly increased, while the relative abundance of genes encoding xenobiotics biodegradation and metabolism (P = 0.049), signal transduction (P = 0.021) were significantly decreased. And compared with the CM, the CG significantly increased the relative abundance of genes encoding transcription (P = 0.028) and cardiovascular disease (P = 0.037). In contrast, the relative abundance of genes encoding cellular community_eukaryotes (P = 0.021), cellular community_ prokaryotes (P = 0.049), and endocrine system (P = 0.037) were significantly decreased.





Discussion


Colonic pH, concentrations of volatile fatty acids, and epithelium morphological structure

In this experiment, the CM tended to have lower colonic pH and greater concentrations of VFAs than the CON, which is similar to the findings of earlier studies on the goat colon (Ye et al., 2016). When a high-grain diet was fed for a long time, excessive carbohydrates could escape from the rumen fermentation and enter the ruminant’s intestine (Metzler-Zebeli et al., 2013). Microbes could largely use these fermented carbohydrates in the colon to produce short-chain fatty acids that will likely lower the colonic pH and cause hindgut acidosis as well as inflammation (Tao et al., 2015). The CM and CG did not differ substantially in terms of colonic pH, total VFAs, or any specific short-chain fatty acids.

The surface layer epithelium, intercellular tight junction, and cell mitochondria of the CM, however, were significantly damaged compared to the CON during microscopic observation of the lamb colonic epithelium, which is in line with the previous investigation in the goat colon (Ye et al., 2016). And the colonic epithelium of the CG was relatively intact. It was speculated that the feeding form of whole maize mitigated the extent of colonic epithelial damage from a high-grain diet and was beneficial for further nutrient absorption and immune function for the lambs.



Adaptability of the colonic content microbiota in weaned lambs

The gastrointestinal microbiota is vital for ruminants and plays an indispensable role in the digestion and absorption of feed and gastrointestinal development (Yanez-Ruiz et al., 2015). In the present study, we investigated the adaptive response of colonic content microbiota with different particle sizes maize feeding through high-throughput sequencing. The dominant phyla of the three groups were Firmicutes, Bacteroidetes, and Proteobacteria, consistent with the bacterial community previously found in the colonic tissue of male goats (Ye et al., 2016). Several previous studies have shown that phyla Firmicutes and Bacteroidetes function in fermentation, metabolism, and degradation of carbon sources, oligosaccharides (Wetzels et al., 2015), protein and amino acids (Tang et al., 2005).

In comparison to CON, Parasutterella, Comamonas, and Butyricicoccus had considerably greater relative abundance in CM. Although genera Parasutterella has been reported in the gastrointestinal tract of cattle, its precise function is yet unclear (Kim and Wells, 2016; Zhang et al., 2017). Previous studies have shown that Comamonas and Butyricicoccus are important butyrates and hydroxybutyric acid producers (Ys and Yd, 1994; Pryde et al., 2002). And genera Comamonas has also been found in the rumen of severe feed restriction and tissue-associated community of heifers (Petri et al., 2013; Fan et al., 2018). High-grain diets allow more soluble carbohydrates to enter the colon as fermentation substrates; therefore, the relative abundance of these butyrate-producing microbiota is elevated.

The relative abundance of the genera Bacteroides and Angelakisella were substantially greater in the CG compared to the CM. It has been shown that genera Bacteroides involve the degradation of starch and fiber (Dias et al., 2018) and can ferment various monosaccharides (Holdeman et al., 1976). Genera Angelakisella has been isolated from the human ileum (Mailhe et al., 2017) and is thought to be able to regulate the short-chain fatty acids production (Qiu et al., 2020). The enhancement of these fermentation-associated microbiotas has the opportunity to facilitate energy production and nutrient utilization in the colon.

It was noteworthy that the relative abundance of Olsenella was significantly higher in CM than in the CON and CG groups. Petri et al. (2013) reported that Olsenella dominates in beef cattle during subacute ruminal acidosis by pyrosequencing techniques. We hypothesize that the feeding strategy of whole maize might lessen the likelihood of acidosis brought on by high-grain diets since the relative quantity of Olsenella is lower in CG. However, our measured colonic fermentation profiles did not reveal any discernible differences in VFAs, pH, etc., between the CM and the CG, so follow-up studies are needed to explore the effect of maize particle size on colonic fermentation.



Adaptability of the colonic mucosal microbiota in weaned lambs

The colonic epithelium, covered with mucosa-associated bacteria, serves as the host’s physical and immunological barrier (Kostic et al., 2013). Changes in the relative abundance of these microbiotas may affect the colonic immune functions and even the host’s health status (Donaldson et al., 2016). In this experiment, we explored the adaptive response of lamb colonic mucosal microbiota to various feeding regimens. Proteobacteria, Firmicutes, and Bacteroidetes were the most prevalent phyla in all three groups. Phyla Firmicutes and Bacteroidetes were also previously shown to be the dominant phyla in the colonic mucosal flora of goats (Ye et al., 2016) and calves (Malmuthuge et al., 2014). Bacteria belonging to phyla Bacteroidetes and Firmicutes can promote the fermentation of plant-based fibrous polysaccharides and regulate the absorption of proteins and other nutrients, which is vital for the host health (Liu et al., 2017).

In line with variations in the colonic content, the relative abundance of the acetate producer Alistipes at the genus level was much lower in the CM than it was in the CON (Oliphant and Allen-Vercoe, 2019). As an anaerobic bacterium, Alistipes was found mainly in the intestines of healthy animals (Shkoporov et al., 2015). It can regulate intestinal inflammation and relieve disease through short-chain fatty acids (Harrisham et al., 2017). However, some studies showed that Alistipes might be associated with colorectal cancer (Moschen et al., 2016), cardiovascular disease (Zuo et al., 2019) and hepatic encephalopathy (Chang et al., 2019). So different species of Alistipes may play various roles in host’s health (Parker et al., 2020). Thus, further studies are needed to clarify the mechanism. Meanwhile, the relative abundance of genera Campylobacter was significantly reduced in the CM than that in the CON. As a common gastrointestinal pathogen, microbes belonging to the genera Campylobacter are frequently found in the gastrointestinal tract of ruminants, including cattle and sheep, the relative abundance of which can be as high as 20% in lamb rumen (Diker et al., 1990; Guyard-Nicodeme et al., 2016). Numerous studies have revealed that certain bacteria in this genus are susceptible to low pH levels and that some members of this genus have been linked to localized colonic inflammation in people or animals (Blaser et al., 1980; Grayson et al., 1989; Russell et al., 1993; Chen et al., 2007). In this experiment, there was a decreased trend of pH in the colon of the CM compared to the CON, consistent with the conclusion mentioned above. We also found that the relative abundance of butyrate-producing genera Succiniclasticum and Comamonas were significantly elevated in the CM compared to the CON (Ys and Yd, 1994; Koike and Kobayashi, 2009). Butyrate has been shown in numerous studies to demonstrate beneficial effects on the repair of the rumen epithelium (Poller et al., 2004; Zhang et al., 2018), the development of the cecum epithelium (Kien et al., 2007; Malhi et al., 2013), and the prevention of the occurrence of colonic inflammation (Inan et al., 2000). The gut mucosa-associated microbiota can change their densities to adapt to the altered host’s internal environment (Blaser and Kirschner, 2007). Combined with the results of colon damage observed under transmission electron microscopy, we speculate that the increased relative abundance of genera Succiniclasticum and Comamonas in the CM may be reactive response of lambs to avoid more severe damage to the colonic epithelium.

Furthermore, the relative abundance of genera Duncaniella was significantly increased in the CM relative to the CON, while it further rose considerably in the CG. Although research has shown that the Duncaniella genus predominates in the mouse gut, its precise role is yet unknown (Miyake et al., 2020). The relative abundance of genera Christensenella, Lawsonibacter, and Coldextribacter in the CG were significantly higher than that in the CM. Genera Christensenella is a common resident in the rumen and plays an essential role in maintaining the structure and function of the gastrointestinal tract (Jenkins et al., 2015). Genera Lawsonibacter can produce butyrate (Sakamoto et al., 2018), which is linked to the prevention of colitis and colorectal cancer (Mcintyre et al., 1993; Archer et al., 1998). Genera Colidextribacter has been reported to reduce tissue damage and inflammation through modulating signaling pathways (Mager et al., 2020; Guo et al., 2021). All three genera are associated with body health, and the higher relative abundance shows that the whole maize feeding pattern may have favorable effects on the development and function of the intestinal mucosa. Our microscopic observations of the colonic epithelium also indicated that the colonic epithelium in the CM was severely damaged, whereas the CG was relatively intact and similar to the CON. It was proved again that whole maize could alleviate the damage of colon epithelium caused by high-grain diets and promote the development of lamb colon.



Functional prediction of colonic content and mucosal microbiome

Intestinal bacterial community plays an important role in the immune system and maintaining the body’s health (Hooper et al., 2012). According to earlier research, diet is a key factor in the interaction between the host genome and the microbiota (Holmes et al., 2012). PICRUSt was also used to investigate the metagenomic and potential functions of the colonic content and mucosal microbiota in lambs in this experiment. We found considerably higher relative abundance of genes encoding degradation and metabolism in the colonic content microbiota of the CM compared to the CON, which is likely a result of larger quantity of degradable carbohydrates entering the colon from the high-grain diet. Meanwhile, we discovered a significant decrease in genes encoding various diseases in the colonic microbiota of the CG than that in CM. This alteration in the relative abundance of digestion-related genes hypothesized that feeding the whole maize high-grain diet would reduce the incidence of intracolonic diseases resulting from the high-grain diet.



Adaptation of differences between colonic content and mucosa microbiome to different grain sizes

In this experiment, 183 genera of content microbiota were detected, including 7 genera with significant difference in the CM and the CG; and 159 genera of mucosal microbiota were detected, including 18 genera with significant difference between the CM and the CG. The results revealed that the impact of various maize forms on microbiota in lamb colonic mucosa was more substantial than that in colonic content, which may be related to the two colonic areas’ various activities. The microbiota in the colonic content plays a vital role in the digestion and metabolism of nutrients. In contrast, the colonic mucosal microbiota, as an important component of the colonic epithelial barrier, is mainly related to the maintenance of the colonic epithelial barrier (Nagy-Szakal et al., 2012; Kostic et al., 2013). Pryde et al. (1999) found that microbiota colonizing in the pig’s colonic wall differed strongly from that in the colonic and cecal lumen. Microbiota in the intestinal wall of animals plays a potential function in the interaction with the host (Bengmark, 1996); hence it is hypothesized that the changes made by microbiota in the intestinal wall in response to external stimuli are more pronounced than in the intestinal lumen. Second, the more sensitive response of colonic mucosal microbiota to the maize form may be related to the colonic structure. The surface of colonic mucosa is smooth and is dwelled by numerous microbiota. The microbiota in the goats’ hind gut mucosa has previously been demonstrated to be extremely responsive to diet (Liu et al., 2014; Ye et al., 2016). Therefore, the fermentation environment in the colon follows when the maize form changes, which will further lead to the relative abundance changes of the bacterial community in the colonic mucosa to achieve homeostatic reconstruction. Third, having more carbohydrates in the colon leads to an increase in the osmotic pressure of the colon wall, which might impair the structure of the colonic mucosa by increasing the permeability of the colonic epithelium (Gressley et al., 2011), and further leads to the altered mucosal microbial community to a deeper extent than the content microbiota. The increased permeability of the intestinal tract was speculated to cause the absorption of toxins such as histamine in the content (Gressley et al., 2011). We experimentally observed that a prolonged high-grain diet significantly led to damage to the colonic epithelium, and the damage was mitigated in the colonic mucosa of lambs fed a whole-grain diet.




Conclusion

We found that feeding weaned lambs a whole-maize, high-grain diet may reorganize the colon’s bacterial population and restore some of harm brought on by a high-grain diet (Figure 7). Furthermore, microbiota associated with the colonic mucosal region responded greater than those in the colonic content to different maize forms. This study provides theoretical guidance for the application of whole maize high-grain diet in practical production.


[image: image]

FIGURE 7
The schematic diagram of experimental design and main results in this study.
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The effect of oat β-glucan on intestinal function and growth performance of weaned rabbits were explored by multi-omics integrative analyses in the present study. New Zealand White rabbits fed oat β-glucan [200 mg/kg body weight (BW)] for 4 weeks, and serum markers, colon histological alterations, colonic microbiome, colonic metabolome, and serum metabolome were measured. The results revealed that oat β-glucan increased BW, average daily gain (ADG), average daily food intake (ADFI), and decreased serum tumor necrosis factor-α (TNF-α) interleukin-1β (IL-1β), and lipopolysaccharide (LPS) contents, but did not affect colonic microstructure. Microbiota community analysis showed oat β-glucan modulated gut microbial composition and structure, increased the abundances of beneficial bacteria Lactobacillus, Prevotellaceae_UCG-001, Pediococcus, Bacillus, etc. Oat β-glucan also increased intestinal propionic acid, valeric acid, and butyric acid concentrations, decreased lysine and aromatic amino acid (AAA) derivative contents. Serum metabolite analysis revealed that oat β-glucan altered host carbohydrate, lipid, and amino acid metabolism. These results suggested that oat β-glucan could inhibit systemic inflammation and protect intestinal function by regulating gut microbiota and related metabolites, which further helps to improve growth performance in weaned rabbits.
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1 Introduction

Young animals, especially weaned animals are vulnerable to pathogens due to the immaturity of the digestive system and immune system, which always causing intestinal mucosal damage and gut microbial dysbiosis, and further leading to growth retardation or even death of animals (Ren et al., 2018). Prebiotics are considered as substrates that are selectively utilized by host microorganisms, in the process host gut microbiota also be restructured, increasing beneficial bacteria abundances but inhibiting the growth of pathogens (Sanders et al., 2019). In addition, consumption of some prebiotics, like dietary fiber, could produce short-chain fatty acids (SCFAs), which can act to improve barrier function in the gut and modulate immune cell activity (van der Hee and Wells, 2021; Johnson et al., 2022). Based on this, prebiotics can be used as non-antimicrobial alternative feed additives in young animal rearing to promote host health.

Beta-glucan is regarded as a dietary fiber that has prebiotic potential, and cereals, especially oat, are the main source of β-glucan (Bai et al., 2021a). The U.S. Food and Drug Administration, the Joint Health Claims Initiative, and the French Food Safety Agency have approved health claims for oat β-glucan as it presents a broad range of biological activities, such as lowering blood cholesterol, anti-diabetes, immunomodulatory, and anti-inflammatory activities (Jayachandran et al., 2018; Yu et al., 2022). Nowadays, accumulating researches have also suggested that it has potential health promoting properties on intestinal function. For example, supplementation with whole oat meal or β-glucan induced increase in intestinal Na+ K+-ATPase activity, Ca2+ Mg2+-ATPase activity, and energy charge in rats (Zhang et al., 2012). Several studies have also proposed its role in gut development and microbiota regulation; a previous study suggested that oat β-glucan treatment not only increased duodenum and ileum villus height/crypt depth ratios but also showed higher expression levels of genes associated with intestinal barrier function (zonula occludens 1 and claudin 1) in weaned pigs (Wu et al., 2018). Additionally, dietary oat-derived β-glucan was found to alter the colonic bacterial community of mice, which increasing the phyla Bacteroidetes and Proteobacteria, while decreasing the phyla Firmicutes in BALB/c mice (Luo et al., 2017).

The functionalities of oat β-glucan are inextricably related to gut microbiota and its catabolite. Bai et al. (2021b) found that oat β-glucan ameliorated dextran sulfate sodium (DSS)-induced colitis in mice simultaneously by regulating gut-derived SCFAs and microbial metabolic biomarkers. Another study pointed out that oat β-glucan treatment could modulate intestinal microbiota toward a healthier profile, promote the growth of Lactobacillus and the release of butyrate, which could ameliorate inflammation and consequently improve renal function in diabetic nephropathy rats (Wang et al., 2022). However, to our known, only a few studies reported the role of oat β-glucan fermentation in the intestinal function. Shen et al. (2012) found oat β-glucan exerts favorable effects on improving intestinal function and health by promoting intestinal SCFAs production and improving colonic Bifidobacterium and Lactobacillus, lowering colonic Enterobacteriaceae counts, but their study only focused on a few specific bacteria and metabolites due to the limitation of research technology. As intestinal function is highly associated with animal growth (Zou et al., 2022), there is still need a comprehensive study to systemically explore whether oat β-glucan exerts its beneficial effects on intestinal function via microbiota and its metabolites, as well as its effect on the overall metabolism of the body.

Rabbit is an animal model that is widely used in clinical trials. It does not secrete cellulolytic enzymes by itself, and mainly depends on bacteria in the hindgut for the utilization and digestion of dietary fiber (Liu et al., 2022). On the other hand, rabbit meat is thought to be a functional food as it rich in highly digestible protein, essential amino acids, unsaturated fatty acid, calcium and phosphorus, while contains less fat, cholesterol and sodium when compared to traditional red meat. These nutrients properties of rabbit meat also meet people’s demand of having a healthy lifestyle, thus promoting the consumption of rabbit meat in the worldwide (Nasr et al., 2017; Krunt et al., 2022). The current study therefore used a weaned rabbit model to evaluate the effect of oat β-glucan on growth and intestinal development and to determine whether this effect was related to gut microbiota and related metabolites using integrated omics analyses, including 16S rDNA sequencing analysis and metabolomics analysis. Our study will provide a better understanding of the role of oat β-glucan in intestinal function, meanwhile, it is no longer limited to local gut microbiota metabolism, but expanded to host metabolism. The study also helps to clarify the effect of oat β-glucan on the growth of weaned rabbits, promote the application of oat β-glucan as a non-antimicrobial alternative feed additive in rabbit or other young animals rearing.



2 Materials and methods


2.1 Animals, management, and experiment design

This study was conducted in strict accordance with the guidelines for the Care and Use of Laboratory Animals of China and all procedures were approved by the Animal Care and Use Committee of Sichuan Agricultural University (No. DYY-2018203039). Twenty-four 3 week old weaned female New Zealand white rabbits were obtained from Chengdu Dossy Experimental Animals Co., Ltd., (Chengdu, China) and individually housed in cages at a controlled temperature (22 ± 2°C), with a 12 h light/dark period in the Laboratory Animal Center of Sichuan Agriculture University (Yaan, China), rabbits have free access to water and standard diet. During 1 week of acclimatization, the rabbits were fed a basal diet. The rabbits were randomly divided into two groups after acclimation. Rabbits in the control group (n = 12, CT group) and oat β-glucan group (n = 12, BG group) were fed a normal basal diet, and rabbits in the BG group were also administered oat β-glucan (200 mg/kg BW, dissolved in 20 ml drinking water), according to the dosage of Zhang et al. (2012). Rabbits would be supplemented with fresh water after drinking up the water dissolved with oat β-glucan every day. The feeding period lasted for 4 weeks (Figure 1A). Oat β-glucan (88.69% purity on an air-dry basis; batch number SF-OGBO-210616) was purchased from Baixing Biological Technology Co., Ltd., Shandong, China.
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FIGURE 1
(A) Experimental setup for control (CT) and oat β-glucan (BG) groups. (B) Oat β-glucan improved growth performance. ADG, average daily gain; ADFI, average daily food intake; F/G, feed-to-gain ratio. Body weight (BW) data are presented as means ± SD. (C) Oat β-glucan decreases serum TNF-α, IL-1β, LPS, and DAO contents. TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; LPS, lipopolysaccharide; DAO, diamine oxidase. *p < 0.05, **p < 0.01, and ***p < 0.001.


At the end of the experiment at week four, fasting blood samples (6 h fasted) were collected from the rabbit hearts, followed by centrifuging at 1,500 × g for 10 min at 4°C, and the serum samples were isolated and frozen at −80°C for further analysis. Rabbits were anesthetized with an intravenous injection of 10% urethane (3 ml/kg BW) and euthanized by cervical dislocation. Colonic contents from the gut of each rabbit was collected into germ-free frozen tubes and stored at −80°C for intestinal microbiota analysis and metabolomics analysis. Six rabbits were randomly selected from each group, and distal colon tissues (approximately 3 cm) were collected, immediately flushed with cold saline, and fixed in 4% paraformaldehyde solution for histological analysis.



2.2 Food intake and growth

Body weight (BW) and food consumption were recorded weekly throughout the experiment, and the average daily gain (ADG), average daily food intake (ADFI), and the feed to gain ratio (F/G) were calculated for each week and the whole feeding period.



2.3 Measurement of serum biochemical indices

The concentrations of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and LPS in the serum of each rabbit were measured using commercially available test kits from Nanjing Jiangcheng Bioengineering Institute, Nanjing, China (#H052-1-1, #H002-1-1, and #H255-1-1, respectively). Serum diamine oxidase (DAO) was measured using a commercial kit from Beijing Solarbio Science and Technology Co., Ltd., Beijing, China (#BC1285).



2.4 Histological analysis

After fixation in 4% paraformaldehyde solution for 48 h, the collected colon tissues were embedded in paraffin, sectioned at 5 μm using a rotary microtome (Leica RM2235, Germany), and stained with hematoxylin and eosin and periodic acid–Schiff. All the sections were visualized using a microimaging system (Leica DM2000, Germany). Villous height, crypt depth, muscular layer width, and mucin area proportion were measured using Image-Pro Plus version 6.0 (Image-Pro Plus software, Media Cybernetics, USA), and the villous height to crypt depth ratio was calculated. Ten microscopic fields were randomly selected from each section of the testes.



2.5 Intestinal microbiota analysis

The colonic content microbial genome was obtained using a Magnetic Soil and Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China), and the hypervariable V3--V4 region of the bacterial 16S rRNA gene was sequenced using primers (338F:5′-ACTCCTACGGGAGGCAGCA-3′; 806R:5′-GGACTACHVGGGTWTCTAAT-3′) on the Illumina Novaseq 6000 system at Shanghai Biotree Biotech Co., Ltd., Shanghai, China. The 16S rDNA gene sequencing data were merged using FLASH software (version 1.2.7) and filtered using Trimmomatic software (version 0.33), after which Cutadapt software (version 1.9.1) was used to identify and remove the primer pairs to acquire clean reads. UCHIME software (version 4.2) was used to identify and remove chimeric sequences to obtain effective reads. Operational taxonomic units (OTUs) were clustered with an identity threshold of 97% using the Usearch software (version 10.0). A representative sequence for each OTU was selected, and a classify-sklearn naive Bayes taxonomy classifier was employed to annotate the taxonomic information for each representative sequence against the SILVA database (Release 132).1 Rarefaction curve analysis was performed using Mothur software.2 QIIME 2 was3 used to evaluate the alpha diversity index (Chao1 and Shannon) and analyze beta diversity (non-metric multidimensional scaling, NMDS) using unweighted UniFrac methods. Bioinformatics analysis was performed using the online platforms Wekemo Bioincloud4 and Omicstudio.5



2.6 Untargeted metabolomics analysis

Liquid chromatography-mass spectrometry based metabolomics was used to obtained serum and colon metabolic profiles. The extraction and measurement procedures were described in detail in the Supplementary material. The metabolites of the serum samples were identified according to Luo Z. Z. et al. (2019). Metabolites of colonic content samples were identified based on MS/MS spectra and matched against an in-house MS2 database (BiotreeDB, version 2.1). Principal component analysis (PCA) was conducted to evaluate the differences between samples within and between groups. Variable importance in the projection (VIP) values in the orthogonal partial least squares discrimination analysis (OPLS-DA) model and p values from the Student’s t-test were implemented to screen the discriminatory components. Metabolites with VIP > 1 and p < 0.05 were set as significantly differential metabolites, while those with VIP > 1, and 0.05 ≤ p < 0.1 were considered as metabolites with different trends. The differential metabolites were visualized, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed using MetaboAnalyst 5.0.6



2.7 Intestinal short chain fatty acids analysis

Six colonic content samples were randomly selected from each group, and concentrations of SCFAs in them were determined using a gas chromatography mass spectrometer (Agilent 7890A/5975C, USA) at Shanghai Applied Protein Technology Co., Ltd., Shanghai, China. Briefly, a total of 30 mg colonic content was thawed, suspended in 900 μL of 0.5% phosphoric acid, and vortexed for 2 min. Each sample was centrifuged at 14,000 × g for 10 min and the phases were separated. The supernatant (800 μL) was then transferred into a 2 ml centrifuge tube and mixed with 800 μL of ethyl acetate to extract SCFAs. After centrifugation at 14,000 × g for 10 min, 600 μL of the upper layer was taken, 25 μL of 4-methylvaleric acid (500 μM) was added as an internal standard, and 1 μL of the mixture was injected into a sample injection bottle for further analysis.

All samples were analyzed with a 10:1 split ratio and separated using a gas chromatograph (Agilent DB-WAX, USA; capillary column: 30 m × 0.25 mm ID × 0.25 μm) at an oven temperature of 90°C, increased to 120°C at a rate of 10°C/min, then increased to 180°C at 5°C/min, finally at a rate of 25°C/min to 250°C, and held for 2 min; the flow rate of hydrogen was 1 ml/min. SCFA concentration was determined using the external standard method with corresponding standards and expressed in mg/g of colonic content. The total SCFA concentration was calculated as the sum of acetic, propionic, butyric, valeric, isovaleric, and isobutyric acids.



2.8 Statistical analysis

Differences between groups were evaluated by two-tailed unpaired Student’s t-tests using the SPSS software (version 17.0, Chicago, USA). Two-way ANOVA analysis and graph drawing were conducted using GraphPad Prism software (version 8.0.2, La Jolla, CA, USA) unless otherwise specified. The significance threshold was set at p < 0.05; trends were declared at 0.05 ≤ p < 0.10. Correlation analyses among the screened differential metabolites, SCFAs, biochemical indices, and the relative intestinal microbiota abundance were performed by Spearman’s correlation analysis using the R software. Data are presented as mean ± standard error unless otherwise indicated.




3 Results


3.1 Oat β-glucan improved growth performance in weaned rabbits

The BW, ADG ADFI, and F/G are shown in Figure 1B. Rabbits supplemented with oat β-glucan showed an increase in BW, which was significantly increased after feeding for 2 weeks (p < 0.05) and 3 weeks (p < 0.05), and significantly increased at 4 weeks (p < 0.01). Additionally, oat β-glucan accelerated ADG and ADFI (p < 0.05), but did not affect F/G (p > 0.05). In detail, rabbits in the BG group had a higher ADG (p < 0.05) after feeding for 1 week and had much more AFDI (p < 0.05) at 3 weeks. Oat β-glucan also significantly reduced the F/G ratio (p < 0.05) after feeding for 1 week. Moreover, feeding time significantly affected growth performance traits (except for F/G) (p < 0.05), whereas the interaction effect between β-glucan and feeding time was not significant on BW, ADG, ADFI, and F/G (p > 0.05, Supplementary Table 1).



3.2 Oat β-glucan altered serum biochemical indices and intestinal microstructure

Compared to the control group, oat β-glucan markedly reduced serum TNF-α, IL-1β, and LPS concentrations (p < 0.001), while the serum DAO concentration did not differ between treatments (p = 0.52), but showed a slight decrease in the BG group (Figure 1C). Oat β-glucan considerable increased the intestinal muscular layer width, villus height, villous height, crypt depth ratio, and mucin area proportion, and decreased crypt depth (p > 0.05, Supplementary Table 2 and Supplementary Figure 1).



3.3 Oat β-glucan modulated intestinal microbiota

After removing the chimeric sequences, 1,877,535 effective reads were generated from 24 colonic content samples, with an average of 78,230 effective reads per sample. Venn plot analysis showed that there were 810 OTUs shared between the two groups, while only six and five OTUs were uniquely present in the BG and CT groups, respectively (Supplementary Figure 2A). The rarefaction curve reached a plateau at a sequencing depth of 20,000, indicating that the sequencing depth was sufficient to represent most bacterial OTUs (Supplementary Figure 2B). The Chao1 and Shannon index values, used to evaluate community richness and diversity in each microbiome sample, were not significantly different between the two groups (p > 0.05, Figure 2A), whereas the NMDS by unweighted UniFrac distance analysis demonstrated that the BG group was distant from the CT groups (Figure 2B), indicating that oat β-glucan did not significantly change the bacterial diversity but altered the overall microbiota structure.
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FIGURE 2
Oat β-glucan altered gut microbiota abundance of weaned rabbits. (A) Alpha-diversity of bacterial communities in colon. (B) Non-metric multidimensional scaling (NMDS) analysis plots of bacteria communities in oat β-glucan (BG) and control (CT) groups. (C) The abundance of gut microbiota at the phylum level. (D) Differential gut bacteria at the genus level. *p < 0.05, **p < 0.01, and ***p < 0.001. The upward red arrow indicates the relative abundance of this phylum was increased after feeding oat β-glucan.


We further analyzed the composition and structure of gut microbial populations at the phylum and genus levels. According to the phylum assignment results, Firmicutes, Bacteroidetes, Verrucomicrobia, Tenericutes, and Proteobacteria were the most dominant bacteria, accounting for over 95% of the taxonomic groups identified. Compared to the CT group, the relative Proteobacteria and Thermotogae abundances were significantly increased (Figure 2C, p < 0.01). Inter-group comparisons of taxonomic profiles at the genus level showed that the BG group exhibited a higher relative abundance of Ruminiclostridium_5, Pediococcus, uncultured_bacterium_f_Enterobacteriaceae, Bacillus, Acinetobacter, Ruminococcaceae_UCG-007, uncultured_bacterium_o_Chloroplast, uncultured_bacterium _f_Mitochondria, Lactobacillus, Prevotellaceae_UCG-001, Mesotoga, Dubosiella, Escherichia-Shigella, and Dorea as compared to the CT group (Figure 2D, p < 0.05).



3.4 Oat β-glucan changed intestinal metabolism

To further explore the effects of oat β-glucan supplementation on intestinal microbiota metabolism, we performed an untargeted metabolome assay. The PCA score plot showed that the BG and CT groups were clearly clustered into two separate groups in both the positive and negative ion modes (Supplementary Figures 3A, B), indicating that oat β-glucan might modulate gut microbiota metabolism. The OPLS-DA score plot exhibited a similar trend of sample distribution, with the permutation tests for the model of each group showing a Q2 intercept of <0.05, indicating that there was no overfitting (Supplementary Figures 3C–F). The results indicated that the established OPLS-DA model was suitable. Then, the VIP value obtained from the OPLS-DA mode and the p-value from Student’s t-test were used to screen potential differential components. In total, 264 metabolites that differed between the BG and CT groups were screened (VIP > 1, p < 0.1). We then determined the origin of these differential metabolites using MetOrigin7, and found 17 bacterial metabolites, 15 bacteria–host metabolites, 2 host-specific metabolite, and 230 others (27 drug-related metabolites, 153 food-related metabolites, 1 environment metabolite, and 49 unknown metabolites), as shown in Supplementary Figure 3G.

Next, we focused on the differential metabolites from the host, microbiota, and shared by both and mapped them in the KEGG database8 for KEGG second-grade pathway analysis. Finally, 23 metabolites were identified (Supplementary Table 3), including lysine derivatives (saccharopine, 5-aminopentanamide, and 4-trimethylammoniobutanal), tyrosine derivatives (dopamine, 5, 6-dihydroxyindole, and maleic acid), tryptophan derivatives (5-hydroxy-L-tryptophan, indole, and 3-methyldioxyindole), phenylalanine derivatives (phenylacetaldehyde), and purine metabolites (deoxyadenosine and adenosine). The levels of all these 23 metabolites, which were mainly involved in lysine degradation, purine metabolism, and aromatic amino acid (AAA) metabolism according to KEGG metabolic enrichment pathway analysis (Supplementary Figure 3H), were found to be decreased in the BG group (Figure 3). Taken together, these data suggest that supplementation with oat β-glucan can alter intestinal metabolic profiles in weaned rabbits.
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FIGURE 3
The heatmap. (A) Heatmap visualization of the colonic metabolites that differed between the oat β-glucan (BG) and control (CT) groups. (B) Heatmap visualization of the serum metabolites that differed between the oat BG and CT groups.




3.5 Oat β-glucan changed serum metabolism

Microbial metabolites can be absorbed across the host gut, are measurable in the host circulation, and serve as signaling molecules and substrates for metabolic reactions that affect host physiology (Krautkramer et al., 2021). Therefore, we analyzed the serum metabolites of rabbits to assess whether local intestinal metabolic alterations would influence the serum metabolism profiles. The OPLS-DA mode exhibited a significant separation of clusters between the BG and CT groups, and the permutation tests for the model of each group showed a Q2 intercept of <0.05 (Supplementary Figures 4A–D), suggesting that the OPLS-DA model is suitable for screening differential metabolites. Compared with the serum metabolomics of the controls, we identified 42 differential metabolites (VIP > 1, p < 0.1), of which 26 were considered to be significantly expressed (VIP > 1, p < 0.05). Among them, two were bacterial metabolites, 19 were bacteria–host metabolites, and 21 belonged to others (Supplementary Figure 4E). KEGG metabolic enrichment pathway analysis found these metabolites mainly involved in carbohydrate, lipid, and amino acid metabolism (Supplementary Figure 4F). Furthermore, according to the Human Metabolome Database (HMDB),9 classification, seven belonged to carboxylic acids and derivatives, six metabolites belonged to sphingolipids, five belonged to organooxygen compounds, five belonged to glycerophospholipids, three belonged to quinolines and derivatives, three belonged to steroids and steroid derivatives, three belonged to benzene and substituted derivatives, two belonged to hydroxy acids and derivatives, two belonged to fatty acids, two belonged to prenol lipids, and the rest belonged to others. Heatmap analysis revealed 22 differentially expressed metabolites that were upregulated and 20 that were downregulated (Figure 3 and Supplementary Table 4).



3.6 Oat β-glucan promoted intestinal SCFA fermentation

Previous studies found that β-glucan was utilized by gut microbiota to produce SCFAs; therefore, we also measured concentrations of SCFAs in the colonic content. The results showed that after supplementation with oat β-glucan for 4 weeks, the total concentration of SCFAs increased compared to that in the control group, but the difference was not significant (p = 0.12, Figure 4A). Particularly, propionic and valeric acid concentrations increased significantly (p < 0.05) in the BG group, and butyric acid also demonstrated an increasing tendency (p = 0.06, Figure 4B).
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FIGURE 4
(A) Total concentration of short-chain fatty acids (SCFAs). (B) The concentration of acetic, propionic, butyric, valeric, isovaleric, and isobutyric acids. *p < 0.05.




3.7 Correlation analyses among phenotype, intestinal microbiota, and related metabolites

Spearman’s correlation analysis between the microbiome and clinical phenotype indices (LPS, IL-1β, TNF-α, ADG, and ADFI) revealed that most of these differential gut bacteria at the genus level negatively correlated with LPS, IL-1β, and TNF-α, and positively correlated with ADG and ADFI (Figure 5).
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FIGURE 5
Spearman’s correlation analysis of clinical phenotype indices and the relative abundance of differential bacteria at the genus level. *p < 0.05, **p < 0.01, and ***p < 0.001. The Spearman’s correlation coefficient of significant correlations >0.4 (or <–0.4).


Spearman’s correlation analysis between the microbiome and related differentially expressed gut metabolites revealed that most of these metabolites negatively correlated with the gut bacteria. Particularly, dopamine and saccharopine showed strong correlations with most of the microbial taxa (p < 0.05, Supplementary Figure 5). Correlation analysis of the gut bacteria and serum metabolites showed that gut bacteria negatively associated with metabolites that involved in lipid metabolism, and positively correlated with metabolites which participated in carbohydrate and amino acid metabolism (Supplementary Figure 6). Then between layers correlation of gut metabolites and serum metabolites calculated, the results showed that the correlation between the two layers was not strong (Supplementary Figure 7).

Further correlation analysis of gut metabolites and clinical phenotype indices suggested that most of these metabolites significantly positively correlated with LPS, IL-1β, and TNF-α levels (p < 0.05, Figure 6A).
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FIGURE 6
(A) Spearman’s correlation analysis between differential metabolites (colonic contents and serum) and clinical phenotype indices. (B) Spearman’s correlation analysis between the colonic short-chain fatty acids (SCFAs) and clinical phenotype. (C) Spearman’s correlation analysis between the inflammatory-related indices (tumor necrosis factor-α [TNF-α], interleukin-1β [IL-1β], and lipopolysaccharide [LPS]) and growth performance-related indices (average daily gain [ADG], average daily food intake [ADFI]). *p < 0.05, **p < 0.01, and ***p < 0.001. The spearman’s correlation coefficient of significant correlations > 0.4 (or <–0.4).


Spearman’s correlation analysis between serum metabolites and clinical phenotype indices was performed, and significant correlations were present in a heatmap (Figure 6A). The results showed that LPS, IL-1β, and TNF-α significantly correlated with most serum metabolites (p < 0.05); however, ADG and ADFI showed no significant correlations with most serum metabolites (p > 0.05). Interestingly, inflammation-related indices (LPS, IL-1β, and TNF-α) and growth-related indices (ADG and ADFI) showed opposite relationships with serum metabolites.

Spearman’s correlation analysis between SCFAs and the microbiome revealed that colonic propionic acid and valeric acid concentrations exhibited a strong positive correlation with most of these bacteria (p < 0.05). Additionally, acetic and butyric acids positively correlated with Ruminiclostridium_5 and uncultured_bacterium_o_Chloroplast (p < 0.05), whereas isobutyric acid negatively correlated with Dubosiella (p < 0.05, Supplementary Figure 8). These results suggest that changes in microbiome may promote the production of SCFAs in weaned rabbit guts.

Short-chain fatty acids (SCFAs) not only play a role in maintaining intestinal homeostasis but also circulate in blood and directly affect metabolism or function of peripheral tissues (van der Hee and Wells, 2021); thus, we performed Spearman’s correlation analysis to identify the associations between SCFAs and clinical phenotype indices. Consequently, a negative correlation between inflammation-related indices and SCFAs was observed. Particularly, serum TNF-α significantly negatively correlated with acetic, butyric, and valeric acids, and IL-1β significantly negatively correlated with valeric acid (p < 0.05). Conversely, ADG and ADFI were positively correlated with SCFAs, of which ADFI significantly positively associated with acetic, butyric, and valeric acids (p < 0.05, Figure 6B). These results prompted us to identify the links between these inflammatory and growth-related indices and found that they negatively correlated; indeed, TNF-α significantly negatively correlated with ADFI (p < 0.05, Figure 6C). Taken together, these findings indicate that an altered gut microbiome changes gut metabolism and promotes the production of SCFAs, and further influences serum metabolic profiles, thus regulating the production of inflammatory cytokines and improving growth performance.




4 Discussion

In this study, we investigated the effects of oat β-glucan supplementation on weaned rabbits. After 4 weeks of oat β-glucan treatment, a significant increase in BW, daily gain, and food intake were observed. The effects of different β-glucan sources on growth performance have been previously reported. Luo J. et al. (2019) found that a basal diet supplemented with 100 mg/kg bacterial β-glucan improved ADG in weaned piglets. Oral administrated with 75 mg/kg oat β-glucan also increased BW in pre-weaning dairy calves (Luo et al., 2022). Additionally, oral administration of pharmaceutical grade 1, 3 β-glucan at doses of 0.25 and 0.5 ml/L of drinking water significantly accelerated BW gain and reduced the feed conversion ratio in 6-week-old rabbits (Abo Ghanima et al., 2020). Claves supplemented with 1 g/day seaweed β-glucan had lower food intake and ADG, which was probably due to excessive β-glucan addition (McDonnell et al., 2019). However, to the best of our knowledge, limited research has focused on its role in promoting growth, particularly in young animals. Our results suggest that feeding oat β-glucan can improve growth performance; this might not only reflect the feeding amount of oat β-glucan in this work is suitable, but also provide a basis for its application in young animal rearing in the future.

We also observed a decrease in serum LPS levels. LPS is a component of the gram-negative bacterial cell wall and is generally considered as a trigger inducing localized or systemic inflammation by increasing the production of proinflammatory cytokines, such as IL-1β, interleukin-6 (IL-6), and TNF-α, and excess LPS leaked from the gut to the bloodstream usually reflects gut barrier integrity damage (Cox and Blaser, 2013; You et al., 2013; Guo et al., 2015). Therefore, the decrease in serum LPS has a causative role in the decrease of serum IL-1β and TNF-α levels in this study.

Numerous studies have shown a strong correlation between intestinal function and growth performance in animals (Zou et al., 2022). Therefore, we measured the colon microstructure and found that oat β-glucan could promote intestinal development to some extent. Like LPS, DAO is usually located at the upper villi of the small intestinal mucosa and enters the circulation when epithelial cells are damaged (Zhang et al., 2020). Thus, both serum DAO and LPS levels can reflect gut epithelial permeability and integrity. In this study, a decrease in serum DAO and LPS concentrations were found in the BG group, which might indicate that oat β-glucan also improved the intestinal epithelial barrier function. TNF-α is mainly produced by inflammatory cells such as macrophages and activated T-cells, and initiates inflammatory responses via the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase signaling pathways (Oceandy et al., 2019). It has also been shown to induce apoptosis and inflammatory responses in intestinal epithelial cells and impair the intestinal barrier through cytoskeletal rearrangement and tight junction protein expression regulation. Previous studies found that IL-1β increases in the intestinal mucosa under inflammatory conditions, and like TNF-α, it impairs the intestinal tight junction barrier through decreases in occludin and cytoskeletal rearrangement (Suzuki, 2013). In this regard, we assumed that oat β-glucan might improve intestinal barrier function by regulating TNF-α and IL-1β expressions. In brief, oat β-glucan may improve the growth performance of weaned rabbits by enhancing gut function, not only promoting intestinal development but also protecting barrier integrity.

Accumulating evidence demonstrates that gut microbiota and its catabolites are closely associated with gut function (Valdes et al., 2018). A previous study found that β-glucan ingestion suppressed inflammation and improved colonic mucosal barrier function in ulcerative colitic mice, which was mediated by gut-derived SCFAs and intestinal microbial metabolic biomarkers (Bai et al., 2021b). In this study, oat β-glucan supplementation significantly altered the gut microbiota structure and composition in weaned rabbits. Particularly, at the genus level, the relative abundance of some beneficial bacteria, such as Lactobacillus, Prevotellaceae_UCG-001, Pediococcus, and Bacillus, significantly increased in the BG group. Among these, Lactobacillus, Pediococcus, and Bacillus are the three most common probiotics. Lactobacillus is implicated with beneficial effects in preventing and reducing inflammation-related diseases, such as inflammatory bowel disease (IBD) and non-alcoholic fatty acid liver diseases, accompanied by gastrointestinal barrier function enhancement and a decrease in pro-inflammatory cytokine levels (such as IL-6 and IL-1β) (Azad et al., 2018; Aghamohammad et al., 2022). A previous study demonstrated that oat β-glucan increased the population of Lactobacillus during in vitro fermentation when inoculated with mouse fecal microbiota (Jayachandran et al., 2018). Additionally, dietary supplementation with β-glucan from Candida glabrata also increased the relative abundance of Lactobacillus in colitic mice (Charlet et al., 2018). Similar to Lactobacillus, Pediococcus also exhibits beneficial effects in non-alcoholic fatty acid liver diseases by modulating the gut microbiome and inflammatory pathways (Lee et al., 2020). A recent study demonstrated that the increase in Pediococcus caused by feeding selenium-enriched Pediococcus acidilactici MRS-7 contributed to intestinal barrier function restoration and alleviation of the inflammatory response and oxidative stress in jejunum-injured mice (Chen et al., 2022). Bacillus strains have been widely used as potential probiotics to combat pathogen invasion and improve growth performance (Wang et al., 2020; Sam-On et al., 2022). Zou et al. (2022) found that dietary supplementation with Bacillus subtilis decreased proinflammatory cytokine expression and improved antioxidative status and intestinal barrier integrity by regulating the intestinal microenvironment and related microbiota composition in laying hens. As one of the most common members of intestinal bacteria, accumulating studies have presented a lower relative abundance of Prevotellaceae_UCG-001 in the gut of animals with colitis and have rebalanced it after colitis alleviation. A previous report also showed that metabolites of Prevotellaceae UCG-001 can activate the adenosine monophosphate (AMP)-activated protein kinase signaling pathway to improve gut health (Song et al., 2019). In the BG group, we also observed an increased abundance of Ruminococcaceae_UCG-007 and Ruminiclostridium_5, which have rarely been reported previously. Ruminococcaceae is generally considered a beneficial bacterium colonized in the cecum and colon and can degrade various polysaccharides and fibers to produce SCFAs (Huang et al., 2021), it also presents an effect to reduce intestinal inflammation (Hu et al., 2021). Moreover, findings from prior research showed that the increase of Ruminiclostridium_5 was associated with positive health states, whereas reduced levels are associated with negative health states. For instance, a prebiotic diet produced a rapid and stable increase in the relative abundance of Ruminiclostridium_5 in mice with the chronic disruption of rhythm (Thompson et al., 2021). Ruminiclostridium_5 was also abundant owing to the alleviation of DSS-induced colitis (Shao et al., 2020). These results may explain the higher SCFA content in the BG group. These genera are SCFA-producing bacteria, as previously reported. SCFAs can modulate the expression of tight junction proteins to maintain gut epithelial barrier integrity and protect gut epithelium by enhancing mucin 2 expression, modulating oxidative stress, and immune response (Feng et al., 2018). Therefore, SCFAs play a crucial role in the maintenance of intestinal homeostasis. Moreover, Lactobacillus and Ruminiclostridium_5 were reported to produce butyric acid, which can nourish and protect the intestinal epithelium (Fu et al., 2019; Shao et al., 2020).

It is also worth noting that oat β-glucan increased the abundances of phyla Proteobacteria and genus uncultured_bacterium_f_Enterobacteriaceae, uncultured_bacterium_f_Mitochondria, Acinetobacter, and Escherichia-Shigella (phylum Proteobacteria), which are often considered as pathogens. This is consistent with a previous report that Proteobacteria were adapted for food rich in non-starch polysaccharides such as xylan and cellulose. They speculated that this might be due to increased fiber intake that decreases fat and protein digestibility, which ultimately increases the amount of fermentation substrates available for various gut microorganisms, such as Proteobacteria (Tian et al., 2017). A previous study also found that dietary supplementation with oat-derived β-glucan increased the relative abundance of Betaproteobacteria, Gammaproteobacteria (including Enterobacteriaceae), and Deltaproteobacteria in BALB/c mice (Luo et al., 2017). Taken together, these data indicate that oat β-glucan might enhance intestinal function by increasing the abundance of beneficial gut microbiota communities and their metabolites, SCFAs.

Interestingly, except for SCFAs, correlation analysis also indicated that these beneficial bacteria have profound relationships with other intestinal metabolites. In this study, the levels of saccharopine and the two other metabolites, 5-aminopentanamide and 4-trimethylammoniobutanal were lower in the BG group, and KEGG pathway analysis revealed that they participated in the lysine degradation pathway. Lysine is an essential amino acid, and its degradation has two distinct pathways. In the saccharopine pathway, lysine is converted to saccharopine via α-aminoadipic semialdehyde synthase, whereas in the pipecolate pathway, lysine is first converted to 5-aminopentanamide (Crowther et al., 2019). Saccharopine accumulation induces mitochondrial dysfunction in mammals (Leandro and Houten, 2019), and has also been shown to participate in gluconeogenesis through its role in the propionyl-CoA synthesis pathway and tricarboxylic acid cycle via the acetyl-CoA production pathway (Safi-Stibler et al., 2020). In this regard, the decrease in saccharopine might partially reflect an alteration in the way gut microbiota acquires energy. Additionally, higher 5-aminopentanamide content in the gut has been strongly associated with IBDs, such as ulcerative colitis and Crohn’s disease (Lin et al., 2010; Feng et al., 2020). Besides lysine degradation, we observed alterations in the AAA metabolism. Research has shown that increasing carbohydrate availability in the hindgut leads to microbial AAA metabolism inhibition and an increase in systemic AAA availability in piglets (Gao et al., 2019).

In line with this previous study, oat β-glucan also decreased the intestinal contents of AAA metabolites in weaned rabbits in this study, and the serum contents of l-phenylalanine and kynurenic acid (formed from tryptophan) were higher in the BG group. An explanation for this occurrence is that the fiber supplementation promotes intestinal microbiota to preferentially ferment easily fermented carbohydrates, but not proteins, thus decreasing the production of amino acid (AAA and lysine) metabolites (Gao et al., 2018). Meanwhile, there was no AAA elevation in the colon; therefore, we speculated that the upregulation of serum l-phenylalanine and kynurenic acid might reflect the enhancement of amino acid transport ability from the gut to the blood, as circulating AAA is mainly derived from gut absorption (Fernstrom, 2013). In contrast, the content of AAA biosynthesis precursor shikimic acid decreased in the BG group, which might suggest an increase in gut AAA biosynthesis, but this needs further investigation. Microbial AAA metabolites serve as signaling molecules that affect host physiology, such as by regulating intestinal epithelial cell homeostasis and immune cell response (Liu et al., 2020). In this study, we found that the microbial tryptophan metabolites indole and 3-methyldioxyindole were decreased in the BG group. 3-methyldioxyindole is an oxidation product of 3-methylindole (also called skatole) in vivo (Xu et al., 2020). Skatole is most probably a product in the colon and has been found to have a damaging effect on intestinal epithelial tissue activity and function after absorption but before detoxification (Yokoyama and Carlson, 1979). A previous study also suggested that indoles and skatoles exert an inhibitory effect on CYP11A1 expression, which leads to a decrease in glucocorticoid production and further disturbs intestinal homeostasis (Mosa et al., 2016; Gao et al., 2018). Combined with the above results, we speculate that oat β-glucan supplementation enriched the available nutrient substrates in the intestine, which perhaps promotes the alteration of microbiota nutrition patterns and alters microbiota metabolism, further improving intestinal health by promoting the production of SCFAs and decreasing the levels of lysine and AAA-related metabolites.

Serum metabolic profile analysis revealed that oat β-glucan administration mainly altered host energy metabolism, including carbohydrate, lipid, and amino acid metabolisms. Correlation analysis suggested that altered serum metabolites were highly associated with inflammation-related indices LPS, IL-1β, and TNF-α. Most notably, sphingolipid metabolism changed significantly, which is consistent with a previous report that oat β-glucan treatment alters gut microbial sphingolipid metabolism in colitic mice (Bai et al., 2021b). Moreover, six sphingolipids, including SM (d18:1/16:0), ceramide (d18:1/16:0), SM [d18:1/18:1 (9Z)], Cer (d18:0/18:0), SM (d18:1/18:0), and CerP (d18:0/16:0), which were identified as serum metabolic biomarkers in this study, were all decreased in the BG group. Studies have suggested that TNF-α can initiate an inflammatory response through the acid and neutral sphingomyelinase pathways, which leads to increased ceramide production and eventually activates the pro-inflammatory transcription factor NF-κB (Sedger and McDermott, 2014). Similar to TNF-α, IL-1β exerts an effect on the induction of the ceramide-signaling pathway (Schneider et al., 2005). Ceramide is the center of sphingolipid synthesis and degradation and serves as a precursor for the synthesis of complex sphingolipids (Nixon, 2009). Additionally, TNF-α also activates phospholipase A2 enzymes, resulting in the metabolism of glycerophospholipids to arachidonic acid, which then degrades to prostaglandins via the cyclooxygenase pathway (Oceandy et al., 2019; Yuan et al., 2020). Based on these findings, we assumed that there is a close relationship between serum IL-1β and TNF-α concentrations, and serum sphingolipid and glycerophospholipid content; that is, oat β-glucan might inhibit the systemic inflammatory response by regulating serum sphingolipid and glycerophospholipid metabolism.

It is also worth noting that serum metabolites just showed slight correlations with growth performance related indices. However, both ADG and ADFI were negatively associated with LPS, IL-1β, and TNF-α, indicating that oat β-glucan may promote growth by inhibiting systemic inflammation development. Furthermore, SCFAs have been reported to exhibit anti-inflammatory effects by directly activating G-protein-coupled receptors (GPCRSs) and inhibiting nuclear class I histone deacetylases, leading to decreased proinflammatory cytokines, such as IL-6, interleukin-8, and TNF-α (Feng et al., 2018). Besides maintaining intestinal hemostasis and anti-inflammatory effects, gut-derived SCFAs are also involved in appetite control through hormonal and central effects. For instance, SCFAs can activate ghrelin-related signaling and inhibit insulin secretion by activating GPCR 3, which also crosses the blood-brain barrier to directly affect appetite-related neurons in the brain (Han et al., 2021). In this study, acetic, butyric, and valeric acids positively associated with ADFI, indicating that these play a pivotal role in promoting food intake. Moreover, a study found that high carbohydrate availability in the hindgut also led to an increase in AAA-derived neurotransmitters (serotonin and dopamine) in the hypothalamus of piglets (Gao et al., 2019), both of which are critical mediators of appetite control (Meguid et al., 2000; Han et al., 2021). Therefore, we assumed that, in rabbits, oat β-glucan administration might also stimulate food intake by modulating central serotonin and dopamine signaling, but the mechanisms deserve further investigation.



5 Conclusion

This study revealed that oat β-glucan can regulate gut microbiota structure and increase the abundance of potentially beneficial bacteria. Simultaneously, it can increase the concentration of SCFAs in the colon and decrease the concentrations of AAA and lysine-related metabolites. Oat β-glucan can also alter serum metabolic profiles and change the serum contents of 42 metabolites, including sphingolipids and glycerophospholipids. These results demonstrate the positive effect of oat β-glucan on lowering systemic inflammatory levels and promoting intestinal health, which further helps to improve growth performance. This study provides new insights into the prebiotic effects of oat β-glucan in a weaned rabbit model and promotes the application of oat β-glucan in young animals rearing. However, we have not explored the precise mechanism behind these effects. Further research is needed to clarify the interactions between SCFAs, AAA derivatives and intestinal epithelial tissue, and explore their role in the gut–brain axis.
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The suitable supplement pattern affects the digestion and absorption of trace minerals by ruminants. This study aimed to compare the effects of coated and uncoated trace elements on growth performance, apparent digestibility, intestinal development and microbial diversity in growing sheep. Thirty 4-month-old male Yunnan semi-fine wool sheep were randomly assigned to three treatments (n = 10) and fed with following diets: basal diet without adding exogenous trace elements (CON), basal diet plus 400 mg/kg coated trace elements (CTE, the rumen passage rate was 65.87%) and basal diet plus an equal amount of trace elements in uncoated form (UTE). Compared with the CON group, the average daily weight gain and apparent digestibility of crude protein were higher (P < 0.05) in the CTE and UTE groups, while there was no difference between the CTE and UTE groups. The serum levels of selenium, iodine and cobalt were higher (P < 0.05) in the CTE and UTE groups than those in the CON group, the serum levels of selenium and cobalt were higher (P < 0.05) in the CTE group than those in the UTE group. Compared with the CON and UTE groups, the villus height and the ratio of villus height to crypt depth in duodenum and ileum were higher (P < 0.05) in the CTE groups. The addition of trace minerals in diet upregulated most of the relative gene expression of Ocludin, Claudin-1, Claudin-2, ZO-1, and ZO-2 in the duodenum and jejunum and metal ion transporters (FPN1 and ZNT4) in small intestine. The relative abundance of the genera Christensenellaceae R-7 group, Ruminococcus 1, Lachnospiraceae NK3A20 group, and Ruminococcaceae in ileum, and Ruminococcaceae UCG-014 and Lactobacillus in colon was higher in the CTE group that in the CON group. These results indicated that dietary trace mineral addition improved the growth performance and intestinal development, and altered the structure of intestinal bacteria in growing sheep. Compared to uncoated form, offering trace mineral elements to sheep in coated form had a higher absorption efficiency, however, had little effect on improving growth performance of growing sheep.
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1 Introduction

Trace elements such as iron (Fe), copper (Cu), manganese (Mn), zinc (Zn), selenium (Se), iodine (I), and cobalt (Co) are an essential class of substances for animals provided primarily by food sources. Although the mass proportion in animal body is less than 0.01%, trace elements play an indispensable role in maintaining their normal physiological activities, such as hemopoiesis, immune response, energy metabolism, enzyme activity and reproductive function (Rabiee et al., 2010; Overton and Yasui, 2014). A deficiency of any of these trace minerals could lead to a negative impact on the health and productivity of livestock (Spears and Weiss, 2008). Commonly, inorganic salts of trace elements, such as sulfate, oxide, carbonate and chloride are supplemented in diets to meet the requirement of livestock for trace elements. However, for ruminants, the ionic bonds in inorganic salts usually dissociate as they flow through the digestive tract, allowing undesirable interactions with other molecules and preventing absorption, thus reducing the bioavailability and efficiency of trace elements (Spears, 1996, 2003; Samarin et al., 2022). For example, sulfates are first reduced to sulfides by rumen microbes, which react with molybdate to form thiomolybdate and then react with cupric ion to generate un-digestible compounds, thereby limiting the absorption of dietary Cu (Dick et al., 1975). The efficiency of absorption of Cu and Se by ruminants is much lower than that of non-ruminants (Spears, 2003). Furthermore, in some scenarios, rumen fermentation was affected by feeding conventional mineral salts, as was ruminal digestibility of nutrients (Genther and Hansen, 2015; Faulkner and Weiss, 2017; Arce-Cordero et al., 2020). To improve the availability of trace elements, the addition of coated trace elements (slow release in the rumen) to the diet was a practicable strategy (Abdelrahman et al., 2017; Arce-Cordero et al., 2020; Potier et al., 2022).

There were a series of reports on the effective application of coated trace elements in ruminants. Previous studies reported that supplementation of coated slow-release trace elements at late gestation increased the content of Zn and Se in plasma and milk of ewes, and enhanced the birth and weaning weight of lambs (Abdelrahman et al., 2017; Aliarabi et al., 2019). Supplementation of coated sustained-release trace minerals also improved the milk performance and altered rumen microbial structure of lactating yaks (Zhao et al., 2022). Compared with the addition of copper sulfate in diets, coated copper sulfate addition improved lactation performance and apparent nutrient digestibility in dairy cows (Wang C. et al., 2021), increased the average daily gain and stimulated rumen enzyme activity in Holstein bulls (Wu et al., 2021). The addition of an equal amount of coated sodium selenite contributed to improve the milk production of dairy cows (Zhang et al., 2020), improved the ruminal fermentation and nutrient digestibility of dairy bulls (Liu et al., 2020), compared to uncoated sodium selenite. However, to our knowledge, there is very little information comparing uncoated and coated compound trace elements in ruminants.

The improved bioavailability of trace elements is beneficial to exert their biological functions. More than 50% of known enzymes have at least one metal as a cofactor, of which zinc is the most common, followed by iron and manganese (Andreini et al., 2008). Most trace minerals are also involved in redox reactions, as free radicals are able to interact with metal-binding superoxide dismutase and break down into less or less toxic substances, indicating that trace minerals play an important role in alleviating oxidative stress (Pajarillo et al., 2021). Dietary zinc oxide supplementation enhanced intestinal morphological and functional development by increasing antioxidant capacity and maintaining mucosal barrier integrity in weaned piglets (Zhu et al., 2017, 2017). Besides, trace elements such as Fe, Mn, Zn, Se and Cu have been revealed to regulate the gut microbiota in different animals or in vitro (Dostal et al., 2015; Zhang et al., 2019; Foong et al., 2020; Kociova et al., 2020; Wang et al., 2020). The regulation of the gut barrier and immune response by selenium intake has been attributed to modulation of the gut microbiota (Kasaikina et al., 2011). We suspected that the coated trace elements had better biological activity on growth performance and intestinal development in sheep compared to uncoated trace elements. Thus, the ultimate objective of this study was to compare the effects of coated and uncoated trace elements on growth performance, apparent digestibility, intestinal development, and microbial diversity in ileum and colon of growing sheep.



2 Materials and methods


2.1 Approval by the ethics committee

All animals in this study were treated according to the Chinese Guidelines for Animal Welfare and the protocol was approved by the Experimental Animal Committee of Animal Nutrition Institute, Sichuan Agricultural University (Approval number: #SCAUAC2019-36).



2.2 Experimental design, diets, and animals

Exp. 1. The experiment was performed at the farm of Kunming Yixingheng Livestock Technology Co., Ltd. (Yunnan, China; 25.07°N, 102.55°E, and 2,200 m elevation) in August 2019. Three 15-month-old male Yunnan semi-fine wool sheep (55 ± 2.3 kg of body weight) with permanent rumen cannulas were used as experimental animals. All experimental sheep were housed in individual pens and fed twice per day (0700 and 1700 h) and had free access to water and diets. The basal diet was formulated according to the recommendation of National Research Council (2007) for growing sheep except for trace elements, and the composition and nutrient levels are shown in Table 1. The coated trace elements (contained 120 mg Fe, 16 mg Cu, 50 mg Mn, 52 mg Zn, 0.8 mg Se, 1.0 mg I and 0.8 mg Co per gram) were commercially produced and provided by Fujian Syno Biotech Co., Ltd. (Fujian, China). The final product of coated trace elements is a molten granulate produced by proportioning an inorganic trace element premix and basic coating materials (carboxymethyl cellulose, resistant starch and maltodextrin) in the solid phase. Approximately 5.0 g of coated trace elements was added to a heat-sealed nylon bag (4 × 6 cm in bag size; 50 μm in pore size). Each sheep was considered a replicate, each sample was repeated three times, and each sample had two parallel replicates per sheep for a total of six replicates. A maximum of four bags with samples were placed in the liquid phase of the rumen contents through a polyethylene hose at the same time. The coated trace elements were sequentially incubated in different batches for 0, 2, 4, 8, 16, 24, 36, and 48 h.


TABLE 1    Ingredients and chemical composition of basal diet (DM basis).
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Exp. 2. The experiment was performed at the same farm as Exp. 1 from August to September 2021. A total of thirty 4-month-old male Yunnan semi-fine wool sheep (29.7 ± 0.3 kg of body weight) were divided into three treatments in a completely randomized design as follows: CON treatment, fed with a basal diet without adding exogenous trace elements; CTE treatment, fed with a basal diet plus 400 mg/kg coated trace elements in Exp. 1; UTE treatment, fed with a basal diet plus an equal amount of trace elements with uncoated form. The basal diet was kept the same as that in Exp. 1. The addition of 400 mg/kg coated trace elements had the best growth performance of Yunnan semi-fine wool sheep, according to our previous study (unpublished data). The uncoated trace elements are constituted by ferrous sulfate heptahydrate, copper sulfate pentahydrate, manganese sulfate monohydrate, zinc sulfate heptahydrate, sodium selenite pentahydrate, potassium iodide, and cobalt chloride hexahydrate. All experimental sheep were housed in separate pens and fed twice daily at 0700 and 1700 h (allowed 5% refusal). The trial lasted for 40 days, of which 10 days were the adaptation period and 30 days were the formal trial period.



2.3 Sample collection

All mobile nylon bags were incubated at the same time (0630 h) prior to morning feeding and retrieved according to the expected incubation time in Exp. 1. After removal from the rumen, the nylon bags were repeatedly rinsed under cold running water to remove adhesions and subsequently placed in cold water for soaking while the nylon bags were repeatedly kneaded by hand gently until the filtered water was clear (Wang E. et al., 2021). The cleaned nylon bags were dried to constant weight at 65°C for 48 hours, and the weight after drying was recorded and the rumen disappearance rate of the coated trace elements was calculated by the difference from the initial weight.

In Exp. 2, the body weight of experimental sheep was determined before the morning feeding at the beginning (day 0) and end (day 30) of the experiment to calculate the average daily gain (ADG). The orts were collected and weighed every day, the dry matter intake (DMI) per sheep was obtained from the ration supplied and refused, and the feed conversion ratio (FCR) was calculated as dividing DMI by ADG. Four sheep were randomly selected from each group and housed in individual metabolic cages for 7 days (from day 10 to 16, the first two days were the adaptation period), and all feces were collected, weighed and recorded. A 5% aliquot of each fecal sample was removed and immediately stored at −20°C until further analysis. Jugular vein blood samples were collected on day 30 before feeding in the morning and centrifuged at 1,600 × g for 10 minutes to obtain serum, which were then aliquoted and stored at −20°C until the next analysis. On day 30, four sheep of close to group average weight in each treatment were slaughtered, and tissue samples of duodenum, jejunum and ileum and chyme samples of ileum and colon were collected. For the tissue samples, the 2- and 6-cm segments were cut at mid-duodenum, mid-jejunum and mid-ileum, respectively (Hou et al., 2010). The 2-cm intestinal segments were flushed gently with pre-cooled 0.9% sodium chloride solution (w/v, physiological saline, Sichuan Kelun Pharmaceutical Co., Ltd., Chengdu, China) and then placed in 4% paraformaldehyde fix solution (Beyotime, Shanghai, China) for morphological analysis. The 6-cm intestinal segments were opened longitudinally and the contents were flushed with pre-cooled physiological saline and immediately frozen in liquid nitrogen for total RNA extraction. Chyme from the mid-section of the ileum and colon was collected in 2 mL sterile cryopreserved tubes (Wuxi NEST Biotechnology Co., Ltd., Wuxi, China) for bacterial DNA extraction. All sampling procedure were finished within 30 minutes after the sheep being slaughtered.



2.4 Total tract apparent nutrient digestibility

Fecal samples from each sheep were thawed and mixed together, then dried in a forced air oven at 55°C for 48 hours and ground to pass through a 40-mesh screen before analysis, as were the samples of diet and orts. The content of dry matter (DM), crude protein (CP), acid detergent fiber (ADF), calcium (Ca) and phosphorus (P) was analyzed according to AOAC (AOAC International, 2007), and the content of neutral detergent fiber (NDF) were determined according to van Soest et al. (1991). Consequently, the apparent digestibility of nutrients can be calculated as follow: apparent nutrient digestibility = [(feed intake × nutrient content in the diet) − (fecal output × nutrient content in the feces)]/(feed intake × nutrient content in the diet × 100% (Stein and Bohlke, 2007).



2.5 Intestinal morphological observation

The 2-cm intestinal segments for morphological analysis were dehydrated and embedded in paraffin, cut into three sections with 5 μm thick and stained with Hematoxylin and Eosin (H&E). Morphological observation was carried out with the Nikon ECLIPSE 80i microscope (Nikon Co., Ltd., Tokyo, Japan). Villus height (distance from villus tip to crypt ostia) and width (distance from widest villus), crypt depth (distance from crypt ostia to base) were measured with the Image-Pro Plus 6.0 software (Media Cybernetics Inc., Bethesda, MD, United States). The ratio of villus height and crypt depth (V/C) was calculated as dividing villus height by crypt depth. Only the villi heights and crypt depths from vertically oriented ten adjacent villi were measured and averaged (Hou et al., 2010).



2.6 Serum sample analysis

The serum concentrations of Fe, Cu, Mn, Zn, Se, I and Co were determined in an induced coupled plasma mass-spectrometry (iCAP™ RQ ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA) as described previously with minor modifications (Liu et al., 2014). In brief, 0.1 mL of reconstituted serum samples were diluted to 2 mL with a 1: 20 (v/v) sample diluent solution [constructed from 0.01% (w/v) Triton X-100, 0.005% (w/v) L-cysteine, 0.5% (v/v) nitric acid and deionized water]. The standard solutions containing the required seven single elements were purchased from the TMRM QC standards material center (Changzhou, China), and then diluted with sample diluent solution to appropriate concentrations according to the predicted concentrations of trace elements in serum. The major ICP-MS operating parameters were set as follows: Analyzer Pressure Readback, 1E-06 mbar; Spray Chamber Temperature, 2°C; Cool Flow, 14 L/min; Auxilliary Flow, 0.79 L/min; Nebulizer Flow, 1.06 L/min; Plasma Power, 1550 W; Q Cell gas, He 4.0 mL/min; injection method, automatic injection.



2.7 Real-time quantitative PCR (RT-PCR) analysis

Intestinal tissue samples were ground into powder in liquid nitrogen. Total RNA was extracted from tissue samples with the RNA extraction and purification kit (Tiangen Biotech Co. Ltd., Beijing, China) according to the manufacturer’s instructions. The concentration and purity of total RNA were determined with the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The integrity of total RNA was assessed by the 1% denatured agarose gel electrophoresis. Subsequently, the qualified total RNA was reverse transcribed to cDNA by a reverse transcription Kit (HiScript® III RT SuperMix for qPCR (+gDNA wiper), Vazyme Biotech Co., Ltd., Nanjing, China). The real-time quantitative PCR (RT-PCR) reaction was performed with a real-time quantitative PCR Kit (ChamQ SYBR Color qPCR Master Mix (low ROX premixed), Vazyme Biotech Co., Ltd., Nanjing, China) in a QuantStudio™ 6 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) following the manufacturer’s instruction. Relative expression of genes was calculated by using the comparative cycle threshold (2–ΔΔCt) method. The mean value of gene expression levels in the CON treatment was set to 1.00, and GAPDH was used as internal control. The sequence and product size of genes used in this study are shown in Table 2.


TABLE 2    The sequence and product size of genes.
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2.8 DNA Extraction, amplification, and sequencing

The microbial diversity in ileal and colonic chyme was detected by 16s rDNA sequencing. The total genome DNA (gDNA) from the chyle samples was extracted and purified with the ZymoBIOMICS™ DNA Microprep Kit (Zymo Research, Orange, CA, USA). The NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) and 0.8% agarose gel electrophoresis were used to detect the concentration and integrity of DNA, respectively. The universal bacterial primer (515F: 5′-GTGYCAGCMGCCGCGGTAA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) with sequencing adapter and barcode were used to amplified the V3-V4 regions of the 16S rRNA gene (Caporaso et al., 2011). The PCR reaction was conducted in the GeneAmp PCR system 9700 thermocycler (Applied Biosystem, Foster city, CA, USA) with the high-fidelity polymerase KOD-401B FX Neo (Toyobo, Osaka, Japan) and the program was as follows: 94°C for 1 min, followed by 30 cycles at 94°C for 20 s, 54°C for 30 s and 72°C for 30 s, and a final extension at 72°C for 5 min. The resulting PCR products were extracted from a 2% agarose gel and further purified with the Zymoclean Gel Recovery Kit (Zymo Research) and quantified with the Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing by synthesis was performed with the HiSeq Rapid SBS kit v2 (200 cycles, Illumina, Inc., San Diego, CA, USA) on the Illumina HiSeq2500 platform at Chengdu Rhonin Biosciences Co., Ltd. (Chengdu, China).



2.9 Sequencing data analyses

The processing of sequencing data was performed as previously described (Zhou et al., 2022). Briefly, the Fast Length Adjustment of SHort reads (FLASH v1.2.11)1 were used to splice the paired-end sequencing reads obtained from the Illumina platform, which then assigned to samples based on the unique barcode 37. The raw data was generated by truncating barcode sequences, followed by trimming using Trimmomatic v0.36,2 and using the Uchime algorithm3 to identify and remove chimera sequences based on the “Gold” database4 to obtain clean reads (Edgar et al., 2011; Bolger et al., 2014). The qualified reads were clustered into operational taxonomic units (OTUs) by using the Usearch (a free unique sequence analysis tool)5 based on a 97% similarity threshold (Edgar, 2013). The analysis of α-diversity (including Shannon, Simpson, Chao1, ACE, the Good’s coverage, and PD indexes) and β-diversity as well as principal coordinate analysis (PCoA) of the Bray-Curtis distance were performed using the R package (Kembel et al., 2010; Chen et al., 2012). The potential Kyoto Encyclopedia of Genes and Genomes (KEGG) functional profiles of microbial communities were predicted with Tax4Fun6 (a free software package that predicts the functional capabilities of microbial communities based on 16S rRNA datasets) based on the SILVA ribosomal RNA database,7 and the secondary metabolic pathways were clustered (Aßhauer et al., 2015).



2.10 Calculations and statistical analysis

The degradation kinetic parameters of coated trace elements over time were calculated with the following exponential equation (Ørskov and McDonald, 1979): DR = a + b (1– e –c×t), where “DR” is the disappearance rate of coated trace elements at time “t” (%), “a” is the rapidly degradable fraction (%), “b” is the potentially degradable fraction (%) and “c” is the rate at which b is degraded per hour (rate constant). The values of “a,” “b,” and “c” were calculated with the non-linear procedure of SPSS v23.0 (SPSS Inc., Chicago, IL, USA). The effective degradability (ED, %) was calculated according to (Ørskov and McDonald, 1979): ED = a + [b × c/(c + k)], where “a,” “b,” and “c” are the same parameters as above, “k” is the rumen particle passage rate (%/h). When fed ad libitum, the value of “k” was 0.06, according to (Ørskov and McDonald, 1979).

The experimental data in Exp. 2 were statistically analyzed with one-way analysis of variance (ANOVA) followed Duncan’s post-hoc test or Kruskal–Wallis-test with SPSS version 23.0. Each sheep was regarded as a statistical unit. P ≤ 0.05 was considered statistically significant, 0.05 < P < 0.10 was considered as trends. The results were shown as mean and standard error (SEM).




3 Results


3.1 Rumen degradation rate

The ruminal disappearance rates of coated trace elements at different times are shown in Figure 1. The non-linear model resulted in the degradation kinetic parameters as follow: a = 6.292, b = 81.728, c = 0.031 and R2 = 0.974. Thus, the rumen effective degradability of coated trace elements can be calculated as 34.13%, the rumen passage rate was 65.87%.


[image: image]

FIGURE 1
The real-time rumen disappearance rate of coated trace elements within 48 h of culture in nylon bag. Data are represented as mean and standard deviation, n = 3.




3.2 Growth performance

Compared with the CON treatment, the final body weight and ADG were increased (P < 0.05) in the CTE and UTE treatments, the FCR was improved (P < 0.05) in the CTE and UTE treatments, whereas there was no difference between the CTE and UTE treatments (Table 3).


TABLE 3    Effects of coated and uncoated trace elements on growth performance of sheep.
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3.3 Total tract apparent nutrient digestibility

The apparent digestibility of CP was higher (P < 0.05) in the CTE and UTE treatments than that in the CON treatment, and that of other nutrients was not affected by the addition of trace elements (Table 4).


TABLE 4    Effects of coated and uncoated trace elements on total tract apparent digestibility of nutrients.
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3.4 Serum trace elements

Compared with the CTE treatment, the serum levels of Se and Co were lower (P < 0.05) in both the CON and UTE treatments, the serum level of I was lower (P < 0.05) in the CON treatment (Table 5).


TABLE 5    Effects of coated and uncoated trace elements on serum content of trace element.
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3.5 Intestinal morphology

Dietary coated trace elements increased (P < 0.05) the villus height in the duodenum, jejunum and ileum, increased (P < 0.05) the crypt depth in the jejunum and the V/C in the ileum. No difference in intestinal morphology was observed between UTE and CON treatments (Table 6).


TABLE 6    Effects of coated and uncoated trace elements on intestinal morphology.
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3.6 Relative gene expression of tight junction protein

As shown in Figure 2, compared with the CON treatment, both supplementation of coated and uncoated trace elements upregulated (P < 0.05) the relative mRNA abundance of Claudin-1, Claudin-2, and Occludin in the duodenum and jejunum. Dietary coated trace elements upregulated (P < 0.05) the mRNA abundance of ZO-1 and ZO-2 in the duodenum and jejunum, dietary uncoated trace elements upregulated (P < 0.05) the mRNA abundance of ZO-2 in the duodenum.


[image: image]

FIGURE 2
Effects of coated and uncoated trace elements on the relative gene expression of Claudin-1 (A), Claudin-2 (B), Occludin (C), ZO-1 (D), and ZO-2 (E) in small intestine. CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. Data are represented as mean and standard error and with different small letter superscripts mean significantly different (P < 0.05), n = 4.




3.7 Relative gene expression of metal ion transporters

The mRNA abundance of FPN1 and ZNT4 in the duodenum, jejunum and ileum was higher (P < 0.05) in the CTE treatment than that in the CON treatment, the mRNA abundance of FPN1 and ZNT4 in the duodenum and FPN1 in the jejunum was higher (P < 0.05) in the UTE treatment than that in the CON treatment (Figure 3).
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FIGURE 3
Effects of coated and uncoated trace elements on the relative gene expression of ferroportin 1 (FPN1, A) and zinc transporter 4 (ZNT4, B) in small intestine. CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. Data are represented as mean and standard error and with different small letter superscripts mean significantly different (P < 0.05), n = 4.




3.8 Sequencing data, α-diversity, and β-diversity analysis

A total of 409,756 valid sequences in ileal chyme samples and 403,426 valid sequences in colon chyme samples which 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 9,936 OTUs in ileal chyme samples and 13,868 OTUs in colon chyme samples. The sequencing data information of bacteria in intestinal samples was shown in Supplementary Table 1. A total of 504 OTUs in ileum chyme samples were shared across the three treatments, and the number of sequences in shared OTUs accounted for 44.41% of the total effective sequences (Figure 4A). A total of 663 OTUs in colon chyme samples were shared across the three treatments, and the number of sequences in shared OTUs accounted for 44.41% of the total effective sequences (Figure 4B). The effect of coated and uncoated trace elements on α-diversity index of bacteria was shown in Supplementary Table 2. The Good’s coverage index was greater than 0.990, indicating that the sampling had sufficient sequence coverage to detect the majority of rumen bacteria. The indices of Shannon, Simpson, Chao1, ACE, PD in the ileal chyme samples were higher (P < 0.05) in the CTE treatment than those in the CON treatment, indicating that dietary coated trace elements increased bacterial diversity in the ileum. There was no difference in the α-diversity index of bacteria in the colon chyme among the three groups, indicating that dietary coating or uncoated micronutrients had no effect on bacterial diversity in colon chyme. The percent variation in the ileum chyme samples was represented by PCo1 (20.9%) and PCo2 (17.3%), the percent variation in the colon chyme samples was represented by PCo1 (21.7%) and PCo2 (15.4%); the closer the distance in the figure, the more similar the bacterial community composition of the samples (Figure 5).


[image: image]

FIGURE 4
Venn diagram of the OTUs among the three treatments of bacteria in the ileum (A) and colon (B). CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. n = 4.
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FIGURE 5
Bray–Curtis distance matrix PCoA of bacterial samples in the ileum (A) and colon (B). CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. n = 4.




3.9 Bacteria abundance at phylum and genus levels

There were 20 and 16 phyla taxonomically classified in the ileum and colon chyme samples, respectively. The dominant phyla of ileum bacteria were Firmicutes (57.28–77.24%) and Euryarchaeota (6.50–13.81%) (Figure 6A), and the dominant phyla of colon bacteria were Firmicutes (43.64–51.87%) and Bacteroidetes (33.39–42.06%) (Figure 6B). The relative abundance of phylum Firmicutes in the ileum was higher (P < 0.05) in the CTE treatment than that in the UTE treatment (Figure 6C). The relative abundance of phylum Euryarchaeota in the ileum was higher (P < 0.05) in the UTE treatment than that in the CON and CTE treatments (Figure 6D). The relative abundance of phylum Proteobacteria in the ileum was lower (P < 0.05) in the CTE treatment than that in the UTE treatment (Figure 6E). The relative abundance of phylum Kiritimatiellaeota in the ileum was higher (P < 0.05) in the CON treatment than that in the CTE and UTE treatments (Figure 6F).
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FIGURE 6
Effects of coated and uncoated trace elements on the relative abundance of bacteria at phylum level. (A) The bacterial composition at phylum level in the ileum; (B) the bacterial composition at phylum level in the colon; (C–F) bacteria with differences in abundance in the ileum at the phylum level. CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. Data are represented as mean and standard error and with different small letter superscripts mean significantly different (P < 0.05), n = 4.


There were 239 and 188 genera taxonomically classified in the ileum and colon chyme samples, respectively. The top three dominant genera of ileum bacteria were Ruminococcus 2 (5.53–37.14%), Eubacterium (6.22–15.42%) and Methanobrevibacter (5.60–13.59%), as shown in Figure 7A, and the top three dominant genera of colon bacteria were Rikenellaceae RC9 gut group (6.72–15.97%), Alistipes (6.64–12.56%) and Succinivibrio (3.41–11.25%), as shown in Figure 7B. The relative abundance of genus Methanobrevibacter in the ileum was higher (P < 0.05) in the UTE treatment than that in the CON treatment (Figure 7C). The relative abundance of genera Christensenellaceae R-7group, Ruminococcus 1 and f__Ruminococcaceae/g_ in the ileum was higher (P < 0.05) in the CTE treatment than that in the CON and UTE treatments (Figures 6D, E, G). The relative abundance of genus Lachnospiraceae NK3A20 group in the ileum was higher (P < 0.05) in the CON treatment than that in the CTE and UTE treatments (Figure 6F). The relative abundance of genus Ruminococcaceae UCG-014 and Lactobacillus in the colon was higher (P < 0.05) in the CTE treatment than that in the CON and UTE treatments (Figures 6H, I).
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FIGURE 7
Effects of coated and uncoated trace elements on the relative abundance of bacteria at genus level. (A) The bacterial composition at genus level in the ileum; (B) the bacterial composition at genus level in the colon; (C–G) bacteria with differences in abundance in the ileum at the phylum level; (H–I) bacteria with differences in abundance in the colon at the phylum level. CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. Data are represented as mean and standard error and with different small letter superscripts mean significantly different (P < 0.05), n = 4.




3.10 Prediction of bacterial function

The effect of coated and uncoated trace elements on the prediction of function of bacteria in the ileum and colon were shown in Supplementary Tables 3, 4. The main gene functions of bacteria in the ileum associated with translation (∼5.7%), replication and repair (∼5.5%) and drug resistance: antineoplastic (∼5.0%), as shown in Supplementary Table 3. The main gene functions of bacteria in the colon are associated with immune system (∼5.2%), replication and repair (∼5.0%) and drug resistance: antineoplastic (∼5.0%), as shown in Supplementary Table 4. As shown in Figure 8, the relative abundance of transcription and cellular community of bacteria in the ileum was higher (P < 0.05) in the UTE treatment than that in the CON treatment, the relative abundance of transport and catabolism of bacteria in the ileum was higher (P < 0.05) in the UTE treatment than that in the CTE treatment. Compared with the CON and UTE treatments, the relative abundance of aging and substance dependence of bacteria in the ileum was lower (P < 0.05) in the UTE treatment, and the relative abundance of immune system and nervous system of bacteria in the ileum was higher (P < 0.05) in the UTE treatment. For the gene functions of bacteria in the colon, the relative abundance of development and regeneration was lower (P < 0.05) in the CTE treatment than that in the CON and UTE treatments, the relative abundance of infectious disease: parasitic was lower (P < 0.05) in the CTE treatment than that in the UTE treatment.
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FIGURE 8
The prediction of bacterial function based on Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway at level 2. CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements in uncoated form. Data are represented as mean and standard error and with different small letter superscripts mean significantly different (P < 0.05), n = 4.





4 Discussion

Due to its easier absorption, it is generally accepted that organic trace elements are used more efficiently than inorganic trace elements for ruminants (Byrne and Murphy, 2022). Besides organic trace elements, coating technique may be an effective measure to improve the bioavailability of inorganic trace elements. In the current study, the effective degradability of the coated trace elements was determined to be 34.13% in Exp. 1, indicating that most of them (65.87%) could escape from the rumen and enter the subsequent gastrointestinal tract. In Exp. 2, the ADG of sheep fed the basal diet without the addition of exogenous trace elements was significantly lower than that of sheep fed the basal diet with coated or uncoated trace elements. This result may be caused by insufficient trace elements in the basal diet (mainly composed of corn, soybean meal, heat bran, corn silage and wheat straw) to meet the requirements of the growing Yunnan semi-fine wool sheep. There is well-established evidence that the deficiency of trace elements can negatively affect the growth of animals (Prasad, 1995; Eder et al., 1996; Kegley et al., 2016; Huang et al., 2017), as trace elements are involved in maintaining normal intestinal absorption and microbial homeostasis (Pajarillo et al., 2021; Skalny et al., 2021). The measurement of serum mineral concentrations is a popular and potentially valuable method for evaluating the trace mineral nutritional status and the mineral bioavailability of animals (Herdt and Hoff, 2011; Burrow et al., 2020). Thus, we measured the levels of trace elements in serum and found that the levels of Se, Co and I in the serum of sheep supplemented with coated trace elements were increased compared to CON and UTE treatments. The rumen binding of abundant fiber components and minerals in ruminant feeds may affect the subsequent absorption of some trace elements in the gut (Whitehead et al., 1985). Under the present experimental conditions, increasing the rumen passage rate appears to be an effective strategy to improve the bioavailability of trace elements. Compared with the addition of coated trace elements, the growth performance of sheep fed with uncoated trace elements did not show an advantage. This may be due to the fact that trace elements added as salt also provide sufficient amounts of minerals to growing sheep, after all, they remain the main mineral providers in livestock feed, albeit with relatively low bioavailability.

Some researchers believe that in ruminants, trace elements in the form of salts are more soluble in the rumen, chemical forms of trace mineral elements can be altered, and adverse reactions between rumen contents can affect rumen fermentation patterns, potentially affecting digestibility of nutrients (Galbraith et al., 2016; Arce-Cordero et al., 2020; Miller et al., 2020). In recent years, attempts have been made to replace mineral salts with trace elements in their hydroxyl or coating form. Addition of hydroxy trace minerals improved the digestibility of nutrients in dairy cows (Miller et al., 2020; Guimaraes et al., 2022) and steers (Caldera et al., 2019; Guimaraes et al., 2021) compared to supplementation of sulfate-sourced trace elements. However, Miller et al. (2020) reported that the source of trace mineral (sulfate or hydroxy source) had no effect on rumen turnover, and particle passage rates in Holstein cows. Arce-Cordero et al. (2020) also reported that dietary rumen-protected copper sulfate did not affect the ruminal digestibility of nutrients compared to unprotected copper sulfate. In this study, we found that the addition of coated or uncoated trace elements had no effect on apparent nutrient digestibility, with the exception of CP digestibility. The apparent digestibility of CP was higher in the CTE and UTE treatments than that in the CON treatment, which was consistent with the result of growth performance. In accordance with our findings, previous studies have shown higher digestibility of CP in dairy cows (El Ashry et al., 2012), goats (Salama et al., 2003) and growing lambs (Samarin et al., 2022) supplemented with a mix of trace minerals from different sources. Trace elements have been proven to play a critical role in regulating intestinal health and the microbiome (Shannon and Hill, 2019; Barra et al., 2021), which may be factors affecting nutrient digestibility.

The morphology of the intestinal mucosa is an important indicator of intestinal absorption function in ruminant livestock. Most absorption of trace minerals occurs in the small intestine, mainly in the duodenum, although absorption can occur anywhere in the gastrointestinal tract (Smith, 2004; Goff, 2018). The sheep in the CTE treatment had a greater villus height in the duodenum, jejunum and ileum than those sheep in the CON and UTE treatments, indicating that dietary coated trace elements were beneficial to improve the absorption function of small intestinal. Previous studies reported that a single supplement of dietary trace minerals had a positive effect on the gut health of animals, such as Fe (Zhou et al., 2020), Cu (Yin et al., 2021), Zn (Wang et al., 2018) and Se (Samo et al., 2020). Replacing inorganic trace elements with complex organic trace minerals in the diet could increase the villus height in the ileum of weaned piglets (Wang et al., 2022). The addition of coated organic trace elements could also significantly improve the villus height and villus/crypt ratio in late-phase laying hens (Chen et al., 2022). In addition to intestinal morphology, we also detected the gene expression of tight junction protein in small intestine and found that dietary coated trace elements upregulated the relative mRNA abundance of tight junction proteins (Claudin-1, Claudin-2, Occludin, ZO-1, and ZO-2) in duodenum and jejunum compared to dietary uncoated trace elements. Altering the supply form and amount of Zn could upregulate the gene expression of Occludin and ZO-1 in ileal mucosa, but did not affect intestinal mucosal morphology (Wang et al., 2018). The deficiency or excess of trace elements can regulate the microenvironment of animals’ intestines, including the microbiome, nutrient availability, stress and mucosal immunity (Pajarillo et al., 2021). This could be the reason that the addition of trace elements improved the apparent digestibility of the crude protein. In this study, the supply of equal amounts of uncoated trace elements limited the biological effects in the small intestine due to low bioavailability. The absorption of metal ions by intestinal epithelial cells depends on divalent metal transporters, which are then transported to the blood by transmembrane proteins such as ferroportin and zinc transporters (Hundal and Taylor, 2009; Espinoza et al., 2012). The addition of trace elements had a positive effect on the relative mRNA abundance of iron transporter and zinc transporter (FPN1 and ZNT4), especially coated trace elements. This may be related to the amount of trace elements reaching the small intestine.

Some trace minerals ingested by animals are utilized by gut microbiota to maintain basic physiological activity, although hosts have evolved mechanisms that prevent bacteria from taking advantage of them through chelation (Becker and Skaar, 2014). Meanwhile, trace minerals also regulate the composition and diversity of intestinal microorganisms. Previous studies have reported that Fe could regulate the ability of microorganisms to obtain energy from nutrients ingested by hosts (Dostal et al., 2015), Mn could regulate the detoxification involved in reactive oxygen species, carbohydrates, lipids, and protein metabolism, and DNA replication (Kehres and Maguire, 2003; Zaharik and Brett Finlay, 2004), Zn could regulate host defenses, antioxidant systems, gene expression, virulence factors (Velasco et al., 2018; Eijkelkamp et al., 2019), and Cu could reduce the relative abundance of potential pathogens (Villagómez-Estrada et al., 2020). These are all involved in the survival and adaptation of the microbiome. In this study, the most dominant bacterial phylum in ileum and colon was Firmicutes, which is consistent with previous studies in sheep (Wang et al., 2017; Ma et al., 2022). Compared with the CON treatment, the addition of uncoated trace elements increased the proportion of the phylum Euryarchaeota, and the change of the abundance of Kiritimatiellaeota was the most obvious with the addition of trace elements. Euryarchaeota is the phylum of Archaea, including some methane-producing bacteria commonly found in the gut, known for metabolizing nutrients and metabolites of other bacteria, leading to elevated levels of short-chain fatty acids, such as acetate (Horz and Conrads, 2010; Primec et al., 2019). Dietary zinc oxide supplementation significantly increased the abundance of Euryarchaeota in the colon, while other information about the association between Euryarchaeota and trace minerals has been rarely reported. Kiritimatiellaeota mediated pyruvate to generate acetyl-CoA and then enter the tricarboxylic acid (TCA) cycle and involve arginine biosynthesis, and also regulated fatty acid synthesis. Kiritimatiellaeota mediates the breakdown of pyruvate into acetyl-CoA, which then enters the tricarboxylic acid (TCA) cycle and involves arginine biosynthesis to utilize dietary N and produce energy (Guo et al., 2021). However, the cause for the addition of trace elements to reduce the proportion of Kiritimatiellaeota in the ileum need to be further studied. Compared to uncoated trace elements, the addition of coated trace elements increased the proportion of the phylum Firmicutes while decreased the proportion of the phylum Proteobacteria. The proportion of dominant bacterial phyla in the ileum was significantly affected by whether or not it is coated, probably caused by the coating technique changing the amount of trace elements reaching the ileum. At the genus level, the proportion of Christensenellaceae R-7 group, f_ Ruminococcaceae/g_ and Ruminococcus 1 in the ileum was positively affected by the addition of coated trace elements. Christensenellaceae R-7 group play a pivotal role in the degradation of carbohydrates to acetate (Morotomi et al., 2012), and the increase in their abundance was positively correlated with the improvement of growth performance and meat quality in Hu lambs (Xiong et al., 2021). Both f_ Ruminococcaceae/g_ and Ruminococcus 1 belong to family Ruminococcaceae, which have great ability in the complex carbohydrates digestion to generate short chain fatty acids (SCFAs) (Xie et al., 2022). It has been reported that SCFAs can improve intestinal health by maintaining the integrity of intestinal barrier, secreting mucus and preventing inflammation (Peng et al., 2009; Lewis et al., 2010; Primec et al., 2017). The similar result appeared in the colon that the addition of coated trace elements increased the proportion of Ruminococcaceae UCG-014.

To further explore the role of microbiota in gut, the prediction of bacterial function based on KEGG pathway was performed. Findings of the present study revealed significant differences in bacterial function between sheep supplemented with coated trace elements or not. In the ileal microbiota of sheep fed with coated trace elements, there were more genes associated with the organism systems (immune system and nervous system), which critically influence the homeostasis of normal physiological functions of the host (Xing et al., 2019). Homeostasis of the gut microbiota play an important role in host health and aging (Han et al., 2017). The genes associated with aging were fewer in the CTE treatment than that in the UTE treatment, indicating that feeding coated trace elements is more beneficial for gut health in sheep. In the colon, the genes related to development and regeneration, infectious disease: parasitic were also fewer in the CTE treatment than that in the UTE treatment. Both substance dependence and infectious disease: parasitic belong to the biological pathway of human disease and have obvious associations with host health (Li and Agarwal, 2009). The decreased occurrence of these genes mirrors the decrease in sequences affiliated with intestinal injury, supporting the importance of these bacteria within the gut health. The limitation of this study is that metagenomic shotgun sequencing of gut digesta was not performed, which will provide more accurate and direct evidence for the function of gut microbiota in future studies.



5 Conclusion

In summary, most of the coated trace elements (65.87%) used in this experiment were able to escaped from the rumen. Under the dietary conditions of the current study, the addition of trace elements improved the growth performance and the apparent digestibility of CP of growing sheep. The addition of dietary coated trace elements had a more positive effect on serum trace element levels and intestinal development, although there was no difference in growth performance, compared to uncoated trace elements. Generally, this study partly revealed the advantages of coated trace elements over traditional trace elements for intestinal development in growing sheep, providing a theoretical basis for their further utilization on ruminants.
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Methionine (Met) metabolism provides methyl groups for many important physiological processes and is implicated in multiple inflammatory diseases associated with the disrupted intestinal microbiota; nevertheless, whether intestinal microbiota determines Met metabolism in the host remains largely unknown. Here, we found that gut microbiota is responsible for host Met metabolism by using various animal models, including germ-free (GF) pigs and mice. Specifically, the Met levels are elevated in both GF pigs and GF mice that mainly metabolized to S-adenosine methionine (SAM) in the liver. Furthermore, antibiotic clearance experiments demonstrate that the loss of certain ampicillin- or neomycin-sensitive gut microbiota causes decreased Met in murine colon. Overall, our study suggests that gut microbiota mediates Met metabolism in the host and is a prospective target for the treatment of Met metabolism-related diseases.

KEYWORDS
 gut microbiota, methionine, SAM, hCY, germ-free pigs


Introduction

Methionine (Met) is one of the essential amino acids that could participate in the biosynthesis of various nitrogen-containing substances (Liu et al., 2021). Indeed, Met metabolism in the host mainly consists of four metabolic pathways surrounding the Met-homocysteine (hCy) cycle (Yin et al., 2018; Xu et al., 2020). The host Met-hCy cycle (hereinafter referred to as the Met cycle) is associated with transmethylation and the metabolism of amino acids such as serine (Ser), glycine (Gly), glutathione (GSH), and taurine (Tau; Xu et al., 2020). Specifically, Met reacts with ATP under the catalysis of methionine adenosyltransferase (MAT) to generate S-adenosine methionine (SAM), which then provides a methyl group to generate S-adenosine homocysteine (SAH; Clare et al., 2019). Homocysteine (hCy) generated by S-adenosylhomocysteine hydrolase (SAHH) is then remethylated by N5-methyltetrahydrofolate (CH3-THF) to generate Met, and vitamin B12 serves as a key coenzyme in this process (Lam et al., 2021). Of note, the Met cycle ensures Met level and the supply of methyl-donor SAM in liver; therefore, modulating Met cycle has therapeutic implications for many diseases, for example, alcoholic liver disease (ALD; Kharbanda, 2013). Moreover, the Met cycle in tumors has also received attention. For example, tumor initiation of lung cancer stem cells consumes large amounts of Met for histone methylation, resulting in Met depletion and exogenous Met dependence (Wang et al., 2019). Met cycle is also disrupted in liver tumors and is often associated with poor prognosis (Xu et al., 2020). Therefore, it is meaningful to fine-tune the Met metabolism in host. However, the factors affecting the Met metabolism are still unclear.

The gut has a complex microorganism community including bacteria, fungi, and viruses, which the composition is determined by natural colonization and subsequent environmental factors (Cani, 2018). Gut microbes play particularly important roles in regulating homeostasis by absorbing nutrients, producing metabolites, and cooperating or competing with other microorganisms in the intestinal tract (Osbelt et al., 2021). It is worth noting that the impact of the gut microbiota on host is not limited in gut, as supported by the findings of the gut-brain axis (Cryan et al., 2019), gut-lung axis (Dang and Marsland, 2019), and gut-liver axis (Tripathi et al., 2018). A study revealed that patients with quiescent inflammatory bowel disease (IBD) fatigue had reduced serum metabolites like Met, Ser and sarcosine (Sar), and decreased short-chain fatty acids (SCFAs)-producing gut microbiota such as Faecalibacterium prausnitzii (Borren et al., 2021). In a controlled study of Parkinson’s disease (PD), significant differences in the trajectories of Met and homoserine were found (Hertel et al., 2019). And the PD-associated gut microbiome analysis revealed increased abundance of Akkermansia muciniphila (A. muciniphila) and Bilophila wadsworthia involved in sulfur metabolism (Hertel et al., 2019). Additionally, A. muciniphila contributed more than 70% of Met secretion potential (Hertel et al., 2019), indicating the interaction between the gut microbiota and host Met cycle. Nevertheless, whether Met metabolism in host is related to the gut microbiota remains enigmatic.

Given the importance of Met metabolism in inflammation, cancer, and neurological diseases and the impact of microbial-host interactions on host physiology, biochemistry, and immune status, an in-depth analysis of gut microbial and host Met metabolism has profound implications. Microbiota-targeted interventions mainly include antibiotic treatment, probiotic addition, and fecal microbiota transplantation (Sun and Shen, 2018). Among them, antibiotic-induced intestinal dysbiosis is a common method that can lead to drastic changes in the intestinal microbiota (Andremont et al., 2021). Notably, germ-free (GF) animal models are currently important models for studying microbiome-host interactions. Unlike pharmacological interventions such as antibiotics, GF animals achieve true “sterility” and have distinct characteristics from specific pathogen-free (SPF) animals in gut development and/or immune system (Uzbay, 2019). Therefore, GF animals are valuable experimental models in cancer and metabolism-related diseases. Moreover, studies of Met metabolism have typically used in vitro cell or tissue cultures and validated in rodents (Wang et al., 2019; Xu et al., 2020). Genetically inbred mice in rodents are common experimental models that help scientists accomplish many studies, but they are not ideal models of the human immune system because of the differences in immune systems of humans and mice caused by evolutionary branches (Pulendran and Davis, 2020). Therefore, the GF pig model adopted in this paper may help to provide a more valuable reference.

As experimental subjects, pigs are ideal large animal models for studying nutrition or disease in pigs and humans due to their high similarity to humans in terms of anatomy, physiology, and immune system (Miller and Ullrey, 1987; Itoh et al., 2019). The GF pig model is therefore ideal for studying gut microbe-host Met metabolism. Importantly, dietary Met plays an important role in animal nutrition and is the second/third limiting amino acid in pig and piglet diets (Yang et al., 2021). Since Met is beneficial for the growth and development of pigs, most relevant studies have focused on the effects of dietary Met or Met-restricted diets on swine meat quality, growth performance, and intestinal function (Zeitz et al., 2019; Gondret et al., 2021; Yang et al., 2021). However, there are few studies concerning Met metabolism in pigs. Currently, only limited studies on plasma Met metabolism profiles and mammalian lifespan have been retrieved focusing on the relationship between porcine plasma Met metabolism and lifespan (Mota-Martorell et al., 2021).

Therefore, we used GF pig as an experimental model to explore the impact of gut microbiota on host Met metabolism that contributes to map the Met metabolism profile of the pig gut microbiome. We then explored the link between gut microbiota and host Met metabolism in GF mice and mice treated with different antibiotics, further expanding the generalizability of the experimental results and potentially providing new insights into Met metabolism-related diseases.



Materials and methods


Animal acquisition and breeding


GF and SPF pigs

GF pigs and SPF pigs were harvested by uterine dissection and then transferred to sterile feeding isolators (DOSSY Experimental Animals Co., Ltd., Chengdu, China) for decontamination. Next, the piglets were taken to rearing isolators (Class Biologically Clean Ltd., Madison, Wisconsin, United States; Qi et al., 2021; Zhou et al., 2021). The isolator operates in strict accordance with operating procedures within the barrier facilities.

The feeding conditions of the two groups of experimental animals are the same, and the specific steps refer to our previous experiments (Liu et al., 2022). For the first 21 days, they were fed Co60 γ-irradiated 4.8%-fat sterile milk powder (Jiangsu Anyou Group China) diluted with sterile water (Sun et al., 2018; Liu et al., 2022). The basal diet for pigs from day 22 was provided by the Institute of Animal Nutrition, Sichuan Agricultural University (Chengdu, China). In this study, pigs were obtained from the Technical Engineering Center for the Development and Utilization of Medical Animal Resources (Chongqing, China). All experimental protocols were approved and carried out under the guidance of the Laboratory Animal Ethics Committee of South China Agricultural University [Guangzhou, China; permit number SYXK (Guangdong) 2019–0136].

Eleven GF pigs were randomly selected, five of which were kept under GF conditions (GF pigs) and their anal swabs were collected weekly for microbial testing. Another six pigs served as controls (SPF pigs) by transplanting maternal feces. Control pigs were continuously orally administered fecal bacteria suspension (1 ml/d) for 3 days at 7 days of age and kept in sterile isolators (Liu et al., 2022).

For sample collection, on the last day of the experimental period, two groups of pigs were subjected to respiratory anesthesia with isoflurane after urine collection, and other samples were collected on a clean bench after blood collection to ensure that there was no bacterial contamination throughout the entire sampling process. Liver, bile, spleen, kidney, heart, and different intestinal segments and their contents were collected, including jejunum, ileum, cecum, colon, jejunum contents, cecal contents, colonic contents, rectal contents, and feces (Figure 1A). Samples were quickly frozen in liquid nitrogen and stored in an ultra-low temperature freezer at −80°C.

[image: Figure 1]

FIGURE 1
 Timeline of experimental processing and sample collection information. The samples of GF/SPF pigs (A) and mice (B). (C) SPF mice were treated by different antibiotics for 2 weeks.




GF/SPF and antibiotic-treated mice

GF and SPF Kunming mice were bred at the Third Military Medical University (Chongqing, China). ICR mice were purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Liaoning, China). GF mice were housed in sterile isolators and SPF Kunming and ICR mice were housed in sterile individual animal colonies (temperature, 25 ± 5°C; relative humidity, 55 ± 5%; dark light alternated every 12 h) with free access to drinking water and standard rodent chow.

For the Met cycle metabolite analysis experiments, GF (GF group, 4 weeks old, n = 10 males and 10 females) and SPF (SPF group, 4 weeks old, n = 10 males and 10 females) Kunming mice were treated with the same diet for 4 weeks, then were euthanized by CO2 asphyxiation, and blood, duodenum, and colon were collected (Figure 1B).

To establish an antibiotic-treated mouse model, 6-week-old female ICR mice (n = 12) were supplemented with ampicillin (MB1407, 1 mg/ml, meilunbio), colistin (MB1064, 1 mg/ml, meilunbio), metronidazole (B300250, 1 mg/ml, Aladdin), neomycin (MB1716, 1 mg/ml, meilunbio), and vancomycin (V301569, 0.5 mg/ml, Aladdin) in drinking water for 2 weeks. Mice were then euthanized by CO2 asphyxiation and colon samples were collected (Figure 1C).




Standard and sample preparation

The key metabolites in the Met cycle involved in this study are Met, SAM, SAH, and hCY. Accurately weighed 1.0 mg of these metabolites and dissolved each standard in 10 ml methanol–water (50:50, V/V) to obtain a 100 μg/ml stock solution. The standard solution was then serially diluted to 1,000, 500, 100, 10, 1, 0.5, 0.1, 0.01, 0.001 ng/ml. All metabolites were quantified by external standard method, and all standard solutions were stored at −20°C. The processing of tissue samples and fluid samples such as serum, urine, and bile was carried out according to our previous experiments (Liu et al., 2022), and stored at −20°C prior to UPLC-Orbitrap-MS/MS analysis.



UPLC-Orbitrap-MS/MS conditions

Met cycle-related metabolites were separated by Thermo Fisher Scientific UPLC system (Dionex UltiMate 3,000) with a C1s Hypersil Gold column (1.9 μm, 100 mm × 2.1 mm; Thermo Scientific). The main parameters and gradient elution procedure were based on our previous experiments (Liu et al., 2022).



Identification of metabolites

Metabolite identification refers to our previous experiments (Liu et al., 2022). Briefly, information such as retention time, mass (m/z), peak and fragment ion MS or MS/MS intensity could be obtained when the RAW file is opened with Xcalibur. The mass list of each MS scan was generated by the peak detection and chromatographic builder in the original data file, and then the chromatogram was built.



Data analysis and statistics

Xcalibur converted data in an instrument-specific format (*.raw) to a common data format (.XLS) that displays information on metabolites, including calculated amounts, retention times, and peak areas. The raw data can be accessed by the Metabolights repository,1 with the identifier MTBLS6154 (Haug et al., 2020).

All data are shown as mean ± SEM. Data between two groups were analyzed by (unpaired t-test, Prism 6.0) if the data exhibited Gaussian distribution and equal variance, and by (Welch-corrected unpaired t-test, Prism 6.0) if the data exhibited (Gaussian distribution but unequal variances). If the data were not normally distributed, a nonparametric test (Mann–Whitney U test, Prism 6.0) was performed. The Gaussian distribution of the data was analyzed by (D’Agostino-Pearson comprehensive normality test, Prism 6.0) and/or (Kolmogorov–Smirnov test, Prism 6.0). Data were analyzed for variance by (Brown-Forsythe test, Prism 6.0). Significant differences among 3 or more groups were passed (Bonferroni’s multiple comparison test, one-way ANOVA assessment, and multiple t-test, Prism 6.0). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically.




Results


Gut microbiota alters the met cycle of pig gut

In this study, we collected different intestinal contents of GF pigs and analyzed by UPLC (Figure 1A). Four key metabolites in the Met cycle were detected, including Met, SAM, SAH, and hCY (Figure 2A). Of note, SAM, generated by Met metabolism, is an important methyl donor that cooperates with the methylation in vivo, such as histone methylation (Yu et al., 2019). HCY from SAH deadenosine may regulate the one-carbon metabolism of Ser and Gly, the folate cycle of THF, or the generation of cysteine (Cys) to generate GSH or Tau (Selhub, 1999; Mentch et al., 2015; Jakubowski, 2019). As a result, Met level was significantly increased by almost 10-fold in the gut contents (including cecum, colon, rectal contents, and feces) of GF pigs compared to the control group (SPF), with the exception of the jejunum contents (Figure 2B). SAM, SAH, and hCY were not significantly altered in the jejunum contents of GF pigs (Figure 2C) that may be present at very low levels even below the detection limit in other intestinal contents. The experimental results showed that the absence of the gut microbiota led to a significant increase of Met levels in intestinal contents, suggesting that gut microbiota was involved in the regulation of the Met cycle in pig intestines.

[image: Figure 2]

FIGURE 2
 Gut microbiota alters the Met metabolism of pig gut. (A) Met cycle. Met consumes ATP under the catalysis of MAT to generate SAM, SAM provides methyl group to generate SAH, SAH generates hCY under the action of SAHH, and hCY obtains methyl group through CH3-THF in the folic acid cycle to generate Met. hCY participates in the generation of Cys, which, in turn, generates GSH or Tau. (B) Met content in different intestinal contents of GF pigs (n = 5) and SPF pigs (n = 6). (C) Contents of SAM, SAH, and hCY in the jejunum contents of GF pigs (n = 5) and SPF pigs (n = 6). Data were analyzed by unpaired t-test and represented as means ± SEM. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Met: Methionine; SAH: S-adenosine homocysteine; SAM: S-adenosine methionine; hCY: homocysteine; Ser: Serine; Cys: Cysteine; Tau: Taurine; GSH: Glutathione; Tau: Taurine; Gly: Glycine; THF: Tetrahydrofolate; MAT: Methionine adenosyltransferase; SAHH: S-adenosylhomocysteine hydrolase.




Gut microbiota regulates the met cycle in different intestinal segments of pigs

About 25% of the body’s trans-methylation and trans-sulfurization reactions occurred in the gastrointestinal tract, and 65% of the visceral first-pass effect of Cys occurred in the intestine (Bauchart-Thevret et al., 2009), indicating that intestinal absorption was crucial to Met cycle. Therefore, we examined Met cycle-associated metabolites in different intestinal segments. There was no significance in the four key metabolites in the jejunum (Figure 3A). Compared with SPF group, Met in the ileum of GF group was significantly decreased, and SAH showed a downward trend (Figure 3B). In the cecum and colon, Met was increased in GF group compared to SPF group, but SAM, SAH, and hCY were not significantly different (Figures 3C,D). Together, the increase of Met in GF pigs was mainly occurred in the large intestinal segment.
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FIGURE 3
 Gut microbiota regulates the Met metabolism in different intestinal segments of pigs. Contents of Met, SAM, SAH, hCY in (A) jejunum, (B) ileum, (C) cecum, and (D) colon of GF pigs (n = 5) and SPF pigs (n = 6). Data were analyzed by unpaired t-test and represented as means ± SEM. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Met: Methionine; SAH: S-adenosine homocysteine; SAM: S-adenosine methionine; hCY: homocysteine.




Gut microbiota remodels the met cycle in extraintestinal tissue and circulation system of pigs

The Met metabolites are absorbed by the intestinal epithelium and penetrate the basement membrane and then conducted on the extraintestinal tissues to further exert their effects through blood circulation and other means (Kharbanda, 2013; Xu et al., 2020). In addition, the liver is an important organ for Met metabolism that converts Met to SAM by MAT1A (Methionine adenosyltransferase 1A; Lu and Mato, 2012). Met-related metabolites are perturbed in both cardiovascular disease (CVD) and chronic kidney disease (CKD; Xiao et al., 2015; Yang et al., 2016), and the kidneys are involved in SAH metabolism (Garibotto et al., 2009).

We collected extraintestinal tissue samples from GF pigs and SPF pigs, including liver, spleen, kidney, and heart, and detected and analyzed the key metabolites of the Met cycle, respectively, by UPLC-Orbitrap-MS/MS. The results showed that Met in the liver of GF pigs decreased and SAM tended to increase (Figure 4A). There were no significant differences in Met, SAM, SAH, and hCY in spleen (Figure 4B), kidney (Figure 4C), and heart (Figure 4D) between GF and SPF groups. Analogously, blood, bile, and urine in the circulation system of both groups (GF and SPF) were detected by UPLC-Orbitrap-MS/MS. The results illustrated that Met was elevated in bile (Figure 5A) and serum (Figure 5B) but was no significant difference in urine (Figure 5C) in GF group. This result suggested that the lack of gut microbiota led to the increase of Met in the circulatory system, which was converted to SAM in the liver (Figure 6).
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FIGURE 4
 Gut microbiota remodels the Met metabolism in porcine extraintestinal tissue by gut microbiota. Contents of Met, SAM, SAH, hCY in (A) liver, (B) spleen, (C) kidney, (D) heart of GF pigs (n = 5) and SPF pigs (n = 6). Data were analyzed by unpaired t-test and represented as means ± SEM. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Met: Methionine; SAH: S-adenosine homocysteine; SAM: S-adenosine methionine; hCY: homocysteine.


[image: Figure 5]

FIGURE 5
 Gut microbiota modulates Met metabolism in porcine circulation system. (A) Met and hCY levels in bile. (B) Met, SAM, SAH, hCY levels in serum. (C) Met, SAH, hCY levels in urine of GF pigs (n = 5) and SPF pigs (n = 6). Data were analyzed by unpaired t-test and represented as means ± SEM. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Met: Methionine; SAH: S-adenosine homocysteine; SAM: S-adenosine methionine; hCY: homocysteine.


[image: Figure 6]

FIGURE 6
 Summary plot of Met metabolic changes in GF porcine parenteral tissue and parenteral circulation. Met was increased in the overall circulation in GF pigs, and the elevated Met was mainly utilized in liver. Met: Methionine; SAH: S-adenosine homocysteine; SAM: S-adenosine methionine. *(“↗”arrows represent increasing trend, “⬆” arrows represent increases, and “⬇” arrows represent decreases.)




Gut microbiota modulates the met cycle of mice

By collecting samples from GF pigs and SPF pigs, we detected Met cycle-metabolites in the intestinal contents, different intestinal segments, extraintestinal tissues, and the circulation system. It was found that the absence of gut microbiota resulted in an overall increase in circulating Met and the elevated Met might be primarily utilized in liver. Next, we sought to translate the involvement of gut microbiota on Met metabolism to rodents. We collected duodenum, colon, and serum samples from GF and SPF mice and examined key Met cycle metabolites. Met was significantly increased and hCY was significantly decreased in the duodenum and colon of GF mice (Figures 7A,B). SAM in the colon of GF mice was significantly decreased (Figure 7B), which was consistent with the trend in pigs. There was no significant difference on Met in the serum of GF mice, but hCY was significantly reduced (Figure 7C). Thus, the findings further confirmed that the gut microbiota can modulate the Met metabolism and the absence of gut microbiota resulted in elevated Met and lower downstream SAM and/or hCY.
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FIGURE 7
 Influence of gut microbiota on Met metabolism in mice. (A) Met and hCY contents in duodenum of GF mice and SPF mice (n = 20). (B) Met, SAM, and hCY contents in colons of GF mice and SPF mice (n = 20). (C) Serum Met and hCY levels in GF mice and SPF mice (n = 20). (D) Met and SAH contents in colon of SPF mice (n = 12) after different antibiotic treatments. Data were analyzed by unpaired t-test (two groups) and one-way ANOVA assessment (>two groups), and represented as means ± SEM. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Met: Methionine; SAH: S-adenosine homocysteine; SAM: S-adenosine methionine; hCY: homocysteine.


In addition to host metabolism of Met, it has been demonstrated the existence of microbial metabolism of Met and Cys (Das et al., 2021). For example, gut microbes use cysteine desulfurase (CDS) to catalyze the synthesis of H2S from Cys (Wang et al., 2019). In the intestinal flora, Gram-positive Streptococcus, Clostridium, Staphylococcus aureus, Mycobacterium tuberculosis, Gram-negative Klebsiella, Enterobacter, Salmonella, Akkermansia spp., and Desulfovibrio are involved in the degradation of Cys (Carbonero et al., 2012). In the lower gastrointestinal tract, taurine, and isethionate are substrates for microbial metabolism, and microorganisms metabolize these organic sulfonates with the assistance of electron carriers to produce sulfide, ammonia, and other products (Laue et al., 1997). Therefore, to determine the types of microbes played pivotal roles in the regulation of host’s Met metabolism, we constructed a model of microbe deletion by treating mice with different antibiotics in drinking water for 2 weeks. The results showed decreased Met and increased SAH in colon of ampicillin-treated mice (Figure 7D). Neomycin treatment caused decreased colonic Met levels (Figure 7D). However, colonic Met and SAH were not significantly different between colistin, metronidazole, and vancomycin-treated mice (Figure 7D). Therefore, we speculated that part of the ampicillin- and/or neomycin-sensitive gut microbiota has taken a major role in regulating the Met cycle in host.




Discussion

Met metabolism is mainly composed of Met-cycle and produces the important methyl donor SAM, which participates in the biosynthesis of various proteins and DNA (Clare et al., 2019). SAM is demethylated to generate SAH and then SAH is deadenosine to generate hCY which may participate in the folate cycle and generate Cys (Lam et al., 2021). Cys produces metabolites, such as Tau or GSH, to regulate metabolic homeostasis (Selhub, 1999; Mentch et al., 2015; Jakubowski, 2019). The intestinal tract plays a key role in Met metabolism (Bauchart-Thevret et al., 2009). In addition to host intestinal transport or metabolism of Met (Zhang et al., 2014; Li et al., 2016; Romanet et al., 2021; To V et al., 2021), the gut microbiota also plays an important role in Met metabolism in the large intestine (Carbonero et al., 2012; Wang et al., 2019). Therefore, we used GF pigs as a model to explore the metabolites of the Met cycle and found that the gut microbiota was involved in regulating Met metabolism in host and the lack of gut microbiota led to the increase of Met in the gut and circulation system (Figure 8). Furthermore, we speculated that the liver is the main site of Met metabolism and utilization in GF pigs.
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FIGURE 8
 Influence of gut microbiota on Met metabolism. *(“⬆” arrows represent increases, “⬇” arrows represent decreases, “↗” arrows represent increasing trend, “↘” arrows represent decreasing trend).


The increase of Met in the gut is mainly concentrated in large intestine, while the Met in small intestine shows a decreasing trend. We speculate that it might be due to the changes in intestinal Met transporters. Amino acid absorption in the gut relies on transport across the apical and basolateral membranes of epithelial cells. As a neutral amino acid (NAA), Met is taken up across the apical membrane of intestinal epithelial cells by various Na+-dependent/ independent transporters, such as ASCT2 (SLC1A5), B0AT1 (SLC6A19), rBAT/b0,+AT (SLC3A1/SLC7A9), 4F2hc/y+LAT1 (SLC3A2/SLC7A7), and LAT4 (SLC43A2) primarily transports Met across the basolateral membrane (To V et al., 2021). Previous studies have demonstrated that the presence of ASCT2 and y+LAT1 in pig jejunum (Zhang et al., 2014; Li et al., 2016), B0AT1 in pig jejunum and ileum (Yi et al., 2019; Hu et al., 2021), and rBAT/b0,+AT in pig ileum (Yi et al., 2019). LAT4 is expressed in the human small intestine, especially the duodenum (Maric et al., 2021). A recent study has performed a segmented quantification of Met transporters in the porcine gastrointestinal tract and provided us with a more detailed description (Table 1). In addition to our previously mentioned Met transporters, LAT2, IMINO, SNAT2, and ATB0,+ are expressed in the porcine gastrointestinal tract (Romanet et al., 2021). Moreover, the research found that in Chd8+/− mice model of autism spectrum disorder (ASD), increased expression of neutral amino acid transporters Slc6a19, Slc7a8, and Slc7a15 resulted in increased serum glutamine and tryptophan levels (Yu et al., 2022). In Chd8+/− mice, the abundance of Bacteroides decreased, especially Bacteroides uniformis, and Bacteroides supplementation improved ASD-like behavior (Yu et al., 2022). In a piglet experiment, lysine restriction caused a decrease in SLC7A1 and SLC7A2, limiting lysine transport (Yin et al., 2017). Sequencing found that lysine restriction increased the abundance of Actinobacteria and Saccharibacteria in the gut, and functional analysis of the microbial community revealed that the differences were concentrated in amino acid metabolism and membrane transport (Yin et al., 2017). Thus, gut microbiota has the ability to modulate different amino acid transporters. Therefore, we hypothesize that the gut microbiota might have varying degrees of influences on the Met transporters in the gut. Furthermore, based on the changes of Met-related metabolites in the gut and the expression locations of Met transporters, we suppose that B0AT1, rBAT, and LAT4 might be partially inhibited, and/or ATB0+, ASCT2, and SNAT2 might be promoted. However, this conjecture still needs to be verified by detecting the expression of related transporters. In addition, the gut microbiota has been shown to be involved in regulating intestinal mucosal integrity (Wang et al., 2019; Paone and Cani, 2020), angiogenesis (Franks, 2013; Andriessen et al., 2016), both of which are associated with nutrient absorption. Furthermore, gut microbes can utilize substances in the Met cycle (Carbonero et al., 2012; Wang et al., 2019; Das et al., 2021), or metabolize to produce Met-related downstream substances (Rosario et al., 2021), or interact with substances in Met cycle (Roth and Mohamadzadeh, 2021). Whether these functions of gut microbes are related to the regulation of host Met metabolism in this paper requires further experimental verification.



TABLE 1 mRNA Expression of Met transporters in different intestinal tracts of pigs.
[image: Table1]

According to the experimental results, we found that gut microbiota could regulate host Met metabolism, but the increase in Met caused by lack of gut microbes was not detected in the jejunum. The possible reasons are: (1) Jejunal microbial metabolism: Jejunal microbiota is mainly involved in the degradation of lipids and sugars (Lema et al., 2020), so amino acid changes are not obvious; (2) Jejunal microbial types: the abundance and diversity of microbiota in the jejunum are very low (about 104 ~ 107 CFU/ml), and are mainly facultative anaerobic bacteria, such as Streptococcus and Lactococcus, which are different from the large intestine (Martinez-Guryn et al., 2019; Seekatz et al., 2019); (3) Features of the jejunum: in order to facilitate the nutrient absorption, the jejunum is covered with a thin layer of loose mucus, and the intervening Paneth cells secrete antimicrobial peptides (AMPs; Guo et al., 2017; Lema et al., 2020). And the transit time is faster in the small intestine compared to the large intestine (Martinez-Guryn et al., 2019), so the environment of the jejunum is not conducive to the long-term colonization of most microorganisms.

In addition, we examined the Met cycle-metabolites in GF mice, further confirmed that gut microbiota depletion caused the increase of Met, which promoted its downstream metabolic responses to a decrease in hCY and SAM (Figure 8). A variety of gram-positive or negative bacteria are involved in Met metabolism (Carbonero et al., 2012), thus, we treated mice with five different antibiotics, including the beta-lactam antibiotic ampicillin, polymyxin antibiotic colistin, nitroimidazole derivative metronidazole, aminoglycoside antibiotic neomycin, and glycopeptide antibiotic vancomycin. However, we could not achieve a Met increase similar to GF-treated effects by treating mice with antibiotics to mimic microbe deficiency. In contrast, we found a decrease in intestinal Met in the ampicillin and neomycin-treated groups (Figure 8).

Ampicillin can prevent the synthesis of bacterial cell walls with the bacteriostatic and bactericidal effects, and its effect on Gram-positive bacteria is similar to that of penicillin. Gram-negative bacteria such as Escherichia coli are sensitive to ampicillin (Jõers et al., 2010), while Pneumococcus pneumoniae and Pseudomonas aeruginosa are not (Li et al., 2021; Brazel et al., 2022). Neomycin has a good bactericidal effect on Gram-negative bacteria, Gram-positive bacteria, and Mycobacterium tuberculosis, of which Escherichia coli is the most sensitive (Kadison et al., 1951; Bera et al., 2008). Combined with the experimental results, we could only conclude that the lack of certain ampicillin- or neomycin-susceptible microbes resulted in lower intestinal Met levels. Moreover, studies have shown that there are objective function differences between GF animals and SPF animals such as metabolism and immunity (Uzbay, 2019), and the elimination of a single type of microbe may cause the increase in others, thereby probably leading to more utilization of Met. Determining the key microbes in host Met metabolic remodeling requires specific inhibition of possible microbial species and detection of Met metabolites after recolonization in GF animals. In addition to the changes of Met metabolism, studies have shown that growth performance, nutrient digestibility, and skeletal muscle growth and development are affected in GF piglets (Qi et al., 2021; Zhou et al., 2021). Therefore, it may be that the effect of gut microbiota on Met metabolism in GF animals was caused by the changes of global growth characteristics to drive the regulation of nutrient metabolism. In contrast to antibiotic-treated mice, GF animals was sterile in terms of other organs. In view of recent findings, the diversity of lung microbiota has a certain correlation with the risk of bronchopulmonary dysplasia (BPD) in neonates, and the lung microbiota metagenome of BPD probably changed the host metabolome (Lohmann et al., 2014; Lal et al., 2018). Therefore, it is also possible that microbiota in lung and other organs are involved in metabolic regulation in host, resulting the change trend of intestinal Met in antibiotic-treated mice is opposite to that in GF mice in this study. In order to study the influence of other organ microorganisms on Met metabolism, it may be a feasible experimental idea to redetect the changes of Met metabolism by supplementing intestinal microbiota of GF animals with whole intestinal microbiota transplantation (WIMT; Li et al., 2020).

In conclusion, the gut microbiota was involved in host Met remodeling, and Met was increased in complete GF animals (GF pigs and GF mice). However, when the microbes were cleared with antibiotics, ampicillin and neomycin treatment instead resulted in a reduction in intestinal Met. Since Met metabolism is closely related to various inflammatory diseases (Borren et al., 2021), ALD, liver tumors (Kharbanda, 2013; Xu et al., 2020), CVD, CKD (Yang et al., 2016), and other diseases, precise regulation of Met metabolism would become an effective means to treat these diseases. Therefore, our study provided new insights into the prevention and/or treatment of the associated diseases by modulating gut microbes in animals and humans.
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Educational leadership is a multifaceted area of study. Unquestionably, leadership is the most deliberate field within the social sciences. Still, administrators have evaded the notions of leadership concept like a haunting tune. This study has focused particularly on the significance of varied leadership styles in teaching to sustain academic excellence at the secondary school level. The quantitative research method was used. Data was collected through the scale of diverse leadership styles (strategic, cultural, instructional leaderships and sustaining academic excellence) from 103 secondary schools in Punjab, Pakistan. The sample consisted of 540 teachers who were enacting as teachers presently. Based on research objectives and questions, two hypotheses were formed and tested using mean analysis to determine the average ranking of leadership styles. Pearson correlation to know the statistically significant relationship between each leadership styles, and overall scales with sustaining academic excellence. The results revealed that most teachers give preference strategic Leadership, then instructional leadership, and finally cultural leadership in their teaching to sustain academic excellence. Moreover, the findings also indicated that a statistically strong positive relationship among diverse leadership styles in teaching and sustaining academic excellence with the value (r = 0.752). Based on the findings, it has been concluded that when teachers increase their effort in the use of strategic, instructional, and cultural leadership styles, academic excellence may also sustain and improve.

KEYWORDS
 strategic leadership, culture leadership, instructional leadership, sustaining academic excellence, secondary schools


Introduction

Diverse leadership styles show an invaluable role in the victory and development of schools. Keeping up with changing times requires a renewal of educational movements. Its goal is to integrate education into a sustainable development agenda 2030 (SD) headed by the United Nations Organization (UNO) has outlined advancements in education regarding societies and futures based on sustainability in the twenty-first century. Developing a wonderful culture within a school largely depends upon the school’s leadership. In addition to this, a positive impact can be seen in a student’s learning and performance.

As indicated by Okilwa and Barnett (2017) in the 21st century, school leadership is essential for re-imagining vision, the mission, and goals of the schools (Naidoo and Petersen, 2015). Leadership Styles play a vital contribution to schools’ success and progress. Keeping up with changing times requires a renewal of educational movements (Ucar and Dalgic, 2021). However, the three leadership styles are prominent in school settings such as strategic, cultural and instructional leadership (Murphy et al., 2006).

Moreover, strategic leadership entails directing the effort of continual school improvement (Davies, 2003). While culturally responsive leadership promotes inclusive educational environments for ethnically and culturally diverse students and families. Culture is also based on shared beliefs, ideologies, values, assumptions, expectations, attitudes, and norms centered on learning (Madhlangobe and Gordon, 2012). Most of the time, instructional leadership is associated with school administrators, who are responsible for the academic success of every student enrolled in their schools and supervised curriculums, finances, and timetables (Southworth, 2002).

In general, leadership is within the framework of examining the extra subtle effects of unique management on various significant student outcomes (Sun et al., 2017). Educational leaders are problem solvers and facilitators, and a superior education must be offered through excellent teaching facilities. In schools that formalize teaching and learning, the role of the teacher is critical for educating society’s youth (Williams-Boyd, 2002).

Further, the instructional unit imposes excessive requirements for the skilled application of practice and evaluation. It creates protocols and systems for assessing how well preparation produces results in an environment conducive to all students’ education. Leaders must develop collaborative structures in schools to ensure students have distinctly enticing educational experiences (Hallinger, 2010).

In Pakistan, a school’s leadership role is non-negotiable and is often referenced in terms of its development since the education sector creates accountable inhabitants and human power to facilitate the achievement of the National Education Goals (NEGs) (Ali and Tahir, 2009). Achieving the state’s educational objectives (Bank, 2002). Many private schools in Pakistan contribute to achieving the Millennium Development Goals (MDGs). A fundamental right, education has become a national agenda, incorporated in the Sustainable Development Goals (SDGs), which encompass the Millennium Development Goals and the “Education for all” initiative (Dhindsa, 2016). Schools, colleges, and universities are all part of a national goal. The secondary sector is the most significant and fundamental sub-sector of education. A mattress rock supports the entire pyramid of education. According to research conducted in Pakistan and other developing nations, major training has the highest social and private costs of return compared to secondary and tertiary training.

Additionally, school is generally most successful during the first few years; subsequent years are generally less productive. Based on the academic and socio-economic indicators of developed and developing countries, it is evident that regular training and, most significantly, education and literacy have profound, direct, and identifying implications for the overall development of a nation. Countries in this area, such as China, South Korea, Malaysia and Singapore which have experienced remarkable growth in essential training, have also been able to attain high per capita incomes and sustain them (GoP, 2017). Factors that contribute to academic quality in teaching and learning include; (a) lecturer engagement, (b) presentation organization, (c) material that is tailored to assist students in meeting course learning goals, and (d) the compatibility of the lecturer’s teaching style with the subject matter. In light of this background, the researcher examines the nature of teaching and learning and the role of strategic leadership and management in developing and sustaining academic excellence.

Thus, diverse leadership styles in which strategic leadership style in teaching is the use of strategy to classroom management. Teachers employ this approach to engage students, maintain good morale, and fulfill the institution’s strategic objective of academic excellence and achievement. Educators may evaluate the strengths and limitations of their pupils and design successful engagement strategies with the aid of cultural leadership styles. Since the approach is inclusive, it works better for talented but disadvantaged children and enables instructors to fulfill students’ particular needs more effectively. Many educators and administrators use an instructional leadership style because it stresses concurrently enhancing teaching performance and student growth.

However, it is of the utmost importance that teachers develop leadership capabilities, since this is a vital need for improving the instructional quality of teachers both within and outside the classroom. Teacher leaders have superior class management abilities and are better able to motivate pupils to achieve academic achievement. In the present corpus of research, few studies have examined the support of diverse leadership styles in teaching on student learning and academic performance/excellence (Ucar and Dalgic, 2021). The core objective of this research is to explore the contribution of teaching in generating academic excellence using strategic leadership, Culture Leadership, and Instructional Leadership. And to know the association leadership styles in sustaining academic excellence. To fulfill the study’s objectives two research questions were made.


Research questions

1. What is the role of strategic, cultural and instructional leaderships in teaching to sustain academic excellence at the secondary level?

2. Is there any relationship of sustaining academic excellence between strategic, cultural and instructional leadership in teaching at the secondary level?



Hypothesis

1. There is a significant role of strategic, culture and instructional leaderships in teaching to sustain academic excellence at the secondary level.

2. There is a statistically significant relationship between strategic, culture and instructional leaderships in teaching to sustain academic excellence at the secondary level.



Review of literature

In a recent discussion, the question of whether academic excellence is an inborn quality was raised (Gosling and Hannan, 2007). Techniques and skills were at issue (Kane et al., 2004). Some studies rated teachers highly for their personality attributes, such as approachability, passion, and enthusiasm (Enakrire, 2021). The importance of leadership skills and expertise increased for students as they progressed through higher levels of academia (Yielder and Codling, 2004).

Tschannen-Moran and Gareis (2004) effective schools are built on the foundation of perfect leaders. As far as the teacher is concerned, the major and senior administrative groups play a crucial role in initiating employment by raising the expectations of both students and teachers. The school transformation movement seeks to enhance student achievement, and as a result, calls for innovative management (Eacott, 2013). Keeping ‘quality leaders’ and filling management positions with outstanding individuals is a challenge faced by educational administrators and schools (Bin Mohd Ali and Ali, 2015).

The theory of organizational change is examined as a result of the establishment of communities of practice (Hussain et al., 2018). It relates to ongoing changes in school environments and the role of instructional leaders in facilitating these changes. Finally, the framework emphasizes continuous improvement within the complex organization of schools (Adolfsson and Alvunger, 2017).

Furthermore, contingency leadership theory, also known as adaptive leadership. This theory is based on the context in which a leader operates. This concept states that situational consequences determine success or failure. The situational context directly impacts the effectiveness of a leader (Anderson and Sun, 2017). While the personality of a leader is important, context and situation have a greater impact on success. The theory holds that competent leaders can adjust their leadership styles in response to the situation’s requirements. However, an example of the contingency concept is Hershey and Blanchard’s Situational Theory, Evans and House’s Path-Goal Theory, and Fiedler’s Contingency Theory (Masood et al., 2006; Amanchukwu et al., 2015). An institution’s culture is a set of values and beliefs that form the institution’s identity and are fundamental to improving educational institutions (Krüger et al., 2007). As part of the process of establishing a school’s culture, the school’s long-term goals and direction are set, and traditions, rules of behavior, values, and school visions are used to give the school a sense of cohesion and unity (Tzianakopoulou and Manesis, 2018). School culture is also responsible for ensuring a stable environment within the school community, which contributes to students’ academic excellence (Turan and Bektas, 2013).

However, in school settings leadership is the ability to plan, control, lead, organize, and manage human and material resources to accomplish school goals (Saleem et al., 2020). Global education policy programs emphasize leadership style. It influences teacher motivations, skills, school atmosphere, and environment to improve educational results. A growing body of evidence from research and experience demonstrates that the major responsibility of educational leaders is to place a focus on student accomplishment by creating demanding, caring, and supportive learning environments.



Relationship between leadership styles and academic excellence

In primary schools, Williams (2009) discovered a favorable correlation between leadership style and school culture. In Iowa primary schools, Decker (1989) found no correlation between leadership style and school environment. In addition, Kennedy (2021) found no correlation between leadership style and school climate in New Jersey. Similarly, Nichols (2016) finds comparable outcomes in an urban school system. There was a strong chance that improved school leadership led to increased academic achievement among students.

In addition, Waters et al. (2003) said that the quality of a school’s leadership might have a substantial impact on student progress. Furthermore, a high correlation existed between an effective leadership style and student accomplishment. Similarly, leadership may have a negative impact on student success. According to (Broadbent, 2017) the strategic leadership style had a greater impact on school performance (an indication of maintaining student excellence) than the cultural leadership style in public schools as a whole and for male head teachers. In the instance of female head teachers, the cultural leadership style was much more influential than the strategic leadership style (toward shared objectives). The efficacy of the school led to the academic excellence of the students.

Furthermore, Ogbonnaya et al. (2020) did a research to determine the influence of transformational leadership style on students’ English language academic attainment. The research used a descriptive survey design. It was shown that transformational leadership had a good correlation with academic attainment among pupils.

Similarly, the results of a qualitative research done by Naz and Rashid (2021) indicate that instructional leadership may increase teacher motivation and improve student learning outcomes. Male and female instructors from both public and private secondary schools agreed that the instructional leaders fostered collaboration and fostered strong relationships between parents and school employees, hence sustaining kids’ academic performance.

Unanimity has not yet been reached over which leadership style produces the most successful organizational behavior. Different leadership styles are required for various circumstances, and each leader must understand when to use a certain style. Similarly, no one leadership style is optimal in every circumstance (Dahar et al., 2010; Allen et al., 2015).

The reviewed literature suggests that much study has been performed to report this phenomenon from various perspectives and in various circumstances. However, leftovers anonymous has yet to produce satisfactory results. In educational contexts, teaching leadership is defined as the capacity to plan, control, lead, organize, and manage human and material resources to achieve school goals and sustain academic excellence. Therefore, more clarity is required regarding education in Pakistan to cover the knowledge gap regarding how and which teaching leadership styles encourage and sustain academic success in secondary schools in Multan, Punjab, Pakistan.




Materials and methods


Study settings

In this study, the quantitative survey method was used (Ishtiaq, 2019), which involves multiple steps, including gathering and analyzing quantitative data to elaborate on prior understandings and hypotheses regarding a positive or negative relationship.



Sampling

The current study includes a sample of 540 teachers in different positions like head of school, administration, and teachers of multi subjects. The sample included all teachers from secondary schools in Multan, Punjab, Pakistan. The region of Multan has 306 secondary schools from various small towns within the Board of Intermediate & Secondary Education (BISE) Multan. The participants were conveniently selected from 103 secondary schools.



Instruments and data collection

A 33-item questionnaire was constructed to collect data about three types of (Strategic, Culture and Instructional leadership) contributing to academic excellence: strategic leadership with 10 items, cultural leadership with 8 items, instructional leadership with 9 items and sustaining academic excellence with 6 items. In order to assess teachers’ perspectives and based on the research topic, a 5-point Likert scale was used. From 1 (strongly disagree) to 5 (strongly agree). SPSS statistical software was used to analyze the collected data. For initiating the data collection, teachers were approached at their schools on consented days. The secondary school teachers participated voluntarily after receiving authorization and signing consent forms from the school principal. It was also making sure to them that they may withdraw their permission before the analysis. After analysis, the participant’s personal information and other relevant data were encrypted.



Reliability and validity

Table 1 indicates the reliability statistics of leadership scales divided into three dimensions; Strategic Leadership, Culture Leadership, and Instructional Leadership. The reliability of the scales was conducted through Cronbach’s Alpha. Furthermore, the values were Strategic Leadership (α = 0.85), Culture Leadership (α = 0.82), Instructional Leadership (α = 0.78), and Sustaining Academic Excellence (α = 0.77) which was accurate, as suggested by the literature (Taber, 2018).



TABLE 1 Reliability analysis of scale dimensions.
[image: Table1]

Before data analysis the Kolmogorov–Smirnov Test was employed to inspect the data’s normal distribution (Hanusz and Tarasińska, 2015). According to the outcome of the Kolmogorov–Smirnov test in Table 2, the data had a normal distribution and suitable for further analyses.



TABLE 2 The results of Kolmogorov–Smirnov test.
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Data analysis and findings

After conducting Kolmogorov–Smirnov Test, data was analyzed through different statistical analyses; Descriptive statistical analysis was conducted to elaborate the demographic variables. Means analysis was conducted to know the mean ranked and the role of various leadership styles. At the same time, bivariate correlation analysis was conducted to know the statistically significant relationship between diverse leadership styles and sustaining academic excellence.


Demographic characteristic of participants

Table 3 shows participants’ demographic characteristics, divided into five variables: age, gender, academic qualifications, professional qualifications, and experience explained by frequency, percentage, mean and standard deviation. The age ranged were 26–35 (f = 309, % = 57.2), 36 above (f = 231, % = 42.8) with (M = 1.43 and SD = 0.495). Gender was male and female, in which male (f = 227, % = 42.0) female (f = 313, % = 58.0) with (M = 1.58 and SD = 0.494). Academic qualifications were categorized into; B.A/B.Sc. (f = 351, % = 65.0), M.A/M.Sc. (f = 170, % = 31.5), M.Phil. (f = 19, % = 3.5), with (M = 1.39 and SD = 0.555). Teachers professional diplomas were also classified into; B.Ed. (f = 405, % = 75.0), M.Ed. (f = 71, % = 13.1), and do not have (f = 64, % = 11.9) with (M = 1.37 and SD = 0.686). Finally, experience divided into 1–5 (f = 108, % = 20.0), 6–10 (f = 360, % = 67.7), and 11 above (f = 72, % = 13.3) with (M = 1.93 and SD = 0.574).



TABLE 3 Demographic characteristics of participants.
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Diversity in mean rank among leadership styles

Table 4 elaborates on the means analysis of each item regarding leadership style’s dimensions and overall. In which, Strategic Leadership explained with 10 items with overall (M = 36.34, SD = 7.55), Cultural Leadership explained with 8 items with overall (M = 29.21, SD = 6.45), and Instructional Leadership (M = 31.11, SD = 6.14). The means results revealed that Strategic Leadership scored the highest mean rank with value (M = 36.34) while Cultural Leadership scored the lowest mean rank (M = 29.21), which showed that the diversities in leadership styles play the most vital role in sustaining Academic Excellency at secondary school level in Punjab, Pakistan.



TABLE 4 Each item and overall mean scores and standard deviation of secondary schools teachers’ responses toward leadership styles.
[image: Table4]



Relationship of leadership styles and sustaining academic excellence

The results of Table 5 revealed that leadership styles in this study, such as; Strategic Leadership, Culture Leadership, and Instructional Leadership had a statistically significant positive relationship with sustaining academic excellence (r = 0.752). The results confirmed a significant and strong positive relationship between each independent variable (Strategic Leadership, Culture Leadership, and Instructional Leadership) and overall and the dependent variable (Sustaining Academic Excellence). Based on the findings, it has been discovered that when teachers increase the use of strategic, cultural, and instructional leadership styles, academic excellence may improve as well.



TABLE 5 Correlations among main variables.
[image: Table5]




Discussion

There has not been much research on how different leadership styles in secondary education teaching can help keep students doing well in school. Pakistan is a developing country there also needs to focus on the education sector, especially secondary education. Secondary education of students will generate a good and strong future in the coming days. The present study’s results showed that leadership styles play a vital role in sustaining academic excellence and that sustainable academic excellence has a statistically significant positive relationship with leadership styles.

However, research conducted by Hallinger (2011a) a forty-year-old institution, still stands strong today. Regarding leadership for learning, it is not about unveiling an innovation with a flourish or making a grand announcement. Instead, it refers to a continuous effort to improve learning conditions and develop coherence in daily values and actions across classrooms.

In contrast, Clarke-Habibi (2005) indicated the results of standardized instruments and school managers exhibit flexibility during their interaction. In addition, teachers are involved in the management of the school. Despite this, they are not sufficiently involved in strategic planning and the assessment of school performance. Administrative plans should employ a strategy that can be implemented within an organization and, in this way, demonstrate long-term planning while considering short-term concerns.

Moreover, instructional leadership has been the subject of numerous studies (Hallinger, 2011b), and has received worldwide attention, but there are still concerns regarding its meaning, practicality, and relevance. There is nearly a discussion among researchers regarding the lack of a comprehensive definition of IL (Shava et al., 2021). There is a lack of correlation between the implementation of the policy and the behaviors associated with it. The concept has also been criticized for focusing on transactional leadership, and superficial slogans are too prevalent (Hallinger and Bryant, 2013). However, educational research indicates that principals continue to spend most of their day administrating their schools despite recent attention to IL (Hallinger and Lee, 2014), In addition to school facilities management, school security, enforcement paperwork, and non-instructional programs (Irby, 2013), there is a question mark over the effectiveness of the implementation of IL (Williams 2019).

At the same time, Epling (2016) states that school culture plays a significant role in student achievement and contributes to an educational institution’s improvement. In addition to facilitating the program’s effectiveness. It also fosters communication and cooperation among all educational community members. Essentially, a school’s character sets it apart from other schools (González-Calvo et al., 2019). The perception of school units ultimately shapes their behavior (Richardson and Vandenberg, 2005). Rather than a static process, school culture possesses intrinsic features of a dynamic nature, shapes consciousness, and ultimately influences the development of two-way cooperative relationships among school community members.

The current study findings also supported earlier studies, such as; Day et al. (2016) concluded that self-governing leadership styles of institute managers were associated with positive effects on teachers’ performance. As summarize by Gerbi (2021) and Jay (2014), the leadership style of a school teacher is positively related to teacher performance that directly relates to students’ academic excellence, as indicate by Fatana (2021), that discovered a positive association among leadership style and instructors’ performance at work. The findings confirmed that teacher leadership styles are the most prevalent kind of leadership among instructors, followed by school leadership (Harris, 2002). Moreover, leadership styles significantly affect the teachers’ performance in the institution, which affects the teaching and learning process (Eyal and Roth, 2011). Lynch et al. (2016) synthesized 11 meta-analyses comprising almost 500 studies with over 1 million participants. It determined an overall effect of 0.36. As a result of leadership, a school’s ability to improve its performance can result in an increased leadership capacity in reciprocal relationships (Heck and Hallinger, 2010). Burns et al. (2017) compared the effects of different leadership activities; small to moderate benefits were reported for defining goals and expectations and fostering teacher learning and development. Ensure an ordered and positive teaching environment by planning, coordinating, and monitoring strategic resourcing. So, effective leadership for learning requires following school values, beliefs, and expectations. Borrowing from Mahatma Gandhi, “Be the change you want to you see in your school” (Robinson et al., 2008).



Significance


Practical

This study will be helpful for teachers because it will provide information to understand the role of teaching in various leadership styles. Identifying aspects may help the teachers to maximize sustaining academic excellence.



Theoretical

The central theoretical significance of this study is its contribution to the literature on the importance of leadership styles and management that helps to review the role of teaching in sustaining academic excellence perspective.




Conclusion

This study concludes by discussing the distinction between educational leadership styles and the role of teachers in determining and sustaining academic performance. If the leadership styles increase in teaching, then academic excellence will be sustained and improved. Leadership must be exemplified by a strong feeling of self-worth within the school and community, with no tendency toward self-regard or praise. In this scenario, the effective leader represents the school and community people. A leadership agenda that moralizes self-power that is necessary to balance the school’s excellence. There must be several things to establish desire, teacher autonomy, and external conscientious membership. This capability allows professional sagacity and originality, allowing for the cultivation of a productive learning environment. There is no opposition to the leadership domain’s criticism of researching teacher premises, and opposing beliefs to provide reflective evaluations and assessments.



Limitations and future research directions

The current study also encounter limitations, the first, the sample is consisted of teachers only from one province. The further research can be done to include other educational stakeholders and provinces. While the second, only three leadership styles has chosen in this research. A comprehensive research can be conducted by exploring other leadership styles in other provinces of Pakistan.
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Bacillus licheniformis is considered a potential alternative to antibiotic growth promoters of animal growth and health. However, the effects of Bacillus licheniformis on the foregut and hindgut microbiota, and their relationships with nutrient digestion and health, in broiler chickens remain unclear. In this study, we aimed to identify the effects of Bacillus licheniformis BCG on intestinal digestion and absorption, tight junctions, inflammation, and the fore- and hind-gut microbiota. We randomly assigned 240 1-day-old male AA broilers into three treatment groups: CT (basal diet), BCG1 (basal diet + 1.0 × 108 CFU/kg B. licheniformis BCG), and BCG2 (basal diet + 1.0 × 109 CFU/kg B. licheniformis BCG). On day 42, the jejunal and ileal chyme and mucosa were subjected to analysis of digestive enzyme activity, nutrient transporters, tight junctions, and signaling molecules associated with inflammation. The ileal and cecal chyme were subjected to microbiota analysis. Compared with the CT group, the B. licheniformis BCG group showed significantly greater jejunal and ileal α-amylase, maltase, and sucrase activity; moreover, the α-amylase activity in the BCG2 group was higher than that in the BCG1 group (P < 0.05). The transcript abundance of FABP-1 and FATP-1 in the BCG2 group was significantly greater than that in the CT and BCG1 groups, and the GLUT-2 and LAT-1 relative mRNA levels were greater in the BCG2 group than the CT group (P < 0.05). Dietary B. licheniformis BCG resulted in significantly higher ileal occludin, and lower IL-8 and TLR-4 mRNA levels than observed in the CT group (P < 0.05). B. licheniformis BCG supplementation significantly decreased bacterial community richness and diversity in the ileum (P < 0.05). Dietary B. licheniformis BCG shaped the ileac microbiota by increasing the prevalence of f_Sphingomonadaceae, Sphingomonas, and Limosilactobacillus, and contributed to nutrient digestion and absorption; moreover, it enhanced the intestinal barrier by increasing the prevalence of f_Lactobacillaceae, Lactobacillus, and Limosilactobacillus. Dietary B. licheniformis BCG decreased microbial community diversity by diminishing Desulfovibrio, Alistipes, Campylobacter, Vibrio, Streptococcus, and Escherichia coli-Shigella levels, and down-regulating inflammatory associated molecule expression. Therefore, dietary B. licheniformis BCG contributed to digestion and absorption of nutrients, enhanced the intestinal physical barrier, and decreased intestinal inflammation in broilers by decreasing microbial diversity and optimizing the microbiota structure.
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Bacillus licheniformis BCG, broiler, digestive enzyme activity, nutrient transporter, ileac and cecum microbiota, intestinal inflammation, tight junction


1. Introduction

In poultry production, broiler chickens are generally subjected to harsh and stressful conditions, particularly when they are reared at high stocking density, thus resulting in host stress and immune dysfunction (Kridtayopas et al., 2019). This subhealth status decreases the growth potential and causes intestinal dysfunction in broilers, and increases the economic costs of rearing. The intestines not only digest and absorb nutrients, but also are the largest immune organ (Zhang et al., 2022a). Trillions of microorganisms colonize the gastrointestinal tract; the total microbial number is 10 times the number of host somatic cells, and the collective number of genes is 150 times that in the host genome (Collins et al., 2012; Strandwitz, 2018). The intestinal microbiota co-develops with the host and participates in nutrient digestion, improves intestinal development and health, and regulates the body’s metabolism and immunity function (Li et al., 2019; Han et al., 2020). Gut microbiota disorders have been associated with subhealth and disease. Broilers show a shift in the gut microbial profile when they experience subclinical forms of necrotic enteritis: the relative abundance of Firmicutes, Lactobacillus, and Bacteroides decreases, thus resulting in low host productivity (Antonissen et al., 2016). Other research has indicated that challenge with Salmonella typhimurium decreased Lactobacillus prevalence, damaged intestinal morphology, and subsequently decreased the growth performance of broilers (Jazi et al., 2019). The overall consensus is that the intestinal microbiota is interlinked with intestinal health and poultry growth.

Probiotics have been demonstrated to be an effective means of promoting animal growth and improving body health in the post-antibiotic era (Mingmongkolchai and Panbangred, 2018). Bacillus licheniformis (B. licheniformis) is a Gram-positive bacterium characterized by resistance to stresses such as high acidity and temperature. Because of these characteristics, B. licheniformis can be used in livestock production practices. Bacillus spores are metabolically dormant under harsh conditions including feed pelleting but subsequently grow in the favorable environment of the gastrointestinal tract after ingestion (Konieczka et al., 2018). B. licheniformis shows growth-promoting effects in poultry (Gadde et al., 2017). Moreover, B. licheniformis benefits broilers by protecting against heat stress and preventing necrotic enteritis (Abdelqader et al., 2020; Xu et al., 2021). These benefits might be attributable to a variety of biologically active substances produced by B. licheniformis, which contribute to feed digestibility, immune system regulation, and enhanced intestinal barrier function (Kim et al., 2004; Zhou et al., 2016; Kan et al., 2021). B. licheniformis improves the intestinal mechanical barrier and decreases intestinal permeability by up-regulating the gene expression of mucins and tight junction proteins in laying hens (Wang et al., 2017). Diets containing a mixture of B. licheniformis and B. subtilis have been found to alleviate Escherichia coli-induced enteritis by increasing intestinal epithelial barrier integrity (Yang et al., 2016). The potential underlying mechanism involves regulation of the composition of the intestinal microbiota to restore and maintain intestinal homeostasis (Sanders et al., 2019; Zhao et al., 2022b). For instance, probiotic Bacillus strains have been found to prevent or diminish gut colonization by Chlamydia psittaci, Escherichia coli, Streptococcus, and Salmonella, thus improving intestinal mucosa integrity and gut health (Zuo et al., 2020; Haque et al., 2021). Therefore, probiotic Bacillus appears to prevent disease or stress, and promote growth performance, possibly through an optimized intestinal microbial structure and improved gut health.

Although B. licheniformis has great potential application value in the broiler industry, the efficacy of probiotic Bacillus varies among strains and depends on the exogenous environmental conditions to which animals are exposed (Konieczka et al., 2022). In the present study, we hypothesized that dietary B. licheniformis BCG might alter the ileal and cecal microbiota, and contribute to broiler digestibility and gut health. To this end, we aimed to explore the protective roles of B. licheniformis BCG involving improved nutrient digestion and absorption, a strengthened intestinal barrier, and decreased inflammation, and to understand their relationships with the gut microbiota shifted by B. licheniformis BCG. Our data provided a theoretical basis for application of B. licheniformis BCG in the production of healthy broilers.



2. Materials and methods

The experimental animal protocol for this study was conducted in accordance with the recommendations of “Guidelines on Welfare and Ethical Review for Laboratory Animals” (GB/T 35892-2018), and approved by the Institutional Animal Care and Use Committee of the Institute of Feed Research of Chinese Academy of Agricultural Sciences (FRI-CAAS20210827).


2.1. Animals and experimental design

A total of 240 1-day-old male Arbor Acre broilers (body weight, 42.62 ± 0.82 g) were randomly allocated to three groups. Each group consisted of eight replicates (pens) with 10 broilers per pen. Two phase non-medicated basal diets in mashed form were formulated based on the nutrient requirements of the National Research Council (1994); (Table 1). The three groups included basal diet (CT, n = 8), and basal diet with a dose of 1.0 × 108 CFU/kg (BCG1, n = 8) and 1.0 × 109 CFU/kg (BCG2, n = 8) B. licheniformis BCG, respectively (Wang et al., 2017; Kan et al., 2021; Xu et al., 2021). All broilers were feed in wire-floored cages in a one-level battery on their respective diets. The study lasted 42 days, during which time broilers had ad libitum to feed and fresh water. Broilers were housed in an environmentally controlled room and temperature was gradually reduced from 35°C on day 1 to 26°C at day 21 and then kept roughly constant. A 20 h light-4 h dark cycle was carried out throughout the experimental period. B. licheniformis BCG was isolated from humus soil in the northeast forest area and preserved in the Key Laboratory of Feed Biotechnology of Ministry of Agriculture and Rural Affairs. It presents great biological characteristics in carbohydrate metabolism enzymes and stress tolerance through the whole genome sequencing and in vitro evaluation. B. licheniformis BCG with viable count = 1.08 × 1010 CFU/g was used and mixed in the basal diet, which was prepared in bacterial mashed form after processed in activation, culture, centrifugation, freeze-drying, and grinding.


TABLE 1    Ingredients and chemical compositions of experimental diets (as-fed basis).
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2.2. Sample collection

At 42 days of age, after fasting overnight, one broiler representing the average weight from each replicate was selected and humanely slaughtered. Jejunum, ileum and cecum segments were divided and fresh ileal and cecal contents were collected for α-amylase and microbiota analysis. Jejunal and ileal mucosa were scraped by autoclaved blade after precooled saline flush for maltase, sucrase and gene expression analysis. All samples were obtained as described previously (Wang et al., 2008), and immediately frozen in liquid nitrogen and stored at −80°C.



2.3. Biochemical analysis

Appropriately 100 mg frozen mucosa and chyme of jejunum and ileum, respectively, were taken and mixed with 1 mL cold buffer (pH7.4), containing 10 mM Tris-HCl, 0.1 EDTA-Na2 and 0.8% (w/v) NaCl, and homogenized using an Ultra-Turrax homogenizer for 30 s. Homogenates were centrifuged at 3,000 × g for 15 min at 4°C and supernatants transferred to new tubes for protein assay and other measurements. The activities of α-amylase, maltase and sucrase were measured by colorimetry using the commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols. Maltase and sucrase were normalized to tissue protein concentrations, which were measured with a bicinchoninic acid commercial kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions.



2.4. Real-time quantitative PCR (RT-qPCR)

Selected mRNA abundance was determined by RT-qPCR, including nutrient transporters genes FABP-1 (fatty acid binding protein 1), FATP-1 (fatty acid transport protein 1), GLUT-2 (glucose transporter 2), LAT-1 (L type amino acid transporter 1), PepT-1 (peptide transporter 1) and SGLT-1 (sodium glucose co-transporter 1), inflammatory molecules’ genes TLR-4 (Toll-like receptor 4), IL-1β (interleukin 1β), IL-8, IL-10, TNF-α (tumor necrosis factor α), TGF-β (Transforming growth factor β) and NF-κB (Nuclear factor kappa B), and tight junction genes Claudin-1, Occludin, ZO-1 and Mucin-2. Total RNA was isolated from ileal mucosa samples (approximately 0.75 mg) using an RNAprep pure tissue kit (Tiangen Biotech Co. Ltd., Beijing, China) under the manufacturer’s instructions. Total RNA concentrations and quality were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was evaluated using agarose gel (1%) electrophoresis. Then, cDNA was synthesized from 1 μg total RNA using a PrimeScript RT reagent kit (TaKaRa Biotechnology Co., Ltd., Otsu, Japan) following to manufacturer’s protocols. Selected mRNA reactions were detected in 10 μL (Bio-Rad Laboratories, Hercules, CA, USA) using SYBR® Premix Ex TaqTM II (Tli RNaseH Plus) (TaKaRa Biotechnology Co., Otsu, Japan). The primers for nutrient transporters, inflammatory, and tight junction-related and housekeeping genes [glyceraldehyde 3-phosphate dehydrogenase (GAPDH)] were described previously (Wang et al., 2016, 2020). The 2–ΔΔCt method was used for quantification using GAPDH as a reference gene, and relative abundance was normalized to CON group values.



2.5. Ileal and cecal microbiota and analysis

Bacterial genomic DNA was extracted from ileal and cecal chyme samples (Qiagen DNA stool mini kit, Qiagen, Germany). DNA quantity and quality were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and 1% agarose gels, respectively. The V3–V4 hypervariable region 16S rRNA was amplified using specific primers (forward 5′-ACTCCTACGGGAGGCAGCA-3′ and reverse 5′-GGACTACHVGGGTWTCTAAT-3′), containing unique barcodes. Polymerase chain reaction (PCR) was conducted in a total volume of 20 μL, including 1 × FastPfu buffer, 250 μM dNTP, 0.2 μM each primer, 1 U FastPfu polymerase (Beijing TransGen Biotech, Beijng, China), and 10 ng template DNA. PCR products were electrophoresed on 2% agarose gels and purified using a Qiagen gel extraction kit (Qiagen, Germany). Sequencing libraries were constructed using a TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) based on manufacturer’s instructions, and index codes were added. Library quality was assessed using a Qubit V.2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Qualified DNA libraries were loaded into a NovaSeq platform capable of 2 × 250 bp paired-end sequencing reads (Novogene, Beijing, China).

Paired-end reads were generated and merged using FLASH software (V1.2.7)1. Operational taxonomic units with 97% identity were gathered using Uparse2 (ver. 7.1). Taxonomic annotations were performed using the Mothur algorithm (70% confidence) in the Silva database3. Alpha-diversity was analyzed using Observed_species, Chao1, and Shannon indices. Beta-diversity was visualized using principal coordinate analysis (PCoA) plots based on weighted UniFrac distance. Bacterial biomarkers between groups were displayed using the linear discriminant analysis effect size (LEfSe, linear discriminant analysis (LDA) > 3.5).



2.6. Statistical analysis

Statistical analyses were performed using one-way analysis of variance in SAS 9.4 (SAS Institute, Inc., Cary, NC, USA). Each broiler served as statistical unit. Differences between treatment means for enzyme activity and gene expression were evaluated using Duncan’s multiple-range tests. Wilcox test was used for alpha-diversity index. LEfSe, t-test, and Metastat analyses were used to test for significant differences between microbiota relative abundance. Results were represented as mean with standard error of mean (SEM) in the tables and the mean with standard error (SE) in the figures, while P < 0.05 (*) and P < 0.01 (**) values were considered statistically and extremely significant, respectively. Bar charts were drafted in Graphpad Prism 7.0 software (GraphPad Software Inc., La Jolla, CA, USA).




3. Results


3.1. Effects of B. licheniformis BCG on jejunal and ileal enzyme activity in broilers

The BCG2 group showed significantly greater jejunal and ileal maltase and sucrase activity, and the BCG1 group showed significantly greater ileal sucrase activity, than the CT group (P < 0.05, Table 2). No differences in these two parameters were observed between the BCG1 and BCG2 groups (P > 0.05). Dietary B. licheniformis BCG resulted in significantly greater α-amylase activity than that in the CT group (P < 0.05), and this activity was higher in the BCG2 group than the BCG1 group (P < 0.05).


TABLE 2    Effects of B. licheniformis BCG on enzyme activity in the jejunum and ileum in broilers.
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3.2. Effects of B. licheniformis BCG on nutrient transporter gene mRNA levels in the ileum

FABP-1 and FATP-1 relative mRNA levels in the BCG2 group were significantly higher than those in the CT and BCG1 groups (P < 0.05, Figure 1). The transcript abundance of GLUT-2 and LAT-1 was greater in the BCG2 group than the CT group (P < 0.05), and no significant difference was found between the BCG1 group and the other groups (P > 0.05).
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FIGURE 1
Effects of Bacillus licheniformis BCG on nutrient transporter gene mRNA levels in the ileum. Values are mean ± SE (n = 6). a,bBars with different letters within the same index indicate a significant difference between groups (P < 0.05).




3.3. Effects of B. licheniformis BCG on tissue morphology and the mRNA expression of tight junction and inflammatory molecules in the ileum

Histological examination of the ileum indicated that the villi and epithelium in the CT group, as compared with the BCG1 and BCG2 groups, showed damage; however, no clear infiltration of inflammatory cells was observed among groups (Figure 2A). Dietary B. licheniformis BCG significantly up-regulated ileal occludin mRNA levels, which were higher in the BCG2 group than the CT group (P < 0.05, Figure 2B). The transcript abundance of IL-8 and TLR-4 in the BCG1 and BCG2 groups was lower than that in the CT group (P < 0.05, Figure 2C), whereas no significant difference was observed between the BCG1 and BCG2 groups. No significant difference in claudin-1, ZO-1, mucin-2, IL-1β, TNF-α, NF-κB, IL-10, and TGF-β transcript abundance was observed between groups (P > 0.05).
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FIGURE 2
Effects of Bacillus licheniformis BCG on ileal morphology, and tight junction and inflammatory molecule gene mRNA levels in the ileum. (A) Representative ileal histological sections of broilers. (B) mRNA levels of the tight junction genes claudin-1, occludin, ZO-1, and Mucin-2. (C) The mRNA levels of the inflammatory molecule genes TLR-4, IL-1β, IL-8, IL-10, TNF-α, TGF-β, and NF-κB. Values are the mean ± SE (n = 6). a,bBars with different letters within the same index indicate a significant difference between groups (P < 0.05).




3.4. Effects of B. licheniformis BCG on microbiota diversity in the ileum and cecum

A total of 3,917,657 high quality sequencing reads were generated from 47 broiler gut samples, with an average of 69,233 effective sequences/sample. Alpha diversity analyses indicated varying community richness and diversity among groups in the ileal but not the cecal bacterial communities. Both the BCG1 and BCG2 groups showed significantly lower ileal Observed_species, Chao1, and Shannon indexes than the CT group (P < 0.05, Figures 3A–C). Differences in the microbial structure among groups and niches were evaluated with PCoA analysis based on weighted UniFrac distance. Microbial communities were well separated between the ileal microbiota and counterparts colonizing the cecum, and between groups in the ileum (Figures 3D–F). ANOSIMs also confirmed the structural dissimilarity between the ileum and cecum, and between the CT group and the two BCG groups in the ileum or cecum (R > 0, P < 0.05, Table 3).


[image: image]

FIGURE 3
Effects of Bacillus licheniformis BCG on alpha- and beta-diversity of the microbiota inhabiting the ileum and cecum in broilers. (A–C) Bacterial richness and diversity, estimated with Observed_species, Chao1 value, and Shannon index. (D–F) Principal coordinate analysis based on weighted UniFrac distances, showing separation in the microbiota between the ileum and cecum, and between groups in the ileum or cecum. Values are mean ± SE (n = 8; BCG1-C, n = 7). a,bBoxes with different letters within the same index indicate a significant difference between groups (P < 0.05).



TABLE 3    ANOSIM analysis of differences in bacterial structure between variables, on the basis of Bray-Curtis distances.
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3.5. Effects of B. licheniformis BCG on ileal and cecal bacterial structures

In the ileum, Proteobacteria, Firmicutes, Bacteroidota, and Campylobacterota were the dominant bacterial phyla, with a relative abundance accounting for > 95% of the total ileal bacterial communities (Figure 4A). In contrast to the CT-ileal (CT-I) group, the BCG1-I and BCG2-I groups showed an increase in the relative abundance of Proteobacteria and Firmicutes, from 11.79 to 17.44 (16.81%), and from 64.11 to 69.37 (73.94%), respectively (P > 0.05). However, the BCG1-I and BCG2-I groups showed a decrease in the relative abundance of Bacteroidota and Campylobacterota, from 10.25 to 4.19 (4.62%), and from 9.08 to 6.42 (1.98%), respectively (P > 0.05). At the family level, in contrast to the CT group, the BCG1 and BCG2 groups showed an increase in the relative abundance of Peptostreptococcaceae, Sphingomonadaceae, and Lactobacillaceae, from 17.6 to 26.67 (26.92%), from 0.04 to 6.89 (5.39%), and from 12.18 to 23.17 (22.97%), respectively (P > 0.05). The relative abundance of Campylobacteraceae in the BCG1-I and BCG2-I groups was, respectively, 0.68 and 1.44%, and lower than the 7.31% in the CT-I group (P > 0.05, Figure 4B). Diets with BCG1 and BCG2 significantly decreased several low abundance bacteria at the family level (P < 0.05, Figures 4C, D). For the 35 most dominant ileal genera, the BCG1 and BCG2 diet groups showed significantly lower relative abundance of Clostridiales bacterium CHKCI001, Enterococcus, Clostridia_vadinBB60_group, Faecalibacterium, Phascolarctobacterium, Barnesiella, Alistipes, and Ruminococcaceae UCG-005 than that in the CT group (P < 0.05, Figure 4E). The BCG1 diet group showed significantly lower relative abundance of Lactobacillus, Vibrio, Pseudomonas, Bacteroides, Streptococcus, Staphylococcus, and Bacillus than that in the CT group (P < 0.05). The relative abundance of Helicobacter in the BCG2-I group was significantly lower than that in the CT-I and BCG1-I groups (P < 0.05). In contrast to the CT-I group, the BCG1-I and BCG2-I groups showed an increase in the relative abundance of Sphingomonas from 0.03 to 6.34 (11.55%), whereas Campylobacter levels showed a decrease from 7.31 to 0.68 (1.44%) (P > 0.05).
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FIGURE 4
Effects of Bacillus licheniformis BCG on bacterial composition in the ileum. (A,B) Distribution of ileal bacteria at the phylum and family levels. (C,D) The t-tests were used to assess significant differences at the family level; P < 0.05 indicates a significant difference. (E) Statistical analysis of differences in the relative abundance of the top 35 genera; Metastat was used to test for significant differences; light pink diamonds indicate P < 0.05, and dark pink diamonds indicate P < 0.01 between groups (n = 8).


In the cecum, Bacteroidota, Firmicutes, Proteobacteria, Campylobacterota, and Fusobacteriota were the major bacterial phyla, and their relative abundance was seldom affected by BCG treatments (P > 0.05, Figure 5A). On the basis of T-test and LEfSe results, CT-C broilers had a higher relative abundance of f_Erysipelotrichaceae, f_Peptostreptococcaceae, and g_Romboutsia than that in the BCG1-C and BCG2-C groups, and f_Erysipelotrichaceae and f_Peptostreptococcaceae levels in the BCG2-C group were significantly higher than those in the BCG1-C group (P < 0.05, Figures 5B–F). f-Lactobacillaceae and g_Lactobacillus were the dominant bacteria in the BCG2-C group, in contrast to the BCG1-C and CT-C groups, whereas f_Enterococcaceae, f_Campylobacteraceae, f_Tannerellaceae, g_Escherichia-Shigella, g_Campylobacter, and g_Parabacteroides were the dominant bacteria in the BCG1-C group, in contrast to the CT-C and BCG2-C groups. The f_Campylobacteraceae level in the BCG2-C group was significantly lower than that in the BCG1-C group (P < 0.05).
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FIGURE 5
Effects of Bacillus licheniformis BCG on bacterial composition in the cecum. (A) Distribution of cecal bacteria at the phylum level. (B–D) The t-tests were used to assess significant differences at the family level; P < 0.05 indicates a significant difference. (E) LEfSe analysis of differences in taxa enrichment in microbial communities between groups; bacterial taxa with a logarithmic LDA score > 3.5 were biomarker taxa. (F) Cladogram showing bacteria with significant differences between groups (n = 8; BCG1-C, n = 7).




3.6. Correlations between ileal microbiota and enzyme activity and nutrient transporters or inflammatory and barrier parameters

A Spearman’s correlation analysis was performed to explore the relationships of predominant ileal phyla, families, and genera with the nutrient digestion and absorption, or inflammatory and barrier parameters (Figure 6). Proteobacteria, f_Sphingomonadaceae, and Sphingomonas were significantly positively correlated with FATP-1 expression, whereas Alistipes and Barnesiella were significantly negatively correlated with α-amylase activity (P < 0.05, Figure 6A). Bacteroides and Limosilactobacillus showed a significant positive correlation with SGLT-1 expression and α-amylase activity (P < 0.05). Helicobacter was significantly positively correlated with maltase activity but negatively correlated with SGLT-1 expression (P < 0.05). Firmicutes, f_Lactobacillaceae, Lactobacillus, Fusobacterium, and Limosilactobacillus showed significant positive correlations with ZO-1 expression. f_Lactobacillaceae and Lactobacillus were significantly positively correlated with occludin and mucin-2 expression. f_Lactobacillaceae showed a significantly positive correlation with claudin-1 expression (P < 0.05, Figure 6B). Bacteroidota, Bacteroides, and Phascolarctobacterium were significantly correlated with TLR 4 and IL-10 expression, and Ruminococcaceae UCG-005 was significantly correlated with TNF-α, NF-κB, and IL-8 expression (P < 0.05). Proteobacteria, f_Sphingomonadaceae, and Sphingomonas showed significant negative correlations with IL-1β and NF-κB expression (P < 0.05).
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FIGURE 6
(A) Correlations between the ileal microbiota and enzyme activity and nutrient transporters. (B) Correlations between the ileal microbiota and inflammatory and barrier parameters. Red represents a positive correlation, and blue represents a negative correlation. *P < 0.05 and **P < 0.01 indicate significant and extremely significant correlations.





4. Discussion

Bacillus spp. bacteria serve as a potential alternative to antibiotic growth promoters in livestock production, owing to their stress resistance and probiotic characteristics. Previous studies have shown that dietary supplementation with B. licheniformis significantly promoted broiler growth by increasing body weight and decreasing the feed to weight ratio (Liu et al., 2012; Chen and Yu, 2020; Xu et al., 2021). In addition, several studies have indicated that B. licheniformis administration promoted broiler growth under heat stress and Clostridium perfringens challenge conditions (Song et al., 2014; Zhou et al., 2016; Musa et al., 2019). These findings were consistent with those in our previous study indicating that diets with B. licheniformis at a dose of 1.0 × 109 CFU/kg significantly increases broiler body weight and average daily gain (Wang et al., 2022). Thus, B. licheniformis improved broiler growth performance under both normal and stress conditions. The mechanism underlying the improvements in nutrient digestion and host health were likely to involve the formation of beneficial metabolites such as extracellular digestive enzymes, organic acids, and antibacterial peptides (Kim et al., 2004; Knap et al., 2010; Xu et al., 2021). Thus, the activity of α-amylase, maltase, and sucrase in the jejunum and ileum was further determined, because these enzymes participated in the digestion of nutrients.

In poultry, feed starch is generally degraded by α-amylase into smaller molecular oligomers after initial hydrolyzation by the microbiota, and is finally hydrolyzed into maltose and maltotriose in the small intestine (Dhital et al., 2017). Subsequently, maltose and maltotriose are hydrolyzed into glucose by sucrase, and maltase resides at the surfaces of the intestinal villi (Zhou et al., 2021). B. licheniformis secretes extracellular enzymes such as α-amylase and proteases (Kaewtapee et al., 2017). In the present study, dietary B. licheniformis BCG, compared with the CT diet, significantly increased jejunal and ileal α-amylase, maltase, and sucrase activity, in partial agreement with findings reported by Yang et al. (2021). The α-amylase activity is an important rate-determining factor in starch digestion, because endogenous α-amylase activity is low in broilers (Zhou et al., 2021). The increased α-amylase activity may increase the nutrient digestibility coefficients of starch and organic matter and consequently increase feed metabolizable energy, thus contributing to broiler growth performance (Jiang et al., 2008; Kaczmarek et al., 2014). In addition, nutrient transporters are crucial for nutrient absorption at the brush border membrane in the small intestine. Both FABP-1 and FATP-1 are important for intestinal absorption of lipids and fatty acids, particularly in long-chain fatty acid metabolism and intracellular transportation (Coe et al., 1999; Richieri et al., 1999). GLUT-2 is an Na+-independent transporter responsible for the basolateral exit of glucose from the intestinal mucosa into the portal circulation (Wang et al., 2020). Intestinal LAT-1 participates in branched-chain and aromatic amino acid transport in an Na+-independent manner (Broer, 2008). As previously reported, probiotic supplementation enhances expression of some types of nutrient transporters in the small intestines in animals (Faseleh Jahromi et al., 2016; Duan et al., 2018). In agreement with previous findings, the present study indicated that B. licheniformis BCG administration significantly increased FABP-1, FATP-1, GLUT-2, and LAT-1 expression, to a greater extent in the BCG2 group than the BCG1 group. Thus, dietary supplementation with B. licheniformis BCG may aid in starch digestion and the absorption of glucose, amino acids, and fatty acids, thereby resulting in higher growth performance of broilers.

To determine whether B. licheniformis BCG contributed to intestinal health, we assessed the gene expression of TLR4 signaling pathway related molecules, tight junction proteins, and mucin-2. TLR4, as a pathogen-associated molecular pattern, mediates downstream inflammatory signals through the linker protein MyD88, thereby activating NF-kB, which then translocates into the nucleus and elicits pro-inflammatory cytokine secretion and cellular responses of immune-associated cells (Huebener and Schwabe, 2013; Kan et al., 2021). B. licheniformis has been demonstrated to decrease secretion of the pro-inflammatory cytokines IL-8 and IL-6 in vivo (Deng et al., 2012; Roselli et al., 2017). Pretreatment with B. licheniformis has been found to decrease the serum TNF-α and IL-1β levels in an acetaminophen-induced acute liver injury rat model (Neag et al., 2020). Similarly, B. licheniformis also decreases the inflammatory response in an LPS-induced acute inflammation rat model (Deng et al., 2017). Moreover, B. licheniformis treatment markedly counteracts the increase in IL-6, IL-8 and TNF-α inflammatory gene expression induced by enterotoxigenic Escherichia coli F4 in vitro. The immunity homeostasis of HT-29 cells is improved by treatment with B. licheniformis MCC 2514, on the basis of downregulation of IL-1α, IL-6, IL-8, IL-12, and TNF-α, and upregulation of IL-4, IL-10, TGF-2, and TGF-3 (Rohith and Halami, 2021a). These results are consistent with our observation that the ileal TLR 4 and IL-8 expression in the BCG1 and BCG2 groups was significantly lower than that in the CT group. The underlying mechanism was associated with B. licheniformis bacteriostasis. As previously reported, B. licheniformis inhibited the growth of pathogenic bacteria such as Kocuria rhizophila and enterotoxigenic Escherichia coli by adhering to the intestines (Rohith and Halami, 2021b; Li et al., 2022a). Another key mechanism through which B. licheniformis attenuates inflammation might involve intestinal barrier improvement.

The integrated intestinal barrier plays an important role in maintaining epithelial cell function, because the epithelium is permeable to feed-associated antigens, and luminal pathogens and their toxins (Awad et al., 2017). The transmembrane proteins claudins, occludins, and zonula occludens involved in tight junctions are responsible for connecting epithelial cells and regulating paracellular and intracellular permeability (Aijaz et al., 2006). The regular permeability and integrity of tight junctions are generally negatively affected by stress factors, such as heat stress and pathogen invasion (Song et al., 2014; Musa et al., 2019; Li et al., 2022a). Under Clostridium perfringens challenge, dietary B. licheniformis significantly increases the gene expression of claudin-1 and ZO-1 in the duodenum in broilers at post challenge days 7 and 21 (Musa et al., 2019). In laying hens, B. licheniformis administration enhances the intestinal mechanical barrier by upregulating the gene expression of mucin-2 and tight junction proteins (Wang et al., 2017). In in vitro experiments, B. licheniformis PF9 application has been found to reverse the decrease in ZO-1 and occludin expression in the cell membrane after challenge with enterotoxigenic Escherichia coli (Li et al., 2022a). In agreement with previous studies, the present study indicated that a diet with a high dose of B. licheniformis BCG resulted in significantly higher occludin expression than that in the CT group. Thus, B. licheniformis BCG alleviates ileal inflammation partly by enhancing the physical barrier. The improved barrier function resulting from B. licheniformis BCG might be attributable to its biologically active substances including bacteriocin and antibacterial peptides, which suppress pathogenic bacterial colonization and balance the intestinal microbiota (Zhou et al., 2016; Kan et al., 2021).

The gut microbiota provides a broad range of functions for hosts, for example, the digestion of complex dietary nutrients, defense against pathogens, enhancement of the intestinal barrier, and promotion of immune maturation (Koh et al., 2016). Owing to differences in histology and function, the broiler intestinal tract is generally divided into the fore- and hindgut. Previous studies in broilers have focused primarily on the hindgut microbiota and their functions, whereas studies on the microbiota in the foregut and their interactions with the host have been limited (Oakley et al., 2014; Huang et al., 2018). In the current study, we analyzed ileal and cecal microbial diversity and composition, and their effects under B. licheniformis BCG treatment. The PCoA revealed a clear separation between the ileum and cecum compartments, thus indicating a large difference between them, in agreement with findings from a previous study (van der Wielen et al., 2002). In addition, piglets fed Bacillus species probiotics show diminished microbial richness in feces (Kaewtapee et al., 2017; Poulsen et al., 2018). These findings are partially consistent with those in the current study indicating diminished bacterial richness and diversity in the ileum but not cecum in broilers in response to B. licheniformis BCG. Our findings indicated that dietary supplementation with B. licheniformis BCG shifted the ileal bacterial community structure in broilers. Theoretically, gut bacterial diversification is a gradual process that increases with age, and high diversity is considered a sign of gut bacterial maturity (Micah et al., 2007). Premature formation of an adult-type bacterial community negatively affects host gut immunity (Nylund et al., 2013). Dietary supplementation with B. licheniformis BCG significantly decreased ileal inflammation in the present study, a result partially attributed to the decrease in bacterial diversity.

Bacterial composition is also closely associated with host physiology, including digestion, metabolism, and immunity. In the present study, considerable variations in Proteobacteria, Firmicutes, Campylobacterota, and Bacteroidota were found between the ileum and cecum. Oxygen-sensitive Bacteroidota markedly increased from the ileum to the cecum, because it is adapted to a low oxygen environment. However, oxygen-tolerant Proteobacteria and Campylobacterota, such as Enterococcaceae and Campylobacteraceae, decreased from the ileum to the cecum. Our results are consistent with previous observations that spatial shifts in bacterial composition depend on microenvironment change (Huang et al., 2018; Li et al., 2022b). Firmicutes include Peptostreptococcaceae, Clostridiaceae, and Lactobacillaceae, which are positively associated with energy intake and have been found to provide an additional 628 kJ of energy when their abundance increases by 20% (Hildebrandt et al., 2009; Jumpertz et al., 2011). This causal relationship has also been found in piglet models (Mach et al., 2015; Li et al., 2022a). Firmicutes fermentation is a more suitable energy source than Bacteroidota because it produces more short chain fatty acids, thus enhancing efficient heat absorption (Krajmalnik-Brown et al., 2012; Pan et al., 2022). We observed that a diet with B. licheniformis increased ileal Firmicutes levels but decreased Bacteroidota levels, a finding partially explained by our previous results indicating that B. licheniformis administration promoted broiler growth (Wang et al., 2022). In recent studies, Sphingomonas involved in the f_Sphingomonadaceae has been observed as an abundant bacterium in chicken intestines (Chen et al., 2018; Zhang et al., 2022b). The abundance of Sphingomonas is significantly positively correlated with fat catabolism in the liver, serum, and muscle (Li et al., 2020; Zhang et al., 2022b). In addition, Sphingomonas participates in lipid metabolism across the entire process of chicken embryonic development (Akinyemi et al., 2020). Diets with B. licheniformis resulted in significantly greater ileal f_Sphingomonadaceae and Sphingomonas levels than those in the CT group; these levels were significantly positively correlated with FATP-1 expression but significantly negatively correlated with IL-1β and NF-κB expression. These findings suggested that the shifts in the prevalence of f_Sphingomonadaceae and Sphingomonas after B. licheniformis BCG treatment contributed to the intestinal absorption and oxidative decomposition of lipids and fatty acids, and alleviation of intestinal inflammation.

On the basis of the analysis of the abundance of bacteria in the present study, Lactobacillus, Bacteroides, Alistipes, Escherichia-Shigella, Desulfovibrio, Streptococcus, Ruminococcaceae_UCG-005, Fusobacterium, and Campylobacter predominated in broilers. In general, the presence of Lactobacillus is considered beneficial for intestinal health and animal health, owing to their immunomodulation, pathogen inhibition and bacteriocin production ability (Kaewtapee et al., 2017; Zhao et al., 2022b). In the current study, broilers in the BCG2 group had higher Lactobacillus levels in both the ileum and cecum than those in the CT or BCG1 group, in agreement with findings from previous studies (Hung et al., 2019; Zhao et al., 2022b). An increase in Lactobacillus might have resulted from B. licheniformis BCG supplementation, which creates a suitable environment for the colonization of Lactobacillus anaerobic bacteria by consumption of oxygen in the gut (Fazelnia et al., 2021). In previous studies, Lactobacillus administration has been found to contribute to nutrient absorption by significantly increasing the expression of sugar transporter genes, including GLUT-2, GLUT-5, SGLT1, and SGLT4 (Faseleh Jahromi et al., 2016). Lactobacillus enhances occludin levels and suppresses Escherichia coli invasion in intestinal epithelial cells (Resta-Lenert and Barrett, 2003). Moreover, Lactobacillus reverses LPS-induced disruption in tight junction proteins, such as occludin, claudin-1, and ZO-1 (Zhou et al., 2014; Roselli et al., 2017). These findings were consistent with our observations indicating that f_Lactobacillaceae and Lactobacillus were significantly positively correlated with the expression of ZO-1, claudin-1, mucin-2, and occludin, and the occludin expression in the BCG2 group was significantly higher than that in the CT group. In addition, Limosilactobacillus spp. and Lactobacillus spp. have been found to significantly decrease the abundance of Helicobacter, one of the most common pathogens globally associated with gastritis and cancer, by 90% and 83%, respectively, in an infected mouse model (Zhao et al., 2022a). Moreover, Limosilactobacillus spp. administration significantly increased the prevalence of Lactobacillus spp. but decreased the abundance of Desulfovibrio. These relationships among Limosilactobacillus, Lactobacillus, Helicobacter, and Desulfovibrio were consistent with the microbial structure shift induced by B. licheniformis BCG administration. Limosilactobacillus showed a significantly positive correlation with ZO-1 expression and α-amylase activity. These findings indicated that the increase in f_Lactobacillaceae, Lactobacillus, and Limosilactobacillus levels attributed to B. licheniformis BCG treatment improved intestinal barrier function through interaction with epithelial cells in broilers.

Desulfovibrionaceae is a family of opportunistic pathogens such as Desulfovibrio, which is a major sulfate-reducing bacterium that is ubiquitous in human intestines (Ichiishi et al., 2010). These sulfate-reducing bacteria destroy intestinal epithelial cells through generating large amounts of hydrogen sulfide (Zhang-Sun et al., 2015). In agreement with the current findings, B. licheniformis DSM5749 administration sustains intestinal health in laying hens by decreasing the Desulfovibrio level (Pan et al., 2022). Alistipes has been isolated from the appendicular, abdominal, perirectal, and brain abscesses, thus indicating a potential opportunistic pathogenic role in humans (Parker et al., 2020). A high relative abundance of Alistipes is strongly associated with gut disorders and host diseases, such as liver fibrosis and non-alcoholic steatohepatitis, which is inhibited by Bacillus licheniformis H2 administration (Parker et al., 2020; Zhao et al., 2022b). Campylobacter is well known as a major cause of acute bacterial enteritis in humans. Poultry is considered a major reservoir of Campylobacter and generally colonized by Campylobacter at the age of 2 weeks; therefore, Campylobacter may be as a principal vehicle of transmission to humans (Evans and Sayers, 2000; Lamb-Rosteski et al., 2008). Furthermore, Vibrio, a potential pathogen, should be harmful for host health (Richards et al., 2016). Streptococcus and Escherichia coli are pathogens that metabolize proteins in the small intestine (Ma et al., 2017). The above bacteria decreased after B. licheniformis BCG treatment, particularly in the BCG2 group. Dietary supplementation with B. licheniformis BCG significantly decreased the expression of pro-inflammatory molecules, and thus might decrease the risk of bacterial enteritis in broilers and its associated postinfectious sequelae in humans. However, in the present study, the relative abundance of Bacteroides, Prevotellaceae_UCG-003, and Prevotellaceae_NK3B31_group and Ruminococcaceae_UCG-005 were lower in the BCG1 and BCG2 groups than the CT group. As reported, Prevotella can metabolize plant cell walls and produce short chain fatty acids that benefit intestinal immunity homeostasis (Ramayo-Caldas et al., 2016). Prevotella and Prevotella_9 show significantly negative correlations with levels of the pro-inflammatory cytokines IL-6 and IL-12 in the jejunum (Han et al., 2022). Bacteroides shows a significantly negative correlation with serum IL-6 but a positive correlation with IL-4 (Zhang et al., 2022a). The abundance of Ruminococcaceae, beneficial bacteria that are more commonly found in healthy people, is correlated with the production of short chain fatty acids (Koh et al., 2016; Feng et al., 2022). These reports are contrary to those from a present study reporting that bacteria whose abundance decreased after B. licheniformis BCG administration are positively correlated with the pro-inflammatory molecules IL-8, TLR-4, NF-κB, or TNF-α expression; therefore, these findings must be verified in further study.



5. Conclusion

The present study indicated that dietary B. licheniformis BCG significantly increased jejunal and ileal α-amylase, maltase, and sucrase activity; up-regulated ileal occludin mRNA levels; and decreased the transcript abundance of IL-8 and TLR-4 in the ileum in broilers. Diets with B. licheniformis BCG significantly decreased bacterial community richness and diversity in the ileum but not the cecum. Dietary B. licheniformis BCG shaped the ileac microbiota; increased the prevalence of f_Sphingomonadaceae, Sphingomonas, and Limosilactobacillus; contributed to nutrient digestion and absorption; increased the prevalence of f_Lactobacillaceae, Lactobacillus, and Limosilactobacillus; and enhanced intestinal barrier function. In addition, dietary B. licheniformis BCG decreased microbial community diversity; decreased the abundance of Desulfovibrio, Alistipes Campylobacter, Vibrio, Streptococcus, and Escherichia coli-Shigella; and down-regulated expression of inflammatory molecules. Therefore, diets with B. licheniformis BCG contributed to broiler digestion and absorption of nutrients; enhanced the intestinal physical barrier; and decreased intestinal inflammation by decreasing microbial diversity and optimizing the microbiota structure. Our data provided a theoretical basis for B. licheniformis BCG application in broilers.
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This study evaluated the effects of inoculation with adult goat ruminal fluid on growth, health, gut microbiota and serum metabolism in lambs during the first 15 days of life. Twenty four Youzhou dark newborn lambs were selected and randomly distributed across 3 treatments (n = 8/group): autoclaved goat milk inoculated with 20 mL sterilized normal saline (CON), autoclaved goat milk inoculated with 20 mL fresh ruminal fluid (RF) and autoclaved goat milk inoculated with 20 mL autoclaved ruminal fluid (ARF). Results showed that RF inoculation was more effective at promoting recovery of body weight. Compared with CON, greater serum concentrations of ALP, CHOL, HDL and LAC in the RF group suggested a better health status in lambs. The relative abundance of Akkermansia and Escherichia-Shigella in gut was lower in the RF group, whereas the relative abundance of Rikenellaceae_RC9_gut_group tended to increase. Metabolomics analysis shown that RF stimulated the metabolism of bile acids, small peptides, fatty acids and Trimethylamine-N-Oxide, which were found the correlation relationship with gut microorganisms. Overall, our study demonstrated that ruminal fluid inoculation with active microorganisms had a beneficial impact on growth, health and overall metabolism partly through modulating the gut microbial community.

KEYWORDS
 active microorganism, inoculation with rumen fluid, newborn lambs, gut microbiota, blood metabolomics


1. Introduction

The proper management of the pre-ruminant animal is important for ensuring they are able to face the weaning and early post-weaning periods without experiencing excessive stress. This represents one important pillar of a successful cattle and small ruminant industry. Intestinal microorganisms are important for regulating the health and development in the pre-wean ruminant animal. For example, intestinal bacterial imbalance is associated with disordered nutrient digestion and absorption, growth retardation, diarrhea, dehydration, and death (Signorini et al., 2012; Lyoo et al., 2018). Therefore, research focused on the establishment of an optimal intestinal microbiota would be beneficial in terms of promoting the development and health of pre-wean ruminants.

The microflora in ruminants is not fully developed at the moment of birth (Baldwin et al., 2004). Microbial colonization in pre-ruminans is divided into three stages: (1) the first 2–3 days of life are the initial colonization stage of “pioneer” bacteria, characterized by a unique profile relative to later stages of growth (Haenel, 2010). A large proportion of the bacterial community at this stage is parthenogenic and exclusively anaerobic but aerobic bacteria are also present (Minato et al., 1992); (2) the transition from colostrum to mature milk or milk replacer during which the ruminal epithelium microbial community and the ruminal environment change significantly with a dramatic decrease in aerobic and parthenogenic anaerobic bacteria (Rey et al., 2012); and (3) from day 14 to day 28 or at weaning, where bacterial communities no longer exhibit significant time-related changes, but rather change based on feeding behavior and growth (Meale et al., 2016). Bacterial species and abundance stabilize at the phylum level by the 15 day of age, and the bacterial community structure reaches a certain level of stability in about 3–4 weeks (Guzman et al., 2015). The ruminal microbiota digest fodder and other plant materials to produce volatile fatty acids (VFAs) and microbial crude protein (MCP), both of which provide energy and amino acids for ruminants (Koike and Kobayashi, 2009; Mccann et al., 2014). These are essential for maintenance of health, digestive efficiency, and growth performance in the growing ruminant animal (Morrison et al., 2010). Therefore, the first 15 days after birth are an important stage where the establishment of microbial flora can be regulated.

In a previous study, inoculation with a ruminal fluid increased the weight of calves during weaning partly due to a microbial profile that enhanced starch digestion (Ziolecki et al., 1984). Direct-fed microorganisms were reported to improve immunity of calves by balancing gut microbe profiles, thus, helping them cope with stressful conditions (Krehbiel et al., 2003). Mechanistically, the gut microbiota can stimulate immune responses through its effect on digestion and metabolism (Anand and Mande, 2018). For example, it has been demonstrated that microbiota can regulate metabolism of glutamate and creatine, which in turn impacts the immune response (Ding et al., 2021). Therefore, accumulating evidence highlights that the establishment of the microflora is important in newborn ruminants and can influence their metabolism.

Some studies reported that the original composition of the rumen returned to a pre-intervention state after exogenous microbiota interventions were discontinued (Weimer, 2015). In spite of this, there are data indicating that exogenous microbiota transplantation could improve ruminal fermentation and digestion. To our knowledge, few studies have focused on the effect of ruminal microbial transplantation within 15 days after birth on development and health (Jami et al., 2013). Thus, we hypothesized that inoculation with ruminal fluid in newborn lambs could promote growth and health through its effect on the establishment of an “ideal” gut microbiota. Such benefits are reflected in blood metabolite profiles. To address this hypothesis, Youzhou dark newborn lambs were inoculated with sterilized normal saline (CON), fresh ruminal fluid (RF) with active microorganisms or autoclaved ruminal fluid (ARF) without active microorganisms. Growth performance, health status, gut microbiota and blood metabolomics were performed to evaluate treatment effects during the first 15 days after birth.



2. Materials and methods

The study procedures and use animals were approved by the Ethics Committee in Chongqing Academy of animal sciences (approval number: xky-20180716, 9 June 2021).


2.1. Ruminal inoculum preparation

Six healthy Youzhou dark adult goats (three female and three male, ~30 kg) were used as sources of ruminal fluid. All goats were fed with the same diet for 3 weeks prior to ruminal fluid collection ~2 h post-feeding via oral tubing, strained into a container through four layers of cheesecloth and then pooled into a composited sample. All the composited ruminal fluid was divide into two samples. One sample was directly stored at −80°C and served as the “fresh” ruminal fluid (RF). The other portion of sample was sterilized at 205.8 KPa and 132°C for 10 min and served as the autoclaved Ruminal Fluid (ARF), which was subsequently stored at −80°C. All original samples were kept at −80°C until use as the inoculum.



2.2. Animals and treatments

A total of 24 Youzhou dark newborn lambs were selected and randomly assigned to one of 3 treatments for a feeding period of 15 days in individual pens. During the initial 48 h after birth, all lambs received colostrum from their mothers, and were then separated from their mothers immediately. Treatments consisted of (1) sterilized goat milk inoculated with sterilized normal saline as the control group (CON); (2) sterilized goat milk inoculated with RF (RF) and (3) sterilized goat milk inoculated with ARF (ARF). Sterilized goat milk was fed 4 times (each time ~100 mL) daily (0800, 1200, 1600 and 2000 h) to ensure that all lambs had adequate nutrition. From day 3 to 7 after birth, 20 mL ruminal fluid or autoclaved ruminal fluid was maintained at 39°C in a prewarmed thermostat water bath. It was then inoculated via the esophagus of each lamb using a soft stomach tube and a 20 mL syringe 2 h after the morning feeding (inoculate once a day, a total of 20 mL). The experiment lasted 15 days, and the all lambs were slaughtered on day 16.



2.3. Growth performance and sampling

The live weight (LW) of each lamb was recorded every 3 days before the morning feeding during the experimental period (15 days). Average daily gain (ADG) was calculated as (final LW–initial LW)/days on study. On the 16th day of the experimental period, a blood sample (~5 mL) was collected from the jugular vein and then placed into blood collection tubes. Blood samples were centrifuged at 2,500 rpm at 4°C for 15 min to obtain serum and then stored at −80°C until analysis. Fecal samples from each lamb were collected on the 16th day of the experimental period and stored at −80°C until gut microbiota profiling.



2.4. Sample analyses


2.4.1. Blood biochemical indices determination

An automatic biochemical analyzer (Beckman Coulter AU680) was used to perform blood biochemical analysis. Briefly, assays included colorimetric kits (modified kinetic Jaffe method), turbidimetry, latex agglutination, homogeneous EIA or indirect ISE according to the Beckman Coulter AU680 analyzer specifications.



2.4.2. 16S rRNA sequencing of gut microbiota

Total DNA was extracted from 1 g feces using the MoBio PowerSoil DNA Isolation Kit (12855-50, MoBio, United States) according to the manufacturer’s instructions. The quantity and quality of DNA were measured using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, United States) Then DNA integrity was determined with 1% agarose gel electrophoresis.

Subsequently, the V3-V4 hypervariable region of the 16S rRNA gene was PCR-amplified with the universal primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Liu et al., 2022). The PCR amplification was based on the protocol of Chan et al. (2015). Briefly, 10 bp barcode sequence was added to the 5′ end of the forward and reverse primers (provided by Allwegene Company, Beijing). PCR amplification was performed with a 25 μL reaction system including 12.5 μL Taq PCR MasterMix (2×), 3 μL BSA (2 ng/μL), 1 μL (5 μM) forward primer, 1 μL (5 μM) reverse primer, 2 μL dDNA (The total amount of DNA added is 30 ng) and 5.5 μL ddH2O. Thermal cycling parameters were as follows: 95°C for 5 min, 28 cycles of 95°C for 45 s, 55°C for 50 s, 72°C for 45 s and final extension 72°C for 10 min. Purification of PCR products was carried out using Agencourt AMPure XP Kit (Beckman, Brea, CA, United States). Real-time PCR was used for PCR product quantification. Deep sequencing was carried out using IllluminaMiSeq PE300 platform at Allwegene Company (Beijing, China). Image analysis, base calling, and error estimation were performed using Illumina Analysis Pipeline Version 2.6.

Read qualification was performed using Illumina Analysis Pipeline Version 2.6. The low-quality sequences with length < 230 bp, average Phred scores <20 and ambiguous bases or false matches to primer sequences and barcode tags were removed. High-quality sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97% using Uparse algorithm of Vsearch (v2.7.1) software. The Ribosomal Database Project (RDP) Classifier tool was used to conduct OTU taxonomic classification into different taxonomic groups against the SILVA128 database. The rarefaction curve generation and richness and diversity indices calculation were performed using QIIME (version 1.8.0) based on the OTU information.




2.5. Metabolite extraction

Metabolomics was performed at Allwegene Company (Beijing, China). Briefly, a total of 20 μL of sample was transferred to an Eppendorf tube. A volume of 80 μL extraction solvent was added (acetonitrile: methanol = 1: 1, containing isotopically-labeled internal standard mixture). The mixture was sonicated in an ice-water bath for 10 min and incubated at −40°C for 1 h to precipitate proteins. The samples were centrifuged at 4°C, 12,000g for 15 min, then supernatant fluid was transferred into a EP tube new glass vial for UHPLC–MS–MS analysis. QC samples were created by merging equal aliquots of supernatant fluid from each sample.



2.6. UHPLC-MS-MS analysis

UHPLC-MS-MS analysis was performed using a UHPLC system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH amide column (2.1 mm 100 mm, 1.7 m) coupled to a Q Exactive HFX mass spectrometer (Orbitrap MS, Thermal). Mobile phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia (pH = 9.75). The autosampler was set to 2 L injection volume at 4°C. The QE HFX mass spectrometer with the acquisition software information-dependent acquisition (IDA) mode (Xcalibur, Thermo) was used for obtaining MS/MS spectra. The ESI conditions were: Sheath gas flow of 30 Arb, auxiliary gas flow of 25 Arb, capillary temperature of 350°C, and full MS resolution of 60,000.

Metabolomics analysis was performed based on our previous studies with slight modifications (Dong et al., 2018; Fu et al., 2021). Briefly, principle component analysis (PCA) and (orthogonal) partial least-squares-discriminant analysis (OPLS-DA) were performed using the R package metaX to monitor the reproducibility of the instrument and the differential analysis of metabolic characteristics. Parameters R2Y and Q2 were >0.5 indicating a robust model with prominent predictive ability. Metabolites with variable importance for projection (VIP) values exceeding 1 and p < 0.05 were selected as the important metabolites between the comparison of two groups.



2.7. Statistical analysis

Statistical analysis of weight indices, blood biochemical indices and diversity and relative abundance of gut microbiota were performed using GraphPad Prism 7.0 (GraphPad Software). All data are presented as means ± SEM. The KS normality test was performed to estimate data normality. Statistical differences between groups was assessed using one-way analysis of variance (ANOVA), and then multiple comparisons analysis was performed with a Tukey post-hoc test. Data with non-normal distribution was analyzed using the Kruskal–Wallis test and then the Dunn’s multiple comparison test. p < 0.05 was considered as significant difference. The correlation between the gut microbiota and serum metabolites was analyzed using Spearman correlations with the R program package. The coefficients p < 0.05 were considered significant. The R language GGPlot package was used to draw a correlation heat map.




3. Results


3.1. Growth performance

The effects of inoculation with ruminal fluid (RF), autoclaved ruminal fluid (ARF) or sterilized physiological saline (CON) on growth performance of newborn lambs are presented in Figure 1 and Supplementary Table 1. The RF resulted in the lowest weight loss compared with CON and ARF. Moreover, for all groups the trend of weight change was to decrease first followed by an increase. Interesting, RF lambs stopped losing weigth on day 9 after birth, and then followed recovery. This was 3 days earlier than CON and ARF groups.

[image: Figure 1]

FIGURE 1
 Trend of body weight change during postnatal 15 days in lambs inoculated with ruminal fluid (RF), autoclaved ruminal fluid (ARF) or sterilized physiological saline (CON).




3.2. Blood biochemical indicators

The effects of inoculation with ruminal fluid (RF), autoclaved ruminal fluid (ARF) or sterilized physiological saline (CON) on blood biochemical indices are shown in Table 1. Compared with CON, feeding RF resulted in a greater (p < 0.05) blood concentration of ALP, CHOL, HDL, and LAC. Moreover, a greater (p < 0.05) blood concentration of ALP was also observed in RF relative to ARF. Compared with CON, ARF led to lower (p < 0.05) blood concentration of DBIL. No significant differences in concentrations of ALT, AST, GGT, AST/ALT, TAB, TP, ALB, GLO, A/G, TBIL, IDBIL, CHE, BUN, CREA, TG, LDL, CRP, GLU and LDH were observed among all groups.



TABLE 1 Effect of inoculation with ruminal fluid (RF), autoclaved ruminal fluid (ARF) or sterilized physiological saline (CON) on blood biochemical indices in lambs.
[image: Table1]



3.3. Gut microbiota

Under the similarity threshold of 97%, 1,342 OTUs were obtained and the calculated good’s coverage were no <99% for all samples. Venn diagrams showed that the number of OTUs in the RF group was greater compared with other groups. (Figure 2A). The Chao1 index, Shannon index and Simpson index were used to estimate the Alpha diversity of gut microbiota. Compared with the other groups, the Chao1 index indicated that feeding RF substantially increased the heterogeneity of the gut microbiota (Figure 2B). However, no significant difference among the groups emerged in the Shannon index and Simpson index (Figures 2C,D). The PCA analysis was used to compare the microbial community composition and distribution similarity of each group. According to the distance and separation of each sample in each group in the figure, it is evident that the CON group was markedly different from those of the RF group, and there were differences between the CON group and the ARF group (Figure 2E). Interestingly, the microbial composition was significantly different from that of the original samples (RF-Original and ARF-Original), and the original samples were similar in microbial composition.

[image: Figure 2]

FIGURE 2
 Gut Microbiota diversity analysis in 15-day old lambs after inoculation with ruminal fluid or autoclaved ruminal fluid. (A) Unique and shared intestinal operational taxonomic units (OTUs) for each group are shown in the Venn diagram. Alpha diversity (Chao1index, Shannon index, Simpson index) (B–D); beta diversity indicated by principal component analysis (PCA) plot (E). Data are presented as means ± SD. n = 8, **p < 0.01, ****p < 0.0001, ns indicates no significance.


We then focused on microbiota abundance at the phylum and genus levels. At the phylum level, Bacteroidetes, Firmicutes, Verrucomicrobiota and Proteobacteria were the 4 most dominant bacterial phyla in the three groups (Figure 3A). The statistical analysis showed that, at the phylum level, the gut microbiota in three groups were dominated by Firmicutes, Bacteroidota, Proteobacteria, Synergistota, Fusobacteriota, Verrucomicrobiota, and Actinobacteriota, while the relative abundance of other genera was below 1% (Figure 3A). The statistical analysis of abundant genera (with relative abundance >0.01%) showed that the relative abundance of Verrucomicrobiota was significantly lower (p < 0.05), while the relative abundance of Synergistota was significantly higher (p < 0.05) in the RF group than those in the CON group (Figures 3B,C). The abundance of Synergistota in the RF group was higher than that in other groups (Figure 3C). More details about differential microbiota abundance are shown in Supplementary Figure 1. The relative abundance of Fusobacteriota in the ARF group was significantly higher than that in the CON group (Figure 3D).

[image: Figure 3]

FIGURE 3
 Relative abundance of microbiota at the phylum level. (A) Microbiota taxonomic profiling of intestinal microbiota from different groups at the phylum level with the abundance of the microbiota is more than 1%. (B) Ratio of Verrucomicrobiota in the three groups. (C) Ratio of Synergistota in the three groups. (D) Ratio of Fusobacteriota in the three groups. n = 8, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns indicates no significance.


The analysis of the relative abundance of the bacterial genera, 29 out of the 46 genus identified showed significant differences based on the inoculation treatment. Bacteroides, Christensenellaceae_R−7_group, Porphyromonas and Alloprevotella were the common genera dominated in the gut microbiota of the lambs (Figure 4A; Supplementary Figure 2). Our results revealed that 13 genera were significantly more predominant in the RF than CON (Figure 4E; Supplementary Figure 2). They included the Rikenellaceae_RC9_gut_group, Bacteroides, Brachymonas, Peptostreptococcus, Petrimonas, Phascolarctobacterium, Pseudomonas, and others. The relative abundance of Actinomyces, the Escherichia-Shigella, the Eubacterium_nodatum_group, Parabacteroides and Akkermansia was significantly lower (p < 0.05) in the RF group than those in the CON group (Figures 4B–G).

[image: Figure 4]

FIGURE 4
 Relative abundance of microbiota at the genera level. (A) Microbiota taxonomic profiling of intestinal microbiota from different groups at the genera level which the abundance of the microbiota is more than 1%. (B) Ratio of Escherichia-Shigella in the three groups. (C) Ratio of Actinomyces in the three groups. (D) Ratio of Eubacterium_nodatum_group in the three groups. (E) Ratio of Rikenellaceae_RC9_gut_group in the three groups. (F) Ratio of Parabacteroides in the three groups. (G) Ratio of Clostridiales_bacterium_canine_oral_taxon_082 in the three groups. (H) Ratio of Akkermansia in the three groups. n = 8, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns indicates no significance.




3.4. Serum metabolic profiles

According to the results obtained, a total of 807 metabolites were identified and quantified. All samples were analyzed with a 95% confidence interval. We performed PCA score plot to visualize the overall change of metabolites, the results showed differences between the three groups (Figures 5A–C). The OPLS-DA revealed a clear separation between the CON and the RF groups in the plot, which indicated that the serum metabolic profiles of the RF group were distinct from that of the CON group (Figure 5D). The other two figures also reflect similar results (Figures 5E,F). In the OPLS-DA model, the parameter R2Y was 0.998, and the Q2 value was 0.89 (Supplementary Figure 3), indicating a good degree of reliability and predictive ability of the model used. The OPLS-DA model involved 200 random permutations and combination experiments on the data to avoid over-fitting. A good model is obtained when all replacement models of R2 and Q2 values are lower than the original values of R2 and Q2. The study results suggested that the OPLS-DA model was not over fitted as demonstrated by the R2 and Q2 values in all permutated models being lower than the value of the original R2 and Q2 models (Figures 5G–I).

[image: Figure 5]

FIGURE 5
 Metabolomics of PCA analysis, CON group (green) and RF group (red) (A), OPLS-DA score chart, CON group (green) and ARF group (red) (B), OPLS-DA score chart, RF group (green) and ARF group (red) (C). OPLS-DA score chart, CON group (green) and RF group (red) (D), OPLS-DA score chart, CON group (green) and ARF group (red) (E), OPLS-DA score chart, RF group (green) and ARF group (red) (F). Permutation test of OPLS-DA (G–I).


The results from the screening of different metabolites were visualized in the form of volcano plots to quickly assess the difference and statistical significance in the metabolic expression levels for the CON, RF and ARF group (Figures 6A–C). Fifty-one different metabolites were observed in CON vs. RF, including 22 decreased and 29 increased metabolites (Figure 6A); 94 different metabolites in CON vs. ARF, including 9 decreased and 85 increased metabolites (Figure 6B) and 57 different metabolites in RF vs. ARF, including 9 decreased and 48 increased metabolites (Figure 6C). The top 20 important differential metabolites with VIP > 1.5 and p < 0.05 are depicted in VIP plots (Figures 6D–F). Compared with CON, inoculation with ruminal fluid increased the plasma relative concentrations of Chenodeoxycholic Acid, Proline-Hydroxyproline, 3-hydroxyphenylacetic acid and FFA(15:1), whereas it decreased the plasma relative concentrations of 21-Deoxycortisol, 20-COOH-AA, Glu-Met, Tetradecanedioic acid, 9(S)-HpOTrE and Trimethylamine-N-Oxide (Figure 6D). Compared with CON, inoculated with autoclaved rumen fluid increased the plasma relative concentrations of Hippuric Acid, Caffeic Acid, Arachidyl-glycine, Xanthosine, Oxypurinol and 5-Hydroxyindole-3-Acetic Acid, whereas it decreased the plasma relative concentrations of Carnitine C12:1(Figure 6E). Compared with RF, inoculated with autoclaved rumen fluid increased the plasma relative concentrations of Phenylacetyl-L-Glutamine, DL-Leucine, Cis-L-3-hydroxyproline, 6-Aminocaproic-Acid, 20-COOH-AA, Caffeic Acid, Arachidyl-glycine, 21-Deoxycortisol and Carnitine C5:0, whereas it decreased the plasma relative concentrations of Carnitine C12:1(Figure 6F).More details about differential metabolites are shown in Supplementary Tables S1–S3.
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FIGURE 6
 Differential metabolites in lamb serum inoculated with ruminal fluid. Volcano plots of the affected metabolites in CON VS RF (A), CON VS ARF (B) and RF VS ARF (C). Each point represents a metabolite. The green dots in the figure represent the down-regulated differential metabolites, the red dots represent the up-regulated differential metabolites, and the gray dots represent the metabolites without difference. Metabolites are ranked by variable importance in projection analysis (VIP) of respective groups: CON group and RF group (D), CON group and ARF group (E) and RF group and ARF group (F); the top 20 important metabolites were arranged from top to bottom according to intracellular concentration. The red box represents an up-regulated concentration of the molecule and the green box represents down-regulated concentration.




3.5. Correlations between serum metabolic profiles and gut microbiota

Using the Spearman rank correlation coefficients, we displayed the results in the heatmap chart and evaluated the correlation. Compared with CON, at the phylum level, we found that Verrucomicrobiota was strongly correlated with most metabolites and Synergistota was negatively correlated with Tetradecanedioic acid (Figure 7A). At the genus level, a strong correlation between 12 differential genera and 24 differential metabolites at the genera level was observed in the CON and RF groups (Figure 7B). Akkermansia was negatively correlated with Chenodeoxycholic Acid and various amino acids, and was positively correlated with organic acid and its derivatives. The abundance of Pathogenic bacteria such as Escherichia-Shigella and Actinomyces decreased after inoculation with ruminal fluid and was associated with various amino acids, bile acids and other metabolites. Rikenellaceae_RC9_gut_group was negatively correlated with Trimethylamine-N-Oxide, and significantly positively correlated with the level of Chenodeoxycholic Acid and Lithocholic acid in serum. Eubacterium_nodatum_group, Filifactor, Parabacteroides, Clostridiales_bacterium_canine_oral_taxon_082, Porphyromonas and other genera were also correlated with many metabolites.
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FIGURE 7
 The correlation between gut microbiota and serum metabolites. At the phylum or genera level in the CON and RF groups (A,B). At the phylum or genera level in the CON and ARF groups (C,D). Red represents positive correlation, and green represents negative correlation. *p < 0.05, **p < 0.01.


By taking the intersection of CON and ARF, 94 differential metabolites were obtained and narrowed down to 30 different metabolites (Figures 7C,D). At the phylum level, Verrucomicrobiota was negatively correlated with significantly different metabolites, Fusobacteriota was positively correlated with significantly different metabolites (Figure 7C). The change in Akkermansia, Porphyromonas and NK4A214_group, Escherichia-Shigella and Parabacteroides levels was associated with the serum levels of significantly different metabolites. Other microbiota were positively correlated with significantly different metabolites (Figure 7D). These results indicated that these differential microbiota were closely associated with, and might contribute to, the altered serum metabolic profiles in response to inoculation with ruminal fluid or autoclaved ruminal fluid. In order to better understand the metabolic regulation relationship, we have drawn a metabolic network diagram (Figure 8).
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FIGURE 8
 Correlation networks of fecal metabolites in CON, RF, and CON groups. Compared with the latter group, among the metabolites in the former group, the red symbol represents a significant increase, the white symbol represents no difference, and the blue symbol represents a decrease.





4. Discussion


4.1. Effect of ruminal fluid inoculation on weight of newborn lambs

Growth rate of lambs can potentially affect production performance in adulthood (Sato et al., 2010). Some early studies found that ruminal inoculation improved average daily gain (Pounden and Hibbs, 1949). A potential mechanism for such an effect was proposed to be a benefit of microorganism inoculation on amylase activity (Ziolecka et al., 1984). In contrast, other studies reported no significant improvements in weight gain due to ruminal fluid inoculation (De Barbieri et al., 2015). Although we did not detect a significant effect on weight gain over time, given that postpartum stress could lead to weight loss after birth in the newborn, the trend to promote a faster weight recovery in the RF group suggested a benefit of active microbial inoculation.



4.2. Effect of ruminal fluid inoculation on blood biochemical parameters

Blood parameters are important to evaluate the health status of animals in response to nutrition (Weingand et al., 1996). The lack of difference for most of the blood parameters related to liver and kidney function and inflammation suggested that ruminal fluid inoculation had no negative influence on the health of newborn lambs.

It is noteworthy that an increase of ALP, CHOL, and HDL was observed in the RF group. A greater concentration of ALP was observed in newborn infants experiencing active bone growth (Devyatkin et al., 2021). Thus, it is plausible to speculate that fresh ruminal fluid inoculation with active microorganisms was beneficial to the development of newborn lambs. CHOL is one of the important blood indices to estimate lipoprotein metabolism. A previous study found that multi-strain probiotic increased serum CHOL in neonatal dairy calves (Guo et al., 2022), which was similar to our study. However, a low blood concentration of CHOL was also observed in a previous study with spray-dried ruminal fluid inoculation (Rezai Sarteshnizi et al., 2020). Combined with the greater HDL blood content in RF relative to CON, the greater CHOL might be helpful in preventing lipid peroxidation and stimulating the synthesis of anti-inflammatory cytokines (such as interleukin-10) (Mertens and Holvoet, 2001). We speculated that active microorganism inoculation could potential regulate lipid metabolism and inflammatory reactions to influence the health of newborn lambs.

Overall, the blood biochemical parameters suggested that microorganism inoculation had no negative effect on health, and could potentially regulate lipid metabolism and inflammatory reactions.



4.3. The effect of ruminal fluid inoculation on gut microbiota

Gut microbiota is significantly different from the ruminal microbiota (Godoy-Vitorino et al., 2012), but data suggest that ruminal fluid inoculation still could regulate the gut microflora (Ji et al., 2018). In the present work, a distinct microbiota cluster of CON, RF and ARF was observed using PCA analysis, suggesting that ruminal fluid inoculation could influence the establishment of microflora in newborn lambs. The greater alpha-diversity index (Chao 1) in RF compared with CON suggested that ruminal fluid inoculation with active microorganisms could improve the diversity of the gut microbiota. A similar result was also observed in a previous study with goats (Abo-Donia et al., 2011).

The establishment of microbiota after birth might involve a sophisticated process (Wang et al., 2016). In the current study, we illustrated the change of gut microbial taxonomical composition with ruminal fluid inoculation at the phylum and genus levels in newborn lambs. In the ruminant, Proteobacteria, Bacteroidetes and Firmicutes were confirmed as the dominant phyla with important functions in maintaining health and production (Sadet et al., 2007). Therefore, our results with the greatest relative abundance of Proteobacteria, Bacteroidetes and Firmicutes suggested that ruminal fluid inoculation could accelerate the establishment of ruminal microbiota in newborn lambs. In our study, Verrucomicrobia was found at a lower proportion in lambs exclusively inoculated with ruminal fluid and were represented exclusively by the genus Akkermansia, in agreement with earlier studies (Saleem et al., 2012). As previously reported, the relative abundance of Verrucomicrobia was significantly higher in milk-fed lambs (Wang et al., 2016). The present study may indirectly suggest that ruminal fluid transplantation promotes the establishment of specific microbial population in lambs in order to better adapt to the transition from milk to solid feed. Fusobacteria is a phylum of anaerobic Gram-negative bacilli, with a shuttle-shaped morphology, commonly found in the oral cavity (Gupta and Sethi, 2014). The view that Fusobacterium is involved in animal infection within a certain range has long been accepted by many researchers (Roberts, 2000). Our results indicated that inoculation with ruminal fluid in lambs may also contribute to health by reducing the number of pathogenic bacteria. Synergistota is a bacterial phylum consisting of gram-negative anaerobes (Belibasakis et al., 2013). End-products of Synergistota are mainly acetate, propionate and isobutyrate (Kang et al., 2020). SCFA are the main source of energy for ruminants to maintain normal growth.

At the genus level, most of the Rikenellaceae_RC9_gut_group was upregulated. The Rikenellaceae_RC9_gut_group is the dominant bacteria in the intestine, associated with mucin degradation (Fan et al., 2020), and is significantly in a negative correlation with obesity (Arnoriaga-Rodríguez et al., 2020; Suzuki et al., 2020). It plays an important role in intestinal mucosal health. Moreover, the relative abundance of Rikenellaceae_RC9_gut_group was positively correlated with host feed utilization, volatile fatty acid and short-chain fatty acid metabolism (Derakhshani et al., 2017; Li et al., 2019) and significantly negatively correlated with the expression of inflammation-related immune genes such as insulin levels and interferon IFNγ (Gomez-Arango et al., 2016). Parabacteroides generate acetate to mitigate heparanase-exacerbated acute pancreatitis by reducing neutrophil infiltration (Lei et al., 2021). Acetate is the main SCFA. Some species of Parabacteroides Significant reduce in severity of intestinal inflammation in murine models of acute and chronic colitis through dextran sulfate sodium (Kverka et al., 2011). SCFA can regulate the function of multiple systems, such as the intestinal, neurological, endocrine and hematological systems, and there is considerable evidence that SCFAs play an important role in the maintenance of intestinal health and the prevention and improvement of many non-communicable diseases, including cancer (Doble et al., 2016). However, due to the interaction of microflora, the treatment in this study reduced the concentration of Parabacteroides.

In this study, most of the Escherichia-Shigella was significantly downregulated, Escherichia-Shigella is a conditional pathogenic bacteria (Qi et al., 2021). On the first day after birth, the rectum was invaded by Escherichia-Shigella (Alipour et al., 2018). Recent research suggests that the artificial feeding modal can increase the number of potential pathogens such as Escherichia-Shigella and slow the establishment of the anaerobic environment and anaerobic microorganism (Bi et al., 2019). Actinomyces can use carbohydrates to produce fatty acids and are classified as conditional pathogenic bacteria (Hall, 2008). Eubacterium_nodatum_group has the ability to Catabolic carbohydrates to SCFAs (mainly butyrate; Barcenilla et al., 2000). Eubacterium_ nodatum_ Group is common in oral cavity with periodontitis and other diseases, and is considered as pathogenic bacteria (Hill et al., 1987). The results varied a lot from one study to another, and there is no consistent conclusion about the Akkermansia. Akkermansia, produce SCFA by degrading mucin, are closely contacted with immunity (Ganesh et al., 2013). Increasing abundance of Akkermansia muciniphila could decreased body fat mass, increase glucose homeostasis, and lower adipose tissue inflammation (Everard et al., 2013; Dao et al., 2016). Recent research suggests that milk positively affected their growth (Wang et al., 2018). This may further prove that inoculation with ruminal fluid promotes the maturation of lamb microbes in order to better adapt to the transition from milk to solid feed. The previous studies have found that high-doses of heme iron intake significantly increased the abundance of Akkermansia in the intestinal tract of mice, but damaged the intestinal mucus layer (van Hylckama Vlieg et al., 2011). The results of the present study showed that inoculation with ruminal fluid could change bacteria of the Fusobacteria, Akkermansia, Eubacterium_nodatum_group, and the like. The effect was positively correlated with microbial activity in ruminal fluid. These results support the notion that active gut microbiota may inhibit the growth of pathogens, promote the maturation of growth-promoting microbes by altering the diversity and composition of the gut microbiota.



4.4. The effect of ruminal fluid inoculation on serum metabolites and correlations with serum metabolic profiles

Microbiota in the gut regulate metabolic reactions such as the production of bile acids, amino acid and fatty acids, which are essential for the health of the animal (Nicholson et al., 2012). In this study, the composition of serum metabolites in the RF group was different from the CON and ARF groups. Through the serum metabolomics analysis, it was concluded that the metabolism of bile acids (Chenodeoxycholic acid, Chaps, Lithocholic acid) was greatly influenced by feeding RF. Bile acids participate in the regulation of lipid and dextrose metabolism, and play a key role in regulating hepatic metabolic pathways (Hylemon et al., 2009). The bile acids may help control growth and composition of gut microbiota through FXR and TGR-5, which also helps protect the gut microbiota from inflammation (du et al., 2020). Previous research suggested that obeticholic acid, a derivative of chenodeoxycholic acid, can increase bile acid homeostasis, lower the expression of TNF-α, IL-6, and IL-1β, suggesting that bile acids alleviate inflammation (Xiong et al., 2017). Dietary chenodeoxycholic acid can improve growth performance and intestinal health by changing blood metabolism and intestinal bacteria in weaned piglets (Song et al., 2021). Lithocholic acid is formed by bacterial action of chenodeoxycholic acid salt and is usually combined with glycine or taurine (Bazzoli et al., 1982). Spearman correlation analysis between the affected metabolites showed that the elevated serum levels of chenodeoxycholic acid and Lithocholic acid were negatively correlated with Escherichia-Shigella, Fusobacterium, Actinomyces, Porphyromonas, Eubacterium_ nodatum_ Group and Akkermansia, and positively correlated with Rikenellaceae_RC9_gut_group. The results suggested that tumor gastric juice transplantation may improve the stability of the body by regulating the level of bile acid metabolism or regulating the composition and quantity of intestinal microbiota.

The end products of protein digestion in the digestive tract are often mostly small peptides rather than free amino acids, which are absorbed intact and enter the circulation as dipeptides or tripeptides (Rérat et al., 1988). Studies have shown that insufficient peptide in the ruminal fluid of dairy cows is the main factor limiting the growth of microorganisms, and small peptides are key factors for maximum growth efficiency of microorganisms (Brooks et al., 2012). Small peptides can promote the reproduction of beneficial microorganisms in the digestive tract and improve the synthesis of microbial proteins. Our results revealed an increasing trend of small peptides (such as proline-Hydroxyproline, His-Ala, Ile-Ala, and Pro-Leu), the correlation analysis showed that the elevated serum levels of small peptides was negatively correlated with Escherichia-Shigella, Fusobacterium and Eubacterium_nodatum_group. The tricarboxylic acid cycle is one of the most important energy metabolism pathways, our results on correlation network analysis showed that some small peptides may indirectly participate in the tricarboxylic acid cycle, i.e., enter the cycle after hydrolysis into free amino acids. The above results demonstrated that feeding RF promoted peptide absorption by enhancing the absorption rate of small peptides or change the absorbable amount of small peptides by reducing the abundance of Escherichia Shigella and other bacteria, thereby increasing the concentration of small peptides in the serum, thereby enhancing the metabolism of the body and promoting Rikenellaceae_RC9_gut_group. Xanthine and xanthoside are related to purine and pyrimidine metabolism, and the changes of these metabolites are related to microbial apoptosis (Fujihara and Shem, 2011; Wang et al., 2012). In this study, the contents of xanthine and xanthoside in serum of lambs increased, and were negatively correlated with Escherichia Shigella. Therefore, we speculate that the increase of xanthine and xanthoside content is related to the decrease of Escherichia Shigella.

When hepatic glycogen, a quick source of glucose for muscle, is depleted, adipose tissue lipolysis into free fatty acids provides these compounds to tissues as a source of energy (Cree-Green et al., 2017). The content in serum is very low under physiological condition, but the content increases abnormally in diabetes, severe liver dysfunction, hyperthyroidism and other diseases (Wolf et al., 2016). From the weight gain results, we can speculate that the feeding RF promoted feed digestion and nutrient absorption which could have favored liver glycogen synthesis and even glucose utilization for oxidation without the need to induce adipose tissue lipolysis. Free fatty acids are also one of the substances that contribute to oxidative stress (Jiang and Yan, 2022). Oxidized lipids are metabolites of polyunsaturated fatty acids (arachidonic acid, linoleic acid, alpha-linolenic acid) that undergo auto-oxidation or are generated by the action of specific enzymes (Tang et al., 2021). 20-COOH-AA is produced by a series of enzymatic oxidation reactions of arachidonic acid. Oxidative stress is a physiological state in which there is an imbalance between oxidation and antioxidant action in the body. Oxidized lipids serve as the material base in which unsaturated fatty acids are oxidized to form oxidative metabolites under oxidative stress, thus, affecting normal functions (Tsubone et al., 2019). Trimethylamine-N-Oxide is the promoter of atherosclerosis and participates in oxidative damage, endothelial dysfunction and other diseases (Moraes et al., 2015); Injury of vascular endothelial cells can be induced by increasing vascular oxidative stress, and mitochondrial dysfunction can also be induced by oxidative stress in mice (Li et al., 2018; Brunt et al., 2020). Plasma corticosterone is thought to be the main glucocorticoid involved in the regulation of the stress response in rodents (Mizobe et al., 1997). A striking association between serum corticosterone was observed during acute or repeated restraints, chronic unpredictable stress or heat stress (Gong et al., 2015). In the current study, the concentration of Free fatty acids, Oxidized lipids, Trimethylamine-N-Oxide and corticosterone in the RF group were downregulated compared with the other groups, and the blood biochemical indices showed that the concentration of HDL, which had the effect of antagonizing lipid peroxidation, was increased. It has been reported that probiotics can alleviate lipid accumulation, regulate blood lipid levels, increase the concentration of HDL-C, slow down the formation of oxidized lipids, and antagonize oxidative lipid damage in the liver (Nido et al., 2016). In our study, Free fatty acids, Oxidized lipids, Trimethylamine-N-Oxide, Corticosterone was negatively correlated with intestinal available bacteria such as Rikenellaceae_RC9_gut_group, and positively correlated with pathogenic bacteria such as Escherichia Shigella, Actinomyces, Porphyromonas. It has been pointed out that the disturbance of intestinal microbiota is one of the stressors leading to stress, and a stable microbiota can reduce the stress response of the body to a certain extent. Based on the above results, we speculate that the transplantation of rumen juice will promote the stabilization of intestinal microbiota, thereby reducing the levels of lipid oxide, trimethylamine oxide, cortisol, etc., to some extent, it can antagonize the stress response of lambs and improve the blood lipid level of lambs.

We found that RF treatment altered the levels of metabolites in lamb serum, with the metabolites differing in expression from the ARF group, and these changes were related to intestinal microorganisms. We speculate that the sterilized ruminal fluid was rich in protein, fatty acids and other nutrients, thus, promoting the development of the microbial community of the lambs and influencing the metabolites. The difference in the results of the combined RF and ARF groups suggested that active microorganisms in the ruminal were the main factors that contributed to the differences observed.




5. Conclusion

This study demonstrated that ruminal fluid inoculation with active microorganisms could accelerate weight recovery and maintain health in newborn lambs through regulating the establishment of gut microbiota. The proposed mechanism of the overall effects of the ruminal fluid inoculation on gut microbiota and metabolism is schematically represented in Figure 9. In general, this management strategy could be useful for promoting the development and alleviate the postpartum stress in newborn lambs.

[image: Figure 9]

FIGURE 9
 The proposed schematic diagram of the overall effects of the ruminal fluid inoculation on the gut microbial composition, function, and metabolites of lambs.




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 at: NCBI - PRJNA923048; MetaboLights - MTBLS6998.



Ethics statement

The animal study was reviewed and approved by Ethics Committee in Chongqing Academy of animal sciences (approval number: xky-20180716, 9 June 2021).



Author contributions

LF, LW, and LL: data analysis and original draft writing. LZ, GW, and PZ: conducted the experiments and sample collection. JL and ZZ: draft reviewing. XD: experimental design, supervision, and original draft writing and reviewing. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (grant number 32002206, XD), Key Project of Chongqing Natural Science Foundation (grant number cstc2020jcyj–zdxmX0005, XD), the General Projects of Chongqing Natural Science Foundation (grant number cstc2021jcyj–msxmX1143, LL) and the Chongqing Performance Incentive Guide Special Project (20522, XD).



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.2023.1128271/full#supplementary-material



References

 Abo-Donia, F. M., Ghada, S. I., Nadi, S., and Sayah, M. S. (2011). Effect of inoculating new born lambs with fresh or lyophilized rumen fluid on rumen activity and lamb performance. J. Am. Sci. 7, 409–422.

 Alipour, M. J., Jalanka, J., Pessa-Morikawa, T., Kokkonen, T., Satokari, R., Hynönen, U., et al. (2018). The composition of the perinatal intestinal microbiota in cattle. Sci. Rep. 8:10437:10437. doi: 10.1038/s41598-018-28733-y 

 Anand, S., and Mande, S. S. (2018). Diet, microbiota and gut-lung connection. Front. Microbiol. 9:2147. doi: 10.3389/fmicb.2018.02147 

 Arnoriaga-Rodríguez, M., Mayneris-Perxachs, J., Burokas, A., Pérez-Brocal, V., Moya, A., Portero-Otin, M., et al. (2020). Gut bacterial Clpb-like gene function is associated with decreased body weight and a characteristic microbiota profile. Microbiome 8:59. doi: 10.1186/s40168-020-00837-6 

 Baldwin, R. L. VI, McLeod, K. R., Klotz, J. L., and Heitmann, R. N. (2004). Rumen development, intestinal growth and hepatic metabolism in the pre-and Postweaning ruminant. J. Dairy Sci. 87, E55–E65. doi: 10.3168/jds.S0022-0302(04)70061-2

 Barcenilla, A., Pryde, S. E., Martin, J. C., Duncan, S. H., Stewart, C. S., Henderson, C., et al. (2000). Phylogenetic relationships of butyrate-producing bacteria from the human gut. Appl. Environ. Microbiol. 66, 1654–1661. doi: 10.1128/AEM.66.4.1654-1661.2000 

 Bazzoli, F., Fromm, H., Sarva, R. P., Sembrat, R. F., and Ceryak, S. (1982). Comparative formation of Lithocholic acid from Chenodeoxycholic and Ursodeoxycholic acids in the colon. Gastroenterology 83, 753–760. doi: 10.1016/S0016-5085(82)80003-6 

 Belibasakis, G. N., Öztürk, V. Ö., Emingil, G., and Bostanci, N. (2013). Synergistetes cluster a in saliva is associated with periodontitis. J. Periodontal Res. 48, 727–732. doi: 10.1111/jre.12061

 Bi, Y., Cox, M. S., Zhang, F., Suen, G., Zhang, N., Tu, Y., et al. (2019). Feeding modes shape the acquisition and structure of the initial gut microbiota in newborn lambs. Environ. Microbiol. 21, 2333–2346. doi: 10.1111/1462-2920.14614 

 Brooks, M. A., Harvey, R. M., Johnson, N. F., and Kerley, M. S. (2012). Rumen degradable protein supply affects microbial efficiency in continuous culture and growth in steers. J. Anim. Sci. 90, 4985–4994. doi: 10.2527/jas.2011-4107 

 Brunt, V. E., Gioscia-Ryan, R. A., Casso, A. G., VanDongen, N. S., Ziemba, B. P., Sapinsley, Z. J., et al. (2020). Trimethylamine-N-oxide promotes age-related vascular oxidative stress and endothelial dysfunction in mice and healthy humans. Hypertension 76, 101–112. doi: 10.1161/HYPERTENSIONAHA.120.14759

 Chan, C. S., Chan, K. G., Tay, Y. L., Chua, Y. H., and Goh, K. M. (2015). Diversity of thermophiles in a Malaysian hot spring determined using 16s Rrna and shotgun metagenome sequencing. Front. Microbiol. 6:177. doi: 10.3389/fmicb.2015.00177

 Cree-Green, M., Gupta, A., Coe, G. V., Baumgartner, A. D., Pyle, L., Reusch, J. E. B., et al. (2017). Insulin resistance in type 2 diabetes youth relates to serum free fatty acids and muscle mitochondrial dysfunction. J. Diabetes Complicat. 31, 141–148. doi: 10.1016/j.jdiacomp.2016.10.014 

 Dao, M. C., Everard, A., Aron-Wisnewsky, J., Sokolovska, N., Prifti, E., Verger, E. O., et al. (2016). Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: relationship with gut microbiome richness and ecology. Gut 65, 426–436. doi: 10.1136/gutjnl-2014-308778

 De Barbieri, I., Hegarty, R. S., Silveira, C., and Oddy, V. H. (2015). Positive consequences of maternal diet and post-Natal rumen inoculation on rumen function and animal performance of merino lambs. Small Ruminant Res. 129, 37–47. doi: 10.1016/j.smallrumres.2015.05.017

 Derakhshani, H., Tun, H. M., Cardoso, F. C., Plaizier, J. C., Khafipour, E., and Loor, J. J. (2017). Linking Peripartal dynamics of ruminal microbiota to dietary changes and production parameters. Front. Microbiol. 7:2143. doi: 10.3389/fmicb.2016.02143

 Devyatkin, V., Mishurov, A., and Kolodina, E. (2021). Probiotic effect of Bacillus subtilis B-2998D, B-3057D, and bacillus licheniformis B-2999D complex on sheep and lambs. J. Adv. Vet. Anim. Res. 8, 146–157. doi: 10.5455/javar.2021.h497 

 Ding, G., Gong, Q., Ma, J., Liu, X., Wang, Y., and Cheng, X. (2021). Immunosuppressive activity is attenuated by Astragalus polysaccharides through remodeling the gut microenvironment in melanoma mice. Cancer Sci. 112, 4050–4063. doi: 10.1111/cas.15078 

 Doble, M., Raman, M., and Ambalam, P. (2016). “Probiotics and bioactive carbohydrates in colon cancer management,” in Probiotics and bioactive carbohydrates in colon cancer management.

 Dong, X., Zhou, Z., Saremi, B., Helmbrecht, A., Wang, Z., and Loor, J. J. (2018). Varying the ratio of Lys: met while maintaining the ratios of Thr: Phe, Lys: Thr, Lys: his, and Lys: Val alters mammary cellular metabolites, mammalian target of rapamycin signaling, and gene transcription. J. Dairy Sci. 101, 1708–1718. doi: 10.3168/jds.2017-13351 

 du, R., Bei, H., Jia, L., Huang, C., Chen, Q., Tao, C., et al. (2020). Danggui Buxue Tang restores antibiotic-induced metabolic disorders by remodeling the gut microbiota. J. Ethnopharmacol. 259:112953. doi: 10.1016/j.jep.2020.112953 

 Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al. (2013). Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad. Sci. U. S. A. 110, 9066–9071. doi: 10.1073/pnas.1219451110 

 Fan, P., Bian, B., Teng, L., Nelson, C. D., Driver, J., Elzo, M. A., et al. (2020). Host genetic effects upon the early gut microbiota in a bovine model with graduated Spectrum of genetic variation. ISME J. 14, 302–317. doi: 10.1038/s41396-019-0529-2 

 Fu, L., Zhang, L., Liu, L., Yang, H., Zhou, P., Song, F., et al. (2021). Effect of heat stress on bovine mammary cellular metabolites and gene transcription related to amino acid metabolism, amino acid transportation and mammalian target of rapamycin (mTOR) Signaling. Animals 11:3153. doi: 10.3390/ani11113153

 Fujihara, T., and Shem, M. N. (2011). Metabolism of microbial nitrogen in ruminants with special reference to nucleic acids. Anim. Sci. J. 82, 198–208. doi: 10.1111/j.1740-0929.2010.00871.x 

 Ganesh, B. P., Klopfleisch, R., Loh, G., and Blaut, M. (2013). Commensal Akkermansia muciniphila exacerbates gut inflammation in salmonella typhimurium-infected Gnotobiotic mice. PLoS One 8:E74963:e74963. doi: 10.1371/journal.pone.0074963 

 Godoy-Vitorino, F., Goldfarb, K. C., Karaoz, U., Leal, S., Garcia-Amado, M. A., Hugenholtz, P., et al. (2012). Comparative analyses of foregut and hindgut bacterial communities in hoatzins and cows. ISME J. 6, 531–541. doi: 10.1038/ismej.2011.131 

 Gomez-Arango, L. F., Barrett, H. L., McIntyre, H., Callaway, L. K., Morrison, M., Dekker Nitert, M., et al. (2016). Connections between the gut microbiome and metabolic hormones in early pregnancy in overweight and obese women. Diabetes 65, 2214–2223. doi: 10.2337/db16-0278 

 Gong, S., Miao, Y. L., Jiao, G. Z., Sun, M. J., Li, H., Lin, J., et al. (2015). Dynamics and correlation of serum cortisol and corticosterone under different physiological or stressful conditions in mice. PLoS One 10:E0117503. doi: 10.1371/journal.pone.0117503 

 Guo, Y., Li, Z., Deng, M., Li, Y., Liu, G., Liu, D., et al. (2022). Effects of a multi-strain probiotic on growth, health, and fecal bacterial Flora of neonatal dairy calves. Anim. Biosci. 35, 204–216. doi: 10.5713/ab.21.0084 

 Gupta, R. S., and Sethi, M. (2014). Phylogeny and molecular signatures for the phylum fusobacteria and its distinct subclades. Anaerobe 28, 182–198. doi: 10.1016/j.anaerobe.2014.06.007 

 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:E0133048. doi: 10.1371/journal.pone.0133048 

 Haenel, H. (2010). M. Alexander: Microbial Ecology. VII und 511 Seiten, zahlreiche Abb. und Tab‥ Verlag John Wiley and Sons, Inc., New York–London–Sidney–Toronto 1971. Preis: 5,75 £. Mol. Nutr. Food Res. 16, 693–694.

 Hall, V. (2008). Actinomyces—gathering evidence of human colonization and infection. Anaerobe 14, 1–7. doi: 10.1016/j.anaerobe.2007.12.001 

 Hill, G. B., Ayers, O. M., and Kohan, A. P. (1987). Characteristics and sites of infection of Eubacterium nodatum, Eubacterium timidum, Eubacterium brachy, and other asaccharolytic eubacteria. J. Clin. Microbiol. 25, 1540–1545. doi: 10.1128/jcm.25.8.1540-1545.1987 

 Hylemon, P. B., Zhou, H., Pandak, W. M., Ren, S., Gil, G., and Dent, P. (2009). Bile acids as regulatory molecules. J. Lipid Res. 50, 1509–1520. doi: 10.1194/jlr.R900007-JLR200 

 Jami, E., Israel, A., Kotser, A., and Mizrahi, I. (2013). Exploring the bovine rumen bacterial community from birth to adulthood. ISME J. 7, 1069–1079. doi: 10.1038/ismej.2013.2 

 Ji, S., Jiang, T., Yan, H., Guo, C., Liu, J., Su, H., et al. (2018). Ecological restoration of antibiotic-disturbed gastrointestinal microbiota in foregut and hindgut of cows. Front. Cell. Infect. Microbiol. 8:79. doi: 10.3389/fcimb.2018.00079 

 Jiang, L., and Yan, J. (2022). The relationship between free fatty acids and mitochondrial oxidative stress damage to trophoblast cell in preeclampsia. BMC Pregnancy Childbirth 22:273. doi: 10.1186/s12884-022-04623-0 

 Kang, S., Khan, S., Webb, R., Denman, S., and McSweeney, C. (2020). Characterization and survey in cattle of a rumen Pyrimadobacter Sp. which degrades the plant toxin Fluoroacetate. FEMS Microbiol. Ecol. 96:fiaa077. doi: 10.1093/femsec/fiaa077

 Koike, S., and Kobayashi, Y. (2009). Fibrolytic rumen bacteria: their ecology and functions. Asian Australas. J. Anim. Sci. 22, 131–138. doi: 10.5713/ajas.2009.r.01

 Krehbiel, C. R., Rust, S. R., Zhang, G., and Gilliland, S. E. (2003). Bacterial direct-fed Microbials in ruminant diets: performance response and mode of action. J. Anim. Sci. 81, E120–E132.

 Kverka, M., Zakostelska, Z., Klimesova, K., Sokol, D., Hudcovic, T., Hrncir, T., et al. (2011). Oral administration of Parabacteroides Distasonis antigens attenuates experimental murine colitis through modulation of immunity and microbiota composition. Clin. Exp. Immunol. 163, 250–259. doi: 10.1111/j.1365-2249.2010.04286.x 

 Lei, Y., Tang, L., Liu, S., Hu, S., Wu, L., Liu, Y., et al. (2021). Parabacteroides produces acetate to alleviate Heparanase-exacerbated acute pancreatitis through reducing neutrophil infiltration. Microbiome 9:115. doi: 10.1186/s40168-021-01065-2 

 Li, D., Ke, Y., Zhan, R., Liu, C., Zhao, M., Zeng, A., et al. (2018). Trimethylamine-N-oxide promotes brain aging and cognitive impairment in mice. Aging Cell 17:E12768. doi: 10.1111/acel.12768 

 Li, F., Li, C., Chen, Y., Liu, J., Zhang, C., Irving, B., et al. (2019). Host genetics influence the rumen microbiota and heritable rumen microbial features associate with feed efficiency in cattle. Microbiome 7:92. doi: 10.1186/s40168-019-0699-1 

 Liu, X., Hu, G., Wang, A., Long, G., Yang, Y., Wang, D., et al. (2022). Black tea reduces diet-induced obesity in mice via modulation of gut microbiota and gene expression in host tissues. Nutrients 14:1635. doi: 10.3390/nu14081635

 Lyoo, K. S., Jung, M. C., Yoon, S. W., Kim, H. K., and Jeong, D. G. (2018). Identification of canine norovirus in dogs in South Korea. BMC Vet. Res. 14:413. doi: 10.1186/s12917-018-1723-6 

 Mccann, J. C., Wickersham, T. A., and Loor, J. J. (2014). High-throughput methods redefine the rumen microbiome and its relationship with nutrition and metabolism. Bioinf. Biol. Insights 8, 109–125. doi: 10.4137/BBI.S15389 

 Meale, S. J., Li, S., Azevedo, P., Derakhshani, H., Plaizier, J. C., Khafipour, E., et al. (2016). Development of ruminal and fecal microbiomes are affected by weaning but not weaning strategy in dairy calves. Front. Microbiol. 7:582. doi: 10.3389/fmicb.2016.00582 

 Mertens, A., and Holvoet, P. (2001). Oxidized Ldl and Hdl: antagonists in atherothrombosis. FASEB J. 15, 2073–2084. doi: 10.1096/fj.01-0273rev 

 Minato, H., Otsuka, M., Shirasaka, S., Itabashi, H., and Mitsumori, M. (1992). Colonization of microorganisms in the rumen of young calves. J. Gen. Appl. Microbiol. 38, 447–456. doi: 10.2323/jgam.38.447

 Mizobe, K., Kishihara, K., Ezz-Din el-Naggar, R., Madkour, G. A., Kubo, C., and Nomoto, K. (1997). Restraint stress-induced elevation of endogenous glucocorticoid suppresses migration of granulocytes and macrophages to an inflammatory locus. J. Neuroimmunol. 73, 81–89. doi: 10.1016/S0165-5728(96)00169-5 

 Moraes, C., Fouque, D., Amaral, A. C., and Mafra, D. (2015). Trimethylamine N-oxide from gut microbiota in chronic kidney disease patients: focus on diet. J. Ren. Nutr. 25, 459–465. doi: 10.1053/j.jrn.2015.06.004 

 Morrison, S. J., Dawson, S., and Carson, A. F. (2010). The effects of Mannan oligosaccharide and streptococcus Faecium addition to Milk replacer on calf health and performance. Adv. Anim. Biosci. 131, 292–296. doi: 10.1016/j.livsci.2010.04.002

 Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al. (2012). Host-gut microbiota metabolic interactions. Science 336, 1262–1267. doi: 10.1126/science.1223813

 Nido, S. A., Shituleni, S. A., Mengistu, B. M., Liu, Y., Khan, A. Z., Gan, F., et al. (2016). Effects of selenium-enriched probiotics on lipid metabolism, Antioxidative status, histopathological lesions, and related gene expression in mice fed a high-fat diet. Biol. Trace Elem. Res. 171, 399–409. doi: 10.1007/s12011-015-0552-8 

 Pounden, W. D., and Hibbs, J. W. (1949). The influence of pasture and rumen inoculation on the establishment of certain microorganisms in the rumen of young dairy calves. J. Dairy Sci. 32, 1025–1031. doi: 10.3168/jds.S0022-0302(49)92157-8

 Qi, M., Cao, Z., Shang, P., Zhang, H., Hussain, R., Mehmood, K., et al. (2021). Comparative analysis of fecal microbiota composition diversity in Tibetan piglets suffering from diarrheagenic Escherichia coli (Dec). Microb. Pathog. 158:105106. doi: 10.1016/j.micpath.2021.105106 

 Rérat, A., Nunes, C. S., Mendy, F., and Roger, L. (1988). Amino acid absorption and production of pancreatic hormones in non-anaesthetized pigs after duodenal infusions of a Milk Enzymic hydrolysate or of free amino acids. Br. J. Nutr. 60, 121–136. doi: 10.1079/BJN19880082

 Rey, M., Enjalbert, F., and Monteils, V. (2012). Establishment of ruminal enzyme activities and fermentation capacity in dairy calves from birth through weaning. J. Dairy Sci. 95, 1500–1512. doi: 10.3168/jds.2011-4902 

 Rezai Sarteshnizi, F., Abdi-benemar, H., Seifdavati, J., Khalilvandi-Behroozyar, H., Seyedsharifi, R., and Salem, A. Z. M. (2020). Influence of spray-dried rumen fluid supplementation on performance, blood metabolites and cytokines in suckling Holstein calves. Animal 14, 1849–1856. doi: 10.1017/S1751731120000518

 Roberts, G. L. (2000). Fusobacterial infections: an underestimated threat. Br. J. Biomed. Sci. 57, 156–162.

 Sadet, S., Martin, C., Meunier, B., and Morgavi, D. P. (2007). PCR-DGGE analysis reveals a distinct diversity in the bacterial population attached to the rumen epithelium. Animal 1, 939–944. doi: 10.1017/S1751731107000304 

 Saleem, F., Ametaj, B. N., Bouatra, S., Mandal, R., Zebeli, Q., Dunn, S. M., et al. (2012). A metabolomics approach to uncover the effects of grain diets on rumen health in dairy cows. J. Dairy Sci. 95, 6606–6623. doi: 10.3168/jds.2012-5403 

 Sato, T., Hidaka, Y., and Kamimura, S. (2010). Sugar supplementation stimulates growth performance in calves with growth retardation. J. Vet. Med. Sci. 72, 29–33. doi: 10.1292/jvms.09-0180 

 Signorini, M. L., Soto, L. P., Zbrun, M. V., Sequeira, G. J., Rosmini, M. R., and Frizzo, L. S. (2012). Impact of probiotic administration on the health and fecal microbiota of young calves: a meta-analysis of randomized controlled trials of lactic acid bacteria. Res. Vet. Sci. 93, 250–258. doi: 10.1016/j.rvsc.2011.05.001 

 Song, M., Zhang, F., Chen, L., Yang, Q., Su, H., Yang, X., et al. (2021). Dietary Chenodeoxycholic acid improves growth performance and intestinal health by altering serum metabolic profiles and gut bacteria in weaned piglets. Anim. Nutr. 7, 365–375. doi: 10.1016/j.aninu.2020.07.011 

 Suzuki, T. A., Martins, F. M., Phifer-Rixey, M., and Nachman, M. W. (2020). The gut microbiota and Bergmann's rule in wild house mice. Mol. Ecol. 29, 2300–2311. doi: 10.1111/mec.15476 

 Tang, Y., Fang, W., Xiao, Z., Song, M., Zhuang, D., Han, B., et al. (2021). Nicotinamide ameliorates energy deficiency and improves retinal function in Cav-1(−/−) mice. J. Neurochem. 157, 550–560. doi: 10.1111/jnc.15266 

 Tsubone, T. M., Junqueira, H. C., Baptista, M. S., and Itri, R. (2019). Contrasting roles of oxidized lipids in modulating membrane microdomains. Biochim. Biophys. Acta Biomembr. 1861, 660–669. doi: 10.1016/j.bbamem.2018.12.017 

 van Hylckama Vlieg, J. E., Veiga, P., Zhang, C., Derrien, M., and Zhao, L. (2011). Impact of microbial transformation of food on health-from fermented foods to fermentation in the gastro-intestinal tract. Curr. Opin. Biotechnol. 22, 211–219. doi: 10.1016/j.copbio.2010.12.004 

 Wang, Z., Jiang, S., Ma, C., Huo, D., Peng, Q., Shao, Y., et al. (2018). Evaluation of the nutrition and function of cow and goat Milk based on intestinal microbiota by metagenomic analysis. Food Funct. 9, 2320–2327. doi: 10.1039/C7FO01780D 

 Wang, W., Li, C., Li, F., Wang, X., Zhang, X., Liu, T., et al. (2016). Effects of early feeding on the host rumen transcriptome and bacterial diversity in lambs. Sci. Rep. 6:32479. doi: 10.1038/srep32479 

 Wang, J. K., Ye, J. A., and Liu, J. X. (2012). Effects of tea saponins on rumen microbiota, rumen fermentation, methane production and growth performance—a review. Trop. Anim. Health Prod. 44, 697–706. doi: 10.1007/s11250-011-9960-8 

 Weimer, P. J. (2015). Redundancy, resilience, and host specificity of the ruminal microbiota: implications for engineering improved ruminal fermentations. Front. Microbiol. 6:296. doi: 10.3389/fmicb.2015.00296 

 Weingand, K., Brown, G., Hall, R., Davies, D., Gossett, K., Neptun, D., et al. (1996). Harmonization of animal clinical pathology testing in toxicity and safety studies. The joint scientific committee for international harmonization of clinical pathology testing. Fundam. Appl. Toxicol. Off. J. Soc. Toxicol. 29, 198–201. doi: 10.1093/toxsci/29.2.198 

 Wolf, P., Winhofer, Y., Krssak, M., Smajis, S., Harreiter, J., Kosi-Trebotic, L., et al. (2016). Suppression of plasma free fatty acids reduces myocardial lipid content and systolic function in type 2 diabetes. Nutr Metab Cardiovasc Dis 26, 387–392. doi: 10.1016/j.numecd.2016.03.012 

 Xiong, X., Ren, Y., Cui, Y., Li, R., Wang, C., and Zhang, Y. (2017). Obeticholic acid protects mice against lipopolysaccharide-induced liver injury and inflammation. Biomed. Pharmacother. 96, 1292–1298. doi: 10.1016/j.biopha.2017.11.083 

 Ziolecka, A., Osińska, Z., and Ziolecki, A. (1984). The effect of stabilized rumen extract on growth and development of calves: 1. Liveweight gain and efficiency of feed utilization. Z. Tierphysiol. Tierernhr. Futtermittelkd. 51, 13–20. doi: 10.1111/j.1439-0396.1984.tb01406.x

 Ziolecki, A., Kwiatkowska, E., and Laskowska, H. (1984). The effect of stabilized rumen extract on growth and development of calves. 2. Digestive activity in the rumen and development of microflora in the rumen and Faeces. Z. Tierphysiol. Tierernahr. Futtermittelkunde 51, 20–31.









 


	
	
TYPE Original Research
PUBLISHED 23 February 2023
DOI 10.3389/fmicb.2023.1060458






Metabolic and inflammatory linkage of the chicken cecal microbiome to growth performance

Liqi Wang1,2, Fuping Zhang1,2, Hui Li1,2, Shenglin Yang1,2, Xiang Chen1,2, Shuihua Long3, Shenghong Yang1,2, Yongxian Yang1,2 and Zhong Wang1,2*


1Key Laboratory of Animal Genetics, Breeding and Reproduction in the Plateau Mountainous Region, Ministry of Education, Guizhou University, Guiyang, Guizhou, China

2College of Animal Sciences, Guizhou University, Guiyang, Guizhou, China

3School of Public Health, Xinyu University, Xinyu, Jiangxi, China

[image: image2]

OPEN ACCESS

EDITED BY
 Zhipeng Li, Jilin Agriculture University, China

REVIEWED BY
 Caimei Yang, Zhejiang Agriculture and Forestry University, China
 Benjamín Fuente, National Autonomous University of Mexico, Mexico

*CORRESPONDENCE
 Zhong Wang, ✉ 2487921750@qq.com 

SPECIALTY SECTION
 This article was submitted to Microorganisms in Vertebrate Digestive Systems, a section of the journal Frontiers in Microbiology

RECEIVED 03 October 2022
ACCEPTED 06 February 2023
PUBLISHED 23 February 2023

CITATION
 Wang L, Zhang F, Li H, Yang S, Chen X, Long S, Yang S, Yang Y and Wang Z (2023) Metabolic and inflammatory linkage of the chicken cecal microbiome to growth performance. Front. Microbiol. 14:1060458. doi: 10.3389/fmicb.2023.1060458

COPYRIGHT
 © 2023 Wang, Zhang, Li, Yang, Chen, Long, Yang, Yang and Wang. 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.
 

Introduction: Chinese indigenous chicken breeds are widely used as food in China but their slow growth rate and long farming cycle has limited their industrial production.

Methods: In the current study we examined whether the market weights of native chicken breeds were related to specific cecal bacteria, serum metabolites and inflammatory cytokines. We examined cecal bacterial taxa using 16S rDNA analysis along with untargeted serum metabolites and serum inflammatory cytokines.

Results: We found that the cecal microbiota could explain 10.1% of the individual differences in chicken weights and identified key cecal bacterial genera that influenced this phenotype. The presence of Sphaerochaeta spp. improved growth performance via bovinic acid metabolism. In contrast, Synergistes and norank_f_Desulfovibrionaceae had a negative effect on growth by inducing expression of the inflammatory cytokine IL-6.

Discussion: We were able to link specific bacterial genera with growth promotion in chickens and this study will allow further development of their use as probiotics in these animals.

KEYWORDS
 indigenous chickens, market-weight, cecal microbiota, serum metabolome, inflammatory cytokine


Introduction

Growth performance is an important economic trait for broiler chickens and antibiotics supplied in feed have been traditionally used to increase the market weight of these animals. However, these types of intensive antibiotic-use practices have accelerated the development of antibiotic resistance in bacteria and this has become a major public global health concern (Wang et al., 2019). Therefore, many countries including China have prohibited the use of antibiotics as growth promoters in food animal production and scientists are committed to developing antibiotic alternatives for animal growth promotion (Zhang et al., 2022a). One promising alternative is the use of probiotics or associated metabolites derived from the chicken gut microbiome (Ayalew et al., 2022). The gut microbiota that are present in animal gastrointestinal tracts form a diverse, complex and dynamic ecosystem composed of tens of millions of microorganisms (Glendinning et al., 2019). These microorganisms play essential roles in maintaining animal health and their primary site of residence in birds is the cecum (Cui et al., 2021; Zhang et al., 2022b).

There is direct evidence that the cecal microflora of chickens has a positive impact on growth performance. For example, sex differences in chicken growth performance were related to glycan and lipid metabolic functions of cecal bacteria (Cui et al., 2021). Another study demonstrated that transplantation of fecal microbiota and prebiotic supplementation promoted daily weight gains for chickens (Li et al., 2016). In particular, the use of the probiotic Lactobacillus plantarum P-8 in broiler diets increased adsorption of recalcitrant polysaccharides that were converted to a nutrition source and thus improved feed efficiency (Borda-Molina et al., 2018). Specific bacteria have also been linked to chicken growth traits and these include Microbacterium spp. and Sphingomonas spp. in Turpan × White Leghorn hybrids that were beneficial to chicken growth while the presence of Slackia spp. promoted a growth-inhibiting effect on chickens (Zhang et al., 2022b). Studies such as these have indicated that gut microbiota is a potential target for regulating growth performance.

Despite established relationships between gut the microbiota and chicken growth performance, mechanistic details have yet to be formulated. However, intestinal inflammation due to colonization by bacterial pathogens has been linked to poor growth performance and probiotic treatments can counter these effects (Zhang et al., 2022a). Regulation of fat metabolism and improved growth performance have also been directly linked to specific cecal microbiota (Zhang et al., 2022b). However, more precise mechanistic details are lacking because metabolic functional pathway assignments for the key microbiota were based on 16S rDNA and metagenomic sequencing that predict, but do not prove, functional relationships (Wen et al., 2019; Elokil et al., 2020; Darwish et al., 2021; Wen et al., 2021). In contrast, metabolomics have been used to fill the information gap between gene and phenotype although metabolomics has not been directly applied to chicken growth performance (Wu et al., 2018; Liu et al., 2021). Therefore, in the current study, we integrated and interpreted metabolomic information to construct a metabolic network of chicken growth traits to gain a new perspective and identify underlying biological processes. We hypothesized that specific cecal microorganisms in chickens can regulate host serum metabolites as well as inflammatory cytokine production and thereby affect market weight. We used Qiandongnan Xiaoxiang chickens, Guizhou yellow broilers and Wumeng black-bone chickens as examples of the most common indigenous chickens used for food production in Guizhou Province, China (Xu, 2018). Our goal was to link key cecal bacterial taxa to chicken market weight and integrate this with serum metabolomic and serum cytokine analyses to identify phenotypic regulatory mechanisms. Our results can be used to guide design of microbial or probiotic intervention targets that regulate market weight. These will help establish new options for the development of antibiotic alternatives.



Materials and methods


Animals and sample collection

Two cohorts of indigenous chickens in Guizhou Province, China were collected in this study and the experimental cohort consisted of 60 Qiandongnan Xiaoxiang chickens that were raised to 160 ± 3 days old and 12 with the highest (1.78 ± 0.12 kg, 6 of each sex) and the lowest (1.02 ± 0.10 kg, 6 of each sex) body-weights were selected for further study. In the validation trail, 79 chickens including 55 Guizhou yellow broilers (1.89 ± 0.28 kg, n = 55, 26 males and 29 females) and 24 Wumeng black-bone chickens (1.61 ± 0.22 kg, 11 males and 13 females) were collected as validation cohorts. All chickens in the same cohort were raised in the same chicken house and were provided identical commercial diets with ad libitum access to water and feed and were managed in the same way. Chickens were slaughtered at the age of 160 ± 3d and antibiotics were not used for 1 month prior to sample collection. We collected 24 each of blood and cecal content samples from the experimental cohort and 79 each from the validation cohort (Supplementary Table S1). Serum was collected from blood following centrifugation using standard procedures. Since serum was failed to be obtained from blood samples of three Qiandongnan Chickens, 21 serum samples (high-market-weight group, n = 12; low-market-weight group, n = 9 ) were involved for metabolomics analysis. Cecal content samples were collected at the same position of the intestinal tract and immediately frozen in liquid nitrogen for transport to the laboratory and then stored at −80°C.

Serum and cecal content samples from the experimental cohorts were employed for metabonomic and microbiota analysis using ultra-high-performance liquid chromatography—tandem mass spectrometry (UPLC-MS/MS) and 16S rDNA gene sequencing, respectively. Serum and cecal content samples from the validation cohort were used for cytokine determinations and microbiota analysis by enzyme-linked immunosorbent assay (ELISA) and 16S rDNA gene sequencing, respectively.



DNA manipulations and sequencing

Total microbial DNA were extracted from 103 cecal content samples using the Magnetic Soil and Stool DNA Kit (Tiangen, Beijing, China) according to the manufacturer’s protocol. DNA concentrations and purity were determined by UV spectroscopy using a NanoDrop-1000 instrument (Thermo Fisher, Pittsburg, PA, United States) and 0.8% agarose gel electrophoresis. The V3–V4 region of the bacterial 16S rRNA gene was amplified with the primer pair 338F(5′-ACTCCTACGGGAGGCAGCA-3′)and 806R(5′-GGACTACHVGG GTWTCTAAT-3′) that were combined with adapter and barcode sequences. PCR amplicons were quantified using Quant-iT dsDNA HS reagent (Thermo Fisher) and pooled.

High-throughput sequencing analysis of bacterial rDNA genes in the purified and pooled samples were performed on an Illumina Hiseq 2500 platform (Illumina, San Diego, CA, United States). Trimmomatic software (version 0.33; Bolger et al., 2014) was used to filter out primers, low-quality and ambiguous sequences. Cut adapt (version 1.9.1; Lindgreen, 2012) was used to identify and remove primer sequences. The resulting paired-end reads from the clean data sets were assembled into tags using FLASH (version 1.2.11; Magoc and Salzberg, 2011). The sequence depth of each sample was rarefied to 75,007 tags to avoid statistical bias resulting from an uneven sequencing depth. USEARCH (version 10.0; Edgar, 2013) was employed to cluster tags of >97% identity into operational taxonomic units (OTU) and the OTU filtering threshold was set at 0.005% (Bokulich et al., 2013). RDP classifier (version 2.2; Wang et al., 2007) was used to produce OTU taxonomic assignments and representative sequences of each OTU were compared using the Silva reference database (Release 132, http://www.arb-silva.de; Quast et al., 2013) for OTU annotations.



Determination of serum metabolomic profiles in Qiandongnan Xiaoxiang chickens

An untargeted metabolomic analysis of serum samples from the Qiandongnan Xiaoxiang chicken were conducted by a commercial company (Shanghai Biotree Biotech, Shanghai, China). The analyses were performed using UPLC-MS/MS as previously described (Dunn et al., 2011; Cai et al., 2015; Wang et al., 2016). In brief, a Vanquish high-performance liquid chromatography (HPLC) system (Thermo Fisher) equipped with a BEH amide column (2.1 mm × 100 mm, 1.7 μm) coupled to an Orbitrap MS Q Exactive HFX mass spectrometer (Thermo Fisher) was used for separations. The mobile phase consisted of (Solvent A) 25 mM ammonium acetate and 25 mM ammonia hydroxide in water pH = 9.75 and (Solvent B) acetonitrile. The auto-sampler temperature was 4°C and the injection volume was 2 μL. The QE HFX mass spectrometer was used for its ability to acquire MS/MS spectra on the information-dependent acquisition (IDA) mode and was controlled by the Xcalibur acquisition software supplied with the instrument. In this mode, the full scan MS spectrum was continuously evaluated. The ESI source conditions were set as follows: sheath gas flow rate, 30 Arb; Aux gas flow rate, 25 Arb; capillary temperature, 350°C; full MS resolution, 60,000; MS/MS resolution, 7,500; collision energy, 10/30/60 in NCE mode, spray voltage, 3.6 kV (positive) or −3.2 kV (negative).

The raw data were converted to the extensible markup language (mzXML) format using ProteoWizard and processed with an in-house program developed using R language and based on XCMS for peak detection, extraction, alignment and integration (Smith et al., 2006). An in-house MS2 database (BiotreeDB) was used for metabolite annotations with a set cutoff of 0.3. Metabolites were identified using the HMDB database1 and endogenous metabolites were reserved for further construction of metabolite feature modules. The internal standard normalization method was employed in this data analysis. The final dataset containing peak numbers, sample names and normalized peak areas were imported into SIMCA 16.0.2 (Sartorius Stedim Data Analytics AB, Umea, Sweden) for multivariate analysis (Wiklund et al., 2008).



Serum cytokine measurements from Guizhou yellow broilers and Wumeng black-bone chickens

Commercial ELISA kits (Ziker Biological Technology, Shenzhen, China) were used to quantify levels of INF-γ, IL-1β, IL-5, IL-6, IL-17, and IL-22 in the sera of the 79 chickens in the validation cohorts according to the manufacturer’s protocol. Detection limits were 5 pg./mL (IFN-γ), 40 pg./mL (IL-1β), 5 pg./mL (IL-5), 2 pg./mL (IL-6), 3 pg./mL (IL-17), and 2 pg./mL (IL-22).



Statistical analyses


Calculation and comparation of α- and β-diversity of cecal microbiota

OTUs with relative abundances >0.01% that were present in >10% of individuals were used for further analysis. Mothur software (version 1.31.2; Schloss et al., 2009) was employed to calculate the α-diversity of OTUs including Shannon, Simpson, Chao1, Faith’s phylogenetic diversity (PD) and ACE indices (Shannon, 1948; Chao, 1984; Faith, 1992). β-diversity of chicken cecal microbial community between high-and low-market-weight chicken groups was calculated using principal coordinate analysis (PCoA) based on unweighted UniFrac distances using QIIME (Caporaso et al., 2010).



Construction of microbial co-abundance groups

OTUs whose relative abundance was >0.05% and were present in >20% of all samples were selected for co-abundance group (CAG) construction. SPIEC-EASI package in R was employed to cluster CAGs. Interactions between OTUs were calculated based on their abundances using the SparCC algorithm with 100 bootstrap replicates followed by computing correlation matrices (Friedman and Alm, 2012). The Spearman’s rank correlation coefficients of pairwise OTUs >0.55 were used to classify CAGs. The correlation coefficient values were converted to a correlation distance (1-correlation coefficient value) and the OTUs were clustered into CAGs using the Ward clustering algorithm with a ‘hclust’ function in the SPIEC-EASI R package. Permutational MANOVA was applied to detect the statistical significance of each CAG clustering using 999 permutations with Bray–Curtis dissimilarity. The CAG was deemed acceptable when p < 0.005. Wilcoxon rank sum tests were performed to identify differences of relative abundance at the CAG level between the high-market-weight chickens and low-market-weight chickens. The CAG network was visualized in Cytoscape V. 3.7.1 (Lopes et al., 2010).



Identification of cecal microbiota associated with market-weight in the validation cohorts using two-part model

A two-part model was used to identify OTUs which that were linked with chicken market-weight in the validation trail (Fu et al., 2015). Specifically, a binomial analysis was performed to determine associations between the presence or absence of an OTU and market-weight. For a particular OTU, each sample possessed 2 binary features (b) that was coded as “1” and “0” when they were detected or not, respectively, to determine correlations between the presence of the microbe and the market-weight. The binary model was described as y = β1 b + e where y, β1, b and e represented the market-weight per individual, the estimated effect for the binary effect, a binary feature and the residuals, respectively. Secondly, the correlation between OTU abundance and market-weight were analyzed using the quantitative model but only the subjects that contained the cecal microbiota associated with market-weight identified in the binary model were used. The quantitative model was expressed as y = β2 q + e, where q represented microbial abundance which are usually transformed into log10, β2 represented the estimated effect value of the quantitative model and e represented the residual. Combined with the effects of the binary model and the quantitative model, a meta-p-value was calculated using an unweighted Z-method. According to the minimum p-value for the binary model, quantitative model and meta-analysis, the corresponding allocation coefficient and final p-value was obtained. The Z-value was obtained from the Z distribution coefficient. Z > 0 represented a positive association between microbe and phenotype value and Z < 0 represented a negative association.



Other statistical analyses

We normalized the metabolite dataset though log10 transformation of the m/z values and then the module was constructed using a soft threshold Pearson correlation analysis (Langfelder and Horvath, 2008). This combined a topological overlap distance metric and average hierarchical clustering using weighted correlation network analysis (WGCNA) in the R package. The Matthews Correlation Coefficient (MCC) method of cytoHubba plug-ins in Cytoscape was used to identify the hub bacteria in the cecal microbiota network (Chin et al., 2014). LDA Effect Size (LEfSe) analysis2 was conducted to identify the cecal microbiota and serum metabolites that showed significant differences between high-and low-market-weight chicken groups (p < 0.05 and LDA > 2.0). All p-values of the multiple tests involved in this study were corrected by the Benjamini–Hochberg method. A total of 100 cross-validation tests were performed as previously described (Fu et al., 2015) to assess the proportion of cecal microbiota explaining the individual variation of market-weight. A random forest model (Ntree = 1,000) was employed to determine which OTUs could be used as microbial markers to distinguish high-and low-market-weight chickens (Guo et al., 2020). Spearman correlation analysis was used to identify relationships between cecal microbiota and serum metabolites or inflammatory cytokines.





Results


Experimental cohort (Qiandongnan Xiaoxiang chickens)


Differences in cecal microbiota diversity between high- and low-market-weight chickens

An analysis of 24 cecal content samples of chickens from the experimental cohort generated 1,800,168 high-quality reads (75,007 reads per sample) and included 727 OTUs that were clustered according to 97% sequence identity. These OTUs were annotated to 16 phyla and 12 were present in all samples and 6 were present at a relative abundance >1%. The latter included Bacteroidetes (48.4%), Firmicutes (36.9%), Proteobacteria (5.8%), Synergistetes (2.6%), Spirochaetes (1.0%) and Actinobacteria (1.6%; Figure 1). The 5 most important OTUs for the hub microbiota of the Qiandongnan Xiaoxiang chickens were all members of the Ruminococcaceae family (Figure 2A). We then compared the α-and β-diversity of cecal microbiota between chickens with high-and low-market-weights. The α-diversity analysis indicated that scores for the ACE (Wilcoxon rank sum test, p = 0.03), Shannon (p = 0.01) and PD (p = 0.005) indices in the high-market-weight chickens were significantly greater than those of low-market-weight chickens (Figures 2B,C; Supplementary Figures S1A–C). In contrast, β-diversity comparisons using PCoA indicated no significant differences between high-and low-market-weight chickens (Figure 2D).
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FIGURE 1
 Sankey diagram depicting the bacterial composition of cecal content samples from Qiandongnan Xiaoxiang Chickens at 160 ± 3  days of age (n = 24). The colored columns from left to right represent the proportions of bacterial taxa from phylum to genus level.
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FIGURE 2
 Hub cecal microbiota of Qiandongnan Xiaoxiang chickens at 160 ± 3  days of age and the difference of α-and β-diversity between chickens in high- (H group, n = 12) and low-market-weight (L group, n = 12) groups. (A) The 20 most abundant OTUs in the cecal microbiota network ranked using the Matthews Correlation Coefficient (MCC) method. Comparisons of (B) ACE and (C) PD indices between high-and low-market-weight chickens. (D) Principal coordinates analysis (PCoA) of microbial communities in cecal content samples based on unweighted UniFrac distances between high-and low-market-weight chickens.


One of our goals was the identification of cecal microbiota clusters that were related to market-weight. The gut microbiota is a huge and complex micro-ecosystem and the microbiota can directly or indirectly affect host physiological functions in the form of co-abundance groups (CAGs; Angulo et al., 2019). We therefore clustered the OTUs into CAGs based on their interaction network and obtained 261 OTUs after filtering that were clustered into 30 CAGs (Figure 3). We compared the average relative abundance of each CAG between high-and low-market-weight chickens and found that only the abundance of CAG17 (p = 0.04) was significantly different between the two groups and it was enriched in high-market-weight chickens. There were 5 OTUs in CAG17 and all belonged to the Clostridiales order (Supplementary Tables S2, S3). In particular, OTU234, OTU159 and OTU99 were annotated to Eubacterium, Subdoligranulum, and Peptococcus, respectively while OTU27 and OTU908 could not be annotated at the genus level. Significantly, differences in the average relative abundance of CAG26 between high-and low-market-weight chickens was near the level of significance (p = 0.08). CAG26 was a Ruminococcaceae-dominated CAG in which 8 / 11 OTUs belonged in this family that was enriched in high-market-weight chickens. OTU73, OTU106, OTU228, OTU829, OTU1042, and OTU79 were annotated to Ruminococcaceae UCG-005, Ruminococcaceae UCG-010, Ruminococcaceae UCG-014, Ruminiclostridium, Negativibacillus and Oscillospira, respectively. OTU950 and OTU136 were not annotated to specific bacteria at the genus level. These data suggested a beneficial effect of Ruminococcaceae on growth performance in chickens via the interaction network. The remaining 3 OTUs in CAG26 were OTU137, OTU76 and OTU1666 that were annotated to CHKCI001 in Lachnospiraceae, Christensenellaceae and WCHB1-41, respectively.
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FIGURE 3
 Co-abundance groups (CAG) in cecal microbiota based on the relative OTU abundance in Qiandongnan Xiaoxiang chickens at 160 ± 3  days of age (n = 24). A total of 261 OTUs were clustered into 30 CAGs using permutational multivariate analysis of variance. Asterisks (*) represent significant differences of relative OTU abundance in CAGs between high-and low-market-weight chickens. Node sizes are proportional to the average abundance of each OTU. The lines connecting two nodes represent SparCC correlations between the connected nodes with the line width representing the correlation magnitude. Brown and purple lines represent significantly positive and negative correlations between two OTUs, respectively, using an absolute value of correlation coefficient  > 0.55. Unconnected nodes were omitted.




Bacterial species with differential abundance between high- and low-market-weight chickens

We further identified cecal microbiota members that were enriched in high-or low-market-weight chickens at the genus level. LEfSe analysis indicated that 17 genera possessed significant differences between the two groups. In particular, Treponema_2 and Succinatimonas were enriched in the low-market-weight chickens while Ruminococcaceae UCG-009, Ruminococcaceae UCG-004 and Ruminiclostridium 5 were at high abundance levels for the high-market-weight chickens and consistent with the CAG results above. The high-market-weight group also contained Oribacterium, GCA-900066575 Defluviitaleaceae UCG-011, uncultured_bacterium f Peptococcaceae (order Clostridiales) and Odoribacter, Paraprevotella and uncultured bacterium f Rikenellaceae (order Bacteroidales). The other 5 genera enriched in the high-market-weight chickens were represented by the orders Brachyspira, Pseudomonas, CHKCI002 and bacterium enrichment culture clone R4-41B and Sphaerochaeta (Figure 4A).
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FIGURE 4
 Specific OTUs of cecal microbiota related to market-weights of Qiandongnan Xiaoxiang chickens at 160 ± 3  days of age (n = 24). (A) LEfSe analysis of cecal microbiota members associated with H group and L group chickens at the genus level. (B) Receiver operating curves (ROC) for H and L group chickens. AUC = 97.92, 95% CI = 93.31%–100%. (C) The 10 most abundant OTU biomarkers that could discriminate H and L group chickens identified using the Random Forest model. Biomarker OTUs were ranked in descending order of importance relative to the model accuracy.


We applied a random forest classification analysis to identify the biomarker OTUs that might accurately distinguish the high-and low-market-weight chickens. We found that the 10 most prevalent OTUs could distinguish high-market-weight chickens from low-market-weight chickens with an accuracy of 97.92% (AUC value; Figures 4B,C). This group of 10 included 5 OTUs annotated to the Ruminococcaceae (OTU176, OTU159, OTU950, OTU933, and OTU329) annotated to Ruminiclostridium 5, Subdoligranulum, Ruminococcaceae, Faecalibacterium and GCA-900066225, respectively. It is noteworthy that OTU176 (Ruminiclostridium 5) possessed the highest score as a marker and this OTU also significantly differed between high-and low-market-weight chickens in the LEfSe analysis (see above).



Differential metabolite profiles between high- and low-market-weight chickens

A total of 6,944 endogenous metabolites were obtained under ESI-and ESI+ modes and following relative standard deviation de-noising and annotation, 378 metabolites remained. PCA analysis indicated significant differences in the global metabolome between high-and low-market-weight chickens (Figure 5A). Specifically, 58 metabolite features were identified as market-weight-related (p < 0.001, FDR < 0.2) and 35 metabolites were enriched in serum samples of high-market-weight chickens while 23 metabolites were enriched in low-market-weight chickens (Supplementary Table S4).
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FIGURE 5
 Differentiation of host serum metabolite profiles between H-group (n = 12) and L-group (n = 9) Qiandongnan Xiaoxiang chickens at 160 ± 3  days of age. (A) PCA plot of serum metabolite profiles (B) Co-occurrence network of serum metabolite features. The metabolites (nodes) are colored according to WGCNA module colors. Only those correlations with |r| > 0.2 between two edges are presented.


Correlations between market-weight-related bacteria and host serum metabolites indicated that in the high-market-weight group, the enriched metabolites were dominated by nucleotide metabolites including primary and secondary bile acid metabolites [clustered in the turquoise (17/35 metabolites) and brown modules]. We also identified several significant correlations between metabolite modules and market-weight-related bacteria at the genus level. The turquoise module was found to be positively correlated with Pseudomonas (p = 0.01) and Ruminococcaceae UCG-004 (p = 0.03) while negatively correlated with Treponema 2 (p = 0.04). The brown module comprising primary and secondary bile acid metabolites was positively correlated with Pseudomonas (p = 0.04) but negatively correlated with Treponema 2 (p = 0.01). Low-market-weight related metabolites were primarily clustered in the blue and gray modules. No differential bacteria were related with blue module of metabolites while the gray module was significantly negatively correlated with Ruminococcaceae UCG-004 (p = 0.05; Figures 5B, 6).
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FIGURE 6
 Correlations between metabolite modules and weight-related bacteria in Qiandongnan Xiaoxiang chickens at 160 ± 3  days of age (n = 21). Each box of the matrix indicates the correlation between one metabolite module and a weight-related bacterial taxon at the genus level. The correlation coefficients (r) and p-value are listed in the small boxes (*p < 0.05, **p < 0.01, ***p < 0.001). The color gradient represents the values of correlation coefficients (red for positive and blue for negative correlations).




Correlations between differential metabolites and differential cecal microbiota

We further explored whether the differential cecal microbiota possessed different metabolite profiles between high-and low-market-weight chickens. The results of differentiation analysis of serum metabolites showed that 58 differential metabolites were determined. And the results of a correlation analysis based on Spearman coefficients employed for 58 different metabolites and 17 different cecal microbiota showed that the genus Ruminiclostridium 5 was significantly positively correlated with 10 metabolites including the amino acids prolylhydroxyproline, 4-hydroxyproline, homo-L-arginine as well as lipids but significantly negatively correlated with adrenochrome. Ruminococcaceae UCG-011 was significantly correlated with 27 metabolites and might be one of the reasons the Ruminococcaceae were the hub cecal microbiota of Qiandongnan Xiaoxiang chickens. Interestingly, we found that Treponema 2 was significantly enriched in the low-market-weight chickens and was also significantly positively correlated with the sex hormone pregnanetriol (Figure 7; Supplementary Table S5).
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FIGURE 7
 Heatmap depicting correlations between differential serum metabolites and differential species of cecal microbiota in Qiandongnan Xiaoxiang Chickens at 160 ± 3  days of age (n = 21). *p < 0.05, **p < 0.01, ***p < 0.001 were calculated using the Spearman’s rank correlation test.





Validation cohort (Guizhou yellow and Wumeng black-bone chickens)


Validating correlations of cecal microbiota and market-weight

We further verified associations between cecal microbiota and market-weight using the validation cohort of 55 Guizhou yellow and 24 Wumeng black-bone chickens (Supplementary Table S6). The cecal microbiota accounted for 10.1% of the variation among individuals with different market-weights at threshold of 5 × 10−4 (Figure 8A-B; Supplementary Table S7). We then corrected for two influencing factors (breed and sex) and a two-part model was used to identify the cecal microbiota associated with market-weight. We found 15 bacterial taxa were significantly correlated with market-weight and Sphaerochaeta (LDA = 2.53, p = 0.006), Ruminococcus (LDA = 1.86, p = 0.031), Marvinbryantia (LDA = 1.70, p = 0.044) and Paludicola (LDA = 1.69, p = 0.045) were significantly and positively correlated (Supplementary Table S8). Sphaerochaeta was also enriched in the cecal microbiota of the high-market-weight chickens in the experimental cohort and was significantly associated with the conjugated linoleic acid, bovinic acid. Consistent results were obtained for Succinatimonas in both experimental cohort and validation cohort. Succinatimonas was enriched in the cecal microbiota of low-market-weight chickens and was significantly positively correlated with deoxyuridine (r = 0.63, p = 0.002) and α-linolenic acid (r = 0.43, p = 0.049). Additionally, 10 microbiotas including norank_f_Desulfovibrionaceae (LDA = −4.67, p < 0.001), Parasutterella (LDA = −3.25, p < 0.001) and Eubacterium nodatum group (LDA = −2.27, p = 0.012) were significantly negatively correlated with market-weight in the validation cohort (Figure 8C).
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FIGURE 8
 Correlation of market-weight (body-weight at 160 ± 3  days of age) with cecal microbiota and serum inflammatory cytokines in the validation cohort composed of 24 Wumeng black-bone chickens and 55 Guizhou yellow chickens. (A) Variation of market-weight explained by cecal microbiota under different significant thresholds. (B) Inter-individual variation in market-weight. (C) Cecal microbiota significantly associated with chicken market-weight. Associations between cecal microbiota and market-weight are shown as Z scores. Z < 0 and Z ≥ 0 indicates a negative association and a positive association, respectively. (D) Correlation between market-weight and 6 inflammatory cytokines. (E) Correlations between the abundance of cecal microbiota and host inflammatory cytokines quantified by Spearman correlation with Benjamini–Hochberg corrections. * p < 0.05, ** p < 0.01, *** p < 0.005.




Relationships between inflammatory cytokines and market-weight

We also examined whether market-weight was affected by the presence of the inflammatory cytokines INF-γ, IL-1β, IL-5, IL-6, IL-17, and IL-22 (Broom and Kogut, 2018; Sun et al., 2018). Correlation analysis indicated that except for IL-22 (correlation coefficient 0.052), the other 5 cytokines were negatively correlated with market-weight and only IL-6 was significant with correlation coefficients of −0.235 (p = 0.037). The cecal microbiota norank_f_Desulfovibrionaceae (r = 0.33, p = 0.003) and Synergistes (r = 0.23, p = 0.04) that were negatively correlated with market-weight were extremely significantly correlated with IL-6 (Figure 8D; Supplementary Table S9).





Discussion

The prohibition of antibiotics as growth promotors in food animals provides the impetus to develop alternative products to control gut bacterial pathogens. The gut microbiota is a key driver of growth performance in agricultural animals so these microorganisms and their metabolites are important candidate sources of probiotics and prebiotics (Ramayo-Caldas et al., 2016; Myer et al., 2017). Their use as growth promoters do not contribute to the development and spread of antibiotic resistance (Ma et al., 2022). In the current study, our experimental cohort (60 Qiandongnan Xiaoxiang chickens) and validation cohorts (24 Wumeng black-bone and 55 Guizhou yellow chickens) were established to profile phenotypic characteristics of the cecal microbiota and link these with market-weight. These indigenous breeds are important food sources in Guizhou, China and possess distinct phenotypic characteristics. Our goal was to exploit these differences and identify common beneficial bacteria that would be probiotic candidates.

The Qiandongnan Xiaoxiang chicken was selected for its superior meat flavor, small size and strong adaptability. The Guizhou Yellow broiler is a Chinese hybrid line (Weining ♀ × New Hampshire × Plymouth Rock ♂) that possesses high market weights and tender meat while the Wumeng black bone chicken is a meat and medicinal chicken breed that is listed in the Poultry Genetic Resources in China and possesses black tissues and bones. These indigenous chickens are popular with Guizhou consumers so they were chosen as the research objects in this study.

We found that Bacteroidetes, Firmicutes, Proteobacteria, Synergistetes, and Spirochaetes were the predominant cecal microbiota of Qiandongnan Xiaoxiang chickens. These results were similar to findings using the commercial breed Guangdong Yellow Broiler chickens except Actinobacteria replaced Synergistetes (Wen et al., 2019). The five most important OTUs of hub cecal microbiota in Qiandongnan Xiaoxiang chickens were annotated to the Ruminococcaceae and implicates this family as a core member of the cecal microbiota. Ruminococcaceae abundance was also significantly greater in high-market-weight chickens and this data combined with the CAG results linked this family to enhanced growth performance. Ruminococcaceae is one of the earliest described bacteria of the bovine rumen and are highly efficient carbohydrate decomposers and central to the degradation of resistant starch via fermentation to glucose and xylose (Pal et al., 2021). We also found that Ruminococcaceae UCG-004 was significantly correlated with 27/58 differential metabolites and 10 of these were fatty acid metabolites (listed in Figure 7 with the prefix PC). Therefore, Ruminococcaceae in the cecum might also perform other physiological functions in the basic life activities of indigenous chickens. This family is one of the few known microorganisms that can transform primary bile acids into secondary bile acids (Jiang et al., 2022) and depletion of the Ruminococcaceae in human intestinal tracts is a marker for ulcerative colitis (Sinha et al., 2020). Together, these data implicate the Ruminococcaceae in intestinal health maintenance via alleviating intestinal inflammation through metabolism of specific fatty acids. These metabolic traits would specifically promote growth performance.

In both experimental and validation cohorts, we found a positive correlation between Sphaerochaeta and market weight. LEfSe analysis indicated that Sphaerochaeta was enriched in high-market-weight chickens in the experimental cohort confirming a key role in growth promotion. Sphaerochaeta is involved in glucose metabolism via glycolysis and the pentose phosphate pathway (Caro-Quintero et al., 2012) and was significantly positively associated with bovinic acid (a polyunsaturated conjugated linoleic acid; CLA isomer; Wang et al., 2019). CLA can be absorbed and rapidly deposited onto lipids and phospholipids in membranes (Kramer et al., 1998) and it possesses numerous biological functions including immunity enhancement in agricultural animals (Kuhnt et al., 2016). These beneficial effects link this genus to chicken growth performance via bovinic acid production.

In contrast to positive effects described above, the presence of Treponema and Succinatimonas in the cecum inhibited growth of Qiandongnan Xiaoxiang chickens. Treponema was previously implicated in altering the average daily gain of piglets in contrast to colonization by Prevotella and Mitsuokella (Ramayo-Caldas et al., 2016). A study of the Hadza people, a primitive hunting tribe in Africa, demonstrated that Treponema were significant dietary fiber degraders and this phenotype displayed significant gender differences (Schnorr et al., 2014). Other independent studies on agricultural animals have found that Treponema is an important marker of sex differences and might be related to alterations in sex hormone levels (He et al., 2019; Wang et al., 2021). In this study, we verified that Treponema was significantly positively correlated with the sex hormone pregnanetriol, indicating that a lower market-weight might be related to sexual maturity of the chickens. In the validation cohorts we also identified Succinatimonas as another important genus that was detrimental to Qiandongnan Xiaoxiang chicken growth. This genus of short, Gram-negative bacilli is enriched in cattle fed with grain hay (Morotomi et al., 2010). Succinatimonas can utilize only a few sugars such as glucose, maltose, dextrin and starch but no other carbohydrates, and its metabolites are largely succinic acid and a small amount of acetic acid (Morotomi et al., 2010). Excess succinic acid can result in diarrhea and thus lead to reduced growth.

Our combined results using the validation cohort indicated that high levels of the inflammatory cytokine IL-6 as well as the presence of Synergistes and norank_f_Desulfovibrionaceae were detrimental to growth. IL-6 levels were significantly positively correlated with these two genera and suggest they promote inflammation and this could seriously reduce growth performance due to decreased feed intake and abnormal digestion and absorption (Jiang et al., 2010; Chen et al., 2021). Probiotics such as Lactobacillus can mitigate inflammation in mice by regulating cytokine secretion (Lamas et al., 2016). And gut microbiota had positive effects in the chicken caecum to promote growth by mitigating intestinal inflammatory (Ayalew et al., 2022). The genus Synergistes is widely distributed in the natural environment and are characterized by their ability to degrade amino acids and may perform this function in natural ecosystems (Godon et al., 2005). Additionally, Synergistes is a normal part of human and animal microflora and has been linked to mucosal infections (Kumar et al., 2003).

The second genus we linked to decreased growth was the sulfate-reducer Desulfovibrio that utilize sulfate as the terminal electron acceptor for ATP synthesis. H2S production by this genus has also been linked to increased inflammation of the intestinal epithelium in humans (Verstreken et al., 2012; Murros et al., 2021). Taken together, we identified specific cecal microbiotal members that affect the growth performance of indigenous chickens via inflammatory cytokine regulation.



Conclusion

Our findings demonstrated that cecal colonization by Sphaerochaeta improved growth performance of Guizhou indigenous chicken by promoting bovinic acid metabolism. In contrast, colonization by Synergistes and norank_f_Desulfovibrionaceae in cecum reduced growth performance by inducing the production of the inflammatory cytokine IL-6. These results provide novel insights into the development of antibiotic alternatives to improve chicken growth performance and deepen our understanding of the physiology of native Guizhou chicken breeds.
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Introduction: Extreme environments at high altitudes pose a significant physiological challenge to animals. We evaluated the gut microbiome and fecal metabolism in Sanhe heifers from different altitudes.

Methods: Twenty Sanhe heifers (body weight: 334.82 ± 13.22 kg, 15-month-old) selected from two regions of China: the Xiertala Cattle Breeding Farm in Hulunbeier, Inner Mongolia [119°57′ E, 47°17′ N; approximately 700 m altitude, low altitude (LA)] and Zhizhao Dairy Cow Farm in Lhasa, Tibet [91°06′ E, 29°36′ N; approximately 3,650 m altitude, high altitude (HA)], were used in this study. Fecal samples were collected and differences in the gut microbiota and metabolomics of Sanhe heifers were determined using 16S rRNA gene sequencing and metabolome analysis.

Results and discussion: The results showed that altitude did not significantly affect the concentrations of fecal volatile fatty acids, including acetate, propionate, butyrate, and total volatile fatty acids (p > 0.05). However, 16S rRNA gene sequencing showed that altitude significantly affected gut microbial composition. Principal coordinate analysis based on Bray–Curtis dissimilarity analysis revealed a significant difference between the two groups (p = 0.001). At the family level, the relative abundances of Peptostreptococcaceae, Christensenellaceae, Erysipelotrichaceae, and Family_XIII were significantly lower (p < 0.05) in LA heifers than in HA heifers. In addition, the relative abundances of Lachnospiraceae, Domibacillus, Bacteroidales_S24-7_group, Bacteroidales_RF16_group, Porphyromonadaceae, and Spirochaetaceae were significantly higher in HA heifers than in LA heifers (p < 0.05). Metabolomic analysis revealed the enrichment of 10 metabolic pathways, including organismal systems, metabolism, environmental information processing, genetic information processing, and disease induction. The genera Romboutsia, Paeniclostridium, and g_unclassified_f_Lachnospiraceae were strongly associated with the 28 differential metabolites. This study is the first to analyze the differences in the gut microbiome and metabolome of Sanhe heifers reared at different altitudes and provides insights into the adaptation mechanism of Sanhe heifers to high-altitude areas.
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1. Introduction

Areas with an altitude higher than 2,500 m, generally defined as high altitudes (Moore et al., 2010), pose challenges for the survival, growth, and development of local animals (Moore et al., 2010; Guo et al., 2014). As the highest plateau worldwide, the Tibetan Plateau is characterized by low pressure, low oxygen, strong ultraviolet rays, and low temperatures throughout the year (Zha et al., 2016; Sun et al., 2021). High altitude, low pressure, and hypoxia can cause various diseases such as pulmonary hypertension (Pasha and Newman, 2010; Khanna et al., 2018), high-altitude hypertension (Bilo et al., 2019), and vascular dysfunction. Additionally, numerous metabolic disorders in the digestive tract, such as enteritis and gastritis, can be caused by an imbalance in the gut microbiota under low pressure and hypoxic conditions (Khanna et al., 2018; Hill et al., 2020; Pena et al., 2022).

Bacteria play a key role in many types of feed biopolymer fermentation and degradation processes (Bickhart and Weimer, 2018), and fecal samples mostly represent the distal portion of the gut microbiotathe (de Oliveira et al., 2013). Recent studies have reported the high-altitude adaptability of various animals such as cattle (Kong et al., 2021), yak (Ayalew et al., 2021), and rats (Murray, 2016). Recently, alterations in the gastrointestinal microbiota due to altitude changes were investigated in yak (Liu et al., 2021), sheep (Holman et al., 2019), and pigs (Zeng et al., 2020). However, the changes in the gut microbiota and the physiological and metabolic mechanisms in response to high altitudes have not yet been investigated in Sanhe heifers. Moreover, variations in the metabolic adaptability of the gut microbiota of Sanhe heifers at different altitudes are not well understood.

As a dual-purpose breed, Sanhe cattle show excellent performance in both milk and meat production (Xu et al., 2017); their milk contains high concentrations of fat. In addition, Sanhe cattle exhibit strong adaptability, rough feeding tolerance (Hu et al., 2019), strong disease resistance (Usman et al., 2017), and stable genetic performance. Sanhe cattle originated from Inner Mongolia, China, and were bred to result in multiple breeds, including native Mongolian cattle, Simmental cattle, Siberian cattle, improved Russian cattle, Zabaikal cattle, Tagil cattle, Yaroslav cattle, Swedish cattle, and Hokkaido Dutch cattle. We examined whether Sanhe cattle can adapt to high-altitude environments, by evaluating the differences between Sanhe heifers in low-and high-altitude regions from a gut microbiota perspective.

In this study, the gut microbiomes of Sanhe heifers being offered the same amount of nutrients by the total mixed ration (TMR) but living in two regions of different altitudes, were compared. Using high-throughput sequencing and LS-MS-based untargeted metabolome analyzes, we aimed to reveal the effect of altitude on the gut microbiome of Sanhe cattle and to improve the understanding of the role of the gut microbiome in high-altitude adaptability. In addition, the gut microbiome and metabolomics of Sanhe heifers from low-and high-altitude regions were compared to provide insights into the high-altitude adaptability of ruminants.



2. Materials and methods

The study protocol was approved by the Ethical Committee of the College of Animal Science and Technology of China Agricultural University (project number AW22121202-1-2).


2.1. Experimental animals

Twenty Sanhe heifers (body weight: 334.82 ± 13.22 kg, 15-month-old) fed in two different altitude regions of China were selected for the experiments. Ten Sanhe heifers were selected from each trial site.



2.2. Study regions and management

Cattle from two regions were analyzed: those from the origin of Sanhe cattle, including Hulunbuir, Inner Mongolia Autonomous Region (119°57′ E, 47°17′ N; approximately 700 m in altitude, LA group), and Lhasa, Tibet Autonomous Region (91°06′ E, 29°36′ N; approximately 3,650 m in altitude, HA group). Lhasa has an average annual temperature of 8.6 Â °C and annual precipitation of 472.5 mm (Fan et al., 2005), whereas Hulunbuir has an average annual temperature of 3.3°C and annual precipitation of 538.3 mm.



2.3. Fecal sample collection and processing

To obtain representative samples, feces from Sanhe heifers were collected from the rectum using plastic gloves. The fecal samples used to analyze the gut microbiota were immediately frozen in liquid nitrogen (−80°C), and those used to analyze volatile fatty acids (VFAs) were stored at −20°C. For VFA analysis, the fecal sample from each animal was thawed, diluted, and centrifuged at 8,000 × g at 4°C for 10 min, and the supernatant was collected and evaluated using gas chromatography (Erwin et al., 1961).



2.4. Genomic DNA extraction, PCR amplification, and 16S rRNA sequencing

Total microbial genomic DNA was extracted from 1 g of fecal samples using an OMEGA kit (Omega Bio-Tek, Norcross, GA, United States), following the manufacturer’s instructions. A Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, United States) was used to confirm the purity and concentration of the extracted DNA. The V3–V4 region of the gut bacterial 16S rRNA gene was amplified using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (3′-GGACTACNNGGGTATCTAAT-5′). The PCR conditions were as follows: denaturation at 95°C for 5 min, followed by 28 cycles at 95°C for 45 s, 55°C for 50 s, and 72°C for 45 s, with a final extension at 72°C for 10 min. Amplified fragments were visualized using 2% agarose gel electrophoresis, and the respective bands were purified using an Agencourt AMPure XP kit (Beckman Coulter Genomics, Brea, CA, United States) according to the manufacturer’s instructions and quantified using QuantiFluor-ST (Promega, Madison, WI, USA). Purified PCR products were sequenced on an Illumina MiSeq (Illumina, San Diego, CA, United States; Caporaso et al., 2012) using a 2 × 250 bp sequencing kit.



2.5. Quality control and statistical analysis

Sequences with scores ≤20 (low quality), reads <200 bp, and reads containing ambiguous bases or unmatched primer sequences were filtered out using QIIME 1.8 (Caporaso et al., 2010), and barcode tags were removed. The obtained sequences were combined using PEAR 0.9.6 (Zhang et al., 2014) and demultiplexed using Flash (version 1.20; Mago and Salzberg, 2011). Reads with a combined length of <230 bp and chimeric sequences were removed using the UCHIME algorithm (Edgar et al., 2011). To reduce errors due to different sequencing depths, all samples were subsampled to an equal size of 31,719 for downstream alpha-and beta-diversity analyzes. To ensure comparability of species diversity between samples, standardized operational taxonomic unit (OTU) documents were used to analyze the species and diversity indices.

The resulting sequences were clustered into OTUs based on a 97% sequence similarity threshold using the Ribosomal Database Project classifier (Cole et al., 2009) with a confidence threshold of 0.70 and compared against the SILVA 128 database for microbial species annotation (Quast et al., 2012). All OTUs were removed using UCLUST to generate the representative OTU table (Edgar, 2010).

The OTU level alpha diversity of the bacterial communities was determined using the Chao1, Shannon, and Simpson indices and procedures within QIIME 1.8, and visualized using the “ggplot2” package of R (version 4.0.5; Wickham, 2009). Principal coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity matrix was performed in R using the “vegan” package for beta diversity analysis (Oksanen et al., 2016).



2.6. Metabolite extraction

The cold extraction solvent methanol/acetonitrile/H2O (2:2:1, vol/vol/vol; 1 ml) was added to an 80 mg fecal sample and vortexed for 60 s to extract metabolites. The samples were incubated on ice for 20 min and centrifuged at 14,000 × g for 20 min at 4°C. The supernatant was collected for liquid chromatography (LC)-MS analysis. The samples were dissolved in 100 μl of acetonitrile/water (1:1, v/v) and transferred to LC vials.



2.7. Liquid chromatography–MS/MS analysis and data processing

Gut microbiota metabolites were separated using an ultra-high-performance liquid chromatography system (1,290 Infinity LC, Agilent Technologies, Santa Clara, CA, United States) coupled to a quadrupole time-of-flight (TripleTOF 6,600, AB Sciex, Framingham, MA, United States). The fecal samples were analyzed using a 2.1 mm × 100 mm ACQUIY UPLC BEH 1.7 μm column (Waters, Milford, MA, United States). In both the positive and negative electrospray ionization modes, the mobile phase contained 25 mM ammonium acetate and 25 mM ammonium hydroxide in water and acetonitrile, respectively. The gradient was 85% acetonitrile for 1 min, which was linearly reduced to 65% in 11 min, reduced to 40% in 0.1 min and maintained for 4 min, and increased to 85% in 0.1 min, with a 5 min re-equilibration period. The electrospray ionization source conditions were as follows: ion source Gas1 as 60, ion source Gas2 as 60, curtain gas as 30, source temperature, 600°C; and ion spray voltage floating ±5,500 V. During MS acquisition, the instrument was set to acquire signals over an m/z range of 60–1,000 Da, and the accumulation time for the time-of-flight MS scan was set to 0.20 s/spectra. In the auto-MS/MS acquisition mode, the instrument was set to acquire signals over an m/z range of 25–1,000 Da, and the accumulation time for the production scan was set to 0.05 s/spectra. The production scan was acquired using information-dependent acquisition in high-sensitivity mode. The collision energy was fixed at 35 ± 15 eV. The declustering potential was set at ±60 V.

Raw MS data (Wiff. scan files) were converted to MzXML files using ProteoWizard MSConvert, and processed using XCMS for feature detection, retention time correction, and alignment. The metabolites were identified using accuracy mass spectrometry (<25 ppm) and MS/MS data, which were matched with the standard database.

For the extracted ion features, only variables with >50% of the nonzero measurement values in at least one group were retained. The MetaboAnalyst1 web-based system was used for multivariate statistical analysis. After Pareto scaling, PCoA and partial least squares discriminant analysis (OPLS-DA) were performed. Leave-one-out cross-validation and response permutation testing were conducted to evaluate the robustness of the model. Metabolites showing significant differences between the LA and HA groups were identified based on the combination of a statistically significant threshold of variable influence on projection (VIP) values obtained from the OPLS-DA model and a two-tailed Student’s t-test (p-value) on the raw data. The metabolites were considered significant when they had VIP values >1.0, VIP values <0.05, and p-values less than 0.05. Differential metabolites were identified using three databases, including the Kyoto Encyclopedia of Genes and Genomes (KEGG)2, the human metabolome database, and the bovine metabolome database. The KEGG database was used to evaluate the enrichment analysis of KEGG metabolic pathways according to the differential metabolites (Kanehisa et al., 2012). Fisher’s exact test was used to determine the significance of enriched pathways.



2.8. Statistical analysis

Fecal fermentation parameters were analyzed using the t-test in the SPSS software (version 22.0, SPSS, Inc., Chicago, IL, United States). Alpha diversity indices, which reflect the significance between the LA and HA groups, were analyzed using the Wilcoxon rank test with the “dplyr” package (authors, H. Wickham, R. François, L. Henry, K. Müller; published date, 2018; version, 0.7.6) in R. PCoA was performed based on the Bray–Curtis dissimilarity matrices in R, and “ggplot2” package in R was used to visualize the results. The differences in the relative abundance of organisms at the phylum, family, and genus levels and microbiota function between the two groups were tested using the Wilcoxon method in R (version 4.0.5). Spearman’s rank correlation was used to identify the relationship between the relative abundance of the core OTUs, altitude, fecal fermentation parameters, and serum antioxidant indices using the “Psych” package (author, W. Revelle; published date, 2016; version, 1.6.9) and visualized using the “corrplot” package (author, Taiyun Wei; published date, 2017; version, 0.84) in R. All data were reported as the mean, and differences with p < 0.05 were considered as significant.




3. Results


3.1. Gut fermentation parameters of Sanhe heifers from different altitudes

As shown in Table 1, there was no significant difference (p > 0.05) in the concentrations of acetate, propionate, butyrate, and total VFAs between fecal samples of Sanhe cattle reared at different altitudes. Compared with the LA group, the acetate-to-propionate ratio (A/P) increased significantly (p < 0.05) in the HA group.



TABLE 1 Fecal-sample fermentation parameters at Sanhe heifers from different altitudes.
[image: Table1]



3.2. Gut microbiota communities of Sanhe heifers from different altitudes


3.2.1. Sequencing metrics for the gut microbiota of heifers

A total of 868,445 raw sequences were generated with an average of 43,422 ± 4,392.71 (mean ± SD) per sample. An average of 2,054 ± 133.75 OTUs across all samples were identified at 3% sequence dissimilarity. Rarefaction curves showed that the number of new OTUs decreased as the number of sequences per sample increased (Additional file: Supplementary Figure S1), indicating an adequate sampling depth to cover the tested gut bacterial composition. Good’s coverage for the Sanhe heifer samples showed a mean value of 0.97 across all 20 samples, indicating sufficient sequence coverage for all samples. The mean Shannon’s diversity and Chao1’s richness for all Sanhe heifer samples were 8.42 ± 0.49 and 2,674.69 ± 157.41 (Additional file: Supplementary Table S2), respectively.

The most highly abundant phyla in all Sanhe heifer samples were Firmicutes (64.06%), Bacteroidetes (32.33%), Tenericutes (0.93%; Figures 1A,B). Among these phyla, the most abundant families were Ruminococcaceae (36.37%), Rikenellaceae (15.43%), Peptostreptococcaceae (12.23%), and Christensenellaceae (5.51%; Figures 1A,B). At the genus level, 11 genera showed >2% relative abundance (Figures 1A,B).

[image: Figure 1]

FIGURE 1
 The gut bacterial composition of Sanhe heifers. (A) Relative distribution of the most dominant bacterial phyla, family, and genera (relative abundance >0.5% of all the 20 samples) in the low-altitude (LA) and high-altitude (HA) group samples. The inner ring in the pie chart represents the genus level, the middle ring represents the family level, and the outer ring represents the phylum level. Different color shades represent different bacteria. The numbers in brackets denote the average relative abundance of the bacteria across 20 samples. (B) Stacked bar graphs of the average relative abundances of phyla, family, and genus (top 20 of relative abundances) for Sanhe heifers in the LA and HA groups. (C) Flower diagram plot of Sanhe heifer samples. The core community in all Sanhe heifers was defined as operational taxonomic units present in all Sanhe heifers at all sampling times. (D) Principal coordinate analysis (PCoA) plots of bacterial communities in Sanhe heifer samples.




3.2.2. Defining the core gut microbiota for Sanhe heifers in this study

The intestinal microbiome of the Sanhe cattle varies widely. Therefore, we focused on the core OTUs found in all the Sanhe heifers. We sought to identify the core microbiota across all Sanhe heifers and found 393 shared OTUs among all samples from LA and HA Sanhe heifers, as shown in Figure 1C. These OTUs included the following bacterial families with >10% total relative abundance: Ruminococcaceae (26.10%), Rikenellaceae (11.37%, Figures 1A,B). The shared genera among all samples showing >5% of the total relative abundance were Ruminococcaceae_UCG-005 (13.71%), Rikenellaceae_RC9_gut_group (7.74%; Figures 1A,B).



3.2.3. Differences in the gut bacterial community between LA and HA Sanhe heifers

To detect differences in the gut microbiota of LA and HA Sanhe heifers, we performed Bray–Curtis dissimilarity analysis. The results were visualized using a principal coordinate analysis (PCoA) plot, as shown in Figure 1D. The gut microbiota that differed between groups were analyzed using analysis of similarities and confirmed that the two groups significantly differed (R2 = 0.58, p = 0.001). However, we found no significant difference (p < 0.05) in Chao 1 richness, Shannon diversity index, and Simpson’s diversity index between the groups (Additional file: Supplementary Table S2).

At the phylum level, the relative abundances of the phyla Firmicutes, Bacteroidetes, and Verrucomicrobia did not differ significantly (p > 0.05) between the LA and HA groups. In contrast, compared with the LA group, the relative abundances of the phyla Proteobacteria and Actinobacteria were significantly (p < 0.05) lower (Table 2), whereas that of the phylum Spirochaetae was significantly (p < 0.05) higher in the HA group. At the family level (family of relative abundance >0.01%), lower relative abundances of Peptostreptococcaceae, Christensenellaceae, Erysipelotrichaceae, Family_XIII, Acidaminococcaceae, Peptococcaceae, Enterobacteriaceae, Spirochaetaceae and Coriobacteriaceae were observed in the HA group than in the LA group (Table 2), and the relative abundances of Lachnospiraceae, Clostridiales_vadinBB60_group, Bacteroidales_S24-7_group, Bacteroidales_RF16_group, and Porphyromonadaceae were higher in the LA group than in the HA group (Table 2). At the genus level (genera with relative abundance >0.01%), compared with the LA group, the relative abundances of 43 genera were significantly (p < 0.05) higher, and those of 15 genera were significantly lower in the HA group (Table 3); of these, eight genera showed a relative abundance >1%. The relative abundances of some genera differed by more than 10-fold, including Butyrivibrio (decreasing 20.59-fold, p = 0.002), Eubacterium_xylanophilum_group (decreasing 13.25-fold, p < 0.001), Corynebacterium (increasing 16.51-fold, p = 0.011), Escherichia-Shigella (increasing 213.31-fold, p < 0.001), and Domibacillus (increasing from 0.00 to 0.027, p < 0.001; Table 3).



TABLE 2 Phyla and Families of relative abundance >0.1% within the gut microbiota of LA and HA heifers.
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TABLE 3 Genera of relative abundance >0.01% within the gut microbiota of LA and HA heifers as determined using the Wilcoxon test (only p < 0.05 is shown).
[image: Table3]



3.2.4. Correlation of core gut bacteria with altitude, and gut fermentative parameters in HA and LA Sanhe heifers

To explore the role of gut bacteria in production and fermentation of VFAs, we analyzed the relationship between fecal VFA concentration (acetate, propionate, butyrate, and total VFAs) and the relative abundance of OTUs using Spearman’s rank correlations, as shown in Figure 2. All OTUs with relative abundances <0.01% in all fecal samples were removed from the analysis. The relationship between OTUs and production and fermentation traits was visualized using a heat map (Figure 2). Fifty-Eight OTUs were significantly (p < 0.05) correlated with altitude; of these, 20 OTUs were negatively correlated with altitude, eight of which were in the family Ruminococcaceae (p < 0.05), four in the family Rikenellaceae (p < 0.05), and two in the family Lachnospiraceae (p < 0.05). Additionally, OTUs within unidentified_o_Clostridiales, Clostridiales_vadinBB60_group, Clostridiaceae_1, Bacteroidales_BS11_gut_group, Bacteroidales_RF16_group, and Spirochaetaceae were significantly negatively (p < 0.05) correlated with altitude. Thirty-eight OTUs were positively correlated with altitude, among which 14 were in the family Ruminococcaceae (p < 0.05), 11 in the family Christensenellaceae (p < 0.05), three in the family Family_XIII (p < 0.05), three in the family Lachnospiraceae (p < 0.05), and three in the family Peptostreptococcaceae (p < 0.05). In addition, OTUs within the families Erysipelotrichaceae, Acidaminococcaceae, Bacteroidaceae, and unidentified_o_Gastranaerophilales were significantly and positively correlated with altitude (p < 0.05).
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FIGURE 2
 Correlation analysis of gut bacteria. (A) Heatmap of core operational taxonomic units (OTUs) (relative abundance >0.01% and p < 0.05 in all samples) significantly associated with metabolite production and fecal fermentative parameters in low-altitude (LA) and high-altitude (HA) Sanhe heifers, as determined by Spearman’s correlation analysis. *0.01 < p < 0.05, **0.001 < p < 0.01, ***p ≤ 0.001. (B) Interaction among OTUs with relative abundances > 0.01% and p < 0.05. The red and blue colors represent positive and negative correlations, respectively. The size and color of the circle represent the relative abundance of the OTUs and the genus to which they belong, respectively.


Fourteen OTUs were negatively (p < 0.05) correlated with the acetate-to-propionate ratio (AP), among which six and three were in the families Ruminococcaceae and Rikenellaceae, respectively. In addition, 23 OTUs were positively correlated (p < 0.05) with AP, of which eight were in the family Ruminococcaceae, six in the family Christensenellaceae, three in the family Peptostreptococcaceae, and two in the family Lachnospiraceae. Furthermore, OTUs within the families Family_XIII, Erysipelotrichaceae, unidentified_o_Gastranaerophilales, and Acidaminococcaceae were significantly and positively correlated with AP (p < 0.05).

Analysis of VFAs showed that acetate concentration was negatively correlated with the relative abundance of OTUs in the Eubacterium coprostanoligenes group. Sixteen OTUs were significantly (p < 0.05) correlated with propionate concentration, among which 10 OTUs were negatively correlated with propionate concentration, three OTUs were in the family Christensenellaceae, three OTUs were in the family Peptostreptococcaceae, two OTUs were in the family Lachnospiraceae, and one OTU was in the family Erysipelotrichaceae. Six OTUs were significantly and positively (p < 0.05) correlated with propionate concentration; of these, four OTUs belonged to the family Ruminococcaceae, one OTU belonged to the family Bacteroidales_RF16_group, and one OTU belonged to the family Lachnospiraceae. The total VFA concentration was negatively (p < 0.05) correlated with the relative abundance within the family Ruminococcaceae.




3.3. Gut metabolome of Sanhe heifers from different altitudes


3.3.1. Differential metabolites

A total of 1,727 differential metabolites were identified in the gut metabolome; of these, 1,101 and 626 metabolites were detected in positive and negative ion modes, respectively. To compare the metabolome compositions of the gut samples in the two groups, the datasets obtained from LC–MS in the positive and negative ion modes were evaluated using PCA (Figures 3A,B). The metabolites between the two groups were well-separated in the PCA score plots of the positive and negative ion mode results. Volcano plots of the positive and negative ion modes for the two groups are shown in Figures 3C,D. The OPLS-DA score plots are shown in Supplementary Figure S2. OPLS-DA revealed a clear distinction between the LA and HA groups in both the positive (R2X = 0.351, R2Ycum = 0.995, Q2cum = 0.954) and negative ion modes (R2X = 0.351, R2Ycum = 0.995, Q2cum = 0.954), which was validated by permutation analysis (positive: Q2 intercept = −0.2568; negative: Q2 intercept = −0.2413). Based on the cutoff (VIP >1 and p < 0.05) for differential metabolites, 368 metabolites differed significantly between the LA and HA groups, of which 231 and 137 were detected in the positive and negative ion modes, respectively.
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FIGURE 3
 Metabolomic profiling of fecal samples. Scatter plots of the principal coordinate analysis model based on all identified metabolite features of gut samples from the two groups. [(A) positive mode; (B) negative mode]. The volcano plot of the comparison between the low-altitude (LA) and high-altitude (HA) groups [(C), positive mode, (D), negative mode].




3.3.2. Kyoto encyclopedia of genes and genomes pathways

Metabolic pathway analysis based on the significantly different gut metabolites revealed the enrichment of 10 metabolic pathways (Figure 4A), with “nicotine addiction,” “central carbon metabolism in cancer,” “mineral absorption,” “protein digestion and absorption,” “ABC transporters,” “neuroactive ligan-receptor interaction,” “cAMP signaling pathway,” “aminoacyl-tRNA biosynthesis,” “pyrimidine metabolism,” and “purine metabolism,” which belong to “environmental information processing,” “organismal systems,” “metabolism,” “human diseases,” and “genetic information processing,.” The differential metabolites in the differentially enriched KEGG pathways determined by hydrophilic interaction LC–MS analysis are shown in Table 4. In addition, the relationships between metabolic pathways were significantly different for the gut metabolites (Figure 4B).
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FIGURE 4
 (A) Enriched Kyoto Encyclopedia of Genes and Genomes pathways of the comparison between the low-altitude (LA) and high-altitude (HA) groups (only those with a p < 0.05 are shown). (B) Network of enriched pathways and the differential metabolites between the LA and HA groups. (C) Correlation between gut core OTU (relative abundance > 0.1%) and differential metabolites in enrichment pathways based on (A) in the network (only those with |r| > 0.80, p < 0.05 are shown). Red and brown lines indicate positive and negative correlations, respectively.




TABLE 4 Differential metabolites in differential enriched KEGG pathways using HILIC-MS analysis.
[image: Table4]




3.4. Relationships between the core gut microbiota and metabolites

Spearman’s correlation network between the core gut microbiota and gut metabolites was analyzed, that revealed 28 significant correlations (relative abundance >0.1%, r > |0.8|, p < 0.05; Figure 4C). OTUs belonging to the genus Romboutsia were significantly negatively and positively correlated with seven and two metabolites. Respectively. OTUs belonging to the genus Paeniclostridium were significantly negatively and positively correlated with 13 and five metabolites, respectively. OTUs belonging to the genus unclassified_f_Lachnospiraceae were significantly positively correlated with a single metabolite.




4. Discussion

By integrating gut 16S rRNA high-throughput sequencing and LC–MS-based untargeted metabolomic analyzes, we investigated the gut microbiome and host metabolome mechanisms involved in high-altitude adaptability. We estimated the gut microbial composition, metabolites, and variations as well as the interactions between microorganisms and metabolites in different groups.


4.1. Gut microbiota communities of Sanhe heifers reared in different altitudes

VFAs did not differ in ruminal samples from cattle reared in different regions, suggesting that altitude does not strongly affect the fecal fermentation parameters in Sanhe heifers.

Generally, the intestinal microbiota is stable over time in adult animals (Caporaso et al., 2011; Faith et al., 2013). In this study, we investigated the differences in the gut microbiota of Sanhe heifers reared at different altitudes. In the two groups, Firmicutes and Bacteroidetes, known to play a key role in maintaining gut homeostasis, were the most abundant phyla in the gut of Sanhe heifers, which agrees with the findings observed in yaks (Liu et al., 2021) and rats. Members of Bacteroides participate in the degradation of biopolymers and main polysaccharides, whereas bacteria from Firmicutes regulate the digestion and absorption of proteins and carbohydrates. At the phylum level, the enrichment of Proteobacteria in the gut represents an imbalanced and unstable microbiota structure or disease state in the host (Shin et al., 2015). Actinobacteria are thought to be involved in modulating gut permeability, immune system, metabolism, and the gut-brain axis, and their abundance represents the health state of the animal. The relative abundance of Spirochaetae was lower in the gut of HA heifers than in that of LA heifers, as observed previously in sub-adult Tibetan sheep (Li et al., 2020), which are saccharolytic and can use carbohydrates as substrates. Families showing differential abundances, including Peptostreptococcaceae, Christensenellaceae (Waters and Ley, 2019), Erysipelotrichaceae (Wu et al., 2021), Family_XIII, and Lachnospiraceae, Domibacillus (Sharma et al., 2014), Bacteroidales_S24-7_group (Gao et al., 2020), Bacteroidales_RF16_group, and Porphyromonadaceae (Sakamoto, 2014), most of which belonged to the phyla Firmicutes, Bacteroidetes, Actinobacteria, and Spirochaetae, are associated with fiber degradation, feed digestion, and inflammation induction. Butyrivibrio (Kelly et al., 2010) and Eubacterium_xylanophilum_group (Mukherjee et al., 2020) are butyrate-forming bacteria that play key roles in polysaccharide degradation. The relative abundances of Eubacterium_xylanophilum_group (Mukherjee et al., 2020), Corynebacterium (Salem et al., 2015), Escherichia-Shigella (The et al., 2016), and Domibacillus vary widely, and most of these organisms are pathogens, suggesting that changes in altitude affect the structure of the intestinal microbiota and the health of Sanhe heifers. Moreover, we considered the impact of altitude on the gut bacterial core OTUs of Sanhe heifers. Therefore, these OTUs may form the key bacterial community responsible for high-altitude adaptibilty in Sanhe heifers.



4.2. Gut metabolome of Sanhe heifers in different altitudes

The enriched differential metabolic pathways belonged to nucleotide metabolism, including pyrimidine and purine metabolism pathways. Purine and pyrimidine nucleotides are major energy carriers, subunits of nucleic acids, and precursors for the synthesis of nucleotide cofactors (Moffatt and Ashihara, 2002). The enriched differential metabolic pathways belonged to the digestive system of organismal systems, including mineral and protein digestion and absorption, suggesting that different altitudes affect the digestive system of Sanhe heifers. The enriched differential metabolic pathways belonged to environmental information processing, including “ABC transporters,” “neuroactive ligan-receptor interaction,” and “cAMP signaling pathway.” The cAMP signaling pathway regulates critical physiological processes, including metabolism, secretion, calcium homeostasis, muscle contraction, cell fate, and gene transcription (Ould Amer and Hebert-Chatelain, 2018). The cyclic nucleotide-gated ion channel regulates downstream pathways by activating calmodulin and calcium/calmodulin-dependent protein kinase. In addition, the cAMP pathway, also known as the protein kinase A pathway, directly regulates the transmembrane transport of calcium, potassium, sodium, and chloride ions through phosphorylation of channel proteins, transporters, and receptors on the cell membrane. ABC transporters exert a variety of physiological functions, such as the removal of foreign substances, nutrient intake, resistance to foreign invasion, antigen transmission, and inhibition of transportation, and are closely related to the health of the body (Liu, 2019; Thomas and Tampé, 2020). All these pathways were upregulated in the HA group compared to those in the LA group. In addition, the KEGG pathway was enriched in human diseases, suggesting that high altitudes affect the health of Sanhe heifers. Overall, untargeted metabolomics showed that high-altitude regions could alter organismal systems, metabolism, environmental information processing, genetic information processing, and even induce disease. Altitude also affects environmental information processing, organismal systems, human diseases, and genetic information processing.



4.3. Relationships between the core gut microbiome and gut metabolites

We found that OTUs belonging to the genus Romboutsia were associated with nine metabolites (melatonin, uracil, hypoxanthine, xanthine, guanine, monensin, heliotrine N-oxide, d-lyxose, and L-gulono-1,4-lactone). A previous study showed that Romboutsia encodes a versatile array of metabolic capabilities involved in carbohydrate utilization, fermentation of single amino acids, anaerobic respiration, and metabolic end-products (Gerrritsen et al., 2019), which is consistent with our results. OTUs belonging to the genus Paeniclostridium were associated with 18 metabolites (L-gulono-1,4-lactone, uracil, d-lyxose, chicoric acid, guanine, 5-(2-hydroxyethyl)-4-methyl thiazole, oxeladin, hypoxanthine, 2-aminoadipic acid, melatonin, 1,2-dimyristoyl-sn-glycero-3-phosphate, N-omega-propyl-l-arginine, artemisinin, heliotrine N-oxide, ondansetron, Cer 20:1-d7 (d18:1-d7/20:1), deoxyinosine, and d-fructose). Paeniclostridium is an anaerobic pathogen in animals (Kim et al., 2017). The OTUs belonged to the genus g_unclassified_f_Lachnospiraceae which is a member of the family Lachnospiraceae that is positively correlated with 1-palmitoylglycerol. Previous studies have shown that insoluble fatty acid soap might reduce the growth benefits in the intestine (Yaron et al., 2013; Wang et al., 2020), suggesting that excess 1-palmitoylglycerol causes intestinal damage. Therefore, Sanhe heifers are more prone to diseases in high-altitude environments.

Overall, our results showed that the gut microbiome and metabolome of Sanhe heifers differed between the LA and HA groups. We found that the gut microbiota associated with digestion absorption of proteins and carbohydrates, including Peptostreptococcaceae, Christensenellaceae, Erysipelotrichaceae, Family_XIII, Lachnospiraceae, Domibacillus, Bacteroidales_S24-7_group, Bacteroidales_RF16_group, Porphyromonadaceae, and Spirochaetaceae, differed between HA heifers and LA heifers. These findings indicate that the ability of the gut microbiota to ferment dietary substrates differs between LA and HA Sanhe heifers. The core OTUs in the phyla Bacteroidetes, Firmicutes, Spirochaetes, and Cyanobacteria differed between the gut microbiota of the LA and HA groups. Therefore, these organisms may be critical bacterial communities involved in determining the high-altitude adaptabilty of Sanhe heifers. In addition, untargeted metabolomics has shown that high-altitude regions could alter organismal systems, metabolism, environmental information processing, genetic information processing, and even induce diseases. The genera Romboutsia, Paeniclostridium, and g_unclassified_f_Lachnospiraceae were strongly associated with the 28 differential metabolites. In summary, when Sanhe heifers encounter the stress of high-altitude environments, they respond by regulating their gut microbiome and metabolome; however, changes in altitude negatively affect the digestive ability and health of Sanhe heifers. This study contributes to the understanding of the ability of dairy cows to adapt to high-altitude regions and provides insights into strategies for altering the gut microbiota for high-altitude adaptation through feeding management.




5. Conclusion

We investigated the gut microbiome and metabolome mechanisms involved in the adaptation to high-altitude environments. Variations in the gut microbiome and metabolome, as well as the interaction of microorganisms and metabolites, were studied in the LA and HA groups by integrating gut 16S rRNA high-throughput sequencing and LC–MS-based untargeted metabolomic analyzes.
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Silybum marianum meal is a by-product that remains silymarin complex and is perceived as a potential-protein source. The potential and its mechanism of silybum marianum meal as a protein supplement in ruminants were evaluated by testing the growth performance, biochemical parameters, cytokine levels, gut transcriptome and microbial community profiles. Forty-two male Hulunbeier growing lambs (aged about 3-month-old; averaged body weight of 21.55 kg) were randomly divided into the CON (with 10% soybean meal) and SIL groups (with 10% silybum marianum meal). There was no significant difference in growth performance, feed intakes, or serum biochemical parameters between CON and SIL. The serum levels of IL-1β, TNF-α, TGF-β, HGF, and VEGF were all increased (p < 0.05) in the SIL group as compared with the CON group. Transcriptome gene set enrichment analysis (GSEA) revealed that the core genes in the rumen from SIL group were enriched with fructose and mannose metabolism, while the core genes in the ileum were enriched for three biological process, including digestive tract development, positive regulation of MAPK cascade, and regulation of I-kappaB kinase/NF-kappaB signaling. The 16S rDNA results showed that the relative abundance of Bacteroidetes, Firmicutes, Synergistetes, and Verrucomicrobia in the rumen from SIL group was significantly higher than that in CON group (p < 0.05), whereas Proteobacteria was significantly lower than that in CON group (p < 0.05). The LEfSe analysis showed that the genera Pyramidobacter, Saccharofermentans, Anaerovibrio, Oscillibacter and Barnesiella were enriched in the rumen from SIL group, whereas Sharpea was enriched in the CON group (LDA > 2). In the ileum, there were no significant differences in the phylum-level classification of microbes observed. At the genus level, the relative abundances of Bifidobacterium and Ruminococcus in the ileum from SIL group were significantly higher than that in the CON group (p < 0.05), whereas the relative abundance of Clostridium_XI was lower (p < 0.05). Correlation analysis showed that Clostridium_XI was negatively correlated with VEGF, TGF-β, TNF-α and HGF (p < 0.05). Core genes BMP4 and CD4 were negatively correlated with Clostridium_XI (p < 0.05). Our results indicated that supplementing silybum marianum meal as a replacement for soybean meal resulted in increased cytokines production without affecting growth performance in growing lambs, and the enrichment of immune-related genes and altered microbial community in the ileum were contributed to the increased immune responses.
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1. Introduction

The livestock industry is struggling to access quality protein feed that could satisfy animal body requirements at an affordable price, in particular in developing countries. With the current trends of rising prices of soybean meal, it is essential to develop locally available low-cost protein supplements. Silybum marianum is a kind of medicinal herb with potential health effects, which is widely grown in Asia and Latin America. The silymarin, a main bioactive component of silybum marianum, contains an isomeric mixture of unique flavonoid complexes and has hepatic protection, detoxification and anti-oxidation functions (Tajmohammadi et al., 2018). The application of silymarin in livestock has received considerable attention due to the advancement of extraction technology and its role in promoting growth. Silymarin has been shown to have a positive effect on the production and carcass plasma profiles in laying hens (Šťastník et al., 2019), horse (Dockalova et al., 2021), and pigs (Grela et al., 2020). In addition, silybum marianum meal is a by-product of silymarin production (Dehghan et al., 2011). Due to its high protein content, it has a potential to use as an unconventional feed resource (Fan et al., 2019). However, mature silybum marianum contains nitrite, which is supposed to have a toxic effect in animal (Arviv et al., 2016), resulting in increased inflammatory responses. In addition, silybum marianum meal contains a high fiber level (Stastnik et al., 2020), which may be beneficial for ruminants theoretically. The potential and its mechanism of silybum marianum meal as a protein supplement in ruminants remain uncovered.

With the development of high-throughput sequencing technology, multi-omics approach was widely used to explore the interaction between microbiota and host in response to variable phenotypes at a molecular level. The objectives of this study were: (1) to evaluate the effects of substituting soybean meal with silybum marianum meal on the growth performance, biochemical parameters and cytokine levels, (2) to explore the potential mechanism in response to altered phenotypes by using an integrated transcriptome and microbial community analysis.



2. Materials and methods


2.1. Animals, diets, and experimental design

The experimental procedures of this study were carried out in accordance with the guidelines of the Animal Ethics Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences. A total of 42 healthy 3-month-old Hulunbeier lambs (averaged with 21.55 kg) with similar body weight were selected and randomly divided into two groups (initial weight was tested for non-significant differences between groups), with 21 sheep in each group. The experimental animals were divided into the CON (supplemented with 10% soybean meal) and SIL groups (supplemented with 10% silybum marianum meal). The compositions and nutrient levels of the experimental diets are shown in Table 1. The experiment lasted for 90 days, including the pre-feeding period of 15 days and the trial period of 75 days. During the pre-feeding period, the experimental animals were ear tagged, dewormed, weighed, and vaccinated according to the normal immunization program for lamb fattening. The sheep were fed and watered three times a day, at 6:00, 11:00 and 18:00, respectively, to ensure that there was a surplus of diet and water. The same diet was fed during the pre-feeding period and the trial period.



TABLE 1 Ingredient and chemical composition (% DM) of the experimental diets.
[image: Table1]



2.2. Sample collection

All the experimental sheep were weighed every 2 weeks before morning feeding from the beginning of the experimental period, the data were recorded, and the daily weight gain was calculated. The amount of feed was recorded daily, and the leftover was recorded before feeding the following day. The remaining feed was cleared afterward, and a new feed was added. Average daily feed intake = total feed intake/number of experimental days; Feed weight ratio (F/g) = average daily intake / average daily gain.

At the end of the animal test, seven tested sheep in each group were randomly selected for blood collection by jugular venipuncture before morning feeding. The blood was collected with a 10 ml BD Vacutainer serum tube and stored at 4°C for 30 min, then centrifuged at 3,000 rpm/min for 15 min to separate the serum. The collected supernatant was placed in a 1.5 ml centrifuge tube and stored at −20°C.

After dissection, the rumen was opened, and the rumen digesta collected. Then, rumen abdominal sac (5 × 5 cm) was collected. The ileum digesta and ileum tissue were collected from 50 cm proximal to the junction of the ileum and the cecum. Tissue samples were washed with pre-cooled phosphate buffer during collection. After collection, digesta and tissue samples were snap-frozen in liquid nitrogen and stored in an ultra-low temperature freezer at −80°C. Tissue samples were used for RNA extraction and sequencing, and digesta samples were used for 16S rDNA gene sequencing and bioinformatics analysis. Since the rumen and ileum were vital organs for feed digestion and immune functions (Mowat and Agace, 2014; Na and Guan, 2022), their tissue and digest were selected for further transcriptome and microbial community analysis.



2.3. Analysis of biochemical parameters and cytokine levels in blood

Serum biochemical parameters, including total protein (TP), high-density lipoprotein (HDL), glutamic aminotransferase (ALT), glutamic oxalacetic aminotransferase (AST), lactate dehydrogenase (LDH), glucose (GLU), triglycerides (TG), total cholesterol (CHOL), amylase (AMS), blood ammonia (NH3L), total bilirubin (TBIL), and c-reactive protein (CRP), were measured using an automated biochemical instrument (Cobasc311, Roche, Basel, Switzerland). Serum cytokine indicators, including interleukin 1β (IL-1β), interleukin 2 (IL-2), tumor necrosis factor (TNF-α), transforming growth factor beta (TGF-β), hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1) were measured using commercial sheep-specific ELISA kits(Jiangsu Meimian industrial Co., Ltd., Yancheng, China).



2.4. Rumen and ileum RNA sequencing and bioinformatic analysis

Total RNA was extracted from 14 rumen and 14 ileum tissues using Trizol (Invitrogen, Carlsbad, CA, United States) according to the manual. Subsequently, total RNA was characterized and quantified using a NanoDrop and Agilent 2,100 Bioanalyzer (Thermo Fisher Scientific, MA, United States).

Oligo (dT)-linked magnetic beads were used to purify mRNA. The purified mRNA was split into small pieces at the appropriate temperature using a fragmentation buffer. First-strand cDNA was then generated using random hexamer-triggered reverse transcription, followed by the synthesis of second-strand cDNA. After which, A-Tailing Mix and RNA Index Adapters were added by incubation to conclude the repair. The cDNA fragment obtained in the previous step was amplified by PCR and the product was purified by Ampure XP Beads and then dissolved in EB solution. The product was validated for quality control on an Agilent Technologies 2,100 Bioanalyzer. The double-stranded PCR products from the previous step were heat denatured and cyclized by splinting oligonucleotide sequences to obtain the final library. Single-stranded circular DNA (ssCirDNA) was formatted as the final library. The final library was amplified with phi29 to make DNA nanoballs (DNBs) with more than 300 copies of one molecule, DNBs were loaded into patterned nanoarrays, and single-end 50-base reads were generated on the BGIseq500 platform (BGI-Shenzhen, China).

The sequencing data was filtered with SOAPnuke (v1.5.2) (Li et al., 2008): (1) to remove reads containing sequencing adapters; (2) to remove reads with a low-quality base ratio (base quality less than or equal to 5) greater than 20%; (3) Remove reads with a ratio of unknown bases (‘N’ bases) greater than 5%, after which clean reads are obtained and saved in FASTQ format. These clean reads were mapped onto the sheep reference genome (GCF_002742125.1_Oar_rambouillet_v1.0) using HISAT2 (v2.0.4) (Kim et al., 2015). Bowtie2 (v2.2.5) (Langmead and Salzberg, 2012) was applied to align the clean reads to the reference coding genome, and then RSEM (v1.2.12) (Li and Dewey, 2011) was used to calculate gene expression levels. Transcripts Per Kilobase of exon model per Million mapped reads (TPM) were used to estimate the amount of gene expression in each sample. The Gene Set Enrichment Analysis (GSEA) algorithm was used to identify the pathways, biological processes, or functional components of genes with the most significant changes in expression in the CON and SIL samples (|NES| > 1, Nominal value of p:<0.05, FDR q-value:<0.25, https://www.gsea-msigdb.org/gsea/index.jsp).



2.5. Sequencing and bioinformatics analysis of 16SrDNA gene of rumen and ileum microorganisms

Microbial DNA was extracted from 14 rumen digest samples and 14 ileum digest samples using MagPure Stool DNA KF kit B (Magen, China) according to the manufacturer’s instructions. DNA was quantified with a Qubit Fluorometer by using Qubit dsDNA BR Assay kit (Invitrogen, United States) and the quality was checked by running aliquot on 1% agarose gel. The variable region V3-V4 of the bacterial 16S rRNA gene was amplified using the condensed PCR primers 341F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′). Forward and reverse primers were labeled with Illumina adapters, pads and splice sequences. PCR enrichment was performed in a 50 μ L reaction containing a 30 ng template, fusion PCR primers and PCR master mix. PCR cycling conditions were as follows: 94°C for 3 min, 94°C for 30 s, 56°C for 45 s, 72°C for 45 s, 30 cycles, 72°C for 10 min final extension for 10 min. PCR products were purified with AmpureXP beads and eluted in elution buffer. Libraries were characterized by Agilent 2,100 Bioanalyzer (Agilent, United States). Validated libraries were used for sequencing on the Illumina MiSeq platform (BGI, Shenzhen, China) following Illumina’s standard procedure and generating 2 × 300 bp double-end reads.

The raw reads were filtered to remove splices and low quality and ambiguous bases, and then double-ended reads were added to the tags by the Fast Length Adjustment of Short reads program (FLASH, v1.2.11) (Magoc and Salzberg, 2011) to obtain the tags. The tags were clustered into OTUs with a cutoff of 97% using UPARSE software (v7.0.1090) (Edgar, 2013) and the chimeric sequences were compared to the Gold database for detection using UCHIME (v4.2.40) (Edgar et al., 2011). Then, OTU representative sequences were classified using the Ribosome Database Project (RDP) classifier v.2.2 with a minimum confidence threshold of 0.6 and trained on the Greengenes database v201305 using QIIME v1.8.0 (Caporaso et al., 2010). All Tags were compared with OTUs using USEARCH_global (Edgar, 2010) to obtain a statistical table of OTU abundance for each sample. The data were analyzed for diversity indices based on OTUs, including Chao1, ACE, Simpson and Shannon indices. Beta diversity analysis was performed using principal coordinate analysis (PCoA) with weighted UniFrac distances. Linear discriminant analysis (LDA) effect size (LEfSe) tools were applied to identify different taxa between CON and SIL groups by using an online software package (LC Bio-Technology Co., Ltd., Hangzhou, China) with thresholds (p < 0.05 and LDA > 2).



2.6. Statistical analysis

Firstly, Shapiro–Wilk and Levene’s tests were employed to confirm the normality and homoscedasticity of data, respectively. The serum biochemical and immune indices, and alpha-diversity index results were analyzed using the independent-sample t-test in SPSS software (SPSS version 25.0, SPSS, Inc.). The relative abundance bacteria at the phylum and genus levels was assessed using Wilcoxon rank-sum test. Data are presented as means ± SEM. p < 0.05 was regarded as statistically significant, and 0.05 ≤ p < 0.10 was regarded as a statistical tendency. The correlation analysis was performed using Spearman’s rank correlation coefficient in R package and the network was constructed on the Omics-studio (LC-Bio Technology Co., Ltd., Hangzhou, China).




3. Results


3.1. Effects of replacing soybean meal with silybum marianum meal on growth performance, biochemical parameters, and cytokine levels in growing lambs

No difference (p > 0.05) was observed between SIL and CON for final body weight, feed average daily gain, or feed intake (Table 2). Most of the biochemical parameters were not affected by replacing soybean meal with silybum marianum meal except that the TP tended to decrease (p = 0.08) and the AST tended to increase (p = 0.06; Table 3).



TABLE 2 Effect of silybum marianum meal as a replacement for soybean meal on feed intake and growth performance of lambs.
[image: Table2]



TABLE 3 Effect of silybum marianum meal as a replacement for soybean meal on serum biochemical parameters in lambs.
[image: Table3]

Serum cytokines were determined to assess the effects of the immune response when replacing silybum marianum meal (Table 4). The levels of IL-1β and TNF-α were significantly increased in SIL as compared with CON (p < 0.05). Similarly, lambs in SIL had higher concentrations (p < 0.05) of TGF-β, HGF and VEGF than those in CON. The concentrations of IL-2 (p = 0.083) and IGF-1 (p = 0.075) tended to be higher in SIL as compared with CON.



TABLE 4 Effect of silybum marianum meal as a replacement for soybean meal on serum cytokine levels in lambs.
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3.2. Effects of replacing soybean meal with silybum marianum meal on transcriptome profiles in rumen and ileum of growing lambs

The transcriptomes of the rumen and ileum tissues were evaluated to explore the potential mechanism in response to the altered cytokines in the blood. RNA-seq of the rumen tissue in the CON and SIL groups yielded approximately 23.95 and 23.38 million clean reads, of which 95.67 and 95.49% were mapped to the sheep reference genome (Supplementary file 2; Sheet 1). About 17,682 and 17,958 expressed genes were detected in the rumen of the CON and SIL groups, respectively (Supplementary file 2; Sheet 2). RNA-seq of the ileum tissue from the CON and SIL groups yielded approximately 23.55 and 23.75 million clean reads, 94.55 and 94.37% of which were mapped to the sheep reference genome (Supplementary file 2; Sheet 3). 16,127 and 16,092 expressed genes were detected in ileum tissue from the CON and SIL groups, respectively (Supplementary file 2; Sheet 4).

Since the number of differential expressed genes observed in the rumen or ileum between groups was small (Supplementary file 4), GSEA algorithm was used to further identify the pathways, biological processes or functional components of genes with the most significant changes in expression. Results showed that the rumen of the SIL was enriched with fructose and mannose metabolism-related genes in the Kyoto Encyclopedia of Genes and Genomes (KEGG) (NES: 1.875, Nominal value of p: 0.007, FDR q-value: 0.178) (Figure 1A; Supplementary file 3; Sheet 1). Ileum of the SIL was enriched for three biological process-related genes in the Gene Ontology (GO), including digestive tract development (NES: 1.883, Nominal value of p: <0.001, FDR q-value: 0.186) (Figure 1B; Supplementary file 3; Sheet 2), positive regulation of MAPK cascade (NES: 1.667, Nominal value of p: <0.001, FDR q-value: 0.211) (Figure 1C; Supplementary file 3; Sheet 3) and regulation of I-kappaB kinase/NF-kappaB signaling (NES: 1.763, Nominal value of p: 0.002, FDR q-value: 0.236) (Figure 1D; Supplementary file 3; Sheet 4).

[image: Figure 1]

FIGURE 1
 Transcriptome gene set enrichment analysis (GSEA) of rumen and ileum tissue of lambs in the CON and SIL groups. (A): Gene set enriched in Fructose and mannose metabolism pathway of rumen; (B): Gene set enriched in digestive tract development biological process of ileum; (C): Gene set enriched in positive regulation of MAPK cascade biological process of ileum; (D): Gene set enriched in regulation of I-kappaB kinase/NF-kappaB signaling biological process of ileum. Screening criteria for significant gene sets included adj. p-value <0.05 and FDR < 0.25. NES: normalized enrichment score.




3.3. Effects of replacing soybean meal with silybum marianum meal on microbial community in rumen and ileum of growing lambs

16SrDNA gene sequencing was used to determine the microbial community composition in the rumen and ileum. As shown in Table 5, an average of 511.13 and 658.86 OTUs with 97% similarity per sample were obtained in the rumen of CON and SIL groups, respectively, which was significantly higher in SIL as compared to CON (p < 0.05). As shown by the Coverage index of the two groups, the coverage of each sample was more than 99%, thus accurately reflecting the diversity of microbial community species and structure in the rumen. Based on the OTU clustering results for α-diversity analysis, the ACE index, Chao1 index, and Shannon index of the SIL group were significantly higher than those of the CON group (p < 0.05). However, the Simpson index of SIL group was significantly lower than that of the CON group (p < 0.05). The results of PCoA analysis with weighted distance metric showed that the rumen community composition of the CON group was clearly separated (p < 0.05 and R > 0.25) from the SIL group (Figure 2A).



TABLE 5 Effect of silybum marianum meal as a replacement for soybean meal on the alpha diversity index of the rumen and ileum digesta of lambs.
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FIGURE 2
 Beta diversity of the microbial communities in the rumen digesta of lambs in the CON and SIL groups. Principal coordinate analysis (PCoA) of weighted UniFrac distance metric of rumen (A) and ileum (B). CON = supplemented with 10% soybean meal; SIL = supplemented with 10% silybum marianum meal. p < 0.05 was regarded as statistically significant.


Taxonomic analysis revealed 14 phyla co-identified by the two groups in the rumen (Figure 3A). The predominant phyla in the rumen digesta were Bacteroidetes, Proteobacteria, and Firmicutes. The relative abundances of those top three phyla were 39.71, 39.77 and 16.33% in the CON group and 52.27, 14.10, and 25.61% in the SIL group, respectively. The relative abundances of Bacteroidetes and Firmicutes in the SIL group were significantly higher than those in the CON group (p < 0.05), but Proteobacteria were significantly lower than those in the CON group (p < 0.05) (Supplementary file 1; Table 1). In addition, the relative abundances of Synergistetes and Verrucomicrobia in the SIL group were also significantly higher than those in the CON group (p < 0.05) (Supplementary file 1; Table 1). At the genus level, the relative abundances of Pyramidobacter and Saccharofermentans were higher in the SIL group as compared with the CON group (p < 0.05). Conversely, the relative abundance of Sharpea was lower (p < 0.05) in the SIL group than in the CON group (Supplementary file 1; Table 2). The results of LEfSe analysis showed that the genera Pyramidobacter, Saccharofermentans, Anaerovibrio, Oscillibacter and Barnesiella were enriched in the SIL group, whereas Sharpea was enriched in the CON group (LDA > 2) (Figure 3B).

[image: Figure 3]

FIGURE 3
 Taxonomic analysis of the microbial communities in the rumen and ileum digesta samples of lambs in the CON and SIL groups. The relative abundance of microbial composition at the phylum level in the rumen (A) and ileum (B); Linear discriminant analysis (LDA) effect size linear discriminant analysis (LEfSe) of the rumen (C) and ileum (D) CON = supplemented with 10% soybean meal; SIL = supplemented with 10% silybum marianum meal.


In the ileum, an average of 416.85 and 550.62 OTUs with 97% similarity per sample were obtained in the CON and SIL groups, respectively. The coverage of each sample was more than 99%, as shown by the Coverage index of both groups, thus accurately reflecting the diversity of microbial community species and structures in the ileum. Based on the OTU clustering results for α-diversity analysis, no significant differences in alpha and β diversity indexes were observed between the two groups (Figure 2B).

Taxonomic analysis revealed that ileum microbes were co-annotated into 15 phyla between the two groups (Figure 3C). Firmicutes was the most dominant phylum followed by Bacteroidetes. There were no significant differences at the phylum level between the two groups (Supplementary file 1; Table 3). At the genus level, at least one group of genera with a relative abundance greater than 0.1% in both groups was annotated to 43 (Supplementary file 1; Table 4). The relative abundances of Bifidobacterium and Ruminococcus in the SIL group were significantly higher than in the CON group (p < 0.05) (Supplementary file 1; Table 4). Conversely, the relative abundance of Clostridium_XI was lower (p < 0.05) in the SIL group than in the CON group (Supplementary file 1; Table 4). In addition, the LEfSe analysis results showed that the genera Bifidobacterium and Ruminococcus were dominant in the SIL group, and Clostridium_XI also was enriched in the CON group (LDA > 2) (Figure 3D).



3.4. Correlation between serum cytokines, transcriptional core genes and relative abundance of Top 20 genera in the ileum

Since the above GSEA algorithm of transcriptomes results releveled potential core genes (enriched in positive regulation of MAPK cascade and regulation of I-kappaB kinase/NF-kappaB signaling) associated with immune responses only in the ileum, rather than the rumen, the spearman’s correlation coefficient was used to investigate the relationship between serum cytokines and dominant bacterial genera (top 20) in the ileum. Correlation analysis showed that Clostridium_XI was negatively correlated with VEGF, TGF-β, TNF-α, and HGF (p < 0.05). Likewise, Escherichia showed a negative correlation with IL-2, VEGF, TGF-β, TNF-α, and HGF (p < 0.05) (Figure 4). Moreover, the correlation between the core genes enriched by positive regulation of MAPK cascade and regulation of I-kappaB kinase/NF-kappaB signaling in GSEA and the dominant bacterial genera in ileum were analyzed. The results showed that the core genes BMP4 and CD4 were negatively correlated with Clostridium_XI (p < 0.05) (Figure 5).

[image: Figure 4]

FIGURE 4
 Heatmap of spearman’s correlation between serum cytokines and the relative abundance of top 20 bacteria at genus level in the ileum. The blue suggests a negative correlation, and the red suggests a positive correlation. *p < 0.05, **p < 0.01.
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FIGURE 5
 Correlation network analysis between the core genes (green circles) of positive regulation of MAPK cascade and regulation of I-kappaB kinase/NF-kappaB signalling and the predominant bacteria at genus level (red circles) in the ileum. Silver lines, negative correlation (p < 0.05); Golden lines, positive correlation (p < 0.05).





4. Discussion

The rapidly growing livestock sector and the increasing demand for livestock feeds have led to a substantial upsurge in feedstuff prices, especially protein feed resources. Finding alternative protein feed resources that could replace commercial protein supplements without profoundly affecting growth performance and health is required. Herein, we performed a comprehensive evaluation of silybum marianum meal as a potential replacement for soybean meal in growing lambs using a multi-omics approach. In this study, neither growth performance nor feed intakes were affected by the replacement of soybean meal with silybum marianum meal, suggesting that silybum marianum meal could be used in the diets of growing lambs. The inclusion of a higher percentage of silybum marianum meal in the diets of broilers has been reported to limit the body weight gain of broilers due to the high content of fiber and nitrite in silybum marianum meal (Suchý et al., 2008). However, ruminants can effectively utilize the high fiber and nitrite content of silybum marianum meal (Niyas et al., 2019) without adversely affecting their growth. In this regard, it has been reported that adding 20% silymarin flour to the diet of buffaloes improved the digestibility of NDF to some extent (Nikzad et al., 2017).

The silybum marianum meal usually contains 2–4% active substances on a dry matter basis (Stastnik et al., 2020). It was expected that the silymarin complex or flavonoid in the silybum marianum meal could induce the immune responses of animals. Cytokines are proteins or small polypeptides with immunoregulatory and effector functions, including lymphokines, monokines, various growth factors and others (Matthews, 2002). The stimulating and releasing of pro-inflammatory cytokines are essential steps for the activation of innate host defenses and subsequently regulating adaptive immune responses (Netea et al., 2010). In this study, the elevated pro-inflammatory factors IL-1β and TNF-α in SIL group were mainly resulted from its low crude protein content, low palatability (Stastnik et al., 2020) and high nitrite (Arviv et al., 2016). However, if there is enough energy feed in the rumen (such as corn), nitrite can be easily converted into ammonia and eventually used for microbial protein synthesis for ruminants (Niyas et al., 2019). TGF- β has been reported to suppress the immune system by inhibiting the immune function of inflammatory cells and promoting the differentiation and function of Treg cells (Pourgholaminejad et al., 2016). In our study, the increased level of TGF- βin the SIL group may inhibit excessive increase of proinflammatory factors and maintain the balance of the immune function. Moreover, it has been reported that silymarin has anti-inflammatory properties (Hadolin et al., 2001) and enhances cell growth factors (Vahabzadeh et al., 2018). The unregulated HGF in the SIL group in our study was expected, since TGF-β can exhibit immunosuppressive effects in synergy with HGF (Okunishi et al., 2005). We found that both the pro-inflammatory and anti-inflammatory cytokines were upregulated in lambs fed silybum marianum meal, which may indicate an immune system balance and result in minimal effects in growth performance and biochemical parameters of growing lambs.

Since the observed number of differential genes in the rumen and ileum was small (Supplementary file 4), a further GSEA was conducted to detect subtle gene expression changes. Fructose and mannose metabolisms are vital in cellular productivity, complex cellular processes (e.g., glycosylation) and cellular health (Lieu et al., 2021). In the present study, the GSEA analysis showed that feeding silybum marianum meal to growing lambs upregulated some genes in the fructose and mannose metabolism pathway in the rumen. This implies that the use of silybum marianum meal as a component in the growing lamb is beneficial for rumen carbohydrate metabolism. In the ileum, it was found that three biological process-related genes, including digestive tract development, positive regulation of MAPK cascade, and regulation of I-kappaB kinase/NF-kappaB signaling, were upregulated in the SIL group. MAPK cascade activation is central to various signaling pathways that regulate various important cellular physiological processes such as cell growth, differentiation, adaptation to environmental stress, and inflammatory responses (Sun et al., 2015; Kirk et al., 2020). NF-kappaB has a normal physiological function in mediating the immune response. The inflammatory response of the organism, after infection, requires the initiation of NF-kappaB signaling pathway to transcribe some cytokines to mediate the immune response to clear the invading pathogenic bacteria (Sun, 2017; Wang and Shen, 2022). Our results indicated that the ileum was the more important section for immune functions in response to feeding silybum marianum meal as compared with the rumen.

Ruminal microorganisms play a crucial role in feed degradation and production of volatile fatty acids, lipids, amino acids and hydrogen, which are essential for ruminants to maintain growth and productive performance (Kim et al., 2009; Lopes et al., 2015; Salami et al., 2021). Changes in diet composition or type can alter the microbial structure and composition in the rumen (Ramos et al., 2021). Our study found a higher microbial diversity in the rumen of lambs from the SIL group, as evidenced by the alpha and beta diversity indexes. These changes might be associated with the high fiber content in the silybum marianum meal (Koh et al., 2016). In ruminants, Bacteroidetes are mainly responsible for the degradation of cellulose, hemicellulose and pectin, and Firmicutes are mainly responsible for the decomposition of exogenous peptides and amino acids (Cholewińska et al., 2021). In our study, the relative abundance of Bacteroidetes and Firmicutes phyla in the rumen of lambs from the SIL group was higher which was in line with reports for the gut of healthy lambs (Gebeyew et al., 2021). However, the relative abundance of Sharpea belongs to Firmicutes was decreased in the SIL group, which was reported to be enriched in the low-methane producing sheep (Kamke et al., 2016). Studies have found a positive association of Proteobacteria with rumen biohydrogenation in ruminants (Salami et al., 2021). The lower relative abundance of Proteobacteria in the SIL group suggested that replacing soybean meal with silymarin marianum meal may alter the ruminal biohydrogenation. The phylum Synergistetes is generally found in the gut as a minor component, where it co-metabolizes secondary phytocompounds (Jumas-Bilak et al., 2009). In addition, Kang et al. (2020) found that Pyramidobacter from Synergistetes phylum can degrade natural toxic substances in plants. Interestingly, the relative abundance of Synergistetes phylum and Pyramidobacter genera in the SIL group was higher in the present study, which may be associated with the presence of some secondary compound in the silybum marianum meal. Saccharofermentans, as sugar fermenters, are able to ferment glucose, D-fructose, esculin, sucrose, starch, galactitol, mannitol, myo inositol and adonitol (Chen et al., 2010). In our study, the LEfSe analysis showed that Bacteroidetes, Firmicutes, Synergistetes, Verrucomicrobia, Pyramidobacter, and Saccharofermentans were enriched in the rumen of the SIL group compared with the CON group, whereas the Proteobacteria and Sharpea were depleted. These differential microorganisms further suggested that silybum marianum meal can maintain the nutrient and growth needs for growing lambs.

The ileum is an important site for the digestion and absorption of nutrients such as lipids, bile salts, and vitamins (Wang et al., 2020). In addition, the ileum also gathers a relatively large number of immune-related cells and tissues, such as Paneth cells (producing antimicrobial peptides, such as lysozyme, defensins and other antibacterial substances) and Peyer’s patches (gut-associated lymphoid tissue) (Mowat and Agace, 2014), making it as an important part of the body’s resistance to pathogens. The innate and acquired immune function of the ileum have been reported to be significantly affected by gut microorganisms (Martinez-Guryn et al., 2019). It has been reported that the addition of 3% silybum marianum meal was able to reduce the count of E. coli in the ileum of laying hens (Hashemi Jabali et al., 2018). In our study, the abundance of Clostridium_XI was lower in the ileum of lambs from the SIL group, which was probably due to the higher fiber content in the silybum marianum meal. In this regard, Zheng et al. (2018) have indicated that feeding fermentable fiber reduced the presence of Clostridium_XI in the intestine of mice. In addition, our enriched abundances of Bifidobacterium and Ruminococcus genera in SIL group implied a healthier ileum environment because of the positive effect of Bifidobacterium and Ruminococcus on intestine health (Belkaid and Hand, 2014; Bi et al., 2019; Ding et al., 2020).

Integrated transcriptome and microbial community analysis in the ileum was further conduced to explore the potential mechanisms for increased blood cytokines in SIL group. Initially, it was speculated that silybum marianum meal resulted in stress in lambs, as evidenced by the enrichment of genes related to MAPK cascade and NF-kappaB signaling identified using GSEA and the production of cytokines. The enriched core genes related to MAPK cascade and NF-kappaB signaling in the ileum, including BMP4 (Hogg et al., 2010), P2RX7, CD4 (Blanc et al., 2018), HSPB1 (Lee et al., 2012), were expected to be involved in cytokine production. Moreover, it was observed that Clostridium_XI was as the dominant genus in the ileum in the present study. It has been reported that Clostridium_XI produces toxins that could induce intestinal damage (Wan et al., 2022). In the present study, the abundance of Clostridium_XI was depleted in the SIL group compared to the CON group. It would be explainable that the increases in cytokines levels may be associated with the colonization of Clostridium_XI. It has been reported that toxins produced by Clostridium_XI triggered circulating immunity to increase the expression of some interleukins, such as IL-1β, prompting immune cells to secrete antimicrobial peptides in an attempt to clear Clostridium_XI from the gut (Hernández Del Pino et al., 2021; Nibbering et al., 2021). This statement coincided with our negative correlation between Clostridium_XI and blood cytokines. It was speculated that feeding silybum marianum meal to lambs may drive MAPK cascade and NF-kappaB signaling-related gene enrichment in the ileum, which may in turn produce cytokines that mediate a decrease in the abundance of the harmful bacterium, such as Clostridium_XI.



5. Conclusion

Replacement of soybean meal with silybum marianum meal in the diet of lambs resulted in increased cytokines production without affecting growth performance, feed intakes or blood biochemical parameters in growing lambs. Feeding silybum marianum meal as a replacement for soybean meal differently altered the transcriptome profiles and microbial community in the rumen and ileum. Further integrated transcriptome and microbial community analysis in the ileum revealed that silybum marianum meal promoted the enrichment of immune-related genes (such as BMP4 and CD4), which were supposed to trigger the production of cytokines and suppress the abundance of harmful bacteria, such as Clostridium_XI.
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It is necessary to assess the appropriate dietary protein level of the forest musk deer (FMD), as nutritional needs are unclear. The microbiome in gastrointestinal tracts plays an important role in regulating nutrient utilization, absorption and host growth or development. Thus, we aimed to evaluate growth performance, nutrient digestibility and fecal microbiome of growing FMD supplied with different protein levels of diets. Eighteen 6-month-old male FMD with an initial weight 5.0 ± 0.2 kg were used in a 62-day trial. The animals were randomly distributed to three groups, the dietary crude protein (CP) level was 11.51% (L), 13.37% (M), and 15.48% (H). The results showed that the CP digestibility decreased as dietary CP level increased (p < 0.01). Compared with group L and H, FMD in M group has higher average daily gain, feed efficiency and neutral detergent fiber digestibility. For the fecal bacterial community, the percentage of Firmicutes was increased, Bacteroidetes was decreased and the diversity of microbiota significantly reduced (p < 0.05) with the increasing of dietary protein. The proportion of Ruminococcaceae_005, Ruminococcaceae_UCG-014 and uncultured_bacterium_f_Lachnospiraceae were significantly increased wtih rising CP, the proportions of Bacteroides and Rikenellaceae_RC9_gut_group were significantly decrease nevertheless at the genus level. The higher abundance of f_Prevotellaceae and g_Prevotellaceae_UCG_004 were found at M group by LEfSe analysis. The relative abundance of uncultured_bacterium_f_Ruminococcaceae was positively correlated with the average daily gain and feed conversion ratio (p < 0.05), whereas Family_XIII_AD3011_group was negatively correlated with feed conversion ratio (p < 0.05). The UPGMA tree showed L and M groups were closer in clustering relationship, while H group was clustered separately into a branch, which indicated that the bacterial structure had changed greatly with protein level increased from 13.37 to 15.48%. Overall, our results indicated that the optimum dietary CP for the growing FMD was 13.37%.
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 Moschus berezovskii, crude protein, 16S rRNA, gut microbiota, growth performance


1. Introduction

Forest musk deer (Moschus berezovskii), one of the small ruminants, belongs to a special economic animal in China. Musk, which secreted by male forest musk deer (FMD), is a valuable resource in the traditional Asian medicine and the international perfume industry (Wang et al., 2022). The number of wild FMDs was sharply declined as the overhunting for the musk. In 2008, wild FMD was listed as an endangered species by the International Union for Conservation of Nature (Wang and Harris, 2008). In China, captive breeding the FMD has become an important way for obtaining the musk (Meng et al., 2006). In this way, artificial breeding not only meets the demand of the musk for drug synthesis and perfume making, but also protects the population of wild FMD from the further decline. However, the captive FMDs are still fed in a relatively primitive way and the food items and composition are vary greatly from farms (Wang et al., 2015). So, limited feeding standard and incomplete nutritional requirements limit the growth performance and health status of the FMD. Better body condition of FMD during the growing phase plays an important role in a series of physiological processes, such as rut, breeding and musk secretion. In local feeding farm, besides leaves, the feedstuffs for FMD are simple mixture of the chopped pumpkin, carrot and concentrate, and the concentrate mainly consisted of corn meal, soybean meal and bran, with different proportions in different farms. But the moldy leaves or rotten vegetables constantly lead to the intestinal diseases (Wang et al., 2013), which further induced the defective of the FMD normal growth in breeding industry (Zhu et al., 2012; Li et al., 2017; Yang et al., 2021).

Dietary protein levels are essential factors that affect the growth, development and health conditions of animals (Schroeder et al., 2006). Therefore, exploring the dietary protein requirement of FMD is first. Chinese management policy for the FMD breeding industry is very strict, slaughter or injury the FMD are strictly forbidden, so obtaining the samples for dietary protein demand research is restricted, even for the rumen fermentation sampling. Considering the pivotal role of the intestinal microbiota in the growth and development of the host (Schwarzer et al., 2016), studying the changes of fecal flora structure is an important way to monitor the health status of the forest musk deer (Hu et al., 2018; Liu et al., 2019). Changes in diet can alter the fecal microbiome of FMD. As the diet of FMD changes from consuming milk to eating plants, the richness and diversity of intestinal microbiota of young FMD increased significantly (Li et al., 2021). What’s more, previous found that dietary protein levels not only affect the growth performance of ruminants, but also play an important role in regulating the microbial structure of the digestive tract (Liu et al., 2022; Zhang et al., 2022).

The present study was carried out to explore the effects of different crude protein (CP) levels of TMR pellet feed on the growth performance, nutrient digestibility and fecal microorganisms of FMD during the growing phase, and provide reference data for the standardization of the nutritional needs for the captive FMD.



2. Materials and methods


2.1. Animals and diets

Eighteen 6-month-old FMD with a similar initial weight (5.0 ± 0.2 kg) were randomly divided into 3 groups consisting of 3 replicates with 3 FMD per replicate. The FMDs were fed with low CP diet (CP 11.51%, L), middle CP diet (CP 13.37%, M) and high CP diet (CP 15.48%, H), respectively. The experiment last for 62 days and all FMDs were fed at 9: 00 a.m. and 16: 00 p.m. All animals were housed individually and provided feed and water ad libitum. The health condition of each animal was closely monitored. The composition of the diets is presented in Table 1. The air-dried feed materials were crushed, then the pellet with the length of 8.0 mm-15.0 mm was made through the ring die granulator (compression ratio 1: 8, aperture 4.0 mm).



TABLE 1 Composition of the diets (%, as-fed basis).
[image: Table1]



2.2. Sampling and measurement

At 1 and 62 d of the trial period, body length gain (BLG), chest girth gain (CGG), body oblique length gain (BOLG) and weight gain were measured individually after overnight fasting (12 h), meanwhile, average daily feed intake (ADFI), average daily gain (ADG) and feed to gain (F: G) were calculated. Fresh fecal samples were collected on days 56–62 of the trial. Feces for apparent nutrient digestibility analysis were collected into valve bags, and 10 ml of 10% H2SO4 solution was evenly added to 0.1 kg of feces to fix fecal nitrogen. Other samples were snap-frozen in liquid nitrogen, and then stored at −80°C for further analysis.
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2.3. Chemical analysis

All feed and fecal samples were assessed in triplicate with a 1-mm screen after finely ground. Samples were analyzed for dry matter (DM), CP, neutral detergent fiber (NDF) and acid detergent fiber (ADF), and apparent total tract digestibility of DM, CP, NDF and ADF were accumulated as previously described by Williams et al. (1962).



2.4. 16S rRNA gene profiling

The total genomic DNA of fecal bacteria was extracted using TIANGEN DNA Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. The genomic DNA was used as a template for PCR amplification. Full-length (V1-V9) 16S rRNA was amplified by using the 27F (5′-AGR GTT YGA TYM TGG CTC AG-3′) and 1492R (5′-RGY TAC CTT GTT ACG ACT T-3′) primers and sample-specific barcodes. 10 μl mixture containing 40 ng of template DNA, primers, buffer, Taq polymerase and ddH2O. The following thermal cycling conditions was used: initial denaturation of 5 min at 95°C, 25 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for 40 s, and a final extension at 72°C for 7 min. Fresh PCR products of almost-full-length 16S rRNA gene were purified by agarose gel and ligated into TA cloning kit of TOP 10 (Invitrogen, United States). Library construction was undertaken, then transformants were picked up randomly and the 16S rRNA gene was sequenced on the PacBio Sequel sequencing platform.

Circular consensus sequences (CCSs) were obtained by correcting the original subreads (SMRT link, version 8.0) according to minPasses of ≥5 and minPredictedAccuracy of ≥0.9. Lima v1.7.0 software was used to identify different samples according to the barcode. Cutadapt V2.7 (error rate 0.2) was used to identify the forward and reverse primers, and CCSs without a primer were discarded. Finally, CCS length was filtered, and sequences that did not meet the length threshold (16S: 1,200 bp to 1,650 bp; ITS: 300 bp to 1,000 bp) were discarded. Usearch v 10.0.240 (Edgar, 2013) was used to cluster CCSs at 97% similarity level, obtain operational taxonomic units (OTUs).

Venn diagram was drawn with VennDiagram version 1.6.20 (Chen and Boutros, 2011). Conduct taxonomic annotation of the OTUs based on Silva 132 (bacteria) (Quast et al., 2013) taxonomy databases. Query sequences were blasted against the reference database using the classify-consensus-blast methods, and the nonmatched sequences were further classified by classify-sklearn. Data on the community composition of each sample was obtained at various classification levels (phylum, class, order, family, genus, and species). The alpha diversity index of each sample was evaluated using QIIME2 software (Bolyen et al., 2019). Analysis of similarities (ANOSIM) was performed on unweighted UniFrac distance matrices for fecal communities and on Bray-Curtis similarities using Primer 6 software and the R package vegan. Principal coordinate analysis (PCoA) was performed using the mixOmics package in R (v3.2.1) based on the Bray-Curtis distances; non-metric multidimensional scaling was performed using the R package “Vegan.” Phylogenetic trees were constructed by unweighted pair-group method with arithmetic means (UPGMA). Spearman analysis was used to calculate the correlation coefficient between the different fecal microbiota and the growth performance (Wu et al., 2021). Microbiota-based biomarker discoveries were done with LEfSe using the online server1, and the LDA scores derived from LEfSe analysis (Segata et al., 2011) were used to show the relationship between taxon using a cladogram (circular hierarchical tree) of significantly increased or decreased bacterial taxa in the gut microbiota between groups.



2.5. Statistical analysis

An individual FMD was considered as an experimental unit in all statistical analysis. All data were analyzed using SPSS statistical package (IBM SPSS, Chicago, IL; 26.0 software). After checking the normality of the data distribution, the growth performance data were analyzed by one-way analysis of variance (ANOVA). All data were expressed as the mean with standard error (SEM), differences were considered as statistically significant at p < 0.05, and greatly significantly different at p < 0.01.




3. Results


3.1. Growth performance and nutrient digestibility

The effects of different dietary protein level on the growth performance and morphometric traits are shown in Table 2. The FMD receiving 13.37% CP diet had a higher ADG (p < 0.05) and lower F:G (p < 0.05) than that receiving dietary CP at 11.51%. Meanwhile, BLG significantly increased (p < 0.05) in M group compared with the L group.



TABLE 2 Effects of different dietary crude protein levels on growth performance and morphometric traits in growing forest musk deer.
[image: Table2]

As presented in Table 3, the digestibility of DM in H group was higher (p < 0.05) than other groups. With the increase of CP in diet of FMD, the digestibility of CP significantly decreased (p < 0.01). FMD received 13.37% CP diet have the highest NDF digestibility (p < 0.01), but no difference was observed among groups on ADF digestibility (p > 0.05).



TABLE 3 Effects of different dietary crude protein levels on apparent nutrient digestibility in growing forest musk deer.
[image: Table3]



3.2. Diversity of bacteria

As shown in Figure 1A, a total of 931 OTU were shared in three groups; 34, 13 and 31 unique OTU were detected in group H, M and L, respectively. Further, the beta diversity on ANOSIM revealed that the three group’ fecal microbial communities were significantly different (p < 0.05, Figure 1B). There were significant differences of microbiota among three groups as shown in PCoA and NMDS (Figures 1C,D). Alpha-diversity indexes (Shannon, Simpson, Chao1 and ACE) were investigated and shown in Figure 2. Highest bacterial diversity (Shannon and Simpson indexes) were observed in FMD that fed with high CP dietary (p < 0.01), but the species richness values (Chao1 and ACE indexes) exhibited a similar trend.

[image: Figure 1]

FIGURE 1
 (A) Venn diagram; (B) Analysis of similarities (ANOSIM); (C) Principal coordinate analysis (PCoA); (D) Nonmetric multidimensional scaling (NMDS).


[image: Figure 2]

FIGURE 2
 Alpha-diversity of fecal microbiota of forest musk deer fed diets with different levels of crude protein. (A) Shannon index; (B) Simpson index; (C) Chao1 index; (D) ACE index. ***, **, *, and ns were demonstrated p < 0.001, p < 0.01, p < 0.05, and not significant, respectively.




3.3. Microbiota composition

The composition and abundance of fecal microbiota for FMD fed with different CP diets were analyzed. As shown in Figure 3A, the percentage of Firmicutes and Bacteroides were the highest at the phyla level. And the relative abundance of Firmicutes increased, Bacteroidetes decreased with the increase of dietary protein.

[image: Figure 3]

FIGURE 3
 Relative abundance of bacterial composition in fecal contents at phyla (A), family (B) and genus (C) levels among different dietary crude protein of growing forest musk deer. Each color represents one bacterium. The X-axis shows the different dietary treatments and the Y-axis shows the percentage of the bacteria.


With the increase of crude protein level in dietary, Ruminococcaceae and Christensenellaceae increased, but Rikenellaceae reduced at the family level (Figure 3B).

As presented in Figure 3C, at the genus level, Ruminococcaceae_005, Bacteroides, Ruminococcaceae_014, Lachnospiraceae, Mollicutes_RF39 and Rikenellaceae_RC9 were the major bacterial genera. Among these, the proportion of Ruminococcaceae_005, Ruminococcaceae_014 and Lachnospiraceae increased with the increase of dietary protein, the proportions of Bacteroides and Rikenellaceae_RC9 were decreased.

Based on LEfSe analysis in Figure 4, the higher abundance of g_uncultured_bacterium_o_Choroplast, f_uncultured_bacterium_o_Choroplast, g_Streptococcus, f_Streptococcaceae, g_Shuttleworthia, g_uncultured_bacterium_f_Ruminococcaceae, f_Ruminococcaceae and o_Clostridiales were found in H group; the higher abundance of g_Prevotellaceae_UCG_004 and f_Prevotellaceae were determinde in M group; and the higher abundance of g_Alistipes, g_Rikenellaceae_RC9_gut_group, f_Rikenellaceae and o_Bacteroidales were determined in group L.

[image: Figure 4]

FIGURE 4
 LEfSe analysis. (A) Different taxa microbes analysis in feces based on LEfSe method at 11.51% (L), 13.37% (M), and 15.48% (H) CP of FMD. The default parameters were LDA score > 2 and p < 0.05. Bacterium with red, green or blue colors mean that they are higher at L, M and H, respectively. (B) Taxonomic cladogram of forest musk deer fecal microbes at 11.51% (L), 13.37% (M), and 15.48% (H) CP levels. From inside to outside, different color circle represent different classification level (phylum, class, order, family and genus). The color of circles with letters mean that the bacterium was higher at specific crude protein levels of L, M or H groups are colored by red, green or blue, respectively.


As shown in Figure 5A, the Spearman correlation matrix illustrated that the relative abundance of uncultured_bacterium_f_Ruminococcaceae was positively correlated with the ADG and feed conversion ratio of FMD (p < 0.05), only Family_XIII_AD3011_group was positively correlated with feed conversion ratio (p < 0.05). In contrast, Ruminococcaceae_UCG-010 was negatively correlated with feed conversion ratio (p < 0.05). The UPGMA tree showed significant differences in the structure of fecal microbiota among three dietary treatments, L and M groups were closer in clustering relationship. This indicated that the high protein played an important role in the change of fecal microbial communities (Figure 5B).

[image: Figure 5]

FIGURE 5
 Correlation analysis and Unweighted Pair-group Method with Arithmetic Mean (UPGMA) analysis. (A) Spearman correlation analysis between differential genera and performance of growing forest musk deer. Significant correlations are noted by: ∗ 0.01 < p ≤ 0.05. (B) UPGMA based on OTU abundance at genus level for forest musk deer fed diets with different crude protein levels.





4. Discussion


4.1. Changes in growth performance and nutrient digestibility of FMD Fed diets with different CP levels

Daily intake of food is required for metabolism in animals, and the feed intake is based on energy requirement. Lu and Potchoiba (1990) observed that dry matter intake decreased curvilinearly when dietary ME density increased in growing goat. In current study, although the 3 dietary protein levels were different, the energy values are similar, which is the reason why ADFI was not significantly different among the 3 diets despite the ad libitum feeding mode. Whereas in the growing phase of all animals, protein was required to make up the body. From the results of ADG, F:G and BLG data in this experiment, it can be concluded that compared with the 13.37 and 15.48% groups, the 11.51% protein level did not meet the nutritional needs of the growing FMD. During growing period of animals, bones are developed first, followed by muscles, and finally fat, namely the chest girth is lagging behind (Zhang, 2018). Therefore, compared with BLG and ADG, CGG is not significantly different in the 3 treatments. Dietary nutrient balance is vital to improve the feed conversion rate. Although the difference of F:G between M and H were not significant (p > 0.05), there was a trend of increase in the feed conversion ratio compared with H, which indicated that 15.48% CP level may be nutritional imbalance. Excessive dietary protein would reduce the growth performance and feed conversion rate. Jennings et al. (2018) noted that in the body, excess nitrogen is converted to urea in the liver and then excreted in the urine. Huntington and Archibeque (2000) calculated that 2.5 to 5% of whole body oxygen consumption was attributable to ureagenesis in the liver. Hales et al. (2013) reported that fed steers diet containing excess CP, whereas CP levels did not significantly affect N retention. Martin and Blaxter (1965) estimated the energy cost of synthesis of urea from ammonia to be 3.80 ± 0.57 Kcal/g of N in sheep. They noted that heat production, as a percent of metabolizable energy intake (MEI), increased and energy retention as a percent of MEI decreased as dietary CP concentration increased, suggesting that overall efficiency of energy utilization decreased with increasing CP content. These losses in energetic efficiency may potentially have a negative impact on animal growth and production efficiency. In addition, there is accumulation of excess N in the ruminal environment as ammonia which is no longer directed to the growth of microorganisms and therefore affects microbial efficiency as well as the optimization of degradation of available fodder (Pinheiro et al., 2020). This may explained the higher dietary protein level, the lower digestibility in the results.

Rumen microbes play an important role in uptake and digestion of the feed energy and nutrients, which help to convert the food into more valuable metabolites for the host animal. The growth and reproduction of microorganisms not only need to provide sufficient nitrogen, but also a sufficient carbon, carbon mainly comes from the decomposition of glucose, starch and cellulose. NDF is one of the main sources of carbon for rumen microorganisms (Xue et al., 2022). In this study, the digestibility of NDF in group L was significantly lower than that in M and H groups (p < 0.01). Cappellozza et al. (2021) also observed that protein supplementation to ruminants increased NDF digestibility. This may be due to the relative shortage of N supply in group L, which makes the microbial activity was weakened in group L, and finally leads to the reduction of the digestibility of NDF (Matthews et al., 2019). NDF is mainly composed of cellulose, hemicellulose, lignin and silicate, of which cellulose and hemicellulose can be decomposed by rumen microorganisms to produce volatile fatty acids (Miller et al., 2021), while ADF is mainly composed of lignin, in addition to less cellulose and ashes (Miranda et al., 2020). Compared with cellulose and hemicellulose, lignin is difficult to be decomposed and utilized by rumen microorganisms (Khonkhaeng and Cherdthong, 2019), therefore the digestibility of the 3 groups of ADF is not significantly different (p > 0.05).

The rumen and its microbiota play a particularly important role in the degradation of feedstuffs for FMD. A nutritionally balanced diet is important as it provides an environment that maximizes the growth and activity of these microbes. Rumen microorganism produces end products that are either utilized directly by the host or by other microorganisms as energy (Matthews et al., 2019). Further buffering is provided by ammonia produced during fermentation, which can then be used for microbial growth in the rumen. If the degradable protein in the diet is insufficient, it would cause a deficiency of ammonia nitrogen in the rumen, which further inhibits microbial growth and fiber digestion (Allen, 2000). In this experiment, the NDF levels of the 3 diets were similar, and with the increase of CP, the Shannon index and Simpson index increased, indicating that the rumen microbial diversity increased, which further suggested that the L group had insufficient N.



4.2. Changes in fecal microbiome of FMD Fed diets with different CP levels

The Venn analysis showed that the L, M and H groups had 31, 13 and 34 unique OTU, respectively, and shared 931 OTU. PCoA and NMDS showed that the structure of microflora changed regularly with the improvement of CP levels. This indicated that the microflora structure of M group is between L and H. Jiang et al. (2022) pointed out that higher α-diversity of gut microbiota probably benefits FMD adaption to different habitats. In the present research, group H has the highest α-diversity of fecal microbiota, this might indicate that the high protein of Group H has caused certain stress to the FMD, so that the intestinal bacteria have to make changes to cope with this stress. Firmicutes and Bacteroidetes had the hightest relative abundance in this study, which was consistent with the previous studies (Hu et al., 2017; Sun et al., 2020; Li et al., 2021; Su et al., 2022). Whereas the abundance of Firmicutes increased, and Bacteroidetes decreased with the increasing of dietary CP.

At the family level, the relative abundances of Ruminococcaceae and Christensenellaceae increased, while the relative abundances of Rikenellaceae and Barnesiellaceae decreased. In the current study, with the increase of CP levels, the relative abundance of fecal Ruminococcaceae_UCG-005, Ruminococcaceae_ucg-014, uncultured_bacterium_f_Ruminococcaceae, Ruminococcaceae_NK4A214_group and Ruminococcaceae_UCG-013 increased at the genus level. Combined with ADFI, ADG, F:R and morphometric traits of growth FMD, it can be concluded that except for Ruminococcaceae_UCG-013, most genera in Ruminococcaceae were positively correlated with growth performance, and uncultured_bacterium_f_Ruminococcaceae being the most representative. In addition, Family_XIII_AD3011_group was also positively correlated with the growth performance of FMD during the growing phase (p < 0.05). Xie et al. (2022) noted that Prevotellaceae and Ruminococcaceae some members of these families can produce propanoic acid and butanoic acid, which have the effects of regulating the proliferation and differentiation of the intestinal stem cells. Ruminococcaceae plays critical roles in degrading a variety of polysaccharides and fibers, are generally the producers of short-chain fatty acids (Zhu et al., 2017).

As the main precursor for glucose synthesis, higher propionate levels are generally play beneficial effect on ruminant production (Bergman, 1990). Poudel et al. (2019) found Prevotellaceae possess the ability to increase ruminal propionate concentrations. The higher abundance of f_Prevotellaceae and g_prevotellaceae_UCG_004 were found at M group as shown in taxonomic cladogram. It indicated that Prevotellaceae might plays an important role in promoting growth performance in FMD. According to the results of this experiment, it is speculated that the bacterium needs a suitable C:N ratio.

In present experiment, the growth performance of FMD in medium protein group is better than that H and L group. The feed conversion ratio and growth performance were improved linearly with an increased level of dietary CP (Prusty et al., 2016), but the growth performance would decreases if the protein exceeds the critical value. Excessive protein reduced protein utilization, and changed the structure of intestinal flora, promoted the proliferation of harmful intestinal bacteria (Chen, 2020). According to the fecal microbial community clustering results, at genus level, the H group was clustered separately into a branch, the clustering relationship between L and M groups is closer, indicating that the bacterial structure had changed greatly with protein level increased from 13.37% (M) to 15.48% (H), i.e., 15.48% dietary CP is excessive. Therefore, combined with growth performance and microbiome, the ideal dietary CP level was 13.37% for the growing FMD.




5. Conclusion

In conclusion, based on growth performance and microbiome, the relative abundance of uncultured_bacterium_f_Ruminococcaceae, Family_XIII_AD3011_group, f_Prevotellaceae and g_prevotellaceae_UCG_004 could be used as a positive correlation indicators with growth performance, and Ruminococcaceae_UCG-013, might be a negative correlation discriminant index. Collectively, these findings also suggest optimal dietary CP levels of 13.37% for growing forest musk deer.
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The ratio of forage to concentrate in cattle feeding has a major influence on the composition of the microbiota in the rumen and on the mass of methane produced. Using methane measurements and microbiota data from 26 cattle we aimed to investigate the relationships between microbial relative abundances and methane emissions, and identify potential biomarkers, in animals fed two extreme diets - a poor quality fresh cut grass diet (GRASS) or a high concentrate total mixed ration (TMR). Direct comparisons of the effects of such extreme diets on the composition of rumen microbiota have rarely been studied. Data were analyzed considering their multivariate and compositional nature. Diet had a relevant effect on methane yield of +10.6 g of methane/kg of dry matter intake for GRASS with respect to TMR, and on the centered log-ratio transformed abundance of 22 microbial genera. When predicting methane yield based on the abundance of 28 and 25 selected microbial genera in GRASS and TMR, respectively, we achieved cross-validation prediction accuracies of 66.5 ± 9% and 85 ± 8%. Only the abundance of Fibrobacter had a consistent negative association with methane yield in both diets, whereas most microbial genera were associated with methane yield in only one of the two diets. This study highlights the stark contrast in the microbiota controlling methane yield between animals fed a high concentrate diet, such as that found on intensive finishing units, and a low-quality grass forage that is often found in extensive grazing systems. This contrast must be taken into consideration when developing strategies to reduce methane emissions by manipulation of the rumen microbial composition.
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Introduction

In 2019, methane levels in the atmosphere reached record levels, about 2.5 times higher than in the pre-industrial era. Ruminants account for 16% of global methane (CH4) emissions, of which 35% and 30% correspond to beef and dairy industries (Tseten et al., 2022). Methane is an unnecessary by-product of microbial fermentation of mainly complex carbohydrates in the rumen, synthesized by methanogenic archaea and released into the environment through the animal’s mouth and nose. Eructated methane from ruminal microbial fermentation not only contributes to global warming, but also results in unnecessary loss of energy, compromising feed efficiency (Manzanilla-Pech et al., 2022). Because the microbiome plays a key role in the synthesis of methane, most methane mitigation strategies in ruminants rely on altering the rumen conditions and microbial ecology. Desired changes include promoting the growth of microorganisms able to reduce hydrogen (H2) production through propionate fermentation, re-partition H2 to other products by acetogenesis, inhibiting methanogens or promoting methane oxidation (Cottle et al., 2011). To this end, both short-term, e.g., use of feed-additives (Dijkstra et al., 2018; Tseten et al., 2022), and long-term strategies, e.g., microbiome-driven breeding (Martínez-Álvaro et al., 2022), have been proposed. A combination of these strategies adapted to specific production systems could be the most cost-effective solution.

In addition, implementation of strategies to reduce enteric methane emissions depends on the collection of quality methane emission data on a large-scale. Respiration chambers are the gold-standard method for measuring methane emissions from ruminants but has low throughput. Alternatives include the use of tracer gases (sulfur hexafluoride) which require boluses and attachment of equipment to the animal, and collection of multiple short-term point measurements over longer time periods (van Breukelen et al., 2022). Over the past decade, genetic sequencing costs have decreased and efficiencies have increased, resulting in rising attention to the rumen microbiome as a potential proxy measurement (Shi et al., 2014; Wallace et al., 2015; Auffret et al., 2018; Martínez-Álvaro et al., 2020). Targeted amplification of specific regions of 16S rRNA loci (16S) is a robust and cost-effective method for characterizing bacterial and archaeal community composition. Compared to whole-metagenome sequencing, it is less costly and does not require the same depth of sequencing, although it has limitations in identifying taxa at high resolution and does not provide functional information (Rubiola et al., 2022). The main statistical challenges in analyzing microbial composition data are sparsity (especially when using 16S) and their compositional nature (Gloor et al., 2017), which can lead to misleading conclusions if not addressed properly (Martínez-Álvaro et al., 2021). To circumvent these problems, appropriate techniques to exclude sparse non-informative taxa (Roesch et al., 2020) and the use of log-ratio transformations, e.g., centered log-ratio (clr), (Greenacre et al., 2021) have been proposed. However, these methods have only recently been utilized in microbiome studies.

Finishing diets for beef production in the UK and around the world vary in their composition, from high in concentrate (e.g., barley beef systems), to forage and grass-based diets, depending on variables such as breeding system, forage stocks, grass availability and quality, breed type, or market requirements (Agriculture and Horticulture Development Board, 2020). Both rumen microbiome composition and methane yield are highly sensitive to the diet of the animal, which determines the inputs available for microbial fermentation and the corresponding H2 production. Numerous studies report that the microbiome structure and methane traits are significantly altered by the forage to concentrate ratio, and by type of forage and forage quality (Janssen, 2010; Troy et al., 2015; Duthie et al., 2017; Gruninger et al., 2019; Li et al., 2019). Diet could not only cause changes in the magnitude of microbial abundances, but also alter their microbial interactions and their effects on methane emissions. Under this hypothesis, mitigation strategies or predictive equations developed for one specific diet might not be suitable for other diets.

The objectives of this study were (i) to evaluate the effects of two extreme contrasting diets (either high concentrate or low quality fresh cut grass) on methane emissions and rumen microbiota composition; and (ii) to explore the relationships between microbial abundances and methane yield and identify potential biomarkers in these two extreme feeding systems.



Materials and methods


Experimental design, animals, and diets

A total of 36 beef steers, 18 Limousin cross (LIMx) and 18 Aberdeen Angus cross (AAx), were selected for this trial. The cattle were paired based on breed, sire, and body weight, with one of each pair being randomly allocated to either a low quality fresh cut grass diet (GRASS) or a high concentrate total mixed ration (TMR). The 36 cattle were housed in two pens (one per treatment) and bedded on sawdust. The GRASS group had an average body weight of 499 ± 7.9 kg and the TMR group 510 ± 7.8 kg at the beginning of the trial.

All cattle had ad libitum access to feed and water throughout the trial. For the GRASS group, a mixed ryegrass and clover sward was mowed each morning and fed directly to the cattle top dressed with Downland Intensive Beef minerals (Downland Marketing, Carlisle, UK; 0.8% of diet dry matter). The TMR diet was mixed in a feeder wagon and had a forage to concentrate ratio of 136:864, the ingredients and nutritional composition of the diets are given in Table 1. The animals were adapted to these diets over a 2-week period, over which the proportion of concentrate or grass in the diet was gradually increased.


TABLE 1    Ingredients and chemical composition of two extreme offered diets fresh cut grass (Grass) and high concentrate (TMR) based.

[image: Table 1]

To measure methane emissions, animals were allocated to six indirect open-circuit respiration chambers over a 6-week period so that three of each treatment and three from each breed were assigned to each chamber, and paired animals were measured in the same week. Before entering the respiration chambers, animals were individually housed in training pens, which are identical in construct to the ones inside the chambers, for 6 days. After this training period, animals were isolated in the respiration chambers for 3 days, during which time they were fed once daily. Dry matter intake was recorded daily and averaged over the 3 days.



Respiration chamber measurements

Methane measurements were undertaken in six indirect open-circuit respiration chambers and concentrations of CH4 in air samples exhausted from the respiration chambers were measured by infra-red absorption spectroscopy (MGA3000; Analytical Development Company Limited, Amersham, UK). The method of measurement in the respiration chambers is described in detail in Troy et al. (2015). Methane production (ppm) was determined by calculating the concentration difference between inlet and exhaust air multiplied by volumetric dry air flow and corrected to standard temperature and pressure (25°C and 101,300 Pa). Daily gas production was calculated as the average of all recorded values per chamber per day and expressed on a mass basis (g/day). The values reported in this paper are from the final 48 h of the 72-h period. Due to a technical failure of one of the respiration chambers, only 26 out of the 36 animals could be used to investigate the effects of diet type on methane yield. The remaining 26 animals were still balanced for diet treatment and breed.



Collection of rumen samples and 16S rRNA gene analysis

There were only 26 animals with adequate rumen samples available to investigate the impact of diet on the rumen microbiome, of which 24 had methane emissions measurement, these were also still balanced for breed and diet. Rumen fluid samples were collected from each animal within 2 h of exiting the respiration chambers using a naso-gastric tube (16- by 2,700-mm Equivet stomach tube; JørgenKruuse A/S, Langeskov, Denmark) and aspirating manually. For each animal approximately 50 ml of rumen fluid was filtered through two layers of muslin and samples were stored in a −80°C freezer until sent for 16S rRNA gene analysis.

DNA was extracted from the rumen samples following the protocol of Yu and Morrison (2004) combining chemical lysis and bead beating, followed by purification on column using the QIAamp DNA Mini Kit (Qiagen, Manchester, UK). Genomic DNA was quantified using Nanodrop. Illumina TruSeq DNA libraries (Illumina Inc., San Diego, CA, USA) were prepared from genomic DNA following Illumina protocol. The V4 region of the 16S rRNA gene was amplified by PCR using Q5® High-Fidelity DNA Polymerase (NEB, Hitchin, UK) and the primers 16SMiFwd and 16SMiRev, recommended by Illumina. The full sequence of the primers used were 515F = 5′-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GTG YCA GCM GCC GCG GTA A-3′ for 16SMiFwd and 806R = 5′-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGG ACT CAN VGG GTW TCT AAT-3′ for 16SMiRev. Amplicons were purified using the ProNex® Size-Selective Purification System kit (Promega, Madison, WI, USA), quantified using Qubit® dsDNA HS Assay Kits (Life Technologies, Paisley, UK) prior to be pooled and sequenced on a Miseq Illumina instrument (Illumina Inc., San Diego, CA, USA) by Edinburgh Genomics (Edinburgh, UK). Sequencing provided a yield of average of 153.5 ± 47.4 Mb per sample and 5.06 ± 1.6 × 105 reads per sample. The 16S rRNA amplicon sequences obtained were analyzed with the pipeline MGRAST to generate comprehensive taxonomic profiles using the standard reference database, excluding host reference genome. One table of hit counts was created for each taxonomic level, resulting in 203 genera, 115 families and 21 phyla identified.

The analysis of the taxonomic composition of the rumen microbiome was focused on (i) the natural log ratio between archaea and bacteria (A:B) and (ii) microbial composition at the genus level. The abundance of each microbial genus was normalized by the total sum of counts per sample. The microbial composition at the genus level contained a large proportion of 0 counts per sample, with an average percentage of 0 counts per sample of 78 ± 8.7% (Supplementary Figure 1). To maximize microbial information per sample, we discarded microbial genera with a high count of 0 across all samples only if they did not contribute to the discrimination of samples within diets. To achieve this, we used the Prevalence Interval for Microbiome Evaluation (PIME) workflow from the R package PIME (Roesch et al., 2020) to establish the minimum % of samples that a microbial genera should contain in order to be kept, i.e., minimum prevalence. Briefly, PIME uses a machine learning algorithm to find which is the optimal prevalence threshold to maximize the discrimination ability between GRASS/TMR diets. In our analysis, a minimum prevalence threshold of 20% maximized discriminatory ability between diets. After removing microbial genera present in less than 20% of samples, we retained 103 microbial genera for further analysis. The remaining 0 genera were imputed using a Bayesian multivariate composition approach implemented in the R package zcompositions (Palarea-Albaladejo and Martín-Fernández, 2015). The descriptive analysis of the rumen microbiome composition was presented in relative abundances to help their interpretability (Supplementary Figure 2). For remaining statistical analysis, the compositional nature of microbiome data was taken into account (Gloor et al., 2017) by applying a centered log-ratio (clr) transformation to the genera abundances, as described in Greenacre (2019) using the zcompositions R package.



Data analysis


Effect of diet on dry matter intake, methane intensity, methane yield, and archaea: bacteria ratio (A:B)

To investigate the diet effect on DMI (kg/day), methane production (g/day), methane yield (g/kg DMI) and A:B, we fitted three different linear models including these traits as dependent variables; diet, breed, chamber, and week as fixed effects and the body weight of the animal when entering the chamber (ranging from 438 to 656 kg) as a covariate. Bayesian inference was used with bounded flat priors for all unknowns. Analyses were run with the R function runRabbit developed by the Institute for Animal Science and Technology from Universitat Politècnica de València.1 After some exploratory analyses, results were based on marginal posterior distributions of 60,000 iterations, with a burning period of 10,000 and only 1 of every 10 samples were saved for inferences. In all analyses, convergence was tested using the Z criterion of Geweke and Monte Carlo sampling errors were computed using time-series procedures (Sorensen and Gianola, 2002). The parameters obtained from the marginal posterior distributions of the differences between diets were: the mean; the highest posterior density region at 95% probability (HPD95%); the probability of the difference being greater than 0 when the mean is positive or lower than 0 when the mean is negative (P0); and the probability of the difference being greater than r or lower than -r if the mean is positive or negative (Pr), being r a relevant amount having economical or biological significance. In our case, we took as r one-third of the phenotypic standard deviation (Blasco, 2017).

The linear relationship between methane production or methane yield and A:B within each diet was also computed. After some exploratory analysis, methane traits were analyzed within diet separately, with a model including the fixed effect of breed and the covariates body weight and A:B. In this case, we computed the mean, HPD95%, and P0 of the marginal posterior distribution of the regression coefficient between the clr-transformed abundance of the microbial genera and methane yield.



Effect of diet on the ruminal microbiome composition

A multivariate approach was used to identify which microbial genera showed different abundances due of different diets offered, using 26 samples (13 per diet group). A discriminant analysis based on projection to latent structures (DA-PLS) computed using R package mixOmics was fitted, considering GRASS/TMR diet treatments as dependent variables, and the 103 clr transformed microbial genera abundances as explanatory variables. The number of components in the model was selected based on a cross-validation procedure with 4 cross validation groups repeated 20 times, following the procedure described in Lê Cao and Welham (2022). First, we computed the Residual Sum of Squares (RSS) in the complete dataset for a given dimension h, using all the samples (n = 26):
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where [image: image] is the predicted value of sample i according to dimension h and [image: image] is its “reconstructed” value, i.e., the product between the latent component and the vector of regression coefficients for a given dimension h. Under each repetition, we computed the Predicted Sum of Squares (PRESS) as the sum of squares of the residuals of the testing set in each cross-validation fold:
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And averaged PRESSh across repetitions. The Q2 criterion was computed to assess the gain in prediction accuracy when one more dimension was added to the model. For each dimension:
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We stop adding dimensions when [image: image] 0.0975 as proposed by Lê Cao and Welham (2022). The most influential variables discriminating between the two diets were selected based on their variable importance for projection (VIP) criterion >0.8 and based on their Jack Knife interval of regression coefficients not containing zero, as described in Martínez-Álvaro et al. (2021). An iterative process was followed and stopped when the removal of one more microbial genus did not improve the discrimination ability of the model. Authors are aware of the high propensity of DA-PLS models in overfitting (Westerhuis et al., 2008). We attempted to overcome this statistical issue by validating the discrimination ability of the final DA-PLS model with two different strategies. First, the final DA-PLS model was tested under a new fourfold cross validation repeated 20 times. In each fold, a DA-PLS model was re-fitted for the given set of selected variables and number of components with 3/4 of the data (training) and then used to predict to the diet of the samples in the remaining testing set (1/4 of the data). The final misclassification rate (%) was obtained by averaging the misclassification rate (%) obtained across the fourfolds in each of the 20 replicates. Second, we integrated a permutation test (randomization of diet labels in the testing set) in the currently described validation procedure as recommended by Westerhuis et al. (2008) and computed the misclassification rate (%) after permutation. It has to be realized that the same individuals in the validation set were also used to optimize the final PLS-DA model parameters (e.g., number of selected components and selected variables), and thus they are not completely independent as is requested for a proper cross validation. However, the short sample size of our study did not allowed to properly performed an external validation.

Additionally, we aimed to quantify the magnitude of the divergences between diets on the abundance of the DA-PLS selected microbial genera. To this aim, we fitted one univariate linear model for each selected microbial genera, including the fixed effects of diet and breed and body weight as a covariate. Analyses were run with the R function runRabbit as already described. As previously, we computed the mean, HPD95%, P0 and Pr the marginal posterior distributions of the differences between diets. To help interpretability, their magnitude of the differences was expressed not only as units of clr-transformed abundances, but also as effect size, defined as the median of the ratio of the between the difference and the variance of the traits after correction for breed, diet and body weight.



Associations between rumen microbiota composition and methane yield among different diets

To investigate the relationship between rumen microbiota composition and methane yield in different diets, we fitted two (one per diet group) linear projections to latent structures regression (PLS) analysis to determine the abundances of microbial genera that best explained methane yield (g/kg DMI) within each diet (n = 12 animals per group). Methane yield was considered as the dependent variable and the 103 clr-transformed abundances of microbial genera as explanatory variables. The number of components and the selection of explanatory variables in the model were chosen as explained at PLS-DA. After the final PLS model was built, its predictive ability was tested by threefold cross-validation, which was repeated 20 times. The final predictive ability of the model was calculated as the square of the correlation between the predicted and observed values in the training set, averaged over the threefolds and then over the replicates. As before, we integrated a permutation test (randomization of diet labels in the testing set) in the validation procedure and computed the predictive ability after permutation.

In addition, we aimed to study the linear regression between each PLS-selected clr-transformed microbial genera in each diet group and methane yield in a univariate context, to show whether a linear relationship existed between specific microbial genera and the environmental trait. To this aim, we used the data divided within diet group to fit one univariate linear model for each selected microbial genera, including methane yield as dependent variable and the fixed effect of breed and covariates of clr-transformed abundance of the microbial genera and body weight as covariates. Analyses were run with the R function runRabbit as already described. We computed the mean, HPD95%, and P0 of the marginal posterior distribution of the regression coefficient between the clr-transformed abundance of the microbial genera and methane yield. We additionally computed the Pearson correlation between each selected microbial genera and methane yield after correcting the data by breed and body weight.





Results


Effect of the diet on dry matter intake, methane traits, and A:B traits

Table 2 shows the descriptive statistics and the differences in DMI, methane traits, and A:B ratio among the diets. On average, individual animal DMI varied by ± 0.4 kg between days for GRASS animals (ranging from 0.1 to 1.3), and ± 0.7 kg for TMR animals (ranging from 0.0 to 1.5 kg). Repeatability of methane measurements between the second and third day was high, with ± 1.9 ppm average variation between days (ranging from 0.1 to 6.4 ppm). Daily dry matter intake was higher in the TMR group than in the GRASS group by 3.25 [1.04, 5.19] kg/day (P0 = 1.00). However, the TMR group had lower methane yield (−10.6 [−18.2, −1.27] g CH4/kg DMI) and also lower A:B (−4.30 [−6.17, −2.49]) than GRASS with P0 ≥ 0.99, and, in all cases, differences were relevant (Pr ≥ 0.98). Diet groups did not show relevant different in methane production (g/day). Breed effect did not present strong evidence of being different from zero (P0 ≤ 0.88) or relevant (Pr ≤ 0.72) for any trait.


TABLE 2    Means and differences between diets [fresh cut grass (GRASS) and high concentrate (TMR)] in daily dry matter intake (kg/day), methane traits and natural log archaea to bacteria ratio.
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Effect of diet type on the composition of the rumen microbiota at the genera level

To further examine the effects of the two extreme diets on the taxonomic composition of the rumen microbiota, we used a multivariate DA-PLS to determine which microbial genera abundances were discriminatory between the two diet groups (Supplementary Table 1; Figure 1A). We identified 28 microbial genera that, combined in a single DA-PLS component, were able to discriminate between the GRASS and TMR diets with a misclassification rate of 0% after fourfold cross-validation and 20 replicates. When the model was used to predict a randomized vector of the diet labels, it the misclassification rate increased up to 46%. Once we identified the 28 microbial genera with discrimination ability between the diets, we fitted a linear model for each microbial genus to quantify differences between diets in the clr-transformed abundances. Of the 28 microbial genera tested, 22 microbial genera had different abundances between the two diets (P0 ≥ 0.95, Supplementary Table 1; Figure 1B) and the differences were relevant, i.e., larger than 1/3 their standard deviation (Pr ≥ 0.90). Whilst we do not have enough power to detect differences between diets in the most ubiquitous methanogenic genera Methanobrevibacter and Methanobacterium (i.e., the HPD95% were very wide [−1.93, 2.32] and [−3.19, 5.74], both including the relevant values 0.48 and 1.00), unclassified Archaea were much more abundant in the GRASS animals, with difference being 9.42 [6.27, 12.7] (relevant value was 0.74 and Pr = 1.00), having an effect size of 4.25. The major fiber degraders Fibrobacter and Bacillus were also more abundant in the GRASS group, as were unclassified Actinobacteria, Microbacterium, Chryseobacterium, Lactococcus, and three microbial genera from the Proteobacteria phylum (Pseudomonas, Stenotrophomonas, and Rhizobium), with effect sizes ranging from 1.44 to 2.63 (Pr ≥ 0.93). In contrast, Desulfovibrio, Lactobacillus, and unclassified Bacteria were much more abundant in the TMR group with effect sizes of −5.31, −3.64, and −3.93 (Pr = 1.00). Bifidobacterium, Succinimonas, Aerococcus, and Dialister, and Rothia amongst others, were also relevantly more abundant in TMR (Pr ≥ 0.93), with effect sizes ranging from −1.40 to −2.78 (see Supplementary Table 1).
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FIGURE 1
(A) Sample plot from a Discriminant by projection of latent structures analysis (DA-PLS) fitted to discriminate amongst the fresh cut grass (Grass) and high concentrate (TMR) fed animals based on 28 clr-transformed microbial genera abundances. The model was built with a single component and presented a miss-classification rate of 0%. For visualization purposes, sample plot is based on two components. (B) Microbial genera identified by DA-PLS which presented differential abundances between grass and TMR (probability of the difference of being different from 0 ≥ 0.95). Differences are expressed in units of clr-transformed abundances. Full details of the PLS analysis and linear models can be found in Supplementary Table 1.




Multivariate prediction of methane yield based on abundance of microbial genera and investigation of linear microbiota-methane relationships in different diets

A strong positive linear relationship between methane yield and A:B was observed in the GRASS animals, with a positive regression coefficient of +3.91 [0.28, 7.38] g CH4/kg DMI gain per unit A:B (P0 = 0.98). This linear relationship was also positive in animals fed TMR, although the regression coefficient was lower (0.93 [−0.45, 2.43], P0 = 0.91). When methane emission is expressed in g/day, we did not had enough evidence to stablish the sign of relationship with A:B (P0 = 0.69 in GRASS and 0.83 in TMR). Figure 2 shows the distribution of methane production (A) and methane yield (B) with A:B, after correcting the data for breed and body weight. As expected, the greatest R2 was obtained for methane yield and A:B in GRASS (R2 = 0.34) and TMR (R2 = 0.27), with Pearson correlations of 0.58 ± 0.21 and 0.52 ± 0.23. Based on this result, we concentrated on relationships between methane yield and rumen microbiota composition at lower taxonomic levels.
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FIGURE 2
Data distribution of methane emissions [expressed as (A) methane production (g/day) or (B) methane yield (g/kg DMI)] and the natural log-ratio between archaea and bacteria abundances within animals offered two contrasting diets, high concentrate (TMR) or fresh cut grass (Grass). Methane and natural log-ratio between archaea and bacteria abundances was pre-corrected by fixed effects of breed, and body weight as a covariate.


We fitted two multivariate PLS models (one with the GRASS animals and one with TMR-fed animals) with methane yield as the dependent variable and the 103 clr-transformed microbial genera as explanatory variables. In GRASS animals, a one-component PLS model built with the clr-transformed abundance of 28 microbial genera showed 85 ± 8% predictive ability for methane yield after 20 repetitions of 3-fold cross-validation (Supplementary Table 2; Figure 3). When the model was used to predict a randomized vector of methane yield in GRASS animals, the prediction ability decreased down to 36%. In animals fed a TMR diet, a single-component PLS model constructed with the clr-transformed abundance of 25 microbial genera showed 66.5 ± 9% predictive ability; and when methane yield was randomized, the prediction ability decreased down to 37%.
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FIGURE 3
Results from linear projection of latent structures regression (PLS) models aiming to predict methane yield (g/kg DMI) based on 28 or 25 clr-transformed microbial genera in fresh cut grass (Grass) or high concentrate (TMR) fed animals. Full details of the PLS models can be found in Supplementary Table 2. (A) Sample plots (both PLS models were built with one single component, but two components were fitted only for visualization purposes). (B) After a threefold cross-validation procedure repeated 20 times, methane yield was predicted with 85 ± 8% (Grass) and 66.5 ± 9% prediction accuracy.


We next examined whether there was a linear relationship between the clr-transformed abundance of these microbial genera and methane yield in a univariate approach (Supplementary Table 2). Of the 28 and 25 clr-transformed microbial genera selected in the PLS, only six genera were selected by the PLS algorithm as part of the model in both diets, indicating large differences in the microbiota compositions associated with methane yield in animals fed extremely different diets. Of the 6 clr-transformed microbial genera showing PLS predictive ability for methane yield under both diets, only the microbial genus Fibrobacter had a similar (negative) association with this trait (Figure 4A; Supplementary Table 2). Its clr- abundance showed a negative Pearson correlation with methane yield under both GRASS (−0.41 ± 0.26) and TMR (−0.53 ± 0.22) and a negative regression coefficient of −0.25 [−0.67, 0.15] (P0 = 0.89) and −0.75 [−1.63, 0.17] (P0 = 0.95), respectively. Although our PLS analysis did not select Methanobrevibacter as an optimal predictor of methane yield, we wanted to pay particular attention to it because its role in rumen methanogenesis is well known (Evans et al., 2019). The clr-abundance of Methanobrevibacter genus was positively associated with methane yield in both diets, but the s.e. of Pearson correlations were very large (0.25 ± 0.30 in GRASS and 0.41 ± 0.26 in TMR) and the probability of the linear regression coefficients of being positive were only moderate (in TMR it was 1.10 [−0.69, 2.88] P0 = 0.89 and in GRASS it was 0.65 [−1.12, 2.60] P0 = 0.77). Interestingly, the other five microbial genera expressing PLS predictive ability of methane yield in both diets were bacterial genera (Weissella, Kurthia, Raoultella, Herminiimonas, and Micrococcus) that suggests a changing association with methane yield depending on the diet. Their clr-transformed abundance was associated with a decrease in methane yield under TMR diet, with Raoultella, Kurthia and Weissella showing the strongest correlations with methane yield of −0.60 ± 0.20, −0.52 ± 0.23 and −0.52 ± 0.23, and regression coefficients of −4.74 [−9.58, −0.17] P0 = 0.98; −4.30 [−9.58, 1.18] P0 = 0.95 and −1.340 [−3.06, 0.22] P0 = 0.95, respectively. In contrast, their abundance was associated with an increase in methane yield within the GRASS diet, Kurthia, and Herminiimonas showing the strongest correlations with methane yield of 0.69 ± 0.17 and 0.49 ± 0.24 and regression coefficients of 1.71 [0.33, 3.09] P0 = 0.99 and 0.85 [−0.31, 2.01] P0 = 0.93, respectively (Figure 4A). These results suggest that the effect of abundance of a particular microorganism on methane yield may depend on diet-induced rumen environmental conditions.
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FIGURE 4
Visualization of linear associations between clr-transformed abundances of microbial genera identified with PLS analysis and methane yield in fresh cut grass (Grass, in blue) or high concentrate (TMR, in orange) fed animals. Full details of the analysis can be found in Supplementary Table 2. (A) Six microbial genera were selected in the PLS model in both diet groups, although only Fibrobacter was associated with methane yield in the same direction. (B,C) Microbial genera presenting a linear regression coefficient with a probability of being different from 0 ≤ 0.95 on methane yield only under TMR (B) or grass (C) diets.


The majority of the microbial genera showing predictive ability in PLS were different between diets (19/25 and 22/28 in TMR and GRASS, respectively). Of these, 12 and 5 showed a linear regression coefficient with methane yield that was different from 0 with a P0 ≥ 0.95 (Figures 4B, C). Under TMR conditions (Figure 4B; Supplementary Table 2), clr-transformed abundance of 12 bacterial genera, including five Proteobacteria (Comamonas, Variovorax, Acidovorax, Corallococcus, and Methylobacterium) and unclassified Bacteria, had a mitigation effect on methane yield (Pearson correlation of −0.58 ± 0.21 to −0.64 ± 0.19 and regression coefficient from −1.08 [−2.21, 0.10] to −5.75 [−11.4, −0.25], P0 ≥ 0.96), while abundance of the four bacterial genera (Dialister, Rothia, Succinimonas, and Oerskovia) was associated with an increase in emissions (Pearson correlation from 0.54 ± 0.22 to 0.67 ± 0.17 and regression coefficient from 0.46 [−0.13, 0.99] to 1.90 [−0.13, 3.65], P0 ≥ 0.95). Under GRASS conditions (Figure 4C; Supplementary Table 2), methane yield was positively correlated with the bacterial genus Pseudobutyrivibrio and the archaea Unclassified Euryarchaeota (Pearson correlation of 0.64 ± 0.19 and 0.57 ± 0.22 and regression coefficient of 0.89 [0.07, 1.74] and 0.34 [−0.01, 0.74] P0 ≥ 0.97), whereas the Proteobacterial genera Stenotrophomonas and Rhizobium and Actinobacterial genera Kineococcus were negatively associated (Pearson correlation from −0.54 ± 0.22 to −0.66 ± 0.18 and regression coefficient from −1.00 [−1.96, 0.01] to −1.41 [−2.66, −0.11], P0 ≥ 0.95).




Discussion

Because of the large contribution of ruminants to total greenhouse gas emissions from livestock (Gerber et al., 2013), there is urgent interest in reducing enteric methane emissions and minimizing the environmental impact of beef and dairy farming. Beef cattle are raised worldwide under a variety of different conditions and feeding systems that need to be considered when developing methane mitigation strategies, especially if they are based on microbiome measurements, in which diet has a major impact. In this study, we provide insight into how microbial genera abundances associated with methane emissions differ between extreme diets, and therefore which pose the best proxies for predicting the trait under specific diet types. The influence of these extreme diets (high concentrate and fresh cut grass) on microbial biota have rarely been directly compared (McGovern et al., 2020), and never, as far as we are aware, with a low-quality grass.

As a target for mitigation, methane emissions can be expressed as daily production (g/day) or relative to inputs (e.g., methane yield, g/kg DMI) or outputs (e.g., methane intensity, g/kg of meat), among others (de Haas et al., 2017). The obvious issue with targeting methane production is that it is correlated with feed intake. Our study showed that methane yield was more closely related to microbiota parameters (A:B) than methane production (g/day), especially on the poor quality grass diet, and therefore it might be more appropriate to consider it as a methane measurement when searching for microbiome proxies targeting methane mitigation.

As expected, diet had a strong effect on methane yield (Lovett et al., 2003; Aguerre et al., 2011; Troy et al., 2015; Olijhoek et al., 2018). Animals fed low quality fresh cut grass had 10.6 g of methane/kg of dry matter intake (73%) higher methane yield than those fed a high concentrate TMR. This is well explained in the literature by the passage rate of grain solids being faster than those of forage, and concentrate diets being richer in starch and proteins. Higher passage rate, together with fermentation of starch, are associated with fermentation pathways that lead to more propionate and less hydrogen available for archaea to reduce carbon dioxide to methane, in comparison to slower passage rates and fermentation of fiber in forage diets (Wolin, 1979; Janssen, 2010). Diet composition is also a critical factor in microbial ecology (Gruninger et al., 2014), as it determines the rumen conditions that favor the adaptation and growth of specific microbial species. Our extreme diets altered the ratio between the abundance of archaea and bacteria, with the poor quality fresh cut grass having a detrimental impact on the bacterial community.

Diet had a strong influence on the composition of the microbiota, even when analyzed at lower taxonomic levels, with 28 genera perfectly discriminating between the two extreme diets. However, the observed changes in methane yield and microbiota composition caused by the diet were not necessarily related. For example, we found that animals fed a poor quality fresh cut grass had significantly increased relative abundance of Bacillus, Lactococcus, Pseudomonas, Microbacterium, and unclassified Actinobacteria and a significant decrease in Mitsuokella, Planococcus, Lactobacillus, Desulfovibrio, and Aerococcus compared with TMR-fed animals. However, none of these abundances were selected in a PLS model to predict methane yield in each diet group. This can be explained by the fact that diet alters rumen conditions, which affects the microbial genera associated with methane emissions, but also other non-related microbial genera. It should be noted that these results may reflect an actual lack of methane-microbe associations, or a minor effect not captured in this study due to lack of power (loss of data points due to mechanical chamber failure).

The lack of a strong correlation of methane yield and Methanobrevibacter abundance could be due to the fact that different Methanobrevibacter strains classified within Methanobrevibacter genera are functionally versatile and therefore have different effects on methane yield, as observed in Kittelmann et al. (2013) and Martínez-Álvaro et al. (2022). In other cases, diet significantly altered the abundance of certain microbial genera that were associated with methane yield (selected in PLS) and therefore could help explain the 73% difference between diets in methane yield. For example, the abundance of Unclassified Bacteria was relevantly increased in the high concentrate diet and had a significant mitigation effect on methane yield on this diet group. On the other hand, Bifidobacterium was increased in the high concentrate diet but had a positive effect on methane emissions under a poor quality fresh cut grass diet, although the regression coefficient was different from zero with only a moderate probability. Bifidobacterium species produce lactic acid and acetic acid, fermentation products usually associated with increased hydrogen production, which potentially increases the synthesis of methane (Moss et al., 2000; Danielsson et al., 2017). Another example is the abundance of the dominant cellulolytic genus Fibrobacter, which was increased in animals fed the low-quality grass diet and showed predictive ability and a negative correlation with methane yield in both diet groups, with stronger effect in the high concentrate diet. In their study, Kittelmann et al. (2013) inferred a co-occurrence of bacteria from the Fibrobacteaceae family, including the major cellulolytic bacterium Fibrobacter succinogenes, which produces only formate and no H2 (Rychlik and May, 2000), and hydrogenotrophic- methanogenesis was reduced (Smith and Hungate, 1958; Leahy et al., 2013). In contrast, bacteria from the Ruminococcaceae family, some of which produce large amounts of H2 (e.g., Ruminococcus sp.), co-occurred with M. gottschalkii, which is capable of producing methane from H2 and CO2 but not from formate (Miller and Lin, 2002). Later, the same authors associated greater abundance of Fibrobacter sp. with a low methane emitting ruminotype and greater abundance of sp. from Ruminococcus genus and other Ruminococcaceae with a high methane emitting ruminotype (Kittelmann et al., 2014). These studies may explain our negative association between Fibrobacter and methane yield observed in both diets; although Ruminococcus genus abundance was not associated with methane yield in any case (data not shown).

Except for Fibrobacter, the few microbial genera that were predictive of methane yield under both diets had different effects on methane yield. In addition, most microbial genera that were predictive of methane yield differed between diets, suggesting that the main microbial drivers of methane yield depend on the products available for substrates microbial fermentation. On the high concentrate diet, several genera from the Proteobacteria phylum (Acidovorax, Comamonas, Corallococcus, Variovorax, and Methylobacterium) were negatively associated with methane yield along with other unclassified Bacteria. In the low-quality fresh cut grass group, some Proteobacteria were also negatively associated with methane yield, but they belonged to other genera (Stenotrophomonas and Rhizobium). The abundance of some of these genera from the Proteobacteria phylum has been negatively associated with methane in the literature (Wallace et al., 2015; Danielsson et al., 2017; Auffret et al., 2018; Martínez-Álvaro et al., 2020). The explanation might be based on the fact that these Proteobacteria genera are methanotrophic in the rumen (e.g., Methylobacterium); or capable of fixing nitrogen (e.g., Rhizobium), at least in the host plant (Munoz Aguilar et al., 1988). In the rumen, N2 reduction to ammonia may act as an alternative H2 consuming sink competing with ruminal methanogenesis (Bulen and LeComte, 1966). On a low-quality fresh cut grass diet, unclassified Euryarchaeota, Pseudobutyrivibrio and Kurthia had a strong effect increasing methane emissions, which we did not observe in the high concentrate diet. Instead, Succinimonas, Oerskovia, Rothia and Dialister had the positive and strongest effect increasing methane yield. Methanogenic archaea belong to the Euryarchaeota phylum, while Pseudobutyrivibrio plays an important role in the release of formate (Tapio et al., 2017) and other by-products such as butyrate, known to be associated with an increase in methane emissions (Kamke et al., 2016). Only in a few cases did we observed a changing effect of the abundance of a particular microbe under different diets (e.g., Kurthia or Weissella, see Figure 4A); but only for Kurthia the regression coefficients were different from 0 in both diets and allows to confirm a diet-microbiota cross-over interaction.

In this study, we found that different microbes drive emissions when hosts are fed with diets extreme in their forage to concentrate ratio; therefore, different mitigation strategies targeting specific microbial mechanisms must be adequate to each feeding system. To date, targeted sequencing of specific regions of the 16S gene is the most cost-effective method, although it may not provide high taxonomic resolution compared to metagenomic sequencing. Nevertheless, in our study, we achieved high accuracy in predicting methane yield for both the poor-quality grass and high concentrate TMR dietary scenarios, with a PLS algorithm using almost all different microbial abundances. Our results are most relevant to the development of strategies to reduce methane emissions based on changes in the microbiome, as different diets determine which microbial taxa have the greatest impact on methane yield, and diet-specific strategies should be considered. Our study is a small-scale study with the main goal of identifying the difference in microbiota compositions between two extreme diets and its use for prediction of methane emissions. This study draws attention to the need for different mitigation strategies adapted to different diet types, but further larger scale studies are required to understand diet-microbiome interactions that influence methane emissions. Also, microbiome based methane predictions need to ben locally validated the ensure factors such as local dietary factors are not skewing the results.



Conclusion

The divergent impacts on the rumen microbial composition of extreme diets, in this case high concentrate and low-quality grass, have rarely been directly compared. These differences in microbial composition can be used to predict methane yield of individual animals. Using two groups of beef cattle fed with two extreme diets on their forage to concentrate ratio, we found a reduced set of microbial genera with a high predictive accuracy for methane yield of 85 and 66% in the forage or concentrate-based diets. Among the microbial genera that predicted methane yield, there was little overlap between diets, and most microbial genera were diet specific. This finding is critical for the development of mitigation strategies based on the microbiome, where, according to this study, diet-specific strategies should be considered at least at phenotypic level.
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Introduction: The crude protein level in the diet will affect the fermentation parameters, microflora, and metabolites in the rumen of ruminants. It is of great significance to study the effect of crude protein levels in supplementary diet on microbial community and metabolites for improving animal growth performance. At present, the effects of crude protein level in supplementary diet on rumen fermentation parameters, microbial community, and metabolites of Jersey-Yak (JY) are still unclear.

Methods: The purpose of this experiment was to study the appropriate crude protein level in the diet of JY. The rumen fermentation indexes (volatile fatty acids and pH) were determined by supplementary diets with crude protein levels of 15.16 and 17.90%, respectively, and the microbial community and metabolites of JYs were analyzed by non-target metabonomics and metagenome sequencing technology, and the changes of rumen fermentation parameters, microbial flora, and metabolites in the three groups and their interactions were studied.

Results and Discussion: The crude protein level in the supplementary diet had significant effects on pH, valeric acid, and the ratio of acetic acid to propionic acid (p < 0.05). The protein level had no significant effect on the dominant microflora at the phylum level (p > 0.05), and all three groups were Bacteroides and Firmicutes. The results of metabolite analysis showed that the crude protein level of supplementary diet significantly affected the metabolic pathways such as Bile secretion and styrene degradation (p < 0.05), and there were different metabolites between the LP group and HP group, and these different metabolites were related to the dominant microbial to some extent. To sum up, in this experiment, the effects of crude protein level in supplementary diet on rumen microorganisms and metabolites of JY and their relationship were studied, which provided the theoretical basis for formulating a more scientific and reasonable supplementary diet in the future.

KEYWORDS
 protein level, compensatory feeding, rumen microbial, metagenome, metabolome, Jersey-Yak


1. Introduction

Yak, as a unique animal species living on the Qinghai-Tibet Plateau, provides basic means of production and living for local herdsmen (Qiu et al., 2012). In order to improve the production performance of yak, artificial insemination was utilized to improve yak’s hybridization with high-quality frozen semen of Jersey and Angus cattle etc. However, the Qinghai-Tibet Plateau is in the grass-withering period from November to May of the following year. Climate change will affect the quality (mainly the content level of crude protein) and yield of forage grass. The nutrition in forage grass is not enough to meet the nutritional needs of yak and its hybrid offspring. Both yak and its hybrid offspring will suffer from a decline in productivity due to insufficient nutrition intake, and most importantly, they will reduce their weight, thus reducing the economic benefits of herders (Zhao and Zhou, 1999; Xue et al., 2005; Xu et al., 2017). Therefore, supplementary feeding during the dry season can appropriately reduce the loss of herders, and a reasonable protein level in the diet is one of the crucial measures to improve the growth performance and weight of animals.

As one of the main digestive organs for ruminants to degrade and digest the feed, the rumen is rich in microbial communities such as archaea, bacteria, fungi, and protozoa to ferment the feed (Zhao et al., 2022; Wang et al., 2022a; Xue et al., 2022a). The rich microbial community is closely related to the digestion and metabolism of the host feed, which can degrade and ferment organic substances such as plant fibers and polysaccharides into volatile fatty acids (VFAs), which are the principal energy sources of the host (Liu et al., 2021; Chen et al., 2022a; Xue et al., 2022a). Among them, the structure and function of the rumen microbial community are affected by many factors, such as variety, age, feeding mode, feeding level, etc. (Zhang et al., 2019; Li et al., 2020; Huang et al., 2021). 16S rRNA and metabonomics were used to study the bacterial composition in the rumen, and it was found that the nutritional level of diet could significantly change the relative abundance of dominant bacteria and metabolites in the rumen (Granja-Salcedo et al., 2016; Wang et al., 2020a, 2022b; Yi et al., 2022a). The level of protein in the diet will not only affect the composition of microorganisms and metabolites in the rumen but also affect the rumen fermentation indexes and serum biochemical indexes of the host (Wang et al., 2020b, 2022b).

Although the effects of dietary nutrient levels on rumen microbials and metabolites in ruminants have been extensively studied, most of them are limited to the level of rumen bacteria using techniques such as 16S rRNA. Moreover, due to the differences in digestive and metabolic characteristics and environmental adaptability between Jersey cattle, yak, and other cattle species, the effects on microbial communities and metabolites may also be different (Latham et al., 2018; Li et al., 2022; Pang et al., 2022a). With the deepening of microbial research, people gradually combine metagenomics and metabonomics to explore the effects of dietary nutrition level on host traits and rumen microbial community, (Xue et al., 2020, 2022a). Compared with 16S rRNA technology, the metagenomic can not only study the composition and diversity of bacteria in the host microbial but also conduct in-depth research on gene and function (Ghurye et al., 2016). However, when studying the effect of dietary nutrition level on Jersey-Yak (JY, hybrid offspring of female yaks by artificial insemination with high-quality frozen semen of Jersey), metagenomics and metabolomics have not been used for multi-omics research.

Therefore, in this study, in order to verify the influence of protein level in supplementary diet on rumen microbial community structure and metabolites of JYs, and the data of metagenomics, rumen metabolomics and serum metabolomics were integrated for joint analysis, the influence of protein level in supplementary diet on growth index and rumen fermentation parameters of JY was discussed. The correlation between different metabolites in serum and rumen and dominant microflora in rumen was analyzed, and the microflora and metabolism were discussed. Provide more scientific guidance for fattening Jersey, and help herders acquired more economic benefits.



2. Materials and methods

The animal experiments involved in this experiment were approved by the Lanzhou Institute of Husbandry and Pharmaceutical Sciences of the Chinese Academy of Agricultural Sciences (CAAS; approval number: 1610322020018). All sampling procedures are strictly in accordance with the Guidelines for Ethical Treatment of Experimental Animals in China.


2.1. Animal and experimental design

The experiment was conducted in Xiahe County, Gannan Tibetan Autonomous Prefecture. In this experiment, 18 healthy 6-month-old male JYs were selected, and their weight before the preliminary experiment was 62.20 ± 2.64 kg. According to the weighing data before the pre-experiment, 18 JYs were randomly divided into three treatment groups by R software (Version 4.1.2). Feeding management is as follows: each group grazes at 9:00 a.m. and 6:00 p.m. every day, all grazing in the same pasture. After grazing every day, each group was raised in a separate column, and then the treatments of the three groups were: (1) No supplementary feeding, grazing (as control group, Control); (2) Supplementing low-protein diet (protein content: 15.16%; LP); (3) Supplementing high-protein diet (protein content: 17.90%; HP). See Supplementary material S1 for the composition and content of supplementary diet. Among them, the supplementary feeding amount is adjusted according to the monthly weighing data of Juangu cattle, and the monthly supplementary feeding amount is calculated according to 1.2% of the weight of JY in the HP and LP group.

This experiment includes two stages: pre-experiment (15 days) and formal experiment (120 days). The purpose of the experiment is to make the experimental animals adapt to the supplementary diet in advance. After the end of the pre-experiment and the beginning of the formal experiment, the weight of JY was measured regularly every month.



2.2. Sample collection

After the formal experiment, JYs in each group fasted for 1 day. The blood of each JY was collected by jugular vein puncture with a blood collection tube (5 ml) without additives, then centrifuged at 4500 × g for 15 min with a portable medical centrifuge to separate the serum. The separated serum samples were stored in foam boxes with ice bags, transported back to the laboratory and stored in a refrigerator at −20°C for biochemical index analysis. After blood samples were collected, 150 ml rumen fluid samples of each JY were collected by oral stomach tube. After filtration, it was distributed into a 50 ml centrifuge tube, then immediately placed in a liquid nitrogen tank. After the sample was sent to the laboratory, it was stored in a refrigerator at −80°C for subsequent metagenome sequencing analysis and determination of VFAs.



2.3. Determination of rumen fermentation parameters

After the rumen fluid was collected, it was filtered with four layers of gauze, and then the pH of the filtered rumen fluid was measured with a portable pH meter. Each sample was repeated three times. Rumen liquid transported back to the laboratory was thawed on ice, and centrifuged for 15 min at 4°C and 10000 × g by low-temperature freezing centrifuge. The supernatant was transferred to a solution containing an internal standard (2-Ethylbutyric acid, 2 EB) and a concentration of 25% metaphosphoric acid. Then the concentration of VFAs was determined by gas chromatography using the method introduced by Erwin et al. (1961).



2.4. Determination and analysis of serum and rumen fluid non-target metabolome

The rumen fluid sample (100 μl) was sucked into a 1.5 ml centrifuge tube, and 400 ml of extractive solution (acetonitrile: methanol = 1:1) was added, respectively, for low-temperature ultrasonic extraction (5°C, 40 kHz); Standing at < 20°C for 30 min; Centrifuge at 4°C, 13000 × g for 15 min, remove the supernatant, add 100 μl complex solution (acetonitrile: water = 1:1) for redissolving, and perform low-temperature ultrasonic extraction; Centrifuge at 4°C and 13000 × g for 5 min, and suck the supernatant into the sample bottle for computer analysis.

The obtained raw data were filtered by the software Progenesis QI (Waters Corporation, Milford, United States) for baseline, peak identification, integration, and retention time correction, etc., and the data matrix of retention time, mass-to-charge ratio, and peak intensity was obtained. Then, the data matrix was compared with HMDB1, and the information on metabolites was obtained. Data pre-processing: pre-processing the matrix data, mainly including missing value filtering, filling in vacant values, data normalization, quality control sample verification, and data conversion. During the verification of quality control samples, the data with relative standard deviation (RSD) > 30% are mainly deleted and not used for subsequent analysis.

According to the expression of metabolites in different groups of samples, partial least squares discriminant analysis (PLS-DA) was performed on the samples by using the “Vegan” package of R software (Version 1.6.2) to judge the degree of separation between the samples. According to the variable importance in the projection (VIP) value obtained by PLS-DA analysis, the Kruskal–Wallis H test was used to screen the different metabolites among the three groups. The difference metabolites between the LP group and HP were judged by the Wilcoxon rank sum test, and they were all realized by the “stats” package of R software, in which p < 0.05 was regarded as statistically significant. The annotation of metabolites was obtained by using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and HMDB, and then the “scipy” in Python (Version 1.0.0) was used to analyze the metabolic pathway and enrichment of target metabolites.



2.5. DNA extraction, metagenome sequencing, and data processing

Total genomic DNA from rumen fluid was extracted by repeated bead beating plus column (RBB + C) method introduced by Yu and Morrison (2004). Then the quality of the extracted DNA was detected by 1% agarose gel electrophoresis, and the DNA concentration was measured by ultraviolet spectrophotometer. The sequencing of macro genome was completed in Shanghai Meiji Biomedical Technology Co., Ltd. Covaris M220 was used for fragmentation (about 400 bp in length), PE library was constructed according to the instructions of Next Flex Rapid DNA-SeqKit (Bioo Scientific, United States), Nova Seq Reagent Kits/His EQ X Reagent Kits were used for bridge PCR and Illumina Novaseq6000 instrument was used for sequencing. All the raw data were submitted to the NCBI Sequence Read Archive (SRA) database (Accession number: PRJNA904725).

Make statistics and quality control on the original reads obtained by sequencing, and obtain high-quality reads to ensure the accuracy of subsequent analysis. It mainly uses FASTP (Version 0.23.0, https://github.com/OpenGene/fastp) software to cut the adapter sequences at the 3′ and 5′ ends of the sequences and remove the low-quality reads (the length is less than 50 bp, the average mass value is less than 20, and it contains N bases). After quality control, the high-quality data were assembled by MEGAHIT (Version 1.1.2; contig ≥300 bp), and the open reading frame (ORF) in the splicing result was predicted by Prodigal (Version 2.6.3; the sequence length was > 100 bp), and it was translated into the amino acid sequence (Hyatt et al., 2010; Li et al., 2015). Using CD-HIT software (Version 4.6.1) to cluster the predicted gene sequences (identity > 90%, coverage > 90%) to obtain gene sets (Fu et al., 2012). Using SOAPaligal software (Version: 2.21), the gene abundance (RPKM) was calculated by comparing each sample with the gene set by formula (Li et al., 2009; Lawson et al., 2017).

Use Diamond software (Version 2.0.13) to compare the gene set with the RefSeq database (parameter: E-value ≤ 1e–5) to make a taxonomic annotation on rumen microorganisms at the phylogenetic level, and compare with KEGG to obtain the corresponding functional annotation information of the samples (Buchfink et al., 2015, 2021). The annotation of carbohydrate-active enzyme (CAZyme) genes was obtained by using HMMER (Version 3.1b2) software against carbohydrate-active enzyme database (hmmscan; E-value ≤ 1e–05).

According to the gene abundance calculated by the RPKM method, the microbial composition at the phylum and genus level was analyzed and mapped by using the vegan package in R (Version: 4.1.2). Column diagram was used to visualize the microbial composition of the three treatment groups at phylum and genus level. Among the three treatment groups, microbials with significant differences between the LP group and the HP group were subjected to the Kruskal–Wallis H test by using the stats package of R software (Version: 4.1.2).



2.6. Correlation analysis

According to VIP > 1, p < 0.05, the correlation between different metabolites selected from serum and rumen fluid and rumen fermentation parameters (acetic acid, propionic acid, iso-butyric acid, butyric acid, iso-valeric acid, pentanoic acid, and hexyl-propyl ratio) was analyzed. SciPy of Python (Version 1.0.0) was used to analyze the Spearman correlation between different metabolites and rumen fermentation parameters based on the Bray_Curtis distance, and the cluster heat map was used for visualization.

Metabolites in serum and rumen with VIP > 1, p < 0.05 were interactively analyzed with the top 50 dominant microflora in phylum and genus taxonomy. Based on Bray_Curtis distance, the Spearman correlation between differential metabolites and dominant microbial phylum and dominant microbial genus was analyzed by using “scipy” of Python (Version 1.0.0), and these correlations were visualized by cluster heat map.



2.7. Statistical analysis

SAS software (Version 9.4) was used to analyze the monthly weight data and weight changes of each group of JY designed by random block with one-way analysis of variance (ANOVA). The statistical results were expressed by mean and standard deviation. Then use GraphPad (Version 9.0) for visualization. Blood biochemical indexes and VFAs were tested by SPSS software (Version 26) for normality and homogeneity of variance, and ANOVA was used to analyze the differences among the three groups, among which p < 0.05 was regarded as statistically significant. Finally, the results were expressed by the standard deviation (SD) of the mean value.




3. Results


3.1. Changes in growth index

The effects of different protein levels of supplementary diet on the body weight and monthly body weight change of JY during the formal trial period are shown in Figure 1. According to SAS, ANOVA (Supplementary material S2) was carried out on the body weight and weight changes of the three groups. The results showed that there were significant differences in the body weight each month among the three groups (p < 0.05), and the body weight of the HP group was higher than that of the LP group and Control group. In terms of the monthly weight gain rate, JY of the LP group and HP group with supplementary feeding were in a state of weight gain in the formal experiment, but the weight of the control group without supplementary feeding showed a significant downward trend in the last month of the formal experiment.

[image: Figure 1]

FIGURE 1
 Effects of dietary protein level on body weight (A) and body weight change (B). The mean value and standard deviation (SD) of each group were used to represent. Control: control group, no supplementary feeding; LP: low protein group, supplementary feeding with low protein diet; HP: high protein group, supplementary feeding with high protein diet.




3.2. Changes of rumen fermentation parameters

The effects of three treatments on rumen fermentation parameters of JYs are shown in Table 1. The valeric acid content and pH of the LP and HP groups were significantly higher than those of the Control group (p < 0.05). The isopropyl ratio of the Control group was significantly higher than the other two groups (p < 0.05). There was no significant difference in the content of acetic acid, valeric acid, iso-butyric acid, butyric acid, and iso-valeric acid among the three groups (p > 0.05).



TABLE 1 Effects of supplemental diets with different protein levels on rumen fermentation parameters of Jersey-Yak.
[image: Table1]



3.3. Statistics of metagenomic data

A total of 864,673,934 raw reads were obtained from 18 samples in three treatment groups, with an average of 48,037,441 ± 4,449,071 raw reads per sample. After quality control, 851,239,334 clean reads were retained, with an average of 47,291,074.11 ± 4,397 clean reads per sample (Supplementary material S3). A total of 11,800,805 contigs were generated by de novo assembly of the retained data, with an average of 655,600.28 ± 81,518.10 contigs per sample, of which the length of N50 per sample was 772.00 ± 99.47 bp. Gene prediction showed that there were 15,548,998.00 open reading frame ORFs in all samples (Supplementary material S3). Bacteria accounted for 96.67%, eukaryotes accounted for 1.35%, archaea accounted for 1.07%, and viruses accounted for 0.59% (Supplementary material: S4).



3.4. Microbial maps of three treatment groups

The microbial composition of 18 samples (at Phylum and Genus levels) was analyzed by non-metric multidimensional scale analysis (NMDS), which was analyzed and plotted by the vegan package of R software (Figures 2A,B). The results showed that the three treatment groups had a good clustering effect, which could be followed up. According to the visualization of the microbial composition of the three treatment groups at the phylum and genus level (Figures 2C,D), the results showed that at the phylum level, the dominant phylum of the three treatment groups was Bacteroidetes, Firmicutes, Kiritimatiellaeota, and Proteobacteria, etc. At the genus level, the dominant microbial genera in the three treatment groups mainly include Prevotella, unclassified_o_bacteroidales, unclassified_f_lachnospiraceae, unclassified_c_kiritimatiellae, unclassified_f_paludibateraceae, Ruminococcus, and Methanobrevibacter.
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FIGURE 2
 Non-metric multi-dimensional analysis (NMDS) of metagenome sequencing and microbial composition at genus and phylum level in three treatment groups. NMDS of metagenome sequencing of all samples at phylum (A) and genus (B) level. Microbial composition profiles of three treatment groups at phylum (C) and genus (D) levels.


In this study, based on the difference matrix of Bray_Curtis, the difference of microbial composition in three treatment groups was estimated (Figure 3A). The content of unclassified_c_alphabetobacter in HP group was significantly higher than that in the other two groups. Besides, the contents of Streptomyces, Butyricimonas, Mucilaginibacter, Candidatus_Cryptobacteroides, Massilioclostridium, and other microbials were also significantly different among the three treatment groups. In the comparison of microbials between LP and HP groups (Figure 3B), the contents of Oribacterium, Slackia, unclassified_o_burkholderiales, Duncaniella, and epulopsis in HP group were significantly higher than those in LP group.

[image: Figure 3]

FIGURE 3
 Composition differences of microbials in three treatment groups and LP_HP groups at genus level. (A) The difference of microbial composition in three treatment groups at genus level. (B) Difference of microbial composition between LP and HP groups at genus level. “*” indicates that metabolites are significantly different among groups. “**” indicates that there is a significant difference in metabolites between groups.




3.5. Enzyme map of carbohydrate activity in three treatment groups

The function of microbial is partly determined by genes encoding carbohydrate-active enzymes (CAZymes). The genes encoding CAZymes were analyzed by NMDS (Figure 4A), and the results showed that the genes encoding CAZymes in three treatment groups had a good clustering effect. A total of 527 CAZyme genes were identified (Figure 4B), including 260 Glycoside Hydrolases (GHs), 87 Glycosyl Transferases (GTs), and 77 Polysaccharide Lyases (PLs). There are 6 Carbohydrate Esterases (CEs), 70 Carbohydrate-Binding Modules (CBMs), and 17 and auxiliary oxidoreductases (AAs). Among them, the genes encoding glycosidase GHs and GTs are the most.

[image: Figure 4]

FIGURE 4
 Non-metric multi-dimensional analysis of carbohydrate-active enzymes (A) and composition of three treatment groups (B). There are significant differences in CAZymes between the three treatment groups (C) and LP_HP two treatment groups (D).


The differences of CAZyme coding genes among three treatment groups were compared (Figure 4C). The results showed that the relative abundance of GT28, GT13, GH149, and GH103 in HP group was significantly higher than that in other two groups, and the relative abundance of GH31, GH95, GH43_29, and PL11_2 in LP group was significantly higher than that in other two groups. Compared with HP group (Figure 4D), the results showed that the contents of GH31, GH95, GH43_29, GH67, and GH98 in LP group are significantly higher than those in HP group, and the relative abundance of GT28, CE11, GT27, and GH149 in HP group is significantly higher than that in LP group.



3.6. Serum and rumen fluid metabolomics

Metabolites were detected in the serum of three treatment groups, and 884 metabolites were obtained. According to the PLS-DA scores of metabolites in the serum of three treatment groups in cation mode and anion mode (Figures 5A,B), the results show that the clustering effect of samples in the group is good, which can be used for subsequent analysis. Among them, after the Kruskal–Wallis H test, 125 metabolites were screened out among the three treatment groups, and there were significant differences among 48 metabolites between LP and HP groups after Wilcox’test (p < 0.05 VIP > 1).
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FIGURE 5
 Partial least squares discriminant analysis (PLS-DA) scores of serum metabolism group and rumen metabolism group. PLS-DA analysis of serum metabolites in three treatment groups under cation mode (A) and anion mode (B). PLS-DA analysis of rumen metabolites in three treatment groups under cation mode (C) and anion mode (D).


The products with the top 20 abundance were selected and represented by cluster heat map (HCA; Figure 6A). The results showed that the differential metabolites could be clustered into five clusters. The first cluster mainly included two metabolites, LysoPC [22:5(4Z, 7Z, 10Z, 13Z, 16Z)] and PC [20:5(5Z, 8Z, 11Z, 14Z, 17Z)/0:0]. The second cluster mainly includes 10 metabolites including Notoginsenoside T1, 6-Hydroxyhexanoic acid, N-acetyl-L-glutamate5-semi aldehyde, and L-Carnitine. The third cluster mainly includes three metabolites of Dihydrocaffeic acid 3-sulfate, Isoglobotriaose, and 2,4-Dimethylpyridine, the fourth cluster mainly includes PSOROMIC ACID, Cyclodopa glucoside, and N, N-dimethyl-Safingol, and the fifth cluster mainly includes 3-Methyl-L-histidine and lysopc. The different metabolic pathways among the three treatment groups (Figure 6B) mainly include Sphingolipid metabolism, Bile secretion, Linoleic acid metabolism, Histidine metabolism, and so on. According to the VIp value and P value obtained by PLS-DA analysis, the differential metabolites between LP and HP groups were screened (Figure 6C). The results showed that there were mainly 2-amino-14,16-dimethyloctodecan-3-ol, Isoglobotriaos, Tragopogonsaponin A, and 2-hydroxyhexadecanoic acid between the two treatment groups.
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FIGURE 6
 Differential metabolites and metabolic pathways in serum of three treatment groups. Differential metabolites in serum of three treatment groups (A) were visualized by cluster thermogram. Bubble chart was used to show the different metabolic pathways in the serum of the three treatment groups (B). Differential metabolites in serum of LP and HP (C) were visualized by thermogram and VIP value. The tree diagram of metabolites cluster on the left side shows that each column shows a sample, the lower side shows the name of the sample, and each row shows a metabolite. Bar chart showing VIP value on the right. “*” indicates that metabolites are significantly different among groups. “**” indicates that there is a significant difference in metabolites between groups. The same below.


Metabolites in rumen fluid of three treatment groups were detected, among which 1,667 metabolites were identified. According to the PLS-DA scores of metabolites in the rumen of three treatment groups in cation mode and anion mode (Figures 5C,D), the results showed that the clustering effect of samples in the group is good, which can be used for subsequent analysis. As with the analysis method of metabolites in serum, 204 metabolites were significantly different among the three treatment groups, and 45 metabolites were significantly different between LP and HP groups.

The top 20 metabolites in abundance were selected and visualized by cluster thermogram (Figure 7A). The results show that the different metabolites in rumen fluid can be clustered into five clusters, the first cluster contains methyl (r)-9-hydroxy-10-undecene-5, 7-diynoate glucoside and Alpha-Cyano-4-hydroxycinnamic acid are two metabolites, and the second cluster contains three differential metabolites of PE (14.0/0:0), Tangeraxanthin and Girinimbine. The third cluster contains 11 metabolites including Prehumulinic acid, 9-Decenoic acid, and 2-deoxycastastrone, the fourth cluster contains a metabolite of Dehydrocyanaropicrin, and the fifth cluster contains 5′-Hydroxy-3′,4′, 7-Trimethoxylavan, Phenethylamine glucuronide, and N-Acetyl-DL-Methionine, three metabolites. According to the analysis of the different metabolic pathways among the three treatment groups (Figure 7B), the results showed that there were mainly different metabolic pathways such as Th17 cell differentiation, Styrene degradation, and Bile secretion. According to the VIp value and P value obtained by PLS-DA analysis, the different metabolites in the rumen fluid of LP and HP groups were screened (Figure 7C). The results showed that there were significant differences in metabolites such as Acetaminophen cysteine, Nicotine glucuronide, Phenethylamine glucuronide, Hydroxygaleon, and N-Acetyl-DL-Methionine between the two groups (LP and HP).
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FIGURE 7
 Differential metabolites and metabolic pathways in rumen fluid of three treatment groups. Differential metabolites in rumen fluid of three treatment groups (A) were visualized by cluster thermogram. Bubble diagram was used to show the different metabolic pathways in rumen fluid of three treatment groups (B). Differential metabolites in rumen fluid of LP group and HP group (C) were visualized by heat map and VIP value. The tree diagram of metabolites cluster on the left side shows that each column shows a sample, the lower side shows the name of the sample, and each row shows a metabolite. Bar chart showing VIP value on the right. “*” indicates that metabolites are significantly different among groups. “**” indicates that there is a significant difference in metabolites between groups.




3.7. Relationship between different metabolites in serum and rumen fluid and rumen fermentation parameters

To determine the difference metabolites in serum and rumen fluid and rumen fermentation parameters (acetate, propionate, iso-butyrate, butyrate, iso-valerate, valerate, and acetic/propionic ratio), Spearman rank correlation analysis was carried out on the difference metabolites, and these parameters. According to the correlation analysis of differential metabolites in the serum and VFA parameters (Figure 8A), results showed that Acetate, Propionate, Butyrate, and L-Carnitine, PC (18:1/0:0), 2-amino-4-({2-[(2-carbon-2-hydroxy-1-phenyl ethyl) sulfinyl]-1-(carbo) Metabolites such as 3-Buten-1-amine and Glucosylsphingosine were negatively correlated with N,N-dimethyl-Safingol, 16-Hydroxy hexadecanoic acid, Polyoxyethylene 40 monostearate and PC [16:0/18:2(9Z, 2z)] and other metabolites showed positive correlation, among which Butyrate and L-Carnitine had extremely significant negative correlation (p < 0.05), Isovalerate and PC (18:1/0:0) and PC [20:5(5Z,8Z,11Z,14Z,17Z)/0:0]. Isopropyl ratio is positively correlated with most of the differential metabolites.

[image: Figure 8]

FIGURE 8
 Spearman relationship between different metabolites in serum and rumen fluid and VFAs. Spearman correlation between different metabolites screened from serum (A) and rumen fluid (B) and VFAs in three treatment groups.


In the analysis of the correlation between different metabolites in rumen fluid and VFAs (Figure 8B), the results show that acetate, propionate, iso-butyrate, butyrate, iso-valerate, and valerate are negatively correlated with most of the different metabolites, in particular, butyrate and valerate are negatively correlated with metabolites such as Thromboxane B2, Costunolide and Erinacine D (p < 0.05), but the indexes of propionate, butyrate and valerate are correlated with metabolites DG [20: 2 (11z, 14z)/18: 3 (9z, 12z, 15z]/. Iso-propyl ratio showed a negative correlation with DG [20: 2 (11Z, 14Z)/18: 3 (9Z, 12Z, 15Z)/0: 0] and other metabolites, but showed a positive correlation with most metabolites.



3.8. Relationship between rumen dominant microflora and rumen fermentation parameters and metabolites

To determine the potential interaction between rumen microflora and host metabolism, the dominant microflora with the top 20 phylum and genus levels were selected to correlate with Spearman rank between different metabolites in serum and rumen fluid, respectively. According to the correlation analysis between serum differential metabolites and dominant microflora (Figures 9A,B), the results show that at the phylum level, Bacteroidetes, Firmicutes, Actinobacteria, and Fibrobacteres are negatively correlated with 10,20-Dihydroxyeicosanoic acid and 6-hydroxytadecanoic acid, while other dominant microflora are positively correlated with these two metabolites. Actinobacteria showed an obvious positive correlation with metabolites such as 3-Buten-1-amine, Deoxycholic acid, MEDICA 16, 10,20-Dihydroxyeicosanoic acid, and 6-hydroxytadecanoic acid, There was a significant negative correlation with metabolites such as 16-Hydroxy hexadecanoic acid, Polyoxyethylene 40 monostearate and N,N-dimethyl-Safingol, and there was a significant positive correlation with metabolites such as 3-Buten-1-amine and PC (18:1/0:0; p < 0.05). Metabolites such as PC (18:1/0:0) and PC (17:0/0:0) have significant negative correlations with dominant phylum such as Streptophyta and Chytridiomycota (p < 0.05). At the genus level, Prevotella has a negative correlation with most of the differential metabolites, and a very significant positive correlation with 3-o 3-O-Acetylepisamarcandin (p < 0.01). The dominant microbial phylum Ruminococcus and Methanobrevibacter were positively correlated with the metabolites of 16-Hydroxy hexadecanoic acid and Polyoxyethylene 40 monostearate, among which Methanobrevibacter was positively correlated with Deoxycholic acid (p < 0.05).
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FIGURE 9
 Correlation among rumen metagenome, serum and rumen metabolomics. Spearman level correlation between rumen microflora and metabolites. Correlation analysis between dominant microbials and serum differential metabolites at taxonomic level of phylum (A) and genus (B). Correlation between dominant microflora at taxonomic level of phylum (C) and genus (D) and differential metabolites in rumen fluid.


According to the correlation analysis between the differential metabolites in rumen fluid and the dominant microflora (Figures 9C,D), the results show that: at the phylum level, Bacteroidetes showed an obvious negative correlation with most metabolites except Tangeraxan, Xi-1-Butoxy-1-methoxyethane, Butylisopropylamine, Decyl acetate, and Hexylamine, there is a significant positive correlation between Bacteroidetes and Xi-1-Butoxy-1-methoxyethane, Butylisopropylamine, and Decyl acetate (p < 0.05). Synergistetes are negatively correlated with most of the differential metabolites, among which there is a significant negative correlation with Decyl acetate, Hexylamine, and DG (18:1(11Z)/18:1(9Z)/0:0; p < 0.05). At the genus level, Prevotella showed a significant negative correlation with most metabolites except Butylisopropylamine, DG (20: 2 (11Z, 14Z)/18: 3 (9Z, 12Z, 15Z)/0: 0), and Decyl acetate, among which DG (20: 2) 11Z Unclassified_o_bacteria showed an extremely significant positive correlation with most of the differential metabolites, including Artemin, Walleminone, Thromboxane B2, and Costunolide.




4. Discussion

When ruminants on Qinghai-Tibet Plateau are supplemented during the dry season, the proper nutrition level in the supplementary diet can not only significantly improve the rumen microbial community and metabolites composition of ruminants but also regulate the rumen fermentation index of ruminants, which is the key to improve the growth performance of the host (Yáñez-Ruiz et al., 2015; Xu et al., 2017; Newbold and Ramos-Morales, 2020). Therefore, metagenomics and metabonomics were used to study the effects of different protein levels on the rumen microbial community and metabolites of JY, and the effects on rumen fermentation parameters and growth performance were also discussed.

In recent years, researches on the effect of dietary nutrition level on the growth performance of ruminants showed that the type and nutrition level of diet will have a significant impact on the daily gain and weight of ruminants (Xu et al., 2017; Estrada-Angulo et al., 2018; Wang et al., 2022b). Protein is one of the most important nutrients in ruminants’ diets. Ruminants need to get protein from various feeds in order to maintain their lives and engage in various production. Therefore, the differential supply of protein in supplementary diets may lead to the different growth performances of JY. In this study, the weight of JYs was significantly increased by supplementing diets with different crude protein levels, and the weight of the LP group and HP group was significantly higher than that of the control group. In addition, the weight of the control group showed an obvious downward trend in the last month of the formal experiment, indicating that with the increase in the age of JY, the food intake increased, and the nutrients obtained from pasture during grazing could not meet its growth and development needs, which led to the decline of the weight of JY. Consistent with previous research results, the increase of crude protein levels in the diet can increase the body weight and daily gain of animals (Estrada-Angulo et al., 2018; Qiu et al., 2018; Wang et al., 2020b). Moreover, when feeding lambs with different crude protein levels, the results showed that the daily gain and feed conversion efficiency of lambs were significantly improved by using high protein levels (Karlsson and Martinsson, 2011). In this experiment, the body weight and daily gain of JYs in the HP group were higher than those in the LP group. Therefore, according to the results of this experiment and previous research report (Bihuniak and Insogna, 2015), we speculate that increasing the crude protein level in the diet within a reasonable range can improve the growth performance of animals.

Rumen is a unique structure of ruminants, and it is a living fermentor for ruminants. The stable rumen environment is the basic guarantee for ruminants to digest feed, while pH and VFAs are the main indicators to measure it, and VFAs are the final products of ruminants’ degradation and digestion of protein in diet (Weller et al., 1969; Wang et al., 2012; Melo et al., 2013a). Therefore, in this study, the indexes of VFAs and pH in the rumen were measured. Rumen pH represents the buffering capacity of the rumen, which is used to reflect the stability of the internal environment in the rumen. It is an important index to evaluate rumen fermentation. It is in a dynamic change, with the normal range of 5.5 ~ 7.5, at this time, protozoa and cellulolytic bacteria in the rumen grow rapidly and produce a large number of VFAs to meet the energy needed by animals (Beijer, 1952; Palmonari et al., 2010; Melo et al., 2013a; Mizrahi et al., 2021). In this experiment, the rumen pH in the control group was lower than that in the LP group and the HP group, indicating that the supplementary feeding diet had a certain impact on the rumen internal environment, but the pH among the three groups were within the normal range, indicating that the body itself had certain self-regulation ability. VFAs are the final products of rumen microbials in ruminants when they ferment and degrade diets, and are the main sources of energy metabolism for ruminants’ growth and development (Warner, 1964; Harirchi et al., 2022; Weimer, 2022). In this experiment, the concentrations of Acetate, Propionate, Iso-Butyrate, Butyrate, Iso-Valerate, and valerate are the lowest in the Control group, which is consistent with other research results (Karimi et al., 2021; Mirzakhani et al., 2021; Yi et al., 2022a). The crude protein level in the supplementary diet has a significant impact on Valerate in JY. The concentration in the LP is higher than that in the HP, which may be related to the internal environment in the rumen of JY. According to previous studies, either too high or too low pH in the rumen can affect rumen absorption of VFAs in ruminants (Calsamiglia et al., 2008). Therefore, we speculate that the difference in acetate concentration among the three groups may be partly related to rumen pH, and the pH among the three groups is different. The ratio of Acetate/Propionate can affect microbial diversity. The ratio of Acetate/Propionate in the rumen is different with different feed types or microbial community structures. The higher the proportion of concentrate in the ruminant diet, the lower the ratio of Acetate/Propionate (Pang et al., 2022a; Yi et al., 2022a). In this experiment, the ratio of Acetate/Propionate in the control group was higher than that in the LP and the HP group, which was consistent with the results of Dai et al. (2022). Therefore, we speculated that the ratio of concentrate in the diet was changed when JYs were supplemented with different crude protein levels, thus reducing the ratio of Acetate/Propionate in the HP and the LP group.

Genomics can study the composition and functional characteristics of rumen microbials, by annotating the genes encoding CAZymes, we can quickly and comprehensively understand the effects of different protein levels of supplementary diets on rumen microflora in JY (Ghurye et al., 2016; Ngara and Zhang, 2018; Taş et al., 2021). In this study, as in previous studies, the dominant microbial compositions of the three treatment groups at phylum level are Bacteroides, Sclerotinia, Kiritimatiellaeota, and Proteus. Bacteroidetes and Firmicutes contain a large number of fiber-degrading bacteria, which can degrade cellulose in feed to produce VFAs, and play an important role in carbohydrate degradation in rumen, thus promoting the growth and development of ruminants (Chen et al., 2022a; Xue et al., 2022b). At the genus level, the dominant microbial genera in the three treatment groups are Prevotella and Ruminococcus, etc. Prevotella can make use of starch and plant cell walls in rumen, such as xylan and pectin. Ruminococcus can produce a large amount of cellulase and hemicellulase. More importantly, Ruminococcus is an important process involved in the degradation of oligopeptides into amino acids, which is regarded as a restrictive step in protein hydrolysis in rumen (Calsamiglia et al., 2010; Kim et al., 2017; Gaffney et al., 2021; Sharma et al., 2022). There was no significant difference in the relative abundance of these dominant microbials at the phylum and genus levels among the three treatment groups, which may be due to their adaptation to different supplementary diets through the ruminant rumen self-regulation system. It is worth noting that although the relative abundance of Streptomyces, Butyricimonas, and unclassified_c_Alphaproteobacteria is relatively low, these microbials have significant differences between the three treatment groups, which may be due to these differences. The microbial community leads to different degradation capabilities of the supplementary diet between the three treatment groups.

Metagenomics can be used to annotate the genes encoding CAZymes (Kunath et al., 2017); therefore, in this study, the genes encoding CAZymes in rumen microbials were annotated, and it was found that the three treatment groups were GHs and GTs with the largest number. Carbohydrate in the ruminant diet provides fermentation substrate for rumen microorganisms, which can account for more than 60% of the diet. Complex carbohydrates are decomposed into monosaccharides and oligosaccharides under the catalysis of various hydrolases, and then these oligosaccharides are quickly decomposed into pyruvate by microorganisms, which is fermented through metabolic pathways and finally produce acetic acid and propionic acid. Among them, GHs can destroy the glycosidic bond of carbohydrates through hydrolysis, and GTs can catalyze the formation of glycosidic bonds by using sugar donors containing nucleoside phosphate or lipid phosphate leaving groups (Bourne and Henrissat, 2001; Lairson et al., 2008; Ardèvol and Rovira, 2015). CE mainly removes the ester group of polysaccharides and participates in the degradation of the carbohydrate side chain, which can promote GHs and PLs to break the glycosidic bond of polysaccharides (Biely, 2012). PLs can break the glycosidic bond through the mechanism in the body, and the CBMs itself has no catalytic activity, but it can assist GHs and PLs by fixing CAZymes on the substrate surface to increase the contact time and area (Cantarel et al., 2009; Lombard et al., 2010; Jones et al., 2018). There are significant differences among GT28, GT13, GH149, and GH103 among the three treatment groups. In the comparison of CAZymes between LP and HP groups, the number of GH31, GH95, GH67, and GH98 in LP group is significantly higher than that in HP group. Previous studies have shown that GH149 and GH98 play an important role in the degradation of complex carbohydrates (Rigden, 2005; Kuhaudomlarp et al., 2018). Therefore, we speculate that the differences between these CAZymes may affect the degradation process of carbohydrates in the diet of JY, resulting in the difference in valerate concentration in the three groups. Valic acid is the substrate of rumen fermentation, which can be further processed into ruminants as a carbon source, moreover, valeric acid also participates in cellular immunity and is an effective immunomodulator (Nadeau et al., 2003; Feng et al., 2022). Therefore, the difference in valeric acid concentration in the rumen will affect the nutrient absorption capacity of ruminants, which will lead to the difference in growth performance, but the specific mechanism between them needs further study.

In order to further explore the potential relationship between rumen dominant microflora and rumen fermentation parameters and metabolites, Spearman correlation analysis was conducted based on Bray_Curtis distance. According to previous studies, more and more evidences showed that the concentration of metabolites will affect the function of rumen microflora (Zhang et al., 2017; Xue et al., 2020). The results of this experiment are consistent with those of yak and Holstein cattle, indicating that the changes between microbial flora and metabolites are closely related to the health and growth of the body (Zhang et al., 2017, 2021). In this experiment, the results showed that there is a significant positive or negative correlation between dominant microorganisms and differential metabolites. The metabolic pathways of these differential metabolites annotated by the KEGG database mainly include sphingomyelin metabolism, linoleic acid metabolism, histidine metabolism, and bile secretion et al. Deoxycholic acid is a differential metabolite among the three groups, which is significantly related to Proteobacteria. Deoxycholic acid is a steroid and one of the main components of circulating bile acid, which plays an important role in bile secretion (Funabashi et al., 2020). 4-Pentenoic acid is a differential metabolite among the three groups, and it is significantly related to the dominant microorganisms at the phylum level. The metabolite is a lipid and lipid molecule, which has been proved that inhibiting the combination of alanine and glucose in pyruvate carboxylase and glyceraldehyde 3-phosphate dehydrogenase can inhibit the oxidation reaction of fatty acids, thus affecting the growth and development of animals (Gorin and Zendowski, 1975; Zhong et al., 1985). Therefore, we speculate that the dominant microorganisms in JY can change the metabolic pathway in the body by regulating the concentration of these metabolites, and then affect the growth and development of the host.



5. Conclusion

In this study, the effects of crude protein level in supplementary diet on growth performance and rumen fermentation parameters of JYs were compared, and the effects on microbial community composition and metabolites were explored by metagenomics and metabolomics. The crude protein level in the supplementary diet significantly increased the daily gain of JY. The pH and concentration of valerate in the LP and HP group were significantly higher than those in the Control group, and the A:P ratio in the Control group was significantly higher than that in the other two groups. The crude protein level in the supplementary diet has no significant effect on the dominant microbial at the taxonomic level of phylum and genus. However, the dominant microorganisms are closely related to the different metabolites in serum and rumen, which are related to bile secretion and histidine metabolism, and are closely related to rumen fermentation parameters. To sum up, it is necessary to supplement the diet with suitable crude protein levels for JY during the dry season. This study is helpful to further explore the microbial and metabolic functions of JY fed with different crude protein levels, and then understand the protein requirements of JY in the dry season, so as to provide basic data for formulating more scientific supplementary diets in the future.
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Introduction: The Tibetan Plateau is characterized by low temperature and hypoxia. N-carbamylglutamic acid (NCG) can increase blood oxygen saturation, and have the potential to be used to prevent the high-altitude hypoxia stress state of cows. However, its beneficial effect on the rumen microbiota of Holstein dairy cows remains unclear.

Methods: Hence, the experiments 12 multiparous (parity ranged from 2 to 7) Holstein dairy cows (413.0 ± 42 kg) were randomly assigned to 2 treatments with 6 replicates in each treatment: basal diet (CON, control group) and basal diet plus 20 g/d/cow of NCG (NCG, experiment group), respectively. To study the effects of dietary NCG supplementation on rumen microbiota of Holstein dairy cows in Tibet. The experiment lasted for 45 days, with 15 days of pre-feeding and 30 days of formal trail period.

Results: The results showed that ruminal NH3-N concentration in NCG group was lower (p < 0.05) than that in the CON group, while molar proportion of acetic acid and total volatile fatty acid (VFA) concentration were increased (p < 0.05) with the addition of NCG. Microbial diversity increased (p < 0.05) in NCG group, with Bacteroidetes, Firmicutes, and Patescibacteria as the most abundant phyla. The KEGG pathway analysis showed that the potential function of ruminal bacteria was mainly enriched in metabolism (carbohydrates, amino acids, lipids, energy, and nucleotides) and genetic information processing (replication, repair, and translation).

Conclusion: In conclusion, NCG can improve rumen nitrogen utilization, total VFA and acetic acid production, and increase rumen microbial diversity, all of which could make the introduced Holstein dairy cows to better adapt to the harsh environment in Tibet and improve their production performance.

KEYWORDS
 N-carbamylglutamate, rumen bacteria, rumen fermentation, Tibet, Holstein dairy cow


1. Introduction

Due to the special geographical and environmental conditions, the Qinghai-Tibet Plateau has a long cold climate, strong ultraviolet radiation, strong wind and low oxygen content in the air (Liu H. et al., 2022; Liu Z. et al., 2022), leading to an extremely harsh living environment for livestock. As the hinterland of plateau, the living environment is even worse in Tibet, making it a major restricting factor for the development of Tibet’s animal husbandry. Local animals like Yaks (Bos grunniens) and Tibetan sheep are well-adapted to the harsh living environment in Tibet; however, introduced animals like Holstein dairy cows and Jersey cows could not stand with the harsh environment there. For example, introduced Jersey cows in this area have to live and produce under the challenge of low temperature and hypoxia, which is the major reason of hypoxemia and tissue hypoxia (Kong et al., 2019). Moreover, it is prone to a series of pathophysiological changes that will greatly affect the body’s health and production performance, such as pulmonary hypertension, decreased milk production, and other metabolic disorders and clinical symptoms (Neary and Garry, 2014).

Offering nutritional feed additives to animals that have the risk of suffering hypoxic have been proved efficient (Wenk, 2000). Although Arg (Arginine) could attenuate inflammatory stress and significantly improve lactating performance of dairy cows (Wang, 2016; Zhao et al., 2018; Ding et al., 2019), and improve the altitude reaction in high altitude animals by increasing blood oxygen saturation (Schneider et al., 2001), the rapid degradation in the rumen (Chacher et al., 2012) and the high price hindered its utilization in ruminant production. In the meanwhile, N-carbamoyl glutamate (NCG), a structural analog of N-acetylglutamate acts as an allosteric activator of essential cofactor aminophosphate synthase in endogenous arginine synthesis (Gessler et al., 2010), is much more stable than Arg in the rumen (Ma et al., 2019). The NCG is non-toxic to livestock (Guffon et al., 1995), and previous studies consistently proven that supplementation of NCG to ruminant diets could improve milk yield and production performance for dairy cows (Chacher et al., 2014; Ma et al., 2020; Gu et al., 2021), and improve reproduction of gestation Hu sheep (Sun et al., 2017) and improved the health and growth of suckling Hu lambs (Zhang et al., 2018). Therefore, it is widely used as a viable and cost-effective alternative to Arg. Our parallel study indicated that dietary supplementation of NCG by 20 g/d/head prevented hypoxic stress and tended to improve milk quality of Jersey dairy cows in Tibet (Liu H. et al., 2022; Liu Z. et al., 2022). This suggests that NCG also has beneficial effects on the physiological regulation of introduced animals at high altitude plateau.

This led to the hypothesis that supplementation of NCG would alter rumen metabolism via regulating ruminal microbial community of Holstein dairy cows that introduced to Tibet. Hence, this study was designed to assess the effect of NCG supplementation on rumen metabolism and microbiota of Holstein dairy cows that have been introduced to Tibet for a long time.



2. Materials and methods


2.1. Ethics statement

The animals and experimental procedures used in this study were approved by the Institutional Animal Care and the Use Committee, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, PR China (Approval number: ISA-2019-0115).



2.2. Animals, experimental design, and diets

This study was conducted during the warn season (from June to July 2021) in Changzhu dairy farm (Latitude N: 28°57′17″, Longitude E: 91°39′4″, Altitude: 3700 m), Shannan City, Tibet Autonomous Region, China. The hybrid Holstein breed (Holstein × yellow cattle) was selected, Average milk yield 9.6 kg/d, dry matter intake 16.91 kg/d. Twelve multiparous (parity ranged from 2 to 7) Holstein dairy cows (413.0 ± 42 kg) in pre-lactation with no clinical signs of disease were used as experimental animals in a completely random designed experiment.

All Holstein dairy cows randomly assigned into two groups (6 cows/group). Both groups of cows were randomly assigned to one of two treatments, with one group fed a basal diet (CON group) and another group fed the basal diet plus 20 g NCG per day for each cow (NCG group). The basal diet was offered in the form of total mixed ration (TMR), while the NCG was offered by top-dressing on the basal TMR at morning feeding to make sure been fully consumed. The NCG, with an ≥80%, used in the current study was supplied by Nenghe Biotechnology Co., Ltd., Zhongshan, China. The ingredients and chemical compositions of the basal diet are illustrated in Table 1. The experiment lasted 45 days, with 15 days of pre-feeding and 30 days of formal experimentation. All cows were fed two equal meals at 06:00 and 18:00 h every day. All animals were allowed free access to feed and fresh water throughout the experimental period.



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



2.3. Sample collection and measurements

Diet offered and refused for each cow were recorded, and samples of diet and orts were collected daily throughout the formal experimental period. Feed and orts samples were dried at 65°C for 72 h, and ground to pass a 1 mm screen. Then the samples were analyzed for analytical dry matter (DM; method 934.01), ether extract (EE; method 920.39), crude protein (CP; method 976.06), acid detergent fiber (ADF, method 985.29), calcium (Ca; method 978.02), and total phosphorus (TP; method 946.06) according to the procedures of the Association of Official Analytical Chemist (AOAC, 2012). The neutral detergent fiber (NDF) contents were determined using a Fibretherm Fiber Analyzer with F57 filter bags (ANKOM A200, ANKOM Technology Corp., Fairport, NY, United States) according to Van Soest et al. (1991).

Rumen fluid samples (100 mL) were collected from each cow using an oral stomach tube at 2 h after morning feeding on the final day of the experiment as reported previously (Shen et al., 2012). The initial 50 mL was discarded to minimize contamination of oral saliva. The pH value was measured immediately using a pH meter (PHS-100 portable acidity meter, Tianqi Mdt InfoTech Ltd., Shanghai, China). Thereafter, rumen fluid samples were filtered through a 4-layer cheesecloth and stored at −80°C until analysis. During sample analysis, 10 mL of rumen fluid was used for microbial crude protein (MCP) determination, and 5 mL of rumen fluid was centrifuged (10,000 g, 4°C, 15 min) to obtain supernatants, which was used for volatile fatty acid (VFA) and ammonia nitrogen (NH3-N) determination. The VFA concentration was measured using high-performance liquid chromatography (Agilent 1,100, Santa Clara, CA), referring to the method of Wang et al. (2020). The treated sample was automatically injected into the Agilent DBFFAP gas capillary column (30 m × 0.25 mm × 0.25 μm). Injector temperature was set to 250°C and detector temperature was set to 280°C. The split ratio of all samples was set at 50:1. The column temperature was programmed to heat from 60 to 220°C at a rate of 20°C/min, and then held for 5 min. A colorimetric method was used to detect NH3-N and MCP as described by Wang et al. (2019).



2.4. DNA extraction, PCR amplification, and 16S rRNA sequencing

Total microbial DNA was extracted using the QIAamp® DNA Stool Mini Kit (Qiagen, Hilden, Germany), and the quality and quantity of extracted DNA were measured by a NanoDrop 2000 (Thermo Scientific, Waltham, United States). The quantitative real-time PCR analysis of total bacteria was carried out with an ABI 7900 sequence detection system (Applied Biological System, Foster, CA, United States), using SYBR green premix Pro Taq HS qPCR kit AG11701 (Magigene Bioinformatics Technology, Guangzhou, China). The specific test procedures were in accordance with Jiao et al. (2015). The V3-V4 hypervariable region of 16S rRNA genes of bacteria was amplified with primer 338F (5′-ACT CCT ACG GGA GGC AGC A-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) as reported by Mumbi et al. (2015). The PCR procedures and conditions were performed according to the method described by Jiao et al. (2016) The PCR products were purified using the QIAquick Gel Extraction Kit (QIAGEN, Germany), quantified using real-time PCR, and sequenced on the MiSeq platform at Magigene Bioinformatics Technology (Guangzhou, China). The raw paired-end reads analysis and the quality control were referenced to the methods as reported by Huang et al. (2020). Qualified reads were separated using sample-specific barcode sequences and trimmed using the Illumina Analysis Pipeline version 2.6. The dataset was then analyzed using QIIME 2. The sequences with a similarity level of more than 97% were clustered into the same operational taxonomic units (OTUs), using the method of Uparse Software (7.1 version).1 Analyses of alpha diversities were performed using the ggplot2 and vegan packages of R 1.7 version (Oksanen et al., 2013). All computed distance matrix was visualized in a non-metric multidimensional scaling (NMDS) graph. The R software was used to analyze the differences of beta diversity index between groups.



2.5. Correlation analysis of ruminal fermentation and rumen bacteria

Spearman correlation analysis was carried out to analyze the relationship between the relative abundances of rumen bacteria and ruminal fermentation parameters. The absolute value of correlation coefficient was greater than 0.6 and the p < 0.05, the correlation was considered significant. The R Pretty Heatmaps package was applied to obtain heatmaps to visualize the robustness of correlations.



2.6. Functional prediction of microbial pathway abundances by PICRUSt

The functional potential of rumen microbes was inferred from the ASVs table using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (Douglas et al., 2020). First, execute the normalize_by_copy_number.py script to normalize the ASVs. Second, the standardized ASVs table was entered into the predict_metagnomes.py script to generate the Kyoto Encyclopedia of Genes and Genomes (KEGG)-based prediction of microbial pathway abundance.



2.7. Statistical analysis

The Shapiro–Wilk test was used for normal distribution of ruminal fermentation parameters and alpha diversity index data of the two groups, followed by Student’s t-test for comparison of means. The Wilcoxon rank-sum test was used to compare the relative abundance of bacterial taxa between the two groups. All the data were analyzed using the SPSS Statistics 22 (IBM, Chicago, United States) software. The data were expressed as means and standard error of means (SEM). The treatment effects was significant at p < 0.05, and the trends was discussed at 0.05 ≤ p < 0.10.




3. Results


3.1. Rumen fermentation parameters

The ruminal pH and MCP production did not differ between CON and NCG treatments, but the ruminal NH3-N concentration in CON was significantly greater (p < 0.01) than that in NCG (Table 2). The concentration of total VFA tended (p = 0.09) to be greater in NCG than that of CON (Table 2). Greater (p = 0.03) molar proportion of acetate was observed in NCG than that in CON group, thus lead to a tendency (p = 0.07) of greater Acetate/Propionate ratio in CNG group; meanwhile, the molar proportion of butyric acid tended (p = 0.09) to be higher in CON than that in NCG (Table 2). Whereas, the molar proportion of the rest individual VFA were not different between CON and NCG treatments.



TABLE 2 Effects of NCG supplementation on ruminal fermentation and microbial crude protein of Holstein dairy cows in Tibet.
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3.2. Rumen microbial richness and diversity

A total of 1,050,460 high-quality reads were obtained for all 12 rumen fluid samples, with an average of 87,538 ± 4,713 reads per sample (Supplementary Figure 1). Rarefaction curves showed that the sequencing depth covered essentially all species in all samples and accurately reflected microbial communities (Figure 1A). A total of 3,077 OTUs were obtained, with more than 95% annotated at phylum, class, and order level, approximately 80% annotated at family level, and only 56.87 and 31.04% annotated at genus and species level (Supplementary Table 1), respectively. Among which, 1839 were shared OTUs in the con and NCG cows, and 524 and 713 were unique OTUs in the con and NCG cows, respectively (Supplementary Figure 2). Alpha diversity indices including Chao 1 and Shannon diversity were analyzed, and the Chao 1 did not differ (p > 0.05) between treatments, while, the Shannon index was greater (p < 0.05) in NCG than that in CON (Figure 1B), suggesting that offering NCG to cows resulted in a greater ruminal bacteria diversity. The β-diversity was done by NMDS analysis, and the result showed that the ruminal bacteria community structure was greatly (p = 0.026) different between the CON and NCG groups (Figure 2; stress = 0.0994). As compared to the CON cows, the ruminal bacteria of cows received NCG supplementation had a clear cluster, indicating that they have a more similar microbial community structure.

[image: Figure 1]

FIGURE 1
 Rarefaction curve (A) and alpha diversity indices (B); Chao 1 and Shannon indexes of ruminal bacteria of lactating cows fed CON and NCG diets. CON, basal diet; NCG, basal diet +20 g NCG/cow/d.
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FIGURE 2
 Non-metric Multidimensional Scaling (NMDS) analysis based on Bray Curtis (stress = 0.0994) distance of ruminal fluid samples of lactating cows fed diets with or without N-carbamoyl glutamate (NCG). The centroid of each ellipse represents the group mean, and the shape was defined by the covariance within each group. CON, basal diet; NCG, asal diet +20 g NCG/cow/d.




3.3. Taxonomic analysis of ruminal microbial communities

Except some unclassified phyla, a total number of 19 phyla were identified in the ruminal microbiota of Holstein dairy cows in Tibetan plateau, with those greater than 1% in at least one group shown in Table 3. The five most abundant phyla were Firmicutes (averaged 54%), Bacteroidetes (averaged 17%), Patescibacteria (averaged 16%), Proteobacteria (averaged 6%), and Tenericutes (averaged 2%), accounting more than 95% of the entire bacteria identified. Notably, Patescibacteria was found to be a dominant phylum in Holstein dairy cow for the first time. At the family level, Ruminococcaceae (averaged 34%), Saccharimonadaceae (averaged 15%), Lachnospiraceae (averaged 11%), and Prevotellaceae (averaged 6%) were the four most abundant family (Table 4). Meanwhile, at the genus level, a total number of 77 genera were identified, and only the top 10 genera (including unassigned and uncultured) are listed in Table 5, with the Candidatus_Saccharimonas (averaged 15%), Ruminococcus_1 (averaged 11%), Papillibacter (averaged 4%), Ruminococcus_2 (averaged 4%), and Lachnospiraceae_XPB1014_group (averaged 4%) determined as the five most abundant genus. However, dietary NCG supplementation had no significant (p > 0.05) effect on relative abundances of ruminal bacterial at either phyla, family, or genus level.



TABLE 3 Relative abundances (%) of ruminal bacteria at phylum level in dairy cows received or not received NCG.
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TABLE 4 Relative abundances (%) of ruminal bacteria at family level in dairy cows received or not received NCG.
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TABLE 5 Relative abundances (%) of ruminal bacteria at genus level in dairy cows received or not received NCG.
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3.4. Correlation of rumen bacterial with fermentation parameters

The Spearman’s rank correlation analysis was used to investigate the correlations between ruminal fermentation parameters and rumen bacteria relative abundance at family level for dairy cows (Figure 3 and Supplementary Tables 2, 3). The production of ruminal MCP positively correlated with the relative abundance of family F082 (r = 0.832, p = 0.001); the Acetic/Propionic positively (r = 0.713, p = 0.012) correlated with the relative abundance of family Ruminococcaceae, whereas it negatively (r = 0.832, p = 0.019) correlated with family Lachnospiraceae. In contrast, the molar proportion of propionic acid positively correlated with the relative abundance of family Lachnospiraceae (r = 0.699, p = 0.015), but negatively correlated with the family Ruminococcaceae (r = 0.678, p = 0.019). Attention should also be paid that the relative abundances of unassigned bacteria positively correlated with the molar proportion of propionic acid and valeric acid, as well as the uncultured bacteria negatively correlated with the molar proportion of acetic acid. This suggests that unassigned and uncultured bacteria are also played an important role in ruminal fermentation.

[image: Figure 3]

FIGURE 3
 Heatmap of the correlations between the relative abundance of ruminal bacteria at family level and ruminal fermentation parameters. Blue color indicates negative correlations, and red color represents positive correlations. * Represents p < 0.05 and ** represent p < 0.01. MCP, microbial crude protein; TVFA, total volatile fatty acid; NH3-N, ammonia nitrogen.




3.5. Rumen microbial function prediction

The functions of ruminal microbes were predicted using KEGG pathway analysis, with more than 77% of the bacteria of both treatments allocated to the function of “Metabolism” at level 1 of KEGG (Supplementary Figure 3). A total of 33 functional pathways were identified at the level 2 of KEGG orthologs (KO), with the top 20 pathways shown in Figure 4. In this potential pathway functional profile, the functional structure of the ruminal bacteria community identified in rumen fluid samples collected from dairy cows in Tibet was found to be dominated by pathways involved in metabolism (carbohydrates, amino acids, lipid, energy, and nucleotides), and genetic information processing (replication, and repair, translation). Moreover, the pathways responsible for cell growth and death, and cell motility were found to be dominant in pathways concerning cellular processes.

[image: Figure 4]

FIGURE 4
 Predictive functional analysis showing relative abundance of assigned KEGG identity to the pathways of metabolisms at subsystem levels (KO2).





4. Discussion

Dietary supplementation of NCG altered ruminal fermentation, namely enhanced concentration of total VFA and acetic acid but lower NH3-N, which indicate enhanced ruminal N utilization. VFA can provide 75% of the energy for ruminants (Cheng et al., 2021), and also play an important role in immunity and growth of ruminants (Fan et al., 2020). The enhanced total VFA in NCG treatment was mainly because of increased molar proportion of acetic acid, suggesting a possibility increased fiber digestibility even though the nutrient digestibility were not determined. It was previously reported that NCG can promote the production of citrulline, which is further converted into fumaric acid and Arg under the action of enzymes (Hu et al., 2019). Fumaric acid is primary converted into acetic acid instead of lactic acid, which is beneficial for ruminal fermentation (Zhou et al., 2012). This might be the reason for the greater acetic acid production in cows fed NCG. Moreover, greater milk fat contents were determined in Jersey cows offered same dose of NCG like the current study (Liu H. et al., 2022; Liu Z. et al., 2022), suggesting that enhanced acetic acid are beneficial for milk fat syntheses. Dietary supplementation of NCG did not affect the molar proportion of propionate acid, thus lead to greater acetate to propionate ratio. Additionally, supplementation of NCG can promote urea cycle (Chacher et al., 2014), improve ruminal NH3-N utilization (Oba et al., 2005), and thus provide more N sources for MCP synthesis. It was proved in in vitro and in vivo studies that NCG can decrease ruminal NH3-N concentration (Chacher et al., 2013, 2014), enable rumen microbes to synthesize more MCP, thus reducing nitrogen excretion and improving nitrogen utilization (Chacher et al., 2014). The lowered ruminal NH3-N concentration in NCG cows was in consistence with previous reports by Chacher et al. (2013, 2014); however, only numerically greater contents of ruminal MCP were observed in NCG feeding cows. Taken together, supplementation of NCG to diet of Holstein dairy cows in Tibet do have benefits in improving ruminal fermentation and nutrient utilization, which will help the introduced animals to better adapt to the harsh environment of plateau hypoxia.

Biodiversity is essential for promoting the sustainability and productivity of numerous ecosystems. Similarly, the diversity of the rumen microbiota is closely related to metabolic ability, ruminal stability of ruminants, and health status. The current experiment studied the effects of diet add of NCG on rumen fermentation and rumen microbiota of Holstein dairy cows in Qinghai-Tibet Plateau. The results of 16 s rRNA gene sequencing indicated that dietary NCG supplementation resulted in an increased rumen microbial diversity of Tibetan Plateau dairy cows. We speculated that dairy cows of the NCG group would benefit from the increased microbial diversity, which will increase the stability of rumen environment and increase body energy to meet their survival requirements in the high-altitude and hypoxic environment in the Tibetan plateau. The more clustered ruminal bacteria community in NCG supports this speculation to some extends. Human studies have also shown that the diversity of intestinal microbiota improves the fermentation efficiency of dietary fiber and contributes to the stability of intestinal ecosystems (Tap et al., 2015). Moreover, the increased diversity of human gut microbes also reflects stronger metabolic capacity and improved health (Clarke et al., 2014).

The phyla Firmicutes and Bacteroidetes were dominant in the rumen of Tibetan Plateau dairy cows. Firmicutes and Bacteroidetes are consistently detected as the predominant phylum in rumen (Cui et al., 2019), suggesting that these bacteria play a significant role in rumen function and ecology of ruminants living in both low and high altitude. Furthermore, it should be noted that a high relative abundance of phyla Patescibacteria was detected in the rumen of Tibetan plateau dairy cows, which was not reported previously. Patescibacteria, also known as CPR, bacteria with special cell forms that are an important subset of the smallest known family of bacteria on Earth (He et al., 2015), it can be detected in wide range natural habitats (Rinke et al., 2013; Probst et al., 2018; Bokhari et al., 2020). Phyla Patescibacteria are commonly found in a variety of anaerobic environments such as wastewater treatment systems, soil, and human oral cavity, but are not a permanent member of the rumen environment (Wrighton et al., 2014). The plentiful Patescibacteria was not positive correlation with the nutrient index of water, indicating that the bacteria could adapt to oligotrophic environment (Herrmann et al., 2019). Cabello et al. (2019) were also able to assemble and obtain CPR MAGs in the bottom water of Belga Lake, again verified that CPR bacteria can live in an oligotrophic environment. Hence, we speculated that in high-altitude and low-oxygen regions, there may be some adaptive microbial community in the rumen microbes of Holstein cows. The enhanced microbes in the body may participate in important physiological functions of the body and maintain the health of the host, thus adapting to the harsh environment of high altitude and low oxygen. Nevertheless, their functional roles in Tibetan Plateau dairy cows still remain unclear and deserve further investigation.

Correlation analysis refers to the analysis of two or more variable elements with correlation, and is commonly applied to reveal the relationship between microbes and metabolites or fermentation parameters in rumen. In the current study, the relative abundances of F082, Ruminococcaceae and Lachnospiraceae family were found closely associated with ruminal fermentation and MCP production. The Ruminococcaceae and Lachnospiraceae belong to the Firmicutes phylum, was involved in the metabolism of a variety of carbohydrates which play a vital role in energy utilization (Lopes et al., 2021). The positive correlation between microbes and rumen VFA ensured the energy source of the host. Most of the VFAs formed in the rumen are absorbed across by the host ruminal epithelium (Zhang et al., 2016). Thus, dietary supplementation of NCG might possess the ability to more efficiently transport and absorb VFAs. The main VFA (acetic acid) in the rumen may cut down the abundance of Escherichia coli and maintain rumen health (Kong et al., 2014). This study showed that Acetic/propionic acid was positively correlated with Ruminococcaceae, and the response of VFA to rumen microbes indicated that dietary NCG supplementation could promote the interaction between microorganism and organism and adapt to the harsh growing conditions in Tibetan Plateau.

Rumen is a huge biological resource bank, and ruminal microbes play vital roles on the body’s immunity, nutrient absorption and degradation, and even enzyme metabolism. It is of great importance to excavate functional genes of rumen bacteria that are closely related to important nutritional physiological functions (Martin et al., 2010). In the current study, potential function prediction of ruminal bacteria of Tibetan Plateau dairy cows were carried out using KEGG pathway analysis. The results indicate that the most of ruminal bacteria were enriched in carbohydrate metabolism and amino acid metabolism at level 2 of KEGG pathways. This suggests that most ruminal bacteria are engaged in energy and amino acid metabolism so that to let the cows better adapt to the high-altitude hypoxic environment. Dietary NCG supplementation can increase endogenous arginine synthesis, promote amino acid metabolism, and increase amino acid utilization (Hu et al., 2019), which is identical with the results of functional prediction. In addition, genes related to replication and repair were the most abundant among genetic information processing. Studies have suggested that low oxygen and high ultraviolet radiation may cause DNA and protein damage in a plateau environment, while genes associated with replication and repair may help reduce damage to biomolecules (Fan et al., 2020). However, our results are based only on functional predictions of rumen bacteria. Further direct sequencing of the rumen metagenome of plateau cattle is needed to more accurately explore the role of these genes in NCG addition and environmental adaptation.

In conclusion, dietary NCG supplementation (20 g/d/head) reduced ruminal NH3-N concentration and enhanced ruminal total VFA production, especially acetic acid, suggesting enhanced N utilization and energy acquisition in rumen of Holstein dairy cows introduced to Tibet. The enhanced ruminal fermentation and N utilization is likely due to the enhanced ruminal microbial diversity, which needs to be further studied.
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Introduction: Owing to urbanization, living habits have changed widely, leading to alterations in the intestinal microbiota of urban residents. However, there are few studies on the characteristics of intestinal microbiota of adolescents living in different urbanized areas in China.

Methods: A total of 302 fecal samples collected from adolescent students in eastern China were examined. 16S rRNA high-throughput sequencing was used to identify the fecal microbiota. These data were combined with questionnaire survey results to investigate the effect of urbanization on the intestinal microbiota of adolescents in eastern China. Moreover, the role of lifestyle habits in this relationship was also evaluated.

Results: The results revealed significant differences in the structure of the intestinal microbiota among adolescents living in regions with different levels of urbanization. Adolescents living in urban regions had a significantly higher proportion of Bacteroides (p <  0.001, FDR = 0.004), whereas those living in towns and rural regions had higher proportions of Bifidobacterium (p < 0.001, FDR < 0.001) and Prevotella (p  < 0.05, FDR = 0.019). The diversity of the intestinal microbiota was higher in urban residents than in adolescents living in towns and rural regions (p  <  0.05). In addition, the differences in intestinal microbiota across individuals living in cities, towns, and rural regions were related to dietary preferences, flavor preferences, and sleep and exercise durations. Adolescents who ate more meat had more Dorea (LDA = 3.622, p = 0.04), while the abundance of Escherichia–Shigella is higher among adolescents who ate more condiments (LDA = 4.285, p = 0.02). The abundance of Dialister was significantly increased in adolescents with longer sleep durations (LDA = 4.066, p = 0.03). Adolescents who exercised for a long duration had more Faecalibacterium than those who exercised for a shorter duration (LDA = 4.303, p = 0.04).

Discussion: Our research has preliminarily demonstrated that there were differences in the composition of Gut microbiome in stool samples of adolescents living in different urbanized areas, and provide a scientific basis for the maintenance of a healthy intentional microbota in adolescences.
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1. Introduction

The human gastrointestinal tract contains 200–300 square meters of mucous membrane, which hosts more than 1,000 types of microorganisms with a total weight of 1–1.5 kg. These microorganisms, dispersed across 50 bacterial phyla, constitute the human intestinal microbiota (Qin et al., 2010; Backhed et al., 2015).

The intestinal microbiota plays an important role in health. Studies have shown that the intestinal microbiota influences the body’s metabolism, immune system, and brain function (Turnbaugh et al., 2007; Cho and Blaser, 2012; Shreiner et al., 2015). The gastrointestinal microbiota promotes the digestion of dietary fibers and improves lipid metabolism by inhibiting lipase activity in adipocytes (Hooper et al., 2001). In addition, the intestinal mucosa plays an important role in immunity, protecting the intestinal epithelium from the direct attachment of microorganisms. The intestinal microbiota can promote the maturation of the mucosal layer and improve immunity via FoxP3 + CD4 + cells (Nagano et al., 2012). There also exists a bidirectional network of communication between the intestinal microbiota and the brain called the gut–brain axis. Short-chain fatty acids, which are bacterial metabolites, affect the integrity of the blood–brain barrier by increasing the production of tight junction proteins. This, in turn, activates neurons and alters neurological function, leading to emotional and behavioral changes (Gomaa, 2020; Morais et al., 2021).

Previous studies have demonstrated a strong connection between the intestinal microbiota and gut disorders. Irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) are known to be caused by imbalances in the intestinal microbiota, leading to the growth of pathogenic microorganisms and subsequent damage to the intestinal mucosa (Ghoshal et al., 2012; Parekh et al., 2015). In addition, the intestinal microbiota plays an important role in host energy metabolism. Previous studies have revealed significant differences in the intestinal microbiota between healthy individuals and patients with obesity, fatty liver disease, diabetes, cardiovascular disease, and other diseases (Gomaa, 2020). Obese individuals show a higher proportion of Porphyromonas, Campylobacter, Bacteroides, Staphylococcus, and Parabacteroides and a decrease in the proportion of probiotic bacteria (Le Chatelier et al., 2013; Crovesy et al., 2020).

The intestinal microbiota is also related to immune and nervous system diseases. The intestinal microbiota of patients with allergy and asthma is significantly different from that of healthy individuals (Frati et al., 2018). Dysfunction of the brain–gut axis is associated with many neurological and psychiatric disorders, including stress-related disorders such as anxiety and depression, neurodevelopmental disorders such as autism, and neurodegenerative diseases such as Alzheimer’s disease (Clarke et al., 2013; Kelly et al., 2016; Sherwin et al., 2016; Strati et al., 2017). Studies have also shown that probiotic regimens can have a significant therapeutic effect on these psychiatric disorders (McKean et al., 2017). Taken together, this evidence suggests that more attention should be paid to gut health and the maintenance of a healthy intestinal microbiota, which is important for overall health.

In humans, the intestinal microbiota changes with age. Previously, it was believed that the structure of the intestinal microbiota in 3-year-old children was similar to that in adults (Chana Palmer et al., 2007). However, accumulating evidence shows that the development of the human intestinal microbiota is not as rapid as previously described. Instead, the intestinal microbiota gradually matures with age and even during adolescence (Kim et al., 2018; Vijayakumar et al., 2018). Adolescence is a critical period of growth and development. Physical development during adolescence lays the foundation for health in adulthood. Adolescents experience rapid physical changes, including changes in their body shape, sexual development and maturation, brain and nerve development, and increased energy metabolism (Golden et al., 2014; Vijayakumar et al., 2018). Thus, maintaining a healthy intestinal microbiota could promote the absorption of nutrients, prevent diseases, and improve physical development in adolescents, laying the foundation for good overall health in adulthood.

Urbanization is closely related to a decrease in the diversity of the human microbiome. Thus, the intestinal microbiota of adolescents living in regions with different levels of urbanization may also differ, affecting their growth and development at this stage. In previous studies, it was found that Bacteroides was more abundant in the intestines of adolescents living in cities, while Prevotella was more abundant in adolescents living in rural areas (Nakayama et al., 2015). Bacteroides can maintain intestinal stability by producing short-chain fatty acids (Tian et al., 2017). The decrease of Prevotella has been proved to be related to many diseases (Moon et al., 2017). Maintaining the balance of intestinal microecology is of great significance to health. Therefore, analyzing the differences in the intestinal microbiota in adolescents from areas with different levels of urbanization is of great significance for helping them maintain a healthy intestinal microenvironment.

Further, economic gaps contribute to variations in the environments and living habits of urban residents, thus influencing their intestinal microbiota. According to previous studies, differences in economic status and dietary habits have resulted in large differences in the intestinal microbiota of individuals from the East and West (Yatsunenko et al., 2012). The fecal samples of westerners show a high proportion of Bacteroides owing to the consumption of more high-fat meat. However, individuals in the East show a higher proportion of Prevotella because they consume more high-fiber carbohydrates (Nakayama et al., 2015). In addition, behavioral habits such as exercise and sleep durations can also affect the intestinal microbiota. Studies have reported that exercise has a significant impact on the intestinal microbiota in adolescents. Further, after exercise interventions, the intestinal microbiota of children with diabetes appears similar to that of healthy children (Quiroga et al., 2020). In breast cancer survivors, sleep disturbances are linked to the abundance of Paracoccus, Rikenellaceae, and Clostridium groups (Paulsen et al., 2017). Moreover, evidence suggests that metabolic disorders associated with sleep deprivation could be mediated by the overgrowth of specific intestinal bacteria (Matenchuk et al., 2020).

However, few previous studies have found links between living habits and urbanization or explored the reasons for variations in the intestinal microbiota among residents of areas with different urbanization levels.

This study investigated the characteristics of the intestinal microbiota in adolescents from regions in Hangzhou with different levels of urbanization. We analyzed the effects of diet, exercise and sleep on these characteristics to provide a scientific basis for the maintenance of intestinal health in adolescents from regions with different levels of urbanization.



2. Materials and methods


2.1. Study population and collection of fecal samples

Using stratified cluster sampling, five districts/counties in Hangzhou were selected: Shangcheng District, Gongshu District, Xihu District, Fuyang District, and Chun‘an County. Four schools—including two junior high schools and two primary schools—were selected from each district. Subsequently, one class with more than 16 students was selected from each school.

According to the urbanization level of different districts/counties, the regions were divided into three groups: urban, town, and rural areas. The urban group was composed of students from Shangcheng District and Gongshu District; the town group was composed of students from four schools in Xihu District and the adolescents from the town in Fuyang District; and the rural group was composed of the students from Chun’an County and the adolescents from the rural region in Fuyang District. Adolescents aged 7–15 years (contained the younger age) were included in this study and referred to the national health industry standard WS/T 610-2018. Exclusion criteria: Antibiotics have been used in the past 15 days (Qin et al., 2010; Backhed et al., 2015). Gastrointestinal dysfunction, previous gastrointestinal disease history (Shreiner et al., 2015). Diarrhea, abdominal distension, abdominal pain or constipation within the past 15 days. Finally, 302 adolescents were included in the study.

Fecal samples were obtained from the participants and stored at 4°C immediately following collection and sent to the laboratory within 4 h and frozen for DNA sample extraction. This research was approved by the Ethics Committee of Hangzhou Center for Disease Control and Prevention (No. 20047), and written informed consent was obtained from the parents or guardians of each adolescent.



2.2. Questionnaire design

The questionnaire contained questions on basic demographic information such as sex, age, and grade. Lifestyle habits of nearly 7 days, such as dietary preferences, flavor preferences, sleep durations, and exercise durations were also surveyed. The questionnaire was self-evaluated. In order to prevent adolescents from providing inaccurate responses while filling out their questionnaire owing to a lack of question comprehension or recall bias, they were accompanied by their parents while filling out the questionnaire. Thus, parents and adolescents completed the questionnaire together. Dietary preferences were divided into three categories: 1. Preference for vegetables (Vegetable intake is higher than meat), 2. Preference for meat (Meat intake is higher than vegetables), and 3. Balanced proportion of vegetables and meat. Flavor preferences were divided into three categories: 1. Light flavor, 2. Heavy seasoning (spicy, salty, sweet, sour, etc.), and 3. Balanced flavor. Sleep duration was divided into 1. Less than 7 h, 2. 7–9 h, and 3. More than 9 h. Exercise duration was divided into four groups: 1. Less than 0.5 h, 2. 0.5–1 h, 3. 1–2 h, and 4. More than 2 h.

This questionnaire was designed by project team members based to the opinions of experts, strictly following the principles of probability and statistics. This questionnaire was designed according to “Zhejiang Adult Behavior Risk Factors Monitoring Questionnaire.” It has been pre-investigated, expertly demonstrated, and conducted face-to-face investigations by trained and qualified investigators.



2.3. DNA extraction and PCR amplification

Total microbial genomic DNA was extracted from fecal samples using the E.Z.N.A.® soil DNA Kit according to manufacturer’s instructions. The quality and concentration of DNA were determined by 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., United States) and kept at − 80°C prior to further use. The hypervariable region V3–V4 of the bacterial 16S rRNA gene were amplified with primer pairs 806R(5′-GGACTACHVGGGTWTCTAAT-3′; Liu et al., 2016) by an ABI GeneAmp® 9,700 PCR thermocycler (ABI, CA, United States). The PCR reaction mixture including 4 μL 5 × Fast Pfu buffer, 2 μL 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.4 μL Fast Pfu polymerase, 10 ng of template DNA, and ddH2O to a final volume of 20 μL. PCR amplification cycling conditions were as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. All samples were amplified in triplicate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, United States).



2.4. Illumina MiSeq sequencing

Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina NovaSeq PE250 platform (Illumina, San Diego, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw sequencing reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA856408).



2.5. Amplicon sequence processing and analysis

After demultiplexing, the resulting sequences were quality filtered with fastp (0.19.6; Chen et al., 2018) and merged with FLASH (v1.2.11; Magoč and Salzberg, 2011). Then the high-quality sequences were denoised using DADA2 (Callahan et al., 2016) plugin in the Qiime2 (Bolyen et al., 2019; version 2020.2) pipeline with recommended parameters, which obtains single nucleotide resolution based on error profiles within samples. DADA2 denoised sequences are usually called amplicon sequence variants (ASVs). To minimize the effects of sequencing depth on alpha and beta diversity measure, the number of sequences from each sample was rarefied to 24,635, which still yielded an average Good’ s coverage of 99.10%. Chao1 and Shannon index were calculated with Mothur (v1.30.1; Schloss et al., 2009). Taxonomic assignment of ASVs was performed using the Naive bayes consensus taxonomy classifier implemented in Qiime2 and the SILVA 16S rRNA database (v138).



2.6. Statistical analysis

The differences of Alpha diversity index (Chao index and Shannon index) between groups were determined by Kruskal–Wallis rank-sum test. Beta diversity principal coordinate analysis (PCoA) is determined based on ASV table and Bray–Curtis distance algorithm. The abundance of each microbiota at the level of phylum and genus was counted and displayed as Veen diagram and Bar diagram. The comparative analysis of genus intestinal microflora was determined by Kruskal-Wallis rank sum test and Tukey–Kramer back testing, False discovery rates (FDRs) were calculated to account for multiple testing, FDR < 0.05 was considered statistically significant. LEfSe (Linear discriminant analysis Effect Size) online software1 was used for linear discriminant analysis (LDA ≥ 2) to determine the bacteria with significant differences in different groups (Segata et al., 2011). Canonical correlation analysis (CCA) combines correspondence analysis with multiple regression analysis, and each step is calculated by regression with environmental factors, usually used to determine the correlation between sample distribution, intestinal microbiota and environmental factors (Mccune, 1997). The above data analysis and mapping are all carried out on the online platform of Majorbio Cloud Platform2. IBM SPSS version 21 software was used for statistical analysis, and Chi-square analysis was used to compare demographic characteristics among adolescents. Bonferroni adjustment was used for post-hoc testing. Significant difference was defined as p < 0.05.




3. Results


3.1. Basic characteristics of the study population

In total, 302 adolescents were included in the study: 102 from cities areas (age, 11.11 ± 2.746 years), 97 from towns (age, 10.61 ± 2.760 years), and 103 from rural areas (age, 10.21 ± 2.959 years). There were no significant differences in age, grade, and gender among the three regions (Table 1).



TABLE 1 Characteristics of the adolescent population in different regions.
[image: Table1]

The dietary and flavor preferences and exercise and sleep durations of adolescents from different regions are shown in Table 1. There were significant differences in these lifestyle habits among the three regions. The proportion of adolescents with a balanced dietary intake was highest in cities, and that of those who consumed more vegetables was the highest in rural areas. Regarding flavor preferences, the proportion of adolescents with a balanced flavor preference was the highest in cities, and adolescents with light flavor in cities are significantly more than those in town. Cities also had the highest proportion of adolescents who slept for more than 9 h. However, adolescents who exercised for more than 2 h a day were the most common in rural areas. These differences in lifestyle habits may have created differences in the intestinal microbiota among adolescents living in different areas of Hangzhou.



3.2. Characteristics of the intestinal microbiota based on the level of urbanization

16S rRNA sequencing technology was used to analyze the fecal microbiota in adolescents from different regions. First, the Alpha diversity of the intestinal microbiota in adolescents was calculated using the Wilcoxon rank-sum test. The Chao index reflects the richness of communities in the samples, and the Shannon index reflects their diversity. Our results showed no significant difference in the Chao index among adolescents from different regions. However, the Shannon index was significantly different (p < 0.001). The Shannon index was the highest in adolescents from cities, followed by those from towns and rural areas. Hence, the intestinal microbiota of city adolescents was more diverse than that of adolescents from other regions (Figures 1A,B).
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FIGURE 1
 Alpha and beta diversity of the intestinal microbiota from adolescents in different regions, (A) Chao index; (B) Shannon index; (C) Beta diversity; (D) Venn diagram. Statistical significance thresholds were: *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; ***p ≤ 0.001.


Next, we examined the relationship between microbial communities in different regions using PCoA based on Bray-Curtis distances. The results showed that the composition of the intestinal microbiota was significantly different among adolescents from different regions (PERMANOVA, p = 0.001; Figure 1C), except between adolescents from town and rural area (p = 0.37; Supplementary Figure S1). As shown in the Venn diagram, there were 282 bacterial species shared among residents of cities, towns, and rural areas. However, 41, 40, and 47 bacterial species were exclusive to those from cities, towns, and rural areas, respectively (Figure 1D). Combined with the results of Alpha diversity, the results showed that adolescents from regions of higher urbanization had a more diverse microbiota.

The distribution of the intestinal microbiota in adolescents from different regions was analyzed at the phylum and genus level using a community bar diagram. The relative abundances of Firmicutes, Actinobacteria, Bacteroidota, and Proteobacteria were different among the different regions. In cities, Firmicutes accounted for 65.63% of the standardized readings, followed by Bacteroidota (16.92%), Actinobacteria (11.90%), and Proteobacteria (4.41%). In towns, Firmicutes accounted for 64.42% of standardized readings, followed by Actinobacteria (18.82%), Bacteroidota (10.79%), and Proteobacteria (4.2%). In rural areas, Firmicutes accounted for 64.61% of standardized readings, followed by Actinobacteria (19.06%), Bacteroidota (10.35%), and Proteobacteria (4.89%). Compared with towns and rural areas, the relative abundance of Bacteroidota in cities was higher (16.92 vs. 10.79 vs. 10.35%, p = 0.003, FDR = 0.027), while the proportion of Actinobacteria was lower (11.90 vs. 18.82 vs. 19.06%, p < 0.001, FDR < 0.001; Figure 2). The ratios of Firmicutes to Bacteroidota in cities, towns, and rural areas were 3.88, 5.97, and 6.25, respectively.
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FIGURE 2
 Community distribution of the intestinal microbiota in adolescents from different regions at the phylum and genus levels. (A) phylum level; (B) genus level.


The Wilcoxon rank-sum test was used to assess differences in the distribution of gut microbes at the genus level among adolescents from different regions. Among the 15 bacterial genera with the highest relative abundance, 10 genera showed statistical differences in the gut of adolescents from different regions (Figure 3). Bifidobacterium was more abundant in the intestinal microbiota of adolescents from rural areas, and the least abundant in those from cities (p < 0.001). Bacteroides was most commonly found in cities and less commonly in towns and rural areas (p < 0.001). Blautia and the Eubacterium hallii group were more frequent in towns and rural areas than in cities (p < 0.001). The abundance of Collinsella, Romboutsia, Anaerostipes, unclassified_f_Lachnospiraceae, Prevotella, Dialister are also significantly different among adolescents in different areas. However, after FDR correction, the statistical significance of Dialister disappeared. There was no significant difference in Escherichia–Shigella among the three regions (Table 2).
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FIGURE 3
 Comparison of the fecal microbiota across different regions at the genus level. Statistical significance thresholds were: *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; ***p ≤ 0.001.




TABLE 2 Comparison of the fecal microbiota across different regions at the genus level.
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LEfSe was used to analyze the key intestinal bacteria contributing to community structure differences among adolescents from different regions. The results showed that the intestinal microbiota of adolescents in cities was rich in Bacteroidales (LDA = 4.480, p = 0.001) order, Bacteroidia (LDA = 4.480, p = 0.001) class, Bacteroidota (LDA = 4.480, p = 0.001) phylum, Bacteroides (LDA = 4.475, p < 0.001) genus, and Bacteroidaceae (LDA = 4.475, p < 0.001) family. In towns, the abundance of Coriobacteriales (LDA = 4.198, p < 0.001) order, Coriobacteriia (LDA = 4.198, p < 0.001) class, Collinsella (LDA = 4.157, p < 0.001) genus, Coriobacteriaceae (LDA = 4.156, p < 0.001) family and the Eubacterium hallii group (LDA = 4.109, p < 0.001) genus was significantly higher than that in other areas. Adolescents from rural areas showed a higher enrichment of Actinobacteriota (LDA = 4.548, p < 0.001) phylum, Actinobacteria (LDA = 4.407, p < 0.001) class, Bifidobacterium (LDA = 4.405, p < 0.001) genus, Bifidobacteriaceae (LDA = 4.404, p < 0.001) family, Bifidobacteriales (LDA = 4.404, p < 0.001) order, Blautia (LDA = 3.936, p = 0.001) genus, Prevotellaceae (LDA = 3.828, p = 0.001) family, Prevotella (LDA = 3.782, p = 0.001) genus (Figure 4).
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FIGURE 4
 LefSe analysis of the intestinal microbiota from adolescents in different regions.




3.3. Factors influencing the intestinal microbiota in adolescents from regions with different levels of urbanization

In order to further analyze the impact of lifestyle habits on the relationship between urbanization and intestinal microbiota, CCA (canonical correlation analyses) was conducted between intestinal microbiota and environmental factors. As shown in Figure 5, urbanization and flavor preference are the two factors that have the greatest influence on the intestinal microbiota of adolescents in Hangzhou, and urbanization has a positive correlation with dietary preference and sleep duration, indicating that the differences of intestinal microbiota of adolescents in different areas may be related to their lifestyle habits. The distribution of intestinal microbiota in adolescents with different lifestyle habits was observed based on beta diversity. There were significant differences in the genus-level bacterial community structure (beta diversity) among adolescents with different sleep durations (Supplementary Figure S2). We used the Wilcoxon rank-sum test to analyze the characteristics of the adolescent intestinal microbiota under different living habits. All these factors influenced the intestinal microbiota at the genus level. Regarding dietary preference, adolescents who preferred to eat meat and had a balanced diet had more Bacteroides in the intestinal tract than those who preferred to eat vegetables (p < 0.05, FDR = 0.633; Figure 6A). With respect to flavor preference, Escherichia–Shigella were significantly more abundant in the intestinal tract of adolescents who preferred heavy seasoning than in that of those with a preference for light or balanced flavors (p < 0.05, FDR = 0.519; Figure 6B). Dialister is more common in the intestines of adolescents who sleep more (p < 0.05, FDR = 0.625; Figure 6C). However, exercise duration had an influence on the intestinal microbiota of adolescents. The abundance of Faecalibacterium increased with exercise duration (p < 0.05, FDR = 0.765; Figure 6D). However, these differences disappeared after FDR correction.
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FIGURE 5
 Canonical correlation analyses (CCA) of the correlation between gut microbiota and related environmental factors. Arrows represent different environmental factors, red labels represent genera of gut microbiota, and black circles represent samples. The length of the arrow represents the degree of correlation between the environmental factor and gut microbiota, and the longer the arrow represents the greater the influence on the composition of gut microbiota by related environmental factor. The Angle between the arrow lines represents the direction of the correlation, the acute angle indicates the positive correlation between the two environmental factors, and the obtuse angle is the negative correlation.
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FIGURE 6
 Comparison of the intestinal microbiota from adolescents with different lifestyle habits at the genus level. (A) Dietary preference; (B) Flavor preference; (C) Sleep duration; (D): Exercise Duration. Statistical significance thresholds were: *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; ***p ≤ 0.001.


In addition, LEfSe analysis was used to identify the key intestinal bacteria contributing to community structure differences in adolescents with different lifestyle conditions. The intestinal microbiota of adolescents with a light flavor preference, and strong flavor preference was characterized by the Peptoclostridium (LDA = 3.180, p = 0.003), and Escherichia-Shigella (LDA = 4.285, p = 0.02), respectively. Adolescents with different dietary preferences also had different intestinal microbiota community structures. Ruminococcaceae (LDA = 3.321, p = 0.03) was the specific genus in the intestines of adolescents with a balanced diet. In adolescents who preferred meat, the specific bacterium was Dorea (LDA = 3.622, p = 0.04), and UCG-003 (LDA = 3.055, p = 0.02) was the specific strain in those who preferred to eat vegetables. The intestinal microbiota of adolescents who slept for less than 7 h, 7–9 h, more than 9 h was characterized by the Lachnoclostridium (LDA = 3.523, p = 0.002), NK4A214_group (LDA = 3.006, p = 0.012), and Dialister (LDA = 4.066, p = 0.03), respectively. In the analysis of exercise durations, Intestinimonas (LDA = 2.146, p < 0.001), Ruminococcus (LDA = 3.622623, p = 0.001), Megasphaera (LDA = 3.223, p = 0.01), Faecalibacterium (LDA = 4.303, p = 0.04) are the specific bacterium in the intestines of adolescents who exercise for less than half an hour, half an hour to 1 h, 1–2 h and more than 2 h, respectively (Figure 7).
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FIGURE 7
 LefSe analysis of the intestinal microbiota from adolescents with different lifestyle habits. (A) Dietary preference; (B) Flavor preference; (C) Sleep duration; (D) Exercise duration.





4. Discussion

Previous studies have found regional differences in the human intestinal microbiota. This high abundance of intestinal Bifidobacterium has also been observed in Japanese children and is believed to be linked to the Japanese diet (Nakayama et al., 2015). People from western countries consume more fat and protein. Studies have found that these individuals show a higher abundance of Bacteroides in their intestinal microbiota. Meanwhile, these individuals typically consume carbohydrates in their simplest forms via drinks, cakes, desserts, and white bread. Hence, western diets are often high in energy and low in nutritional value, altering the metabolism of intestinal microorganisms and increasing the risk of obesity, cardiovascular diseases, and diabetes (Yatsunenko et al., 2012; Sampson and Mazmanian, 2015). In contrast, the long-term consumption of complex carbohydrates (such as dietary fiber) has been proven to increase the abundance of Prevotella. Therefore, the amount of intestinal Prevotella is low among westerners, while being higher among populations that consume coarse grains, such as people from Malawi, American Indians, and people from African countries (De Filippo et al., 2010; Ayeni et al., 2018). The intestinal microbiota of people from different areas shows vast differences. In our study, it also shows consistency. The diversity of intestinal microbiota of adolescents in urban areas is higher than that in town and rural areas, and the composition of intestinal microbiota of adolescents in urban is different from that in town and rural area. Living in different geographical areas may strongly affect the diversity of the intestinal microbiota during childhood.

The ratio of Firmicutes to Bacteroidetes is thought to be related to intestinal inflammation and obesity (Stojanov et al., 2020). Higher F/B ratios are linked to a higher risk of obesity (Ruth et al., 2005; Kasai et al., 2015; Crovesy et al., 2020) and lower risk of IBD (Manichanh et al., 2006; Walker et al., 2011; Kabeerdoss et al., 2015). Previous studies have found that the F/B ratio is higher among children living in urban Europe than in those from rural Africa (De Filippo et al., 2010). Researchers believe that this is due to the high protein and fat consumption among European children. However, the influence of the F/B ratio on diseases is still controversial. In many studies, this ratio has shown no correlation with obesity, and even the opposite conclusion has been reached (Castaner et al., 2018; Vaiserman et al., 2020). Our data showed that the abundance of Actinobacteria was higher than that of Bacteroidota in adolescents from rural regions and towns. Bacteroidota was significantly more abundant in adolescents from urban regions than in those from other regions. The F/B ratio was found to differ among adolescents living in cities, towns, and rural areas. Unexpectedly, it was lower in adolescents living in urban areas than in those from rural areas. However, as mentioned above, the dietary habits in the urban areas of Hangzhou were not similar to those observed in western cities. While meat consumption was prevalent in the city of Hangzhou, the high-frequency intake of vegetables and fruits was also observed. Hence, the relationship between the intestinal microbiota in adolescents from different regions of Hangzhou and obesity needs further analysis. At the genus level, many bacteria showed differences among adolescents from different types of areas. Among them, Bifidobacterium showed a lower abundance in adolescents from urban areas, Bacteroides showed a higher abundance, consistent with the intestinal microbiota observed in westerners (De Filippo et al., 2010). Hence, urban development had some influence on the intestinal microbiota of adolescents. The relative abundance of Bifidobacterium and Bacteroides was found to be higher in the intestinal tracts of children living in Bangkok, while that of Prevotella was higher in the intestinal tracts of children living in Khon Kaen. This was attributed to the lower frequency of vegetables and fruits consumed by children in Bangkok (Nakayama et al., 2015).Our data showed that the relative abundance of Prevotella is low in all three regions, but it is higher in rural areas. Prevotella abundance is linked to a low-fat and high-fiber diet. Traditional eating habits are maintained more frequently in rural areas, which have a relatively backward economy. Our analysis of dietary habits showed that adolescents in rural areas of Hangzhou preferred to eat more vegetables, resulting in the characteristic higher abundance of Prevotella and lower abundance of Bacteroides. In economically developed urban areas, the high protein and fat intake led to a significant increase in Bacteroides. The difference of intestinal microbiota among adolescents living in different areas may be related to their lifestyle habits including dietary.

Diet has long been considered an important determinant of the intestinal microbiota. Our study also found that there is a close connection between dietary habits and the intestinal microbiota in adolescents. There are more Dorea in the intestines of adolescents who prefer to eat meat than those in the other two groups. In previous studies, it was found that the abundance of Dorea in Type 2 Diabetes individuals increased significantly, and it was negatively correlated with the abundance of butyrate-producing bacteria (Li et al., 2020). The increase of Dorea may play a role in the development of Type 2 Diabetes. This shows that the preference for eating meat in adolescence can affect the metabolism of the body by changing the intestinal microecological environment. In other words, a balanced diet is conducive to the formation of a healthy microecological intestinal environment. Moreover, 71.6% of adolescents in urban areas had a balanced diet, which might explain the higher diversity of the intestinal microbiota in this population. So far, there has been limited research on the relationship between flavor preference and the intestinal microbiota among adolescents. Our research provides new insights into this area. Through CCA analysis, Flavor preference is the lifestyle habits that have the greatest influence on the intestinal microbiota of adolescents in Hangzhou. We also found that adolescents who consumed more seasoning-rich food had the highest abundance of Proteobacteria, especially Escherichia–Shigella. However, some probiotics were enriched in adolescents who consumed more balanced and light flavors. Previous studies have considered that prevalence of the bacterial phylum Proteobacteria is a marker for an unstable microbial community (dysbiosis) and a potential diagnostic criterion for disease (Shin et al., 2015). Intestinal microbiota disorders also usually involve Escherichia–Shigella, which are linked to various diseases, such as diarrhea, Type 2 Diabetes, and acute pancreatitis (Thingholm et al., 2019; Zhu et al., 2019; Mizutani et al., 2021). This suggests that lightly flavored food can help adolescents develop a healthy intestinal microbiota and prevent diseases.

We found that sleep duration is also related to the intestinal microbiota. The intestinal microbiota was different in adolescents who slept for less than 7 h. Bifidobacterium was more abundant in the group with a lower sleep duration, while Bacteroides was more abundant in adolescents who slept for longer, although the difference was not significant, while the abundance of Dialister is significantly increased in the adolescents with longer sleep time. In our study, we also found that adolescents in urban areas slept longer than those in rural areas, and the abundance of Dialister of adolescents in urban areas is higher. This shows that the difference of sleep duration may also have an impact on the intestinal microbiota of adolescents in different areas. Previous studies have found that vegetarianism is a risk factor for mental disorders (Johannes Michalak and Jacobi, 2012). This may be due to the low tissue concentrations of long-chain n–3 fatty acids and vitamin B12 in vegetarians, which may increase the risk of major depression (Kwok et al., 2002; Wolfgang Herrmann, 2002). Patients with mental disorders often have a variety of sleep problems, such as sleep interruptions and a reduced duration of sleep (Baglioni et al., 2016). Both Dialister related to carbohydrate metabolism (Gonçalves et al., 2016) and Bacteroides related to fat metabolism (Li et al., 2022) were increased in the intestinal tract of adolescents who slept longer, which might be the reason for the different distribution of intestinal microbiota in adolescents with different sleep duration. Given that adolescents are in a critical period of growth and development, a balanced diet could not only help in maintaining a stable intestinal microbiota but also promote a healthy psychological state and improve sleep quality.

Previous studies have found that exercise plays an important anti-inflammatory role in the body, and regular exercise also affects the distribution of intestinal flora. People with exercise habits had a greater diversity of gut microbiota than people without (O’Sullivan et al., 2015). This may be because exercise reduces the effects of stress-induced intestinal barrier dysfunction. Moderate exercise is also associated with a lower degree of intestinal permeability, preservation of mucus thickness, and a lower rate of bacterial translocation (Luo et al., 2014). Our study also found a correlation between exercise and the intestinal microbiota of adolescents. Individuals who exercised for a long time had more Faecalibacterium. In previous studies, probiotics such as Bifidobacterium and Faecalibacterium have been found to be negatively correlated with body weight (Remely et al., 2016; Barratt et al., 2022). In addition, low Faecalibacterium abundance has been detected in some patients with chronic diseases (Sedighi et al., 2017; Dominika Salamon et al., 2018; Gao et al., 2018). One explanation is that the microbial microbiota promotes the biotransformation of bile acids to regulate fat digestion and metabolism, decreasing serum lipid levels (Ji et al., 2012). In our study, Faecalibacterium was more abundant in individuals who exercised for a long duration. This indicated that a longer exercise duration may accelerate metabolism in adolescents by improving their intestinal microbiota. Adolescents who exercised for a long duration were more common in rural areas, and individuals from rural areas also had a higher abundance of probiotics. Hence, exercise durations could have also had a significant impact on the distribution of the intestinal microbiota in adolescents from different regions.

Our findings provide new ideas for exploring the characteristics of the intestinal microbiota in adolescents living in areas with different urbanization levels and the factors that influence these characteristics. Nevertheless, our study has some limitations. First, this study explored dietary habits and sleep durations using a survey questionnaire. Hence, the results may be subject to some conformity and recall bias. Second, we did not measure some specific blood gut microbiota-related metabolites, which may help us to further explain the existing research results. Third, the differences provided in this study are nominal significance, so they should be carefully explained. Fourth, as 16S rRNA amplicon sequencing does not allow species-level resolution, more detailed analysis is needed to explore the relationship between urbanization and intestinal microbiota in the future.



5. Conclusion

A total of 302 adolescents participated in this study, which was the first comprehensive study examining the influence of urbanization and living habits on the intestinal microbiota of Chinese adolescents. The findings suggest that the diversity of intestinal microbiota is higher among adolescents from urban areas than in those from towns and rural areas. These differences are related to dietary preferences, flavor preferences, sleep duration, and exercise duration. Our results provide a scientific basis for the development of strategies to enable the maintenance of a healthy intestinal microbiota in adolescents living in areas with different levels of urbanization.
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Neonatal calves have a limited capacity to initiate immune responses due to a relatively immature adaptive immune system, which renders them susceptible to many on-farm diseases. At birth, the mucosal surfaces of the intestine are rapidly colonized by microbes in a process that promotes mucosal immunity and primes the development of the adaptive immune system. In a companion study, our group demonstrated that supplementation of a live yeast probiotic, Saccharomyces cerevisiae boulardii (SCB) CNCM I-1079, to calves from birth to 1 week of age stimulates secretory IgA (sIgA) production in the intestine. The objective of the study was to evaluate how SCB supplementation impacts the intestinal microbiota of one-week-old male calves, and how changes in the bacterial community in the intestine relate to the increase in secretory IgA. A total of 20 calves were randomly allocated to one of two treatments at birth: Control (CON, n = 10) fed at 5 g/d of carrier with no live yeast; and SCB (n = 10) fed at 5 g of live SCB per day (10 × 109 CFU/d). Our study revealed that supplementing calves with SCB from birth to 1 week of age had its most marked effects in the ileum, increasing species richness and phylogenetic diversity in addition to expediting the transition to a more interconnected bacterial community. Furthermore, LEfSe analysis revealed that there were several differentially abundant taxa between treatments and that SCB increased the relative abundance the family Eubacteriaceae, Corynebacteriaceae, Eggerthellaceae, Bacillaceae, and Ruminococcaceae. Furthermore, network analysis suggests that SCB promoted a more stable bacterial community and appears to reduce colonization with Shigella. Lastly, we observed that the probiotic-driven increase in microbial diversity was highly correlated with the enhanced secretory IgA capacity of the ileum, suggesting that the calf’s gut mucosal immune system relies on the development of a stable and highly diverse microbial community to provide the necessary cues to train and promote its proper function. In summary, this data shows that supplementation of SCB promoted establishment of a diverse and interconnected microbiota, prevented colonization of Escherichia Shigella and indicates a possible role in stimulating humoral mucosal immunity.
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1. Introduction

At birth, neonatal calves have a limited capacity to initiate immune responses, and the immune system gradually matures during the first months of life, concurrent with microbial colonization and development (Wopereis et al., 2014). Although less studied in calves, microbial colonization of the gastrointestinal tract (GIT) during early life has been extensively reported in other mammalian species to be critical for normal immune and intestinal development (Hooper et al., 2012). The process of colonization is highly dynamic and modulated by several environmental and maternal factors that include colostrum and milk consumption, maternal and environmental microbes, diet, antimicrobial exposure, and weaning (Wopereis et al., 2014). During establishment of the intestinal microbiota there is a suppression of adaptive immunity to promote tolerance to the increasing load of bacteria that reaches the intestine, and the amount of antigen that is encountered by immune cells (Belkaid and Hand, 2014; Yang et al., 2020). Calves are highly dependent on successful passive transfer of immunoglobulins (Ig) from colostrum since there is no transfer of Ig through placenta and their adaptive immune system is not fully developed. Failure of passive transfer results in increased morbidity and mortality (Urie et al., 2018), with diarrhea accounting for over half of reported illnesses and one-third of deaths (Urie et al., 2018; Winder et al., 2018). Traditionally, antimicrobials are used to treat and prevent diarrhea. However, variable efficacy of antimicrobials, risk of developing antimicrobial resistance, and the long-term impacts on animal health and performance make this practice unsustainable (Windeyer et al., 2014; Aghakeshmiri et al., 2017; Buss et al., 2021). As a mean to minimize antimicrobial use, preventative approaches should be emphasized and alternatives to antimicrobials need to be pursued.

As previously mentioned, the gut microbiota modulates mucosal immunity and primes the development of the adaptive immune system during early life. In addition, the gut microbiome has greater plasticity in early life and perturbations to the intestinal microbial at this stage of life can have long-term health consequences (Laforest-Lapointe and Arrieta, 2017). The same is thought to occur in calves, as pre- (Marquez, 2014) and probiotics (Abe et al., 1995) exert the greatest effects when supplemented during the first weeks of life (Cangiano et al., 2020). This could be directly related to the instability of their microbial communities, whereas later in life the microbiome is stable and more difficult to influence (Malmuthuge et al., 2015). Hence, modulating the gut microbiome during early life, by supplementing microbial-based products, could become a sustainable option to enhance mucosal immunity and ultimately improve calf health (Malmuthuge and Guan, 2017). Previously, Saccharomyces cerevisiae boulardii (SCB) has been shown to reduce the incidence of severe diarrhea in pre-weaned calves (Villot et al., 2019) and increase average daily gain (ADG) after weaning (Renaud et al., 2019). In a companion study, it was shown that SCB supplementation to newborn calves from birth stimulates secretory IgA (sIgA) production in the intestine at 1 week of age (Villot et al., 2020), suggesting that this yeast probiotic can prime mucosal immunity. Secretory IgA is the most abundant immunoglobulin in mucosal secretions (Pabst et al., 2016) and represents one of the main non-inflammatory defense mechanisms of the gut along with antimicrobial peptides. It generates an adaptive immune response that prevents adhesion and invasion by microorganisms, neutralizing them and forcing its clearance out of the gastrointestinal tract (Mantis et al., 2011). The enhancement of humoral immunocompetence and increased secretion of IgA by SCB supplementation has also been demonstrated in germ-free mice models (Rodrigues et al., 2000; Martins et al., 2009), in normal BALB/C mice (Qamar et al., 2001), and broiler chickens (Rajput et al., 2013). However, the exact molecular mechanisms of action and the secreted molecules that confer its protective and immunomodulatory effects remain only partially understood. It has been shown that SCB reduces dendritic cell activation in cells culture, and promotes IL-10 secretion while reducing IL-6 and TNF-α, ultimately reducing T cell proliferation (Thomas et al., 2009). In addition, SCB reduces oxygen availability in the neonatal gut, accelerating the colonization of the intestine with strict anaerobic bacteria and stimulating microbial diversity. This in turn provides the necessary signals that stimulate intestinal maturation (Pais et al., 2020). Lastly, SCB administration after antimicrobial therapy helps restore the intestinal microbiota diversity faster in mice (Barc et al., 2008; Moré and Swidsinski, 2015). Therefore, we hypothesized that supplementation of SCB to newborn calves could accelerate intestinal microbial maturation, providing the necessary signals to stimulate the intestinal naïve B cells to become activated and increase their capacity to secrete IgA. The objective of the study was to evaluate how SCB supplementation impacts the intestinal microbiota of one-week-old male calves, and how changes in the bacterial community in the GIT relate to the increase in secretory IgA secretion observed our companion study.



2. Materials and methods


2.1. Animals, housing, treatments, and experimental design

The experiment was conducted as per the guidelines of the Canadian Council of Animal Care (CCAC, 1993) at the Dairy Research and Technology Center of the University of Alberta (Edmonton, Alberta, Canada), and the methodology was previously described in our companion study (Villot et al., 2020). The animal use protocol was approved by the University of Alberta Animal Care Committee (Animal Use Protocol # 2645). A total of 20 singlet and naturally delivered Holstein bull calves born from May to August 2018 with a birth body weight (BW) between 35 and 55 kg were enrolled in this study. Calves were removed from the maternity pen at birth to avoid contact with the dam and moved to disinfected indoor pens (150 × 125 cm) bedded with a consistent amount of fresh straw to facilitate nesting. Animals included in this study presented healthy at birth based on general appearance, rectal temperature, umbilical appearance, and nasal discharge; none were vaccinated or treated with therapeutic fluids during the trial. Calves received two meals of standardized colostrum replacer (HeadStart, Saskatoon Colostrum Co., Ltd., Saskatoon, SK, Canada). Briefly, calves received two feedings of colostrum at 2 h after birth fed at 7% of birth BW, and at 12 h after birth fed at 3% of birth BW to receive an average amount of 180, and 120 g of IgG, respectively (Villot et al., 2020). Colostrum was bottle fed, and the remainder of the meal volume was tube-fed if the calves did not consume all of the meal within 30 min. The concentration of IgG and IgA delivered to the calves was measured in a pooled colostrum batch composed of subsamples of all the colostrum fed to the calves, which confirmed that all calves received the same amount of IgG and IgA from colostrum (Villot et al., 2019). Milk replacer was bottle-fed, and it was composed of 260 g/kg of crude protein, 160 g/kg of crude fat, and 4.58 Mcal/kg of metabolizable energy on a dry matter basis (Grober Animal Nutrition, Cambridge, Ontario, Canada). The initial volume of individual meals offered to each calf was 7.5% of their birth BW during the 2 first days of the experiment and increased to 8.5% of BW from d 3 to d 7.

A generalized randomized block design was used to evaluate the impact of SCB supplementation on bacterial colonization and its impact on the development of humoral immunity of Holstein bull calves. Calves were randomly assigned to one of two treatments according to their date of birth and initial BW: Control (CON, n = 10) fed at 5 g/d of carrier with no live yeast; and Saccharomyces cerevisiae boulardii (SCB, n = 10) fed at 5 g of live SCB per day (10 × 109 CFU) from birth to 1 week of life. Both the CON and SCB treatments were fed once daily starting with the first colostrum feeding and subsequently in the morning milk replacer feeding until 1 week of age when calves were euthanized.



2.2. Intestinal tissue and digesta sampling

At 1 week of life, 3 h after the morning meal, calves were euthanized to collect tissue and digesta samples from the gastrointestinal tract. Calves were euthanized with a pentobarbital sodium injection (Euthanyl, Vetoquinol, Lavaltrie, QC, Canada) at 0.125 mL/kg of BW administered through a jugular catheter. Once the calf reached a surgical plane of anesthesia, exsanguination was performed. The esophagus and rectum were first ligated to prevent loss of digesta and the entire gut digesta were then removed with caution to avoid transfer of digesta between the different segments. Segments of the proximal jejunum, ileum, and colon, along with their digesta were collected according to Villot et al. (2020). Briefly, the proximal jejunum sample was taken 100 cm distal to the pylorus sphincter, the ileum segment was defined as 30 cm proximal to the ileocecal junction, and the colon segment was defined as 30 cm distal to the ileocecal junction. Zip-ties were placed on each end of the segments so that a sample of digesta could be collected. Intestinal digesta were removed from the sample using tweezers and placed in a 50-mL Falcon tube. The tissue was then washed in sterile PBS (pH 7.4) until clean (~3–4 washes) and placed in a sterile bag. Both gut digesta and tissue samples were immediately snap-frozen in liquid nitrogen and then stored at −80°C until further processing.



2.3. Quantification of SCB, secretory IgA and SCFA in intestinal digesta

A primer set that targets the 26S rRNA gene of S. cerevisiae was used to estimate the copy numbers of SCB using real-time quantitative PCR (qPCR), according to Chang et al. (2007) and Villot et al. (2020). Briefly, the qPCR was performed in the high throughput Viia 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA) using SYBR green chemistry (Fast SYBR Green Master Mix, Applied Biosystems, Foster City, CA) with specific primers (Forward: 5′- AGGAGTGCGGTTCTTTG −3′, and Reverse: 5′- TACTTACCGAGGCAAGCTACA −3′). Genomic DNA of SCB was extracted from the commercial probiotic yeast used in the study (ProTernative Milk; CNCM I-1079 strain) to generate a standard curve to estimate the gene copy number of S. cerevisiae in calf digesta from proximal jejunum, ileum, and colon. All qPCR reactions were performed using the optimized conditions described previously by Villot et al. (2020), and the quantity of S. cerevisiae was calculated from the standard curve.

Data on sIgA concentration in intestinal digesta, as well as the analysis procedures, are presented in Villot et al. (2019). Briefly, sIgA was measured in intestinal digesta from jejunum, ileum, and colon on d 7. The concentration of sIgA was analyzed using a sandwich ELISA technique with a commercial kit (Bethyl Laboratories Inc., TX), as per the manufacturer’s recommendations and as described by Villot et al. (2020). All samples were tested in duplicate, and samples with an intra and inter-assay CV greater than 10% were repeated.

The concentrations of short-chain fatty acids (SCFAs; acetic, propionic, butyric, and caproic) were determined via gas chromatography, as described by Schlau et al. (2012). Briefly, digesta samples were thawed and centrifuged at 13,000 rpm for 5 min at 4°C and the supernatant mixed with 25% meta-phosphoric acid (4:1; vol/vol). The samples were then centrifuged again at 13,000 rpm for 5 min at 4°C, and the supernatant was mixed with internal standard solution (5:1; vol/vol) before incubation at −20°C overnight. After incubation, samples were centrifuged at 19,000 × g at 4°C for 5 min and the supernatant transferred to vials. Samples were analyzed by gas chromatography (Varian, Palo Alto, CA) using a flame ionization detector and a capillary column (CP-WAX 58 FFAP 25 m 0.53 mm, Varian CP7767, Varian Analytical Instruments, Walnut Creek, CA).



2.4. DNA extraction, library preparation, 16S amplicon sequencing

Extraction of microbial genomic DNA was performed similarly to that previously reported by Yu and Morrison (2004). Briefly, the digesta and tissue samples (~0.3 g ± 0.1 g) were washed twice with Tris-EDTA buffer. After the addition of cell-lysis buffer containing 4% SDS, samples were subjected to physical disruption at 5,000 rpm for 3 min using Biospec Mini Beads Beater 8 (BioSpec, Bartlesville, OK), followed by incubation at 70°C for 15 min and centrifugation for 5 min at 16,000 × g at 10°C. The bead beating, incubation, and centrifugation steps were repeated, and impurities were removed from the supernatant using 10 M ammonium acetate, followed by DNA precipitation using isopropanol. After precipitation, DNA was further purified using QIAmp fast DNA stool mini kit (Qiagen Inc., Germantown, MD). The quantity and quality of DNA were evaluated using the NanoDrop 1000 spectrophotometer, and DNA was stored at −20°C until further use.

For library preparation and sequencing, a fragment of the 16S rRNA gene spanning the V1–V3 hypervariable region was amplified by PCR using dual indexed {universal bacterial primers [9F (5′-GAGTTTGATCMTGGCTCAG-3′); 515R (5′- CCGCGGCKGCTGGCAC- 3′); Kroes et al., 1999]}. The amplicons with targeted size (~480 bp) were purified from 1% agarose gel using a QIAEX II gel extraction kit (Qiagen Inc.). The quality and quantity of purified PCR products were checked using a NanoDrop 1000 (NanoDrop Technologies, Wilmington, DE) to ensure that the concentration of DNA from all samples was higher than 25 ng/μL. Sequencing libraries were prepared using the Nextera XT Index (Illumina) and sequenced on an Illumina MiSeq platform (2 × 300 bp) at Genome Quebec (McGill University, Montreal, QC, Canada).



2.5. Bioinformatics and statistical analysis

The adapter sequences were trimmed from the raw fastq files, and the trimmed reads were demultiplexed according to the samples using the bcl2fastq2 conversion software version 2.20.0. (Illumina). For bioinformatic analysis, the sorted reads were imported and processed using the Quantitative Insight into Microbial Ecology (QIIME2) package version 2021.2 (Bolyen et al., 2019). First, low-quality reads (Phred score < 20) and short (<100 bp) reads were filtered out. This was followed by denoising and merging using the plugin DADA2 to generate an amplicon sequence variant (ASV) feature table. Sequences shorter than 400 bp as well as chimeric sequences and singleton ASVs were excluded from further analyses. Taxonomic classification was performed in QIIME2 using a scikit-learn naïve Bayes classifier trained for the V1-V3 region. Next, taxonomic assignment was performed using the trained classifier using the SILVA database (SILVA release 132) with 99% identity for representative bacterial sequences. Alpha and beta diversity were performed using QIIME2 with a sampling depth of 15,000 for the digesta samples, and 7,000 for the tissue samples. Alpha-diversity analysis was conducted with standard diversity metrics accessed via QIIME2, including Chao1, Shannon index, and Faith index. A nonparametric analysis of variance (Kruskal-Wallis test) was used to test differences in α-diversity among treatment groups and to calculate p-values within QIIME2. Beta-diversity was measured by calculating the weighted and unweighted UniFrac distances using QIIME2. Non-metric multidimensional scaling (NMDS) was applied on the resulting distance matrices, and analysis of similarity (ANOSIM) were used to calculate p-values and to test differences in β-diversity among treatment groups for significance. Furthermore, the linear discriminant analysis of effect size (LEfSe; Segata et al., 2011) was used to evaluate ASVs differences between treatments. The data were displayed using linear discriminant analysis score plots for significant ASVs after Kruskal–Wallis and Wilcoxon tests. A size-effect threshold of 3.5 on the logarithmic LDA score was used to identify discriminating taxa. Finally, the relative abundance of discriminant taxa from the LEfSe analysis were compared between groups using among the groups, and Mann–Whitney U test was used to identify taxa that were significantly different.

Microbiota network analysis was performed at the phylum and at the genus level and separately for each treatment group. Genera with less than 0.1% mean relative abundance and less than 25% prevalence among the different samples were excluded. The ASV relative abundance table obtained from QIIME was imported into R package Phyloseq and converted into an adjacency matrix through the use of R package SPIEC-EASI (Kurtz et al., 2015). Next, the Meinshausen-Bühlman neighborhood selection method was used to calculate the conditional dependence between the different ASV pairs. This approach was developed to perform network analysis for compositional and sparse data, such as relative abundance of ASV data, which prevents indirect and spurious associations from being generated (Kurtz et al., 2015). The obtained matrices were visualized as networks at both Phylum and Genus levels. The networks model the relationships between different ASVs, where nodes represent ASVs, and edges represent their co-occurrence across different samples. In order to evaluate ASV centrality in the networks, their hub scores were calculated and extracted from the networks using the SPIEC-EASI hub_score() function, and ranked. The 10 species with the highest hub scores were defined as the keystone species in each group.

Lastly, non-parametric Spearman rank correlation coefficient analysis was used to test the relationship between secretory IgA in ileum digesta (sIgA), short chain fatty acids profile (acetate, propionate, caproate, and total SCFAs), alpha diversity measures (species richness, evenness, and phylogenetic diversity), with the bacterial communities differentially abundant between treatments and Saccharomyces cerevisiae gene copy numbers present in ileum digesta. Physiological data were published previously by Villot et al. (2020) in a companion paper. The resulting correlation matrix was visualized in a heatmap format generated by the corrplot package of R [Corrplot: visualization of a correlation matrix; R package version 4.1.2. 2021].




3. Results


3.1. Alpha and beta diversity measures

Supplementation of newborn calves with SCB increased species richness at 1 week of age in the ileum digesta (p = 0.01; Figure 1A) and tended to increase species richness in colon digesta (p = 0.08; Figure 1A), as denoted by the Chao1 index. No differences in evenness (Shannon index) of the bacterial microbiota of calves were observed between treatments in any of the locations in the digesta samples (p > 0.23; Figure 1A). Additionally, SCB supplementation increased the phylogenetic diversity (PD) in the ileum digesta (p < 0.01; Figure 1A), as denoted by the PD faith index. In the tissue samples, no difference between groups were observed in species richness (p > 0.34; Figure 1B), evenness (p > 0.21; Figure 1B), or PD (p > 0.17; Figure 1B). To compare bacterial communities between groups, we used unweighted UniFrac distance matrixes in both digesta and tissue samples of the different segments of the intestine and were visualized by NMDS (Figure 2). These results revealed that the bacterial profiles generated from ileum digesta-associated communities tended to separate into distinct clusters according to treatment (ANOSIM R = 0.20, p = 0.02; Figure 2B), with no differences observed in the other regions of the intestine both for mucosa and digesta.
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FIGURE 1
 Alpha diversity index in digesta (A) and mucosa (B) at proximal jejunum, ileum, and colon of calves supplemented (SCB) or not (CON) from birth until 1 week of age with Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d. Species richness and diversity index were measured with three different matrices: Chao1, Shannon index, and Faith phylogenetic diversity (PD index). * Indicates a significant difference between CON and SCB groups (p < 0.05), and ± denotes a tendency for a significant difference between CON and SCB groups (p < 0.10). The lines, boxes, and whiskers in the box plots represent the median, and 25th, and 75th percentiles, and the min-to-max distribution of replicate values, respectively.
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FIGURE 2
 Non-Metric Multidimensional Scaling Plots (NMDS) based on unweighted unifrac distances in digesta (A–C) and mucosa (D–F) at proximal jejunum, ileum, and colon, respectively, of calves supplemented (SCB) or not (CON) from birth until 1 week of age with Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d. Analysis of similarity (R = ANOSIM) were used to calculate p-values and to test differences in β-diversity among treatment groups.




3.2. Saccharomyces cerevisiae concentrations, LEfSe, and relative abundance of discriminant taxa

Copy numbers of 26S rRNA S. cerevisiae gene were detected in the digesta of all intestinal compartments measured. Supplementation of SCB in milk significantly increased the density of S. cerevisiae per g of digesta in jejunum, ileum, and colon compared with non-supplemented calves (p < 0.001; Table 1).



TABLE 1 Concentration of Saccharomyces cerevisiae in the gut digesta of 1-wk-old calves in response to the supplementation of Saccharomyces cerevisiae boulardii CNCM I-1079.
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We performed a linear discriminant analysis coupled with effect size measurements (LEfSe) in ileal digesta samples given that it was the only location and sample type where differences in species richness, phylogenetic diversity, and clustering of the bacterial community according to treatment were observed (Figure 1A). Results from LEfSe analysis were used to generate a circular cladogram for the ileal digesta microbiota and to identify the differentially abundant taxa between treatments (Figure 3). The LEfSe analysis in ileum digesta samples indicated that the phyla Actinobacteriota, including the families Corynebacteriaceae, Eggerthellaceae, as well as the families Bacillaceae, Erysipelotrichaceae, Aerococcaceae, Eubacteriaceae, and Ruminococcaceae were among the discriminatory taxa between CON and SCB groups. Next, the relative abundances of the discriminatory taxa between treatments were compared. The relative abundance of the families Ruminococcaceae, Bacillaceae, Eubacteriaceae, Corynebacteriaceae, Eggerthellaceae, Erysipelotrichaceae, Aerococcaceae, and Eubacteriaceae (p < 0.04; Figure 4A), as well as members of the genus Eggerthella, Geobacillus, and Anoxybacillus were significantly increased in the SCB group (p < 0.05; Figure 4B) compared with CON.
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FIGURE 3
 The linear discriminant analysis effect size (LEfSe) circular cladogram generated from the ileum digesta of ileum bacterial communities from phylum to genus level identified as discriminating taxa for calves supplemented with Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d from birth to 1 week of age (SCB), and non-supplemented calves (CON).
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FIGURE 4
 Relative abundance of discriminating taxa based on the LEfSe analysis at the family level (A), and genus level (B) extracted from the ASV feature table compiled using the SILVA database from calves supplemented with Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d from birth to 1 week of age (SCB), and non-supplemented calves (CON). Relative abundance is presented as box and dot plots. The lines, boxes, and whiskers in the box plots represent the median, and 25th, and 75th percentiles, and the min-to-max distribution of replicate values, respectively. Data were analyzed using the Mann–Whitney U test. * Indicates a significant difference between CON and SCB groups (p < 0.05).




3.3. Network analysis

To further assess community ecological parameters, we performed a co-occurrence network analysis using SPIEC-EASI to infer microbial ecological networks differences between the CON and SCB groups in ileal digesta. The resulting network revealed that probiotic supplementation increased the microbial interconnectivity between nodes in the network as denoted by the increase in total edges within the SCB network (417 edges) compared to CON (176 edges), and the number of total nodes (SCB = 198 vs. CON = 135) present in the network (Figure 5). In addition, the keystone species (composed of the 10 taxa most central to the microbiota networks according to the hub scores) were different between groups and show that SCB increased the number of different taxa at the genus level that are central to the microbiota network (Figure 6). For instance, the keystone species in CON group consisted primarily of bacteria from the genus Lactobacillus, Escherichia Shigella, and Veillonella (Figure 6A, Hub Score > 0.6), whereas the SCB group consisted of Streptococcus, Lactococcus, Lactobacillus, Pelomonas, Actinomyces, Eubacterium, Lachnoclostridium (Figure 6B, Hub Score > 0.6). Furthermore, the average hub scores were higher for those keystone species in SCB compared with CON groups (0.75 vs. 0.60), suggesting that these keystone species were not only different between treatment groups, but were also more interconnected within their ecological networks.
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FIGURE 5
 Co-occurrence network analysis using SPIEC-EASI used to infer the influence of Saccharomyces cerevisiae boulardii CNCM I-1079 supplementation on the microbial ecological networks in ileum digesta, at the phylum, and genus level. CON = non-supplemented calves at phylum level (A), and at genus level (C); SCB = calves supplemented with Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d from birth to 1 week of age at phylum level (B), and at genus level (D).
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FIGURE 6
 Stacked bar charts show the relative contribution of the 10 most important keystone species based on Hub score in ileum digesta within the microbiota of each treatment group (Higher hub score denotes an increased level of interconnectivity within the network). CON = non-supplemented calves (A); SCB = calves supplemented with Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d (B) from birth to 1 week of age.




3.4. Secretory IgA concentrations, and short-chain fatty acid profile

The concentrations of sIgA was measured in the digesta of distal jejunum, Ileum, Colon, and on feces. Supplementation of SCB significantly increased sIgA concentrations in the ileum, and colon digesta (p < 0.001; Table 2). Concentrations of total SCFAs, acetate, propionate, and caproic acid in proximal jejunum, ileum, and colon were not affected by treatment (p ≥ 0.25; Figure 7; Supplementary Table S3), nor the acetate to propionate ratio (p = 0.80; Supplementary Table 3). However, the acetate concentration was higher in the colon (p < 0.01; Figure 7A; Supplementary Table S3) compared to the ileum and proximal jejunum. Furthermore, when doing pairwise comparison of treatment effects by gut location and adjusted by Tukey for multiple comparisons, the concentration of caproic acid was higher in the ileum for SCB compared to CON (p < 0.03; Figure 7C; Supplementary Table S3).



TABLE 2 Secretory IgA (sIgA) concentration in the different segments of the gut of 1-wk-old calves (n = 20) in response to supplementation of Saccharomyces cerevisiae boulardii CNCM I-1079.
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FIGURE 7
 Short chain fatty acid (SCFA) profile in digesta from proximal jejunum (Prox-Jej), ileum, and colon in response to the supplementation of Saccharomyces cerevisiae boulardii CNCM I-1079 at 10 × 109 cfu/d (SCB) from birth until 1 week of age or not supplemented calves (CON). Values are means ± SD. * Indicates a significant difference between CON and SCB groups (p < 0.05).




3.5. Correlation between physiological variables and intestinal digesta microbiota

The relative abundance of the discriminatory taxa obtained in LEfSe in addition to the Saccharomyces cerevisiae gene copy numbers in ileum digesta was then correlated to sIgA, as well as short chain fatty acids profile, and alpha diversity indices in the same segment and sample type using spearman rank correlations (Figure 8). The gene copy numbers of SCB were positively correlated with the concentration of sIgA in ileum digesta (p < 0.01; Spearman’ ρ = 0.58). In addition, the relative abundance of the family Corynebacteriaceae (p < 0.01; Spearman’ ρ = 0.73), and Eubacteriaceae (p < 0.01; Spearman’ ρ = 0.65) were positively correlated with the concentrations of sIgA in the ileum digesta. Additionally, the relative abundance of bacterial families Ruminococcaceae (p < 0.01; Spearman’ ρ = 0.62), Aerococcaceae (p < 0.01; Spearman’ ρ = 0.59), and Corynebacteriaceae (p = 0.03; Spearman’ ρ = 0.48), and genus Eggerthella (p = 0.01; Spearman’ ρ = 0.55) were positively correlated with species richness (Chao1 index). Total SCFAs, acetate, propionate, and their ratio were not correlated with SCB gene copy numbers nor with any of the differentially abundant taxa between groups (Figure 8).

[image: Figure 8]

FIGURE 8
 Spearman rank correlations of the relative abundance of the discriminatory taxa obtained in LEfSe in addition to the Saccharomyces cerevisiae gene copy numbers (SCB) in ileum digesta with: secretory IgA concentrations in ileum (sIgA-ileum mg/g DM); concentration of total short chain fatty acids (SCFAs), acetate (μmol/mL), propionate (μmol/mL), and caproate (μmol/mL) measured in ileum; and alpha diversity measures: Chao1, Shannon, Faith phylogenetic diversity (PD). Data is graphically presented in a dot plot heatmap. Strong correlations indicated by large circles and weaker correlations indicated by smaller circles. The scale colors denote whether the correlation is positive (closer to 1, blue circles) or negative (closer to −1, red circles).





4. Discussion

Our study revealed that supplementing calves with the strain of Saccharomyces cerevisiae boulardii CNCM I-1079 from birth to 1 week of age, increased species richness and phylogenetic diversity in addition to expediting the transition to a more interconnected bacterial community in the ileum, two key features of later stages of primary ecological succession (Connell and Slatyer, 1977). Because the major differences in alpha and beta diversity were observed in the ileum digesta, which also coincides with the intestinal region where the differences in sIgA production were observed in our companion paper (Villot et al., 2020), we decided to focus the rest of our exploratory analysis on this region of the intestine. We performed a LEfSe analysis to determine which discriminatory bacterial taxa were different between the treatments. This analysis revealed that there were several differentially abundant taxa between treatments and that SCB increased the relative abundance of members of the phylum Actinobacteria, family Eubacteriaceae, Corynebacteriaceae, Eggerthellaceae, Bacillaceae, and Ruminococcaceae. Members of the Actinobacteria phylum have been previously reported to increase in cecum and colon of piglets supplemented with SCB (Brousseau et al., 2015; Kiros et al., 2019). In addition, bacterial members of this group are major utilizers of lactose in the neonatal human gut and can modulate the pathogenicity of some bacterial groups (Bag et al., 2017). In addition, members of the Eubacteriaceae and Ruminococcaceae family are important producers of SCFAs and have been shown to be increased by supplementation with the live yeast Saccharomyces cerevisiae to neonatal piglets (Kiros et al., 2019), and with SCB to weaned piglets (Zhang et al., 2020). Furthermore, members of the Ruminococcaceae family can utilize yeast cell wall components, such as mannose, chitin, 1,3-β-glucan and 1,6-β-glucan (Czerucka et al., 2007), as fermentation substrates to produce SCFAs. As key bacterial metabolites produced by gut bacteria, SCFAs play a crucial role in linking microbiota composition and various biological effects at the mucosal level. In our study, although we observed changes in the relative abundance of major SCFAs producing bacteria, we did not observe variation in the production of SCFAs, other than a small increase in caproate. As expected, the highest concentrations of SCFA were observed in the colon, where most of the fermentation occurs in the intestine. However, the diet of the calves was composed strictly of milk replacer, that offers virtually no fiber to stimulate production of SCFAs in the lower gut, and even though SCFA producing bacteria were present in the intestine and lower gut, there was very minimal substrate available to ferment, as reflected in the low concentrations of SCFAs found in this study. It has been previously reported that in the rumen of neonatal calves of less than 1 week of age, functionally and metabolically active microbiota with the ability to ferment carbohydrates even before exposure to solid diet are present and are suggested to be vertically transferred by the dam (Malmuthuge et al., 2015). The small and large intestine of a newborn could also harbor functionally active SCFA producing bacteria even before exposure to solid diet.

We then identified keystone bacterial species that were central to the structure of the microbial community in the ileum digesta by using a co-occurrence network analysis, in addition to a multivariate associative test. In community ecology, keystone species are a group of species that play a crucial role in community organization, function, and diversity, and its loss results in the deterioration of the ecosystem function (Paine, 1966; Amit and Bashan, 2023). In our study, we observed that the keystone species were different between treatment groups and that SCB increased the number of different taxa that are central to the microbiota network. In addition, the level of interconnectivity within the network was higher in the SCB group compared to CON, suggesting a more stable microbial network, an important ecological feature that provides resistance to invasion by opportunistic pathogenic bacteria (Masi and Stewart, 2019; Samara et al., 2022). Furthermore, SCB keystone species were composed of members from the Lactobacillus, Streptococcus, Lactococcus, Eubacterium, Lachnoclostridium, Actinomyces, and Pelomonas, whereas non-supplemented calves’ keystone species were only composed of members of the Veillonella, Lactobacillus and Shigella genus. Members of the Shigella genus contains pathogenic-facultative anaerobe bacteria that can promote intestinal tissue damage, and gastrointestinal disorders, and its relative abundance has been shown to be higher in diarrheic calves (Villot et al., 2019). Supplementation of SCB has been shown to reduce the pathogenicity of Shigella infection, but this protective effect seems to be mediated by a reduction in intestinal lesions and bacterial infiltration rather than by a direct reduction in this bacterial level in the intestinal population (Mumy et al., 2008). In this study, SCB appears to have modulated the establishment of keystone species in the neonatal calf’s gut and increase the ecosystem resistance against Shigella infection. It has been previously reported that Saccharomyces cerevisiae reduces oxygen levels and redox potential in the rumen of lambs (Chaucheyras-Durand and Fonty, 2002) and adult ruminants (Marden et al., 2008), thereby improving the conditions for strict anaerobes to thrive. In this study SCB could have reduced oxygen levels in the intestine and promote the establishment of strict anaerobic bacteria faster than in the non-supplemented group, preventing facultative anaerobic pathogens to grow. These results provide an explanation as to why SCB supplementation seems to function best during scenarios of high disease pressure (Villot et al., 2019) by creating a more stable bacterial community, therefore, preventing invasion with opportunistic pathogenic bacteria.

We observed that the probiotic-driven increased diversity of the intestinal bacterial microbiota was highly correlated with the enhanced secretory IgA capacity of the ileum. Furthermore, the relative abundance of the family Corynebacteriaceae and Eubacteriaceae, were among the discriminatory groups between treatments and an increase in relative abundance of these taxa in the SCB group was positively correlated with the concentration of sIgA in the ileum. This data suggests that the greater microbial diversity and the ecological attributes of a more diverse and interconnected microbiota promoted by SCB might have provided the necessary signals for stimulating the increased production of sIgA in the ileum. In ruminants, the ileum possesses continuous Peyer’s patches that serve as an immune induction site for the intestinal mucosa (Snoeck et al., 2006; Fries et al., 2011; Villot et al., 2020). Activation and class switching of B cells occur in organized lymphoid structures, such as the Peyer patches, and its development and proper function depends on signals provided by the intestinal microbiota (Stavnezer et al., 2008; Vergani et al., 2022). Secretory IgA binds luminal bacteria and promotes its clearance from the gut, preventing direct contact of bacteria with the epithelial cell surface, to protect the gut mucosal surface from unnecessary immune activation and inflammation, in a process known as immune exclusion (Corthésy et al., 2006; Pabst et al., 2016). In addition, sIgA enhances transport of antigens and microorganisms from the lumen across the mucosal barrier through M cells into peyer’s patches and mesenteric lymph nodes, which in turn, improves antigen presentation to T cells, thus promoting immune induction to specific non-invasive microorganisms (Mantis et al., 2002). Therefore, sIgA helps to modulate the composition of the intestinal microbiota, as sIgA deficient mice pups develop a different intestinal microbiota from that of normal non-deficient pups, and that difference persists into adulthood (Fransen et al., 2015). Supplementation of SCB to neonates has been consistently shown to promote sIgA production in the intestine increasing the host’s resistance to enteropathogenic bacterial infections (Rodrigues et al., 2000; Qamar et al., 2001), resulting in a reduction in the severity of diarrhea in calves (Villot et al., 2019). We speculate that the increase in microbial diversity stimulated by SCB supplementation in the ileum could have provided the necessary signals to stimulate sIgA production and secretion, and that the increase in sIgA could have partially mediated the changes in the composition of the ileal microbiota of the supplemented calves.

This study provides further evidence that supplementing newborn calves with SCB can promote the establishment of a healthy intestinal microbiota. Supplementation of SCB to newborn calves from birth until 1 week of life increased both the species richness and phylogenetic diversity of the infant bacterial microbiota in the ileum, resulting in a more mature and stable bacterial microbiota when compared to the non supplemented group. In addition, SCB modulated the establishment of keystone species in the neonatal calf’s gut, possibly increasing resistance against opportunistic pathogenic bacteria, like Escherichia Shigella. The positive correlation between the increase in microbiota diversity and the increase in sIgA of the ileum mucosa provides further evidence that the calf’s IgA secretory system relies on the development of a stable and diverse microbial community to provide the necessary signals to enhance IgA production and secretion. Future studies should focus on the long-term effects on the health and performance of these early life interventions.
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Background: The ruminant gastrointestinal contains numerous microbiomes that serve a crucial role in sustaining the host’s productivity and health. In recent times, numerous studies have revealed that variations in influencing factors, including the environment, diet, and host, contribute to the shaping of gastrointestinal microbial adaptation to specific states. Therefore, understanding how host and environmental factors affect gastrointestinal microbes will help to improve the sustainability of ruminant production systems.

Results: Based on a graphical analysis perspective, this study elucidates the microbial topology and robustness of the gastrointestinal of different ruminant species, showing that the microbial network is more resistant to random attacks. The risk of transmission of high-risk metagenome-assembled genome (MAG) was also demonstrated based on a large-scale survey of the distribution of antibiotic resistance genes (ARG) in the microbiota of most types of ecosystems. In addition, an interpretable machine learning framework was developed to study the complex, high-dimensional data of the gastrointestinal microbial genome. The evolution of gastrointestinal microbial adaptations to the environment in ruminants were analyzed and the adaptability changes of microorganisms to different altitudes were identified, including microbial transcriptional repair.

Conclusion: Our findings indicate that the environment has an impact on the functional features of microbiomes in ruminant. The findings provide a new insight for the future development of microbial resources for the sustainable development in agriculture.

KEYWORDS
 ruminants, metagenomics, machine learning, network, metagenome-assembled genome


1. Introduction

Ruminants, as ancient animals, exhibit a wide range of morphological and ecological diversity (Mennecart et al., 2021). They have adapted to diverse habitats, from tropical jungles (Díaz-Céspedes et al., 2021) to the plateau (Guo et al., 2020); range in size from 2 kg (Pickford, 2001) to 1.5 tons (Sauer et al., 2016); show great variations in diet, feeding on objects ranging from moss (Ihl and Barboza, 2007) to ordinary standard feed (Li et al., 2019); and have adapted to almost all ecosystems on Earth. Ruminants are distinguished by their plant digestion patterns and have evolved the rumen. As one of the most vital organs, the rumen allows partial microbial digestion of feed before it enters the true stomach (van Lingen et al., 2017). The rumen is a crucial factor underlying the domestication of ruminants. The productivity of ruminant livestock depends on their gastrointestinal microbiota, which can transform plant material that humans cannot digest into easily accessible animal products (Shabat et al., 2016). The gastrointestinal microbiota of ruminants is characterized by its diversity and dynamic nature, making it prone to alterations due to changes in diet (Malmuthuge and Guan, 2016), environmental factors (Cholewinska et al., 2021), and the presence of enteric pathogens (Cortés et al., 2020). These perturbations play an integral role in host nutritional intake, behavior, metabolism, immunological function, and development. Natural selection has allowed hosts and symbiotic microbes to evolve as integrated systems.

In both the ecological and social realms, ruminants are immensely valuable. Due to rising consumer demand for animal products resulting from population growth (Seshadri et al., 2018), ruminants play an increasingly vital role in ensuring agricultural security. They generate a significant amount of the meat and milk that are the primary sources of protein in the human diet (Stewart et al., 2019). Nonetheless, sustainable manufacturing confronts significant obstacles due to the depletion of natural resources and the resulting rise in production costs.

The ability of ruminants to utilize microorganisms is one of their key traits. Microorganisms bring significant benefits to ruminant animals. However, due to the diverse functionalities and species diversity of microorganisms, they exhibit intricate physiological and biochemical characteristics, making their in-depth analysis quite challenging (Ban and Guan, 2021). We have uncovered inconsistencies in predicting microbial community structures, primarily stemming from a limited grasp of the mechanisms governing microbial community assembly. In order to mitigate this unpredictability, it is imperative to comprehensively understand the microbiome as a cohesive entity.

With the ongoing increase in the depth of metagenomic sequencing, the range of sequencing is progressively expanding (Vestergaard et al., 2017), while the cost of the technology is decreasing. Thus, large amounts of data can be generated for analysis. Consequently, substantial volumes of data can be generated for analysis. However, despite genomics being inherently data-driven, the resultant datasets are becoming both exceedingly large and complex, thereby giving rise to technological challenges. Recent publication of the most recent collection of gut microbial genomes includes a ruminant whole gastrointestinal tract microbial gene set and the reconstruction of over 10,000 nonredundant ruminant gastrointestinal microbial genomes (Xie et al., 2021). This represents a significant change in the ability to understand the ruminant microbiome. This study used public database collections to characterize the microbiomes and functional groups and applied a metagenomics approach to achieve the following objectives: (1) building microbial cooccurrence networks for exploring linkages in microbial communities, (2) the influence of the network’s special microstructure on the survivability of gastrointestinal networks in ruminant was explored, (3) detecting antibiotic resistance in different ruminants on a large scale, and (4) exploring the adaptation of ruminant microbes to their environment.



2. Results


2.1. Microbiological characteristics of the gastrointestinal microbiota of ruminants

The microbes serve as an often overlooked yet independent source of data for understanding host evolution and ecological shifts. Based on Spearman’s rank correlation coefficient matrix of the relative abundance of 488 collected microorganisms, a microbial network was constructed using seven microbiomes representing distinct ruminant gastrointestinal environments (Figure 1). To eliminate noise and false positive predictions, a conservative statistical cutoff was adopted to reject points with Spearman coefficients less than 0.85 and p-values less than 0.01 The number of modules in this global network was distributed with a long tail, with an average of 32 modules per network, while 80% of the vertices were concentrated in only 8 modules.

[image: Figure 1]

FIGURE 1
 Networks of co-occurrence among seven ruminant microbes. Unrooted tree exhibiting a Bray-Curtis clustering tree of microbial genera. The first eight domain modules in the cooccurrence network are displayed in various colors in the outer circle, which displays various animal microbial cooccurrence networks.


The organization of ruminant gastrointestinal microbial networks varies greatly, and there is minimal relationship between the various species (Figure 2A). Dairy cattle had the highest mean clustering coefficients, which indicated substantial clustering and indicated that the network’s nodes tended to form relationships over shorter distances. Sheep, dairy cattle and water buffaloes all had more edges than the others. The quantity of edges varied notably among networks, with dairy cattle networks exhibiting three times the number of edges as compared to goat networks. Additionally, we found that all networks had a modular structure (modularity > 0.3) and dense connections between nodes within modules.

[image: Figure 2]

FIGURE 2
 Network topology and robustness. (A) Microbial network topology inferred from a dataset of microbiome abundance of seven ruminant species. (B) The relationship between the proportion of removed nodes and the scale of the largest connected component.


Figure 2B demonstrates that the random attack is less effective than the purposeful approach, showing that the microbial network is more resistant to random attacks. During simulations of purposeful attacks, the network stability rapidly degrades and shows a clear declining trend, illustrating the superiority of the DG (max degree graph node) and PG (max pagerank graph node) importance ranking-based techniques. Sheep had the most resilient microbial network regardless of the technique of hitting, while water deer and yak networks had the most susceptible microbial networks. The efficiency of network attacks using the same method varied in a multimethod robustness assessment of individual networks, with PG attacks performing better in elk and less successfully in deer.



2.2. The K-shell decomposition in gastrointestinal microbiota of ruminants

The K-shell technique is utilized to examine the network’s hierarchical structure. The procedure is run repeatedly until the most concentrated core is discovered (Figure 3A). Nodes dispersed at the network’s periphery have a much lower average than nodes positioned close to its core (Figure 3B). The statistics suggest that inner layer nodes may be more efficient information emitters (Figure 3C). We also found that the overall structure of the microbial network topology is reminiscent of the internet network. While merely 0.5% of the nodes in the internet network constitute the nucleus, a mere 0.1% of the nodes comprise the core of the microbiological network.

[image: Figure 3]

FIGURE 3
 Network analyses of K-shell. (A) Schematic illustration of network layering using the k-shell decomposition method. (B) Distribution of the average degree of each shell. (C) each shell number.





3. Broad-spectrum profile of ARG abundance in ruminant gastrointestinal

Antibiotics stand as influential elements in microbial networks, exerting substantial impacts. Unveiling antibiotic resistance genes’ presence holds the potential to influence the operational dynamics of microbial communities and the overall stability of ecosystems. We discovered a significant prevalence of antibiotic resistance genes (ARGs) in ruminant gastrointestinal microbes, with 6,268 (62%) of the 10,073 genomes tested in the microbial resistance gene analysis yielding positive results. Multiple ARGs demonstrated a high degree of variability within the ruminant resistance group (Figure 4). We also quantified the possible mechanisms of the identified ARGs. Multiple ARGs demonstrated a high degree of variability within the ruminant resistance group. We found that yaks had the fewest ARGs, with an average of 181 ARGs per sample. We hypothesize that this is because the Qinghai–Tibet Plateau is less contaminated as a result of human activities.

[image: Figure 4]

FIGURE 4
 Antibiotic-resistance distribution in gastrointestinal microbes. Clades are 146 colored according to phyla and SHAP represents different hosts. The first layer uses 147 orange represents the genome of antibiotics. Second, three, and the four layers represent 148 the number of ARG, how many types and the ARG risk index.


We further analyzed the detailed composition of ARGs in the gastrointestinal of seven ruminants. Among all the types of ARGs, uppP, tufab, tetW, tetT, tet37, rpsL, rpsJ, rpoC, rpoB, parE, nimJ, macB, and gyrAAPH (2″)-Ig, which had the highest prevalence, were found in the gastrointestinal tracts of all ruminants. We quantified the risk index of species containing risk genes using quantitative methods, and we characterized the risk level of MAG based on the risk score quartile. The risk level is divided down into 4 levels: 2611 (risk index 1), 1,491 (1 = risk index 10), 657 (10 = risk index 100), and 62 (risk index ≥100). The total number of level 1 microorganisms was 62, or 1.2%. We displayed the tick microbial symbiont risk indicator top 50 in. We discovered that among the top 10 MAGs of all hazards, there were members of Pseudomonas, Escherichia, and Acinetobacter.

Explanation of the machine learning-based analysis of the evolution of gastrointestinal microbial environmental suitability in ruminants.

Many creative strategies are supported by machine learning that can detect patterns and trends in huge data that cannot be identified using traditional analysis-based methods. To this end, we further investigated the differences between rumen microbes at different altitudes using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database based on feature engineering. The 330 yak rumen microbial genomes were subjected to KEGG annotation with 1992 other ruminant rumen microbial genomes to generate a KEGG microbial function matrix (Figure 5) that indicated whether each genomic source was from a high altitude. Thus, the raw data were transformed into features that were more representative of potential problems with the prediction model. The ratio of the number of high-and low-elevation samples was approximately 1: 6. The significant imbalance between these two categories was evident. In order to balance the two sets of sample data, our study employed the synthetic minority oversampling technique (SMOTE) algorithm, which is a completely sampled synthetic data algorithm.

[image: Figure 5]

FIGURE 5
 Flow chart of machine learning implementation for predicting the adaptive function of microorganisms.


We developed four models of machine learning. The accuracy and applicability of the various techniques were assessed using cross-validation score, incorporating the evaluation of 10 distinct sets of cross-validation (Figure 6A). In the 10 cross-validations, the effect of the training and test sets became less effective as more tests were conducted, and the green line (lightGBM) outperformed all the other algorithms. Because of this, we ultimately chose lightGBM as the algorithm for the model. After choosing the LightGBM algorithm, hyperparameter training was performed. The input data were first divided into a test set and a training set, and then a search for hyperparameters was carried out. The appropriate parameters were selected using a plotted learning curve. By aggregating multiple hyperparameters, this model achieved an accuracy of 92.2%, representing an improvement of 13.68% over the lightGBM before tuning. To evaluate the efficacy of the model, a receiver operating characteristic (ROC) curve was constructed (Figure 6C). The closer the ROC curve is to the upper left corner, the better the performance of the classifier; the point on the ROC curve closest to the upper left corner is the best threshold for the lowest number of classification errors and the lowest number of false positives and false negatives. The ROC of the model is 0.97, which shows that the model has good prediction performance and is accurate and reliable and that there is no overfitting.
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FIGURE 6
 Performance and characteristics of the machine learning model. (A) Selection of model algorithms based on 10 cross-validation sets: lightGBM is the blue line, XGBoost is the green line, random forest is the yellow line and the decision tree is the red line. (B) Confusion matrix showing the performance of the LightGBM model. (C) Receiver operating characteristic (ROC) curve of the RF model. The horizontal coordinate of this curve is the false-positive rate (FPR), and the vertical coordinate is the true-positive rate (TPR). (D) Plots summarizing the SHAP values of all the samples were used for analysis to interpret key features.


The mean absolute value of a feature’s degree of influence on the target variable was utilized to determine its significance. Based on the Shapley additive explanation (SHAP) values (Figure 6D), the importance of features depicts the mean absolute SHAP values to illustrate the importance of global features. The abundance of genes in the KEGG orthology gene function category provides insight into the genetic underpinnings of adaptive phenotypic variation. The bee swarm plot is intended to show a summary of how the top characteristics of a data set influence the model’s output. In each instance, the given explanation is represented by a single dot on each feature row. The x coordinate of the dot is determined by the SHAP value of that feature, and dots “pile up” along each feature row to represent density. Color is used to display the original value of a feature. Our investigation yielded insights into the genetic factors essential for the environmental adaptation of the yak gastrointestinal microbiota, highlighting the importance of the transcription-repair coupling factor (K03723), trk/ktr system potassium uptake protein (K03498), amino acid metabolism (K00817), and genes associated with polysaccharide and lipid metabolism (K05989, K01181). These identified genetic elements play pivotal roles in enabling the yak gut microbiota to effectively adapt to its surroundings. For example, the transcription-repair coupling factor likely contributes to genetic stability and maintenance in dynamic environments. Similarly, the trk/ktr system potassium uptake protein may support the maintenance of ionic balance critical for physiological functions. Amino acid metabolism, as well as polysaccharide and lipid metabolism genes, suggest the microbiota’s ability to efficiently extract nutrients from its environment.

Enrichment analysis based on these gene revealed that the microbial community of yaks exhibits more robust specific pathways compared to other plains ruminants (Supplementary Figure S1). These pathways encompass carbohydrate metabolism, nucleotide metabolism, transport systems, and amino acid metabolism, potentially playing a pivotal role in their adaptation and survival within their specific environment. The heightened activity of carbohydrate metabolism suggests efficient energy extraction from their diet, supporting energy-intensive processes. Emphasis on nucleotide metabolism might indicate enhanced DNA and RNA synthesis, potentially aiding cellular growth and repair. The well-developed transport system could facilitate nutrient absorption and intercellular communication, thereby optimizing resource utilization. Overall, these findings shed light on the mechanisms by which the yak gut microbiota adapts to its habitat and offers valuable insights into the genetic underpinnings of its environmental resilience.



4. Discussion

Ruminants are among the most successful herbivorous mammals (Decker et al., 2009). In this study, we took full advantage of the largest and most comprehensive database of ruminant gastrointestinal microbes available. We employed a range of approaches, encompassing complex networks and interpretable machine learning, to characterize the state of environmental microbial populations.

In this study, we employ network science theory to examine the properties of gastrointestinal networks and evaluate the robustness of these networks by examining these properties in more detail. Diverse profiles of topological features in diverse environmental networks reveal the unique co-occurrence patterns of microorganisms in ruminant species. The prevalence of cross-feeding relationships in the network may be indicated by the high clustering coefficient, which suggests that these settings have abundant degradation pathways, niche filtering, or environmental unpredictability. Different models built to test the resilience of networks reveal that they are more resilient to random faults and more vulnerable to deliberate attacks. Understanding the resilience of networks and the various approaches to averting catastrophic failures of these networks is essential. Only a tiny number of significant species have been eliminated, which may have an effect on the general structure of the network of microbes in a healthy microbiome. This finding highlights the importance of using antibiotics sparingly once more.

By investigating antibiotic resistance genes, we gain insights into how microbial communities respond to antibiotics. This understanding is pivotal, as it unravels the intricate interplay among microorganisms and is fundamental to comprehending the intricate web of interactions that shape ecosystems (Sharland et al., 2015). The presence of antibiotic-resistant microbiomes (ARBs) and ARGs in supermarket meat and dairy products suggests that ARBs/ARGs from ruminants can penetrate the food system. It would be helpful to make an effort to compile a list of significant ARG-carrying species for monitoring and control based on the assessment of the total antibiotic resistance risk at the species level. It is alarming that the farming environment contains high-risk MAGs. Additionally, microbiomes communities frequently experience an increase or decrease in ARGs as a result of genetic changes or HGT. Human health would be seriously endangered by these high-risk MAGs.

The Qinghai–Tibet Plateau, sometimes known as the “Third Pole,” is a huge, high-altitude region with a unique and fragile ecological environment (Yao et al., 2012). The region is characterized by a harsh climate of extreme cold, drought, high ultraviolet radiation and a lack of oxygen, making it a challenging living environment for humans and other mammals (Zhu et al., 2018; Pan et al., 2021; Shen et al., 2021). It is essential to determine precisely which genetic features give ruminants their exceptional digestive capacity and ability to live in harsh conditions (Zhu et al., 2020). To answer this question, we developed interpretable machine learning methods to deeply mine complex, high-dimensional metagenomic data. We found a significant increase in the transcription repair coupling factor (K03723) in the yak gastrointestinal microbiota. K03723 regulates transcriptional processes and recognizes DNA damage. In addition, such phenomena were also found in samples from plateau-based animals for Rhodobacter sp. (Pérez et al., 2018) and nitrogen-fixing microbiomes (Suyal et al., 2018). We hypothesize that this may be a common measure adopted by microorganisms facing extreme environments. In addition, we found that the K03498 trk/ktr system potassium uptake protein contributes significantly to plateau acclimatization. We speculate that the numerous high-salinity sites in the plateau region have resulted in a microbial response to salt stress (Li et al., 2021). Similar to previous studies (Guo et al., 2021),the results indicate a preference for an amino acid metabolism gene (K00817) and polysaccharide and lipid metabolism genes (K05989 and K01181) in the yak gastrointestinal microbiota. These pathways provide additional adaptive responses to the lack of energy intake in yaks. In conclusion, our study provides important insights into ruminant plateau adaptation and highlights the key role of the microbial genome as a “second genome” for adaptation, contributing to a more comprehensive understanding of mammals living in extreme environments.



5. Conclusion

In-depth exploration of ruminant gastrointestinal microbes is necessary to understand the function of the microbiome and its interactions with the host animal. This study enhances our comprehension of both the structure and function of the ruminant gastrointestinal microbiota, a critical aspect for investigating microbial-host symbiotic functional dynamics. Furthermore, it advances our understanding of the gastrointestinal microbiota adaptations necessary for herbivores. In addition, it informs strategies to decrease contamination and increase the robustness and efficiency of ruminants.



6. Methods


6.1. Data used in this study

The sequence files of 10,373 gastrointestinal microbial genomes of ruminants were downloaded in FASTA format from Figshare (DOI: 10.6084/m9.figshare.14176574). All the gene catalogs, annotation information, abundance profiles, assemblies, and predicted open reading frames (ORFs) from this study are available at https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-021-01078-x. The details of all samples used in this study are provided in Supplementary Table S1.



6.2. Network analysis

A Spearman correlation matrix was calculated based on the relative abundance of genera in each sample, and networks were graphed using Gephi (Bastian et al., 2009). Topological features were estimated with the igraph package (Csardi and Nepusz, 2006) (v1.4.1) in R 3.6.0.

The robustness of gastrointestinal networks can be regarded as the ability of the entire network to maintain the same performance when nodes in the network are affected by random factors and intentional damage. The survivability of networks can be measured by the change in network topological structure characteristics. We selected the relative size of the largest connected subgraph (RS) and relative connectivity efficiency (RE) after node failure as the measurement indexes of network survivability (Wei et al., 2021).

[image: image]

where N is the number of nodes in the largest connected subgraph and N is the total number of nodes in the airline network. As the nodes in the network are attacked, the network splits into several subgraphs, and the relative size of the largest connected subgraph gradually decreases until the nodes are no longer connected with each other and finally become scattered nodes.

In this research, different attack strategies are developed to further understand the failure process of the network under different scenarios, specifically including random failures and targeted attacks (Wang et al., 2010). The strategies can be summarized as follows: First, there is the random attack strategy based on nodes. Second, the largest degree first attack strategy based on nodes. Third, the largest pagerank degree first attack strategy based on nodes.




7. Functional analysis of microbial genes


7.1. ARG annotation

The functional annotation of all identified proteins encoded by ARGs was based on sequence similarity searches carried out with DIAMOND BLASTP v2.0.9 (Buchfink et al., 2021) with the default settings against the HMD-ARG database (Li et al., 2021). ARGs were selected at a sequence similarity threshold of 75% and a score threshold of 60 (Yan et al., 2022). In our study, we utilized a set of equations to effectively quantify the antibiotic risk associated with the presence of ARGs within different Metagenome-MAGs in the context of the larger ecosystem. These equations, as described by equation (Zhang et al., 2022), were structured as follows:
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In this context, “num_ARG” stands for the count of ARGs detected within a specific MAG, while “total_ARG” refers to the overall count of ARGs encompassing the entire ecosystem under consideration. On the other hand, “num_ARG_subtypes” represents the tally of distinct ARG subtypes found within the same MAG, and “total_ARG_subtypes” denotes the comprehensive count of distinct ARG subtypes present within the entire ecosystem. By applying this approach, we aimed to evaluate and quantify the potential antibiotic risk posed by the presence of ARGs within each MAG, within the broader context of the ecological system. This method allowed us to gain insights into the degree of antibiotic resistance-related risk associated with specific MAGs and their ARG compositions, contributing to a more comprehensive understanding of the ecosystem’s antibiotic resistance dynamics.




8. Machine learning model development


8.1. Data collection

In this experiment, 330 yak rumen microbial genomes were used as input data, along with 1992 other ruminant genomes. After comparing the protein sequences to the database using eggNOG, the proteins were grouped into different KOs (KEGG Orthology), with each cluster of KOs consisting of direct homologous sequences so that the function of the sequence could be inferred. The KO gene function matrix was built as an input file for machine learning.



8.2. Data preprocessing

Unbalanced data can pose challenges for machine learning models. Most machine learning models assume that the same number of samples is available for each class. Ignoring this problem can lead to errors in a few classes (and thus make the model sensitive to classification errors), causing ML models to ignore observations in a few classes. In the current work, the number of samples collected was uneven because the number of ruminant gastrointestinal samples varied from region to region. The synthetic minority oversampling technique (SMOTE) method was applied to overcome the adverse effect of learning data imbalance (Chawla et al., 2002).



8.3. Model development and tuning

Four machine learning models were developed to predict microbial plateau adaptive function in the Jupyter lab development environment (Perkel, 2018) using scikit-learn,1 Numpy (v1.15.3), Pandas (v0.23.4), Matplotlib (v3.0.1), and Scipy (v1.1.0) for experiments. The machine learning algorithms used for classification in this work were random forest (Qi, 2012), decision tree (Somvanshi et al., 2016), light gradient boosting machine (lightGBM) (Ke et al., 2017), and XGBoost (Chen and Guestrin, 2016). These are all integrated tree-based learning methods and are rated by the machine learning community as the most popular nonlinear models today. LightGBM is a fast and efficient GBDT algorithm in the open-source promotion framework designed by Microsoft MSRA in 2016. The algorithm is used for many machine learning tasks, such as sorting, classification, and regression, and supports efficient parallel training.



8.4. Shapley additive explanation

SHAP quantifies the importance of variables by leveraging Shapley values, a concept originating from cooperative game theory introduced by Shapley in (Bouneder et al., 2020). SHAP’s theoretical foundation is rooted in cooperative game theory, as highlighted by Lundberg and Lee in 2017 (Van den Broeck et al., 2022). The methodology explicates the model’s predictions by embracing the idea of additive feature attribution. The fundamental principle of SHAP is to decompose the explanation of a prediction into contributions from each feature (Wang et al., 2022). It assigns each feature’s contribution based on its Shapley value across different subsets of features, which is equivalent to a weighted average of feature contributions. Shapley values are a concept from cooperative game theory and denote the average contribution of a player across all possible coalition formations.

The SHAP value of feature i(ϕi) can be computed using the following equation:
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Where: N represents the set of all features. S is a subset of NN that does not include feature i.[image: image] represents the model’s prediction when considering only the feature set S.[image: image] is the model’s prediction when feature ii is added to the features in subset S. The idea behind this formula is to consider all possible combinations of features, excluding feature ii, and calculate the difference in model predictions when feature ii is included in these combinations. The Shapley value concept assigns weights to these differences based on the number of ways a specific feature can contribute to different subsets of features. The summation calculates the weighted average of these differences, yielding the SHAP value for feature i.

In essence, the SHAP value quantifies the contribution of each feature to the model’s prediction by considering how including or excluding that feature influences the model’s output across various combinations of features.
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CON PFA

pH value 6.70 & 0.07 6.43 £ 0.08 0.034

Values are mean + standard error (n = 7). Differences were considered statistically
significant when P < 0.05.

ICON, broilers fed a basal diet; PFA, broilers fed a basal diet supplemented with
1,000 mg/kg paraformic acid.
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Group Bray-Curtis Weighted UniFrac Binary Jaccard

R? P-value R? P-value R? P-value
Nvs. L 0.321 0.012 0.483 0.009 0.075 0.625
Nvs. H 0.394 0.007 0.498 0.004 0.220 0.003
Lvs.H 0.125 0212 0.089 0.413 0.179 0.005

N group, 0 CFU/g Cyberlindnera jadinii; L group, 1 x 10° CFU/g Cyberlindnera jadinii; H group, 5 x 10° CFU/g Cyberlindnera jadinii.

Unweighted UniFrac

R? P-value
0.064 0.705
0.223 0.001
0.179 0.003
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Items Content (%) Items Content (%)

Ingredients Nutrient
levels®
Extruded corn 40.84 Metabolizable 14.66
energy (M]/kg)2
Corn 5.11 Crude protein 21.66
Corn germ meal 9.20 Ether extract 9.43
Rice bran meal 3.07 Ash 6.59
Soybean oil 5.62 Calcium 0.96
Soybean meal 14.82 phosphorus 0.72
Distillers dried grains 9.20 Lysine 1.26
with solubles
Dried porcine soluble 1.02 Methionine 0.93
Fish meal 1.63 Methionine + 1.22
Cysteine
Meat and bone meal 6.54
Pork plasma protein 1.02
powder
NaCl 0.20
Lysine 0.46
Methionine 0.61
Choline 0.05
Premix! 0.61
Total 100.00

!The premix provided the following per kg of diets: VA 18 997 IU, VB; 53 mg, VB, 23 mg,
VB¢ 23 mg, VBi3 0.08 mg, VD3 2 658 IU, VE 152 mg, VK3 2.3 mg, biotin 0.66 mg, folic acid
1.2 mg, D-pantothenic acid 21 mg, nicotinamide 46 mg, antioxidant 0.6 mg, Cu (as copper
sulfate) 31 mg, Fe (as ferrous sulfate) 114 mg, Mn (as manganese sulfate) 60 mg, Zn (as zinc
sulfate) 97 mg, I (as calcium iodate) 0.3 mg, Se (as sodium selenite) 0.23 mg. 2 Metabolizable
energy was a calculated value; the other values were measured.
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Items

IBW, kg
FBW, kg
ADG, g/day
ADFI, g/day
FIG

N

1.98 £ 0.05
4.88 +0.35
43.10 + 4.89°
343.89 + 6.64
8.09 + 0.83%

Groups

L

1.96 + 0.04
5.47 4 0.06
60.46 + 1.13*
334.69 4 7.13
5.53 £0.21°

H

1.99 4 0.11
5.47 4+ 0.25
60.00 + 2.85%
341.59 + 6.75
5.82 4 0.23"

P-value

0.968
0.152
0.002
0.620
0.008

IBW, Initial body weight; FBW, Final body weight; ADG, Average daily gain; ADFI, average daily feed intake; F/G, ratio of feed to gain. N group, 0 CFU/g Cyberlindnera jadinii; L group,
1 x 10° CFU/g Cyberlindnera jadinii; H group, 5 x 10° CFU/g Cyberlindnera jadinii. In the same row, values with no letter or the same letter superscripts indicate no significant difference

(P > 0.05); different small letter superscripts indicate a significant difference (P< 0.05).
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Items Groups P-value

N L H
IgA, pug/ml 36.28 = 0.98" 41.72+0.732 41.00 £ 0.99* 0.001
IgG, pg/ml 324.844 + 4.96" 368.31 £ 9.12° 367.20 £+ 5.35% 0.001
IgM, pg/ml 19.34 £0.39 18.05 4 0.45 19.43 4 0.39 0.065

IgA, Immunoglobulin A; IgG, Immunoglobulin G; IgM, Immunoglobulin M; N group, 0 CFU/g Cyberlindnera jadinii; L group, 1 x 10° CFU/g Cyberlindnera jadinii; H group, 5 x 10° CFU/g
Cyberlindnera jadinii. In the same row, values with no letter or the same letter superscripts indicate no significant difference (P > 0.05); different small letter superscripts indicate a significant
difference (P< 0.05).
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Items Groups P-value

N L H
GSH-Px, U/mL 364.63 = 20.21° 469.51 + 32.08% 393.90 = 25.86% 0.036
SOD, U/mL 28.56 4 1.61° 36.85 £ 0.75° 36.79 £ 1.07% < 0.001
T-AOC, U/mL 2.79 +0.29 2.98 £0.24 2.86 +0.25 0.871
MDA, nmol/mL 10.19 +1.20 11.90 £ 1.07 10.86 4 0.85 0.524

GSH-Px, Glutathione peroxidase; SOD, Superoxide dismutase; T-AOC, Total antioxidant capacity; MDA, Malondialdehyde; N group, 0 CFU/g Cyberlindnera jadinii; L group, 1 x 10° CFU/g
Cyberlindnera jadinii; H group, 5 x 10° CFU/g Cyberlindnera jadinii. In the same row, values with no letter or the same letter superscripts indicate no significant difference (P > 0.05); different
small letter superscripts indicate a significant difference (P < 0.05).
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lon model
7days of age
Positive
Positive
Positive
Positive
Positive
Positive
Negative
Negative
Negative

21 days of age
Positive
Positive
Positive
Positive
Positive
Negative
Negative
Negative
Negative
28days of age
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Negative
Negative
Negative
Negative

Pathway

Purine metabolism

Folate biosynthesis

Lysine degradation

Glycerophospholipid metabolism

Amino sugar and nucleotide sugar metabolism
Steroid hormone biosynthesis

Amino sugar and nucleotide sugar metabolism
Galactose metabolism

Primary bile acid biosynthesis

‘Thiamine metabolism
Nicotinate and nicotinamide metabolism
Fatty acid metabolism

Arginine and proline metabolism

Steroid hormone biosynthesis

Glycine, serine, and threonine metabolism
Amino sugar and nucleotide sugar metabolism
Aminoacyl-tRNA biosynthesis

Steroid hormone biosynthesis

Ubiquinone and other terpenoid-quinone biosynthesis
Phenylalanine, tyrosine and tryptophan biosynthesis.
Phenylalanine metabolism

Histidine metabolism

“Tyrosine metabolism

Aminoacyl-tRNA biosynthesis

Purine metabolism

Histi

ine metabolism

Glyoxylate and dicarboxylate metabolism

Propanoate metab

Citrate cycle

[UGR, intrauterine growth restriction; NBW, normal birth weight.

p-value

0.040
0170
0208
0287
0352
0548
0.007
0.09
0155

0.064
0115
0310
0343
0475
0131
0.150
0247
0257

0.006
0.009
0.019
0.030
0.088
0132
0.140
0.069
0078
0097
0.097

Impact

0.037
0.000
0.000
0.047
0.023
0.024
0.059
0135
0.030

0.400
0244
0.000
0.011
0.045
0.000
0120
0.000
0.000

0.000
0.500
0.000
0.130
0.145
0.000
0.000
0.130
0.296
0.000
0.054

SDMs

Xanthine; Deoxyinosine; Hypoxanthine
7,8-Dihydroneopterin
4-Trimethylammoniobutanal cpd
Phosphorylcholine
N-Glycolylneuraminic acid
Cortexolone

G

Galactose 1-phosphate
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Acetate
Propionate
lsobutyrate
Butyrate
lsovalerate
Valerate

Total SCFAs

Data are presented as means + SEM (1=8). IUGR, intrauterine growth restriction; NBW, normal birth weight

*p<0.05; #*p<0.0L.

NBW
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7days of age
IUGR
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0124002
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21days of age
NBW IUGR
1.33£0.14 1.01£0.10
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348024

IUGR

1132012
052£0.05*
0.07:£0.01
0.19+0.03%
0.13£0.01%
0.09:+0.01
21420.12%%
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Items

Prevotella
norank_f__Bacteroidales_RF16_group
Rikenellaceae_RC9_gut_group
Ruminococcus
Christensenellaceae_R-7_group
norank_f p-251-05
norank_f__F082
Prevotellaceae_ UCG-003
Succiniclasticum

Quinella

Selenomonas
Veillonellaceae_UCG-001
Veillonella
unclassified_f__Selenomonadaceae
Eubacterium_Coprostanoligenes_group
NK4A214_group
Prevotellaceae_UCG-001
Lachnospiraceae_NK3A20_group
Anaerovibrio
norank_f__Muribaculaceae
unclassified_f Ruminococcaceae

Lachnospiraceae_XPB1014_group

CON AME SEM P-value

22.47 11.99 2.02 0.001
8.63 3.90 0.90 0.001
7.00 5.65 0.46 0.155
5.56 16.39 1.60 < 0.001
4.50 1.71 0.56 0.003
3.89 1.35 0.53 0.006
3.53 2.58 0.32 0.150
3.46 2.57 0.31 0.167
2.94 1.93 0.21 0.004
2.77 9.55 1.51 0.013
2.76 0.76 0.20 0.001
2.65 1.82 0.25 0.102
2.65 1.82 0.31 0.199
2.24 1.63 0.35 0.422
221 2.02 0.22 0.701
2.21 2.11 0.36 0.901
2.18 2.59 0.43 0.657
2.08 1.79 0.28 0.635
1.47 2.00 0.40 0.541
1.39 3.52 0.38 < 0.001
1.38 4.24 0.53 < 0.001
0.37 2.12 0.33 0.001

CON, basal diet; AME, basal diet + 2.8 g-lamb~!-d~! AME.
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Items CON AME SEM
IBW?, kg 33.40 34.14 0.37
FBW?, kg 50.22 51.28 1.14
ADGS, g 240.6 287.2 0.01
DMI4, g/d 1095.23 1117.38 21.42

CON, basal diet; AME, basal diet + 2.8 g-lamb™ L.d-! AME.
*IBW, initial body weight.

YFBW, final body weight.

€ADG, average daily gain.

dpmMm, dry matter intake.

P-value

0.342
0.526
0.098
0.659
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Items

pH

NH;3-N%, mg/dL
TVEAP, mmol/L
Acetate, mmol/L
Propionate, mmol/L
Butyrate, mmol/L
Iso-butyrate, mmol/L
Valerate, mmol/L
Iso-valerate, mmol/L

Acetate/Propionate

CON

7.00
7.12
61.60
37.94
12.07
8.13
127
0.67
1.52
3.16

AME SEM P-value

7.17 0.07 0.276
6.51 0.17 0.078
60.42 0.81 0.424
37.03 0.54 0.494
10.84 0.29 0.020
8.58 0.36 0.565
1.35 0.05 0.376
0.77 0.03 0.046
1.84 0.08 0.024
3.42 0.09 0.150

CON, basal diet; AME, basal diet + 2.8 g-lamb~!-d~! AME.

#NH3-N, ammonia nitrogen.
bTVEA, total volatile fatty acid.
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Items

OTU?
ACEP
Coverage
Chaol
Shannon

Simpson

CON, basal diet; AME, basal diet + 2.8 g-lamb~!-d~! AME.
2OTUs, operational taxonomic units.

CON

1,108
766.02
99.70%
770.60
4.30
0.04

AME

1,150
711.42
99.79
714.82
4.38
0.04

b ACE, abundance-based coverage estimator.

SEM

4.62
5.90
0.0002
7.29
0.11
0.01

P-value

0.358
0.480
0.070
0.487
0.766
0.905
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Items CON AME SEM  P-value

Bacteroidetes 55.18 36.84 4.13 0.014
Firmicutes 42.35 59.12 3.92 0.020
Actinobacteriota 0.66 0.56 0.18 0.801
Desulfobacterota 0.56 0.92 0.10 0.052
Synergistota 0.36 0.51 0.14 0.623
Spirochaetota 0.31 0.25 0.05 0.578
Proteobacteria 0.18 0.72 0.12 0.001
Patescibacteria 0.17 0.34 0.07 0.266
unclassified_k__norank_d__Bacteria 0.07 0.07 0.01 0.860
Cyanobacteria 0.06 0.25 0.04 0.001

CON, basal diet; AME, basal diet + 2.8 g-lamb~!-d~! AME.
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Item Content (%)

Chinese wildrye 25.00
Caragana 17.80
Whole corn silage 23.60
Wheat bran 5,15
Sunflower seed meal 21.35
Pea stem and leaf 2.64
Red jujube 2.04
CaHPO, 0.74
NaCl 0.68
Premix® 1.0
Total 100.00

Nutrient level

DE® (MJ/kg) 13.46
cP 16.87
NDF 38.72
ADF 27.51
Ca 1.33
p 0.53

“Nutritional composition of premix per kilogram: Mn 30.00 mg, Fe 25.00 mg, Zn 29.00 mg,
Cu 8.00 mg, Co 0.10 mg, 1 0.04 mg, VA 3200 IU, VD 1200 IU, VE 20 IU.
PDE was a calculated value, and the others were measured values; DE, digestible energy.
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Items 7days of age 21days of age 28days of age

NBW IUGR NBW IUGR NBW IUGR
20-1 100 +0.06 0.81+0.05% 100£0.16 040£0.10%* 100+ 0.14 067+0.17
Occludin 100£0.12 0.80+0.07 100£0.11 0.40:£0.07%%% 100+ 0.19 0.7840.16
L4 1.00£0.10 0.78+0.10 100£0.16 052+ 0.08* 1004024 047029
INF-a 100£0.11 0.78+0.09 100£0.14 1074013 1.00:£0.07 141£0.16*
NF-xB 100£0.24 1534022 100£0.14 110£020 1.00:£0.30 238+0.12%%

Data are presented as means + SEM (11=8). IUGR, intrauterine growth restriction; NBW, normal birth weight; ZO, zonula occludens; IL interleukin; TNF-a, tumor necrosis factor alpha;
NE-xB, nucelar factor kappa B
*p<0.05; #*p<0.01; ***p<0.001.
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Item

CON
Plasma
GSH-Px (U/mL) 872.65%
SOD (U/mg) 175.96*
CAT (U/mL) 337°
T-AOC (mmol/L) 0.58°
MDA (nmol/mL) 4.46%
Jejunal mucosa
GSH-Px (U/mg prot) 197.79
SOD (U/mg prot) 29.57%
CAT (U/mg prot) 1.10
T-AOC (mmol/mg prot) 58,25
MDA (nmol/mg prot) 0.70

1Values are means and standard error of the means, n = 5 per treatment.
% Means in the same row with different superscripts differ (P < 0.05).

RES

896.98%
179.11°
4232
0.722
4.01°

209.22
33.84%
1.12
69.32%
0.62

Treatment

LPS

713.50°

140.71°
2.57°
0.43¢
5.18

181.74
25.20°
0.91
46.89"
0.78

RES + LPS

836.60%
174.47%
3.15°
0.56"
474

193.13
30.64%°
0.98
59.96%
0.72

SEM

69.24
12.73
0.40
0.05
0.44

18.11
3.25
0.12
6.54

0.062

LPS

0.039*
0.042*
0.004*
<0.001*
0.048*

0.228
0.054
0.065
0.040*
0.076

P-value

RES

0.152
0.057
0.021*
0.001*
0.189

0.386
0.022*
0.586
0.019*
0.154

LPS x RES

0.328
0.109
0.632
0.732
0.979

0.999
0.858
0.757
0.832
0.892

CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase;
CAT, catalase; T-AOC, total antioxidant capacity; MDA, malondialdehyde.
The * indicates statistically significant difference (P < 0.05).
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Item

CON
TNE-a (pg/mL) 1.71°
IL-6 (pg/mL) 4.86"
IL-1B (pg/mL) 2.11%
IL-17 (pg/mL) 6.66
TGF-p (ng/mL) 5.85%

RES

1.22°
4.18b
1.72b
5.23
6.86%

Treatment

LPS

2.52°
6.76%
3.22
7.94
2.79°

Values are means and standard error of the means, n =5 per treatment.

®Means in the same row with different superscripts differ (P < 0.05).
CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge; TNF-a, tumor necrosis factor-o; IL-6, interleukin-6; IL-18,

interleukin-1p; IL-17, interleukin-17; TGF-B, transforming growth factor-p.

The * indicates statistically significant difference (P < 0.05).

RES + LPS

1.71°
4.70°
1.82°
6.21
5,560

SEM

0.30
0.87
0.57
1.15
121

LPS

0.007*
0.066
0.157
0.186

0.034*

P-value

RES

0.007*
0.041*
0.043*
0.71
0.059

LPS x RES

0.479
0.276
0.227
0.853
0.331
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Item

Claudin-1

Claudin-5

Occludin

ZO-1

IL-1B

IL-6

IL-8

IL-17

TGF-B

TNF-a

B-actin

Nucleotide sequence of primers (5'—3’) Product size

(bp)
F: CATACTCCTGGGTCTGGTTGGT 100
R: GACAGCCATCCGCATCTTCT
F: CATCACTTCTCCTTCGTCAGC 111
R: GCACAAAGATCTCCCAGGTC
F: ACGGCAGCACCTACCTCAA 123
R: GGGCGAAGAAGCAGATGAG
F: CTTCAGGTGTTTCTCTTCCTCCTC 131
R: CTGTGGTTTCATGGCTGGATC
F: ACTGGGCATCAAGGGCTACA 142
R: GCTGTCCAGGCGGTAGAAGA
F: CTCCTCGCCAATCTGAAGTC 929
R: CCTCACGGTCTTCTCCATAAAC
F: GGCTTGCTAGGGGAAATGA 200
R: AGCTGACTCTGACTAGGAAACTGT
F: CTCCTCTGTTCAGACCACTGC 126
R: ATCCAGCATCTGCTTTCTTGA
F: AGGATCTGCAGTGGAAGTGGAT 138
R: CCCCGGGTTGTGTTGGT
F: GAGCGTTGACTTGGCTGTC 64
R: AAGCAACAACCAGCTATGCAC
F: ATGATATTGCTGCGCTCGTT 145

R: TCTTTCTGGCCCATACCAACC

GenBank accession

NM 001013611.2

NM_204201

XM 025144247.2

XM 030016322.2

Y15006.1

NM_204628

DQ393272.2

AJ493595.1

M31160

GU230788.1

108165.1

Z0-1, zonula occludens-1; IL-1B, interleukin-1p; IL-6, interleukin-6; IL-8, interleukin-8; IL-17, interleukin-17; TGF-B, transforming growth factor-; TNF-a, tumor necrosis factor-o.
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Item Treatment SEM P-value

CON RES LPS RES + LPS LPS RES LPS x RES

BW 16 days (g) 353.97 360.46 353.59 354.13 7.38 0.529 0.510 0.575
BW 21 days (g) 468.12> 485.77° 447.19¢ 466.67° 6.75 0.001% 0.001* 0.847
Day 16-21

ADG (g/d) 19.03" 20.88° 15.59° 18.76" 0.54 <0.001* <0.001% 0.108
ADFI (g/d) 47.17° 48.39* 45.34° 47.70% 0.41 0.001* <0.001% 0.067
F/G 2.48b¢ 2.32¢ 2.92° 2.540 0.09 <0.001* 0.001* 0.110
Day1-21

ADG (g/d) 19.62° 20.43% 18.71¢ 19.68° 0.32 0.002* 0.001* 0.738
ADFI (g/d) 33.34b¢ 34.322 32.70° 33.62° 0.32 0.008* 0.001* 0.878
FIG 1.70 1.68 1.75 1.71 0.03 0.061 0.111 0.631

Values are means and standard error of the means (1 = 5).

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; F/G, feed to gain ratio; CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol
treatment followed by LPS challenge.

%¢Means in the same row with different superscripts differ (P < 0.05).

The * indicates statistically significant difference (P < 0.05).
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Item Treatment SEM P-value

CON RES LPS RES + LPS LPS RES LPS x RES
Total protein (g/L) 31.83 32,53 29.17 32.13 1.98 0.305 0.226 0.441
Urea acid (jumol/L) 156.33 139.67 215.33 286.00 34.40 0.062 0.372 0.801
Glucose (mmol/L) 13.10 13.17 12.06 1227 112 0.258 0.868 0.935
Triglyceride (mmol/L) 0.35" 0.34> 0.44% 0.40% 0.03 0.003* 0.246 0.480
Cholesterol (mmol/L) 4.22 3.92 4.63 4.22 033 0.072 0.382 0.738
HDL-C (mmol/L) 2.70° 2.66" 3.25% 2.83% 0.16 0.015* 0.076 0.147
LDL-C (mmol/L) 0.86 0.73 0.91 0.91 0.13 0.240 0.493 0.472
NEFA (mmol/L) 0.76 0.96 1.01 0.77 0.14 0.777 0.808 0.038*
AST (U/L) 171.0% 162.2 185.2¢ 177.2% 7.15 0.011% 0.116 0.938
ALT (U/L) 1.25 1.00 1.50 1.25 0.32 0.295 0.295 1.000
Total bile acids (umol/L) 4.16° 3.64° 7.28% 5.74% 1.60 0.015% 0.301 0.604
Creatine kinase (U/L) 1073.33% 906.33" 1299.67% 1130.67% 114.96 0.024* 0.073 0.990
Creatine kinase-MB (U/L) 1285.27 962.30° 1426.00 1321.33% 70.81 0.001* 0.003* 0.061
Creatinine (jumol/L) 11.20 9.00° 17.20° 11.60° 2.57 0.031* 0.048* 0.364
T3 (ng/mL) 1.55% 1.822 0.96" 1.4120 0.20 0.008* 0.040* 0.577
T4 (ng/mL) 46.79°° 51.70% 39.86" 43,942 3.47 0.017* 0.104 0.869
Insulin (IU/mL) 6.35% 7.86% 5.00° 6.16% 0.69 0.014* 0.025* 0.731
Cortisol (ng/mL) 3.87% 1.57% 7.35> 3.89% 1.66 0.038* 0.039* 0.631

Values are means and standard error of the means (n = 5).

3 Means in the same row with different superscripts differ (P < 0.05).

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NEFA, none-esterified fatty acid; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; CON, control; RES, resveratrol; LPS, lipopolysaccharide; RES + LPS, dietary resveratrol treatment followed by LPS challenge.

The * indicates statistically significant difference (P < 0.05).
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Ingredients % Calculated %

nutrient levels!
Corn 39.07 MJ (kcal/kg) 12.35
Wheat 25.00 CP 21.50
Soybean meal (43% CP) 22.00 EE 3.40
Peanut meal 3.00 CF 2.50
Corn gluten meal (58% 5.00 Ca 0.90
CP)
Limestone 1.45 Total P 0.60
CaHPO4 1.10 L-Lysine 1.38
L-lysine sulfate 0.64 DL-Met 0.61
DL-Met 0.32 L-Thr 0.82
NaCl 0.28
L-Thr 0.19
Lard oil 1.45
Vitamin-mineral 0.50
premix?
Total 100.00

!Values were calculated from data provided by China Nutrient Requirements for yellow-
feathered broilers (2020).

2The premix provided the following per kg of diet: VA, 6,000 IU; VD3, 2,000 IU; VE,
30 mg; VK3, 2 mg; VBy, 3 mg; VB,, 5 mg; pantothenic acid, 800 mg; choline chloride
1,500 mg; nicotinic acid, 30 mg; pyridoxine, 3 mg; folic acid, 500 mg; biotin, 0.2 mg;
VB2, 1 mg; Fe, 100 mg; Cu, 8 mg; Mn, 100 mg; Zn, 100 mg; I, 0.42 mg; Se, 0.3 mg.
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Items Dietary ME level, MJ/kg DM

6.62 8.02 9.42 10.80
Ingredient, g/kg DM
Corn straw! 850 700 550 400
Corn grain, ground? 46.0 117 80 260
Corn husk 11.0 55.0 10 54
Cotton meal 27.0 243 21.0 8.5
Soybean meal 27.0 24.0 21.0 8.0
Wheat bran 24.0 21.0 6.0 7.00
Corn starch - 40.0 72.0 04
Rumen bypass palm oil - 4.00 3.0 20.5
Calcium hydrophosphate - - 2.00 3.00
Sodium chloride 10.0 10.0 0.0 0.0
Commercial premix® 5.00 5.00 5.00 5.00
Chemical compositions, g/kg DM
DM, g/kg as-fed 973 969 966 934
OM 864 885 902 901
cpt 74.5 74.4 74.4 74.3
aNDF 604 544 486 422
ADF 322 276 232 186
Ether extract 55.7 66.8 80.3 91.6
Calcium 8.70 8.50 7.90 7.00
Phosphorus 2.40 230 2.40 2.40
Gross energy, MJ/kg 16.0 16.4 16.9 17.2
ME, M]/kg5 6.62 8.02 9.42 10.80

DM, dry matter; OM, organic matter; CP, crude protein; ME, metabolizable energy;
aNDF, neutral detergent fiber; ADF, acid detergent fiber.

The DM, CP, EE, NDE ADE and Ash of corn straw were 800, 50, 12, 700, 440, and
70 g/kg DM, respectively.

2DM, CP, EE, NDE ADE and Ash of corn grain were 860, 80, 36, 99, 31, and 12 g/kg
DM, respectively.

3The premix provided the following per kg of premix: Vitamin A 3 000 000 IU, Vitamin
D 375 000 IU, Vitamin E 220 IU, biotin 12 mg, lysine 13 000 mg, Cu (as copper sulfate)
1200 mg, Fe (as ferrous sulfate) 3 000 mg, Mn (as manganese sulfate) 2 000 mg, Zn (as
zinc sulfate) 4 000 mg, I (as potassium iodide) 15 mg, Se (as sodium selenite) 20 mg.
4CP calculated as 6.25 x N content.

*The ME was calculated according to the Tables of Feed Composition and Nutritive
Values in China (Xiong et al.,, 2018).
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Ingredient composition, % Diet

Corn 6640
Soybean meal 1550
Full-fat soybean

Wheat bran 15.00
Soybean meal

Limestone 100

Dried whey
CaHPO, 050
Soybean oil
NaCl 030
CaHPO4

020
Choline chloride 010
Premix! 100
Choline chloride
Limestone
Total 100.00
Choline chloride
Calculated nutrient levels. %
Lysine HCI
cp 1483
Met
DE, MJ/kg 13.90
The
NE, MJ/kg 1037
Glucose
SID Thr 043
SID Trp 013
Premixb
SID Lys 075
SID Met 0.23
DE (MJ/kg)
Ca 056
cp
™ 046
Lys
STTD P 025
Met

‘Provided the following quantities per kg of diet: vitamin A, 9,140 1U; vitamin D3,
4,4051U; vitamin E, 111U; menadione sodium bisulfte, 7.30 mg; riboflavin, 9.15 mg
D-pantothenic acid, 18,33 mg; niacin, 73.50 mg; choline chloride, 1,285 mg; vitamin B..,
200 ug biotin, 900 ug; thiamine mononitrate, 3.67 mgs folic acid, 1,650 ug; pyridoxine
hydrochloride, 5.50 mg; I, 1.8 mg; Mn, 110.10mg; Cu, 7.40mg; Fe, 73,50 mg; Zn,
73.50mg Se, 500 ug.
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Forward sequence (5’
3)
CTCCAGGCCCTTACCTTTCG
CAGGTGCACCCTCCAGAT
TAAGGGCTGCCTTGGTTCAG
ATTCAGGGACCCTACCCTCTC
CGAGAGGAGCACGGATACCA
TGAGGCAAAAGGGAAAGA
TCGGCCCAGTGAAGAGTTTC
GGGCATGAACCATGAGAAGT
GCGTAGCATTTGCTGCATGA

Reverse sequence (5'- 3')

GGGGTAGGGGTCCTTCCTAT
TATGTCGTTGCTGGGTGCAT
AGAGGTTCAGCGATGTAGCG
CTTCTCCACTGCCACGATGA
CCCGTGTAGCCATTGATCTTG
GCGCAGGATGAGAATGA
GGAGTTCACGTGCTCCTTGA
GGGCATGAACCATGAGAAGT
GCGTGTGTGTAACTAGGGGT
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Items Species
pH Yak
Cattle
Ammonia-N mg/100mL  Yak
Cattle
Total VFA, mM Yak
Cattle
'VEA, mol/100mol
Acetate (A) Yak
Cattle
Propionate (P) Yak
Cattle
Butyrate Yak
Cattle
Iso-butyrate Yak
Cattle
Valerate Yak
Cattle
Iso-valerate Yak
Cattle
AP Yak
Cattle
Digestive enzymes activities jumol mL™"
CMCase Yak
Cattle
Amylase Yak
Cattle
Xylanase Yak
Cattle
Pectinase Yak
Cattle

Dietary ME level, MJ/kg DM!

6.62

720
7.02
3.93
343
70.0
67.0

76.1
74.8
139
146
8.80
9.10
0.37
0.50
0.41
048
041
0.53
551
5.14
min~!
0.33
0.32
9.50
10.7
175
1.62
1.97
1.92

SEM, standard error of the means; ME, metabolizabls

'n, 6 for each group.
23, animal species; E, dietary energy level;

8.02

7.02
6.86
4.89
447
77.1
734

74.1
73.5
150
15.1
9.60
9.80
0.46
0.50
0.44
0.50
045
0.54
4.94
4.88

0.35
0.32
134
115
173
1.52
1.98

1.9

9.42

6.84
6.70
6.46
6.10
819
76.9

727
718
157
15.8
9.90
10.7
051
0.57
0.55
0.47
0.60
0.66
4.61
4.57

0.35
0.35
134
124
1.64
151
1.94
1.93

ergy; VEA, volatile fatty acids.

Linear effect of dietary energy levels;

10.80

6.76
6.64
7.14
6.33
85.5
80.2

70.8
70.2
16.4
17.0
112
111
0.51
0.60
0.56
0.51
0.61
0.68
4.33
4.21

0.32
0.30
8.70
104
1.51
1.48
212
2.05

SEM

0.090

0.200

1.04

0.53

0.13

0.201

0.052

0.049

0.067

0.083

0.027

0.980

0.160

0.150

0.036

0.041

< 0.001

0.049

0.043

0.110

0.092

0.904

0.148

0.048

0.586

0.938

0.369

0.752

:-Q Quadratic effect of dictary energy levels.

E

< 0.001

<001

<0.001

< 0.001

<0.001

< 0.001

0.013

0.167

0.018

< 0.001

0.271

0.283

0912

0.891

P-value?

SxE

0.897

0.331

0.330

0.686

0.673

0.264

0.586

0.261

0.791

0.568

0.742

0512

0.581

0.492

E-L

< 0.001

<0.01

<001

< 0.001

<0.001

< 0.001

<0.01

0.070

<0.01

< 0.001

0.398

0.567

0.235

0.523

E-Q

0412

0.210

<0.001

0.245

0.451

0.147

0.250

0.302

0.881

0.131

0.150

0.167
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Groups'

Item SEM? Value of p
Control Mixed silage

Ruminal pH 709" 691" 004 0019

NH.-N (mg/dL) 7.38" 173 0.86 0.002

MCP (mg/dL)’ 1924 1871 035 0479

VEAS'
TVFA (mmol/L)* 6877 7823 193 0.004
Acetate (mmol/L) 4331 4508 0.80 0293
Propionate (mmol/L) 17.39 1882 0.88 0448
Isobutyrate (mmol/L) L1y 088" 0.07 0049
Butyrate (mmol/L) 443 862" 083 0.002
Tsovalerate (mmol/L) 198" 114 019 0012
Valerate (mmol/L) 053 L 012 0005
AP 251 257 014 0850

‘Control: Based on peanut seedling, corn husk and sorghum shell for roughage; Mixed Silage: Based on the mixed silage for roughage.

'SEM, standard error of the mean.

'MCP, Microbial protein.

'VEAS, volatile fatty acids.

“TVEA, total volatle fatty acids.

“A:P; Ratio of aetic acid to propionic acid.

“*In the same row; values with no letter or the same letter superscripts mean no significant difference (p>0.05), while with different small letter superscripts mean significant difference (p<0.05).
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Groups'

Item
Control Mixed silage

Ingredients (% of DM)
Peanut seedling 30.00 -
Corn husk 15.00 -
Sorghum shell 500 -
‘The Mixed Silage 000 5000
Corn 3400 3100
Soybean meal 700 550
Bran 750 800
Corn gluten meal - 100
NaHCO, 050 050
Premix contained” 050 050
Salt 050 050
Total 100.00 100

Nutrient composition (% of DM)
Digestive energy/DE (M)/Kg)” 1352 1473
<P (%) 1508 1501
Ash (%) 436 1233
NDE (%) 4764 4823
ADF (%) 2371 2717
Ca(%) 0.48 045
P (%) 038 039

‘Control: Based on peanut seedling, corn husk and sorghum shell for roughage; Mixed
Silage: Based on the mixed silage for roughage.

Premix contained (per kg): VA 80 KIU, VD 25 KIU, VE 130 KIU, Fe 0.6g, Mn 0.7, Zn
2.3g, Cu 0.2, Se 8mg, Ca 10%, P 1%, NaCl 10%.

'DE was estimated according to NRC (2007). The others were measured values.
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Vitamin, pg/L
Vi
Vis
Ve
Ve

Control Mixed silage

7254
369"

2323
816

Groups

7595
a0

2785
770

SEM

101
010
091
015

Value of p
0.089
0.028
0.003
0.14

In the same row, values with no letter o the same letter superscripts mean no significant
difference (p20.05), while with different small letter superscripts mean significant

difference (p<0.05).
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Groups'
It SEM?
. Control  Mixed silage

AOC, Ulmg 139 150 007

SOD, Ulmg 200.73 206.58 X
GSH-Px, Ulmg 138.90 14024 348
CAT, U/mg 132 148 005

MDA, mmol/mg 5010 83"

Value of p

0477
0591
0.861
0.095
0022

‘Control: Based on peanut seedling, corn husk and sorghum shell for roughage; Mixed

lage: Based on the mixed silage for roughage.
‘SEM, standard error of the mean,

I the same row, values with no leter or the same leter superscripts mean o,

gnificant difference (p<0.05).

gnificant difference (p0.05), while with different small letter superscripts mean
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Items CON AB RBC1

Day 14

GSH,ug/ml 61311 598.41
MDA, nmol/mL 678 625
SOD,U/mL 9877 10879
Day28

GSH,ug/mL 59550 602.19
MDA, nmol/mL 655 6.05
SOD,U/mL 10482 10655

apooled standard error of means, n

653.35
626
101.84

673.85
641
113.70

RBC2

711.85
635
11021

663.03
646
106.40

SEM*

648
031
178

CONvs. AB

0.124
0239
0.001

0.158
0055
0.440

CONvs.
RBC1

<0.001
0247
0236

<0.001
0570
0.001

CON vs.

RBC2

<0.001
0332
<0.001

<0.001
0735
0.480

P-value

AB vs.

RBC1

<0001
0.985
0012

<0001
0.159
0.004

ABvs.

RBC2

<0.001
0829
0577

<0.001
0.105
0946

RBC1 vs. RBC2

<0.001
0844
0003

0051
0818
0.003
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Items CON

Day0-14 0222
Day15-28 0753
Day0-28 0488

AB

0344
0523
0434

RBC1 RBC2 SEM*

0249
0524
0386

Pooled standard error of means, n = 6.

0.189
0429
0309

0.155
0.135
0.113

CON vs. AB

0584
0243
0739

CON vs.

RBC1

0903
0243
0532

P-value
CON vs. ABvs.
RBC2 RBC1
0.881 0.670
0.104 0.999
0276 0769

ABvs.

RBC2

0.487
0624
0.443

RBC1 vs. RBC2

0.786
0.624
0634
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Items CON
Day 1-14

DM 8140
N 8179
GE 79.80
Day 15-28

DM 77.36
N 78.19
GE 77.51

AB

83.18
83.05
81.80

80.67
7939
7850

RBC1 RBC2 SEM?

8228
8337
81.06

8150
8027
80.38

“Pooled standard error of means, n = 6.

8245
83.18
8329

8222
8236
81.90

0.60
0.76
098

0.90
112
117

CONvs.AB  CONvs.

0.047
0255
0.162

0017
0458
0559

RBC1

0307
0.158
0373

0.004
0206
0.101

CON vs.
RBC2

0226
0210
0020

0.001
0016
0016

P-value

AByvs.
RBC1

0300
0771
0596

0526
0587
0274

ABvs.
RBC2

0398
0905
0295

0237
0076
0055

RBC1 vs. RBC2

0843
0.864
0122

0573
0202
0370





OPS/images/fmicb-13-964531/fmicb-13-964531-t005.jpg
Items

Duodenum
VH,um
CD, pm
VIC ratio
Jej
VH,um
CD, pm
VIC ratio

Tleum
VH, pm
€D, pm
V/C ratio

apooled standard error of means, n

CON

37317
242.00
154

320.17
17267
1.86

279.33
153.00
183

AB

381.00
236,50
161

330.33
17117
193

318.83
149.67
214

RBC1

367.17
24333
151

32083
166.17
193

32167
156.33
206

RBC2

378.83
239.33
158

327.67
163.67
201

351.00
146.83
242

SEM*

147
341
002

563
343
005

358
284
005

CONvs.AB  CONvs.

0229
0267
0.051

0216
0721
0263

<0.001
0417
0.013

RBC1

0353
0.785
0369

0.934
0.196
0261

<0.001
0417
<0.001

CONvs.
RBC2

0380
0586
0252

0358
0.079
0.029

<0.001
0.141
0.002

P-value

AByvs.
RBC1

0.041
0.172
0.007

0247
0316
0996

0582
0113
0246

ABvs.
RBC2

0735
0563
0382

0741
0.138
0243

<0.001
0.489
<0.001

RBC1 vs. RBC2

0.078
0416
0049

0.401
0613
0245

<0.001
0028
<0.001
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Items CON AB RBC1 RBC2 SEM*

Day 14
IG gl 262 285 280
IgM,pg/L 0198 0298 0272
WBG,10°/L 2302 2167 2248
LYM, % 7382 7428 7418
Day 28

G/l 420 423 467
IgMugl 022 025 028
WBG, 10 /L 2385 2425 2317
LYM, % 1522 1595 1507

aPpooled standard error of means, n

324
0338
2156
76.15

4.40
037
2247
15.69

023
0.07
074
209

042
0.02
194
166

CONvs. AB  CONvs.

RBC1
0475 0.581
0301 0.446
0210 0612
0876 0.903
0.960 0435
0380 0.114
0886 0.808
0757 0.949

CONvs.
RBC2

0.069
0.154
0.178
0439

0.687
0172
0.621
0.843

P-value

ABvs.
RBCl1

0869
0780
0444
0973

0.464
0459
0699
0709

ABvs.
RBC2

0249
0676
0921
0535

0720
0.609
0525
0911

RBC1 vs. RBC2

0.191
0.488
0389
0513

0702
0816
0801
0793
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Items (as-fed, %) Day 1-14 Day 15-28

CON AB RBC1 RBC2 CON AB RBC1 RBC2

Corn 18 18 13 18 38.16 38.16 38.16 38.16
Extruded corn 17.99 1799 1799 1799 10 10 10 10
Soybean meal 10.40 10.40 9.90 9.40 18.04 18.04 17.54 17.04
Extruded soybean 13 3 13 13 10 10 10 10
Extruded wheat 5 5 5 5 5 5 5 5
Extruded rice 10 10 10 10 ] 3 3 3

meal 5 5 5 5 4 4 4 4
SDPP 3 3 3 3 - - - -
Whey powder 13 13 13 13 7 7 7 7
Soy oil 186 186 186 186 207 207 207 207
CaHPO; 045 0.45 0.45 0.45 0.54 0.54 0.54 0.54
Limestone 0.95 095 095 095 083 083 083 083
Bacitracin Zin 0 0.0025 0 0 0 0.0025 0 0

n sulfate 0 0.0005 0 0 0 0.0005 0 0

RBC 0 0 05 1 0 0 05 1
Salt 03 03 03 03 03 03 03 03
L-lysine HCI 035 035 035 035 036 036 036 036
DL-Methionine 0.1 0.1 0.1 0.1 0.07 0.07 0.07 0.07
L-Threonine 0.1 0.1 0.1 0.1 0.11 0.11 0.11 0.11
L-Tryptophan - - - - 002 0.02 002 002
Vitaminy/trace element Premix* 05 05 05 05 - - - -
Vitamin/trace element Premix® - - - - 05 05 05 05
Calculated nutrient composition, %
NE, keal/kg 2,596 2,596 2,594 2,591 2,570 2,570 2,567 2,565
cp 20,03 20,03 2005 20,07 1978 1978 1980 1982
Ca 0.7 07 0.7 07 07 07 07 07
Available phosphorus 04 04 04 04 04 04 04 04
Calculated standardized ideal digestible value, %
delys 120 120 120 120 118 118 118 118
d-Met 039 39 39 39 3.6 3.6 36 36
d-Thr 079 079 079 079 073 073 073 073
d-Trp 023 023 023 023 02 02 02 02
Analyzed nutrient values, %
DE, MJ/kg 1491 1491 1494 1496 1473 1472 1480 1481
cp 2011 20.10 2013 2015 19.82 19.82 1988 19.87
Lys 132 132 135 137 130 130 134 135
Met+Cys 059 059 0.61 062 061 0.60 0.61 063

“Provided per kg of complete diet: vitamin A, 2,200 IU; vitamin D3, 220 1U:
choline, 500 g folic acid, 0.3 mg; vitamin B1, | mg; vitamin B6, 7 m
6mg: 1 (as KI), 0.14 mg; Se (as Nay$e03-5H;0), 0.3 mg

EProvided per kg of complete diet: vitamin A, 1,750 1U; vitamin D3, 220 IU; vitamin E, 11 1U;
choline, 400 mg; vitamin By, 15 o folic acid, 0.3 mg; vitamin B6, 3 mg; biotin, 0.05 mg;
mg; I (as KI), 0.14 mg; Se (as NaSeOs-5H;0),

vitamin K3, 0.5 mg; vitamin B12, 0.0175 mg; riboflavin, 3.5 my hiamine, 10 mg;
tin, 0.05 mg; Zn (as ZnSOs), 100 mg; Mn (as MnO), 4 mg; Fe (as FeSO4-7H;0), 100 mg; Cu (as CusO4-5H,0),

in K3, 0.5 mg; riboflavin, 3 mg; niacin, 30 mg; thiamine, 1 mg; d-pantothenic, 9 mg;
504,80 mgs M (as MnO2), 3 mgi Fe (as FeSO4-7H;0), 100 mgs Cu (as CuSOy-5H;0),
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Items

BW, kg
Day0
Day 14
Day 28
Dayl-14
ADG, g/d
ADEL, g/d
GIF

Day 15-28
ADG, g/d
ADFI, g/d
GIF

Day 1-28
ADG, g/d
ADF, g/d
GIF

Pooled standard error of means, n

CON

775
10.41
16.83

190
265
0728

458
721
0638

324
493
0.661

AB

7.69
10.76.
17.40

220
292
0741

474
747
0649

347
519
0.674

RBC1 RBC2 SEM*

7.69
10.60
17.78

208
290
0723

360
502
0724

7.70

216
295
0734

541
727
0750

379
511
0743

037
0.46
063

21
24
0.040

2
50
0.028

17
3
0019

CONvs.AB  CONvs.

0910
0595
0534

0327
0447
0814

0638
0709
0772

0362
0559
0.623

RBC1

0915
0775
0304

0556
0476
0928

0.108
0937
0.039

0.152
0832
0032

CON vs.
RBC2

0930
0639
0117

0394
0.393
0914

0018
0931
0010

0035
0.691
0.007

P-value

AByvs.
RBC1

0995
0.804
0678

0.688
0962
0745

0243
0652
0070

0583
0709
0.086

AByvs.
RBC2

0980
0950
0326

0.894
0923
0898

0049
0774
0019

0200
0850
0020

RBC1 vs. RBC2

0985
0853
0565

0.788
0886
0843

0381
0.869
0525

0.452
0853
0.481
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Items L

ADFL g/d 186.47 18245
ADG, g/d 8.20° 10174
FG 279 18,03
BLG, cm 185 223
BOLG, cm 203 232
CGG,em 113 118

A row with different lowercase letter superscripts were significantly different (p<0.03); a row

H SEM
183.82 1350
944 0227
1951 0571
2110 0072
221 0058

L1s 0027

alue
0494
<0.001
<0.001
0045
0111

0.701

with different capital letter were highly significant different (p<0.01). The same as below.
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Ingredients

Corn 29.14 2486 2188
Soybean meal 133 493 1091
Wheat bran 7.15 495 6.02
Alfalfa hay 3823 4151 46.10
Mulberry branch bark powder 7.02 641 488
Broussonetia papyrifera si 731 682 47

Beet pulp 382 502 0.00
Soybean oil 1.00 050 0.50
Permix' 5.00 500 5.00
Dry matter

Digestible energy, MJ/kg 1065 10.68 1063
Crude protein 151 13.37 1548
Crude fiber 1274 1239 1199
Neutral detergent fiber 2579 2575 2475
Lysine 170 170 170
Methionine + Cystine 0.60 0.60 0.60
Calcium 0.90 091 0.90
Available phosphorus 0.24 024 0.24

‘Provided per kilogram diet: 8,0001U of vitamin A; 001U of vitamin Ds; 101U of vitamin E;
2 mg of vitamin Ky; 50 mg of Fe (as ferrous sulfate); 4mg of Cu (as copper sulfate); 2mg of
Mn (as manganese sulfate); S0mg of Zn (as zinc sulfate); 0.2 mg of I as KI); 0.2mg of Se

(as Na.SeOQ,).
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F:G = ADFI/ ADG
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ADG = (final body weight — initial body weight) / Days of test
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ADFI = Total food intake during the test / Days of test
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BOLG = Final body oblique length — Initial body oblique length
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Items L SEM

DM (%) 5991" 59.78" 60. 037 0040
CP (%) 70014 6743 6231° 086 <0.001
NDF (%) 57.45" 61.40" 60.84* 113 0003
ADF (%) 3105 3212 3263 034 0154

A row with different lowercase letter superscripts were significantly different (p<0.03); a row
with different capital letter were highly significant different (p<0.01).
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Colonic metabolites (n=23)

O 5,6-Dihydroxyindole
(O Deoxyadenosine

(O Shikimic acid

(O Dimethylbenzimidazole
(O Pyrocatechol

Sample type Differential metabolites
Colon 0 4 23 ¥
Serum 20 4 22 ¥

(O 3-Methylxanthine

(O 5-Aminopentanamide
(O 3-Methyldioxyindole
O Pyrrolidine

O 4-Trimethylammoniobutanal
(O Maleic acid

O Saccharopine

(O Dethiobiotin

(O Adenosine

O Dopamine

O Linamarin

O Indole

=

O o-Xylene

O 5-Hydroxy-L-tryptophan

(O Pyrophaeophorbide-a

‘ Eicosapentaenoic acid

L _

© 4-Hydroxymandelonitrile

O Phenylacetaldehyde

[G)

i

—

__J:__lzlr'—.

r———

BG
CT

Serum metabolites (n=20)

O D-psicose

O Quinolin-2-ol

O Cis-aconitate

O Stachydrine

O Sulfanilamide

O Kynurenic acid

O gamma-Glutamylglutamic acid

O D-Pinitol

O Malate

O Anserine

(O L-homoarginine

O Sorbitol 6-phosphate

‘ Methylmalonic acid

O suifallate

O pc(14:0/16:0)

. L-Phenylalanine

O Isomaltose

O Dl-lactate

O PC(18:0/22:6(42,72,102,132,16Z,192))
Pyruvate

Color gradation

0

0.4

.04

Origin of metabolites

‘ Co-metabolism
O Microbiota

O Others

[
|

BG
CT

Serum metabolites (n=22)
O Acetohexamide

Cholesterol

© PC(16:0/14:0)

O alpha-Tocopherol

O Anacardic acid

(O Prostaglandin A1

© 18R-HEPE

O SM(d18:1/18:0)

O Imidazoleacetic acid
O PE(P-18:0/22:6(44Z,72,10Z2,13Z2,16Z,192))
© SM(d18:1/16:0)

O Glycocholic acid

O Cer(d18:0/18:0)

O Ceramide(d18:1/16:0)
O SM(d18:1/18:1(92))
(O Ganoderic acid

O 2-heptyl-4-hydroxyquinoline n-oxide
(O m-Chlorohippuric acid
O Probucol

O PC(16:0/18:2(9Z,122))
O CerP(d18:0/16:0)

O cCholic acid
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Item CON? cMm3 CG?

Colonic pH 6.80 £ 0.05 6.45 £ 0.17 6.59 £ 0.07
Total VFA%, mM 73.56 £ 6.74 102.69 + 9.88 89.97 £ 3.80
Acetate, mol/100 mol of VFA 74.11 £ 1.10 69.25 £+ 2.96 71.13 +£1.49
Propionate, mol/100 mol of VFA 16.07 £ 0.99 16.89 £ 0.80 15.99 £+ 0.86
Isobutyrate, mol/100 mol of VFA 1.11+1.52 0.81+0.17 0.81 +0.13
Butyrate, mol/100 mol of VFA 6.48 + 0.62 11.26 £2.92 10.00 £ 1.03
Isovalerate, mol/100 mol of VFA 1.00 £ 1.74 0.75+ 0.18 0.78 £0.14
Valerate, mol/100 mol of VFA 1.23+£0.13 1.03 £0.12 1.29 £0.18

!The values shown are means + SEM (standard error of the mean); P < 0.05 indicated that mean values were significantly difference.

2VFA, volatile fatty acids.
3CON = maize meal low-grain diet, CM = maize meal high-grain diet, CG = whole maize high-grain diet.

P-value
CON vs. CM CMyvs. CG
0.069 0.418
0.035 0.228
0.172 0.588
0.535 0.460
0.224 0.980
0.165 0.698
0.331 0.881
0.285 0.258
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Daily dry matter 9.16 5.95 3.25 1.00 0.49 0.99
intake (kg/day) | [8.18,10.2] | [4.69,7.48] | [1.04,5.19]
Methane 160 146 14.5 0.80 4.9 0.71
production [141,181] | [128, 165] | [17.8,53.4]
(g/day)
Methane yield 144 25.0 —10.6 0.99 0.98 0.98
(g/kg DMI) [9.70,19.5] | [20.7,28.9] | [—18.2,
~127]

Ln (Archaea: 4.72 0.43 4.30 1.00 0.3 1.00
Bacteria) [—5.69, [—1.59, [—6.17,

—3.75] 0.58] —2.49]

!Means and highest posterior density intervals at 95% probability of the marginal posterior
distributions of the means of TM
2Median of the marginal posterior distribution of the difference between TMR and GRASS

R and GRASS.

andighest posterior density interval at 95% probability.

3Probability of the marginal posterior distribution of the differences of being greater than 0

when the mean is positive or lower than 0 when the mean is negative.

4Relevant value considered as the minimum value with economic importance.

®Probability of the marginal posterior distribution of the differences of being greater than r

when the mean is positive or lower than » when the mean is negative.
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Ingredient composition (g/kg DM)!

Barley 851 -
Maize dark grains 890 -
Barley Straw 865 -
Molasses nd -
Minerals? 8.1 8.0
Grass - 210

Chemical composition (g/kg DM)3

Dry matter (g/kg) 833 211.7
Ash 43 76
Crude protein 83.7 849
Neutral detergent fiber 339 557
Starch 356 <5
Metabolizable energy (MJ/kg DM) 11.7 9.0
Gross energy (M]J/kg DM) 17.9 18.1

'ngredient composition is the mean of the daily diets received by the animals across the
experimental period.

2Contained (mg/kg): Fe, 500; Mn, 3,000; Zn, 2,000; Iodine, 100; Co, 30; Cu, 800; Se, 35.
Vitamins (pg/kg): vitamin A, 400,000: vitamin D3, 100,000; vitamin E, 1,500.

3Chemical composition is the mean of 3 analyses per treatment.





OPS/images/fmicb-14-1102400/fmicb-14-1102400-i002.jpg
Q;

1A





OPS/images/fmicb-13-983823/fmicb-13-983823-g003.jpg
Gene copies / ng DNA

125000

100000

75000

50000

25000

[2]
b

3338333858

P N T het]
6600680 Lo

FEERERES

Asig

* * Eremoplastron dilobum

** Isotricha sp.
Epidinium caudatum
Entodinium furca dilobum

*+% ** Diplodinium dentatum
Entodinium nanellum

5 Isotricha prostoma
Dasytricha ruminantium
Entodinium longinucleatum

¥ Metadinium medium

Epidinium sp.

Polyplastron multivesiculatum

Entodinium sp.
Isotricha intestinalis
Ostracodinium dentatum

Entodinium furca monolobum

Eudiplodinium rostratum

Tsig
AxTsig

Relative abundance
>20%

10%
%
5%
3%
2%
I1%
0%

B [
TINS, A'p=0004, TXANS o] TS AP <000t TaANs TiP <002, AP 0001, Tx AP 2003
- .
02
CRRN Y 2",
2 @ 250 2 =
2 '. & oo ®* oo 5‘ %
. 5 £
3 e ¥ =
£ 200
] *l g2
8 . 2 A
150
175 f .
‘ °
100 A
IEEEEEREEE] R E AR FY R Y
Age (Months) Age (months) Axis 1 [23.7%]
C-group T-group. L] roup A T-grouy ®204 709 @11
- - SRS R 526 o082
D
C-group T-group





OPS/images/fmicb-13-1065668/fmicb-13-1065668-g003.jpg
& ° «TT oo [l ol
5 - e 5 5
] = = 2 3 2 g 8 3 S 3
{BwjBu)roy {Buybu) Aoy
5 5 ° TT.. t ° oTTw ]
“(pubunvs (Bubuvs
B T_l? ol ° ii ° 5 o TTIAS 5 . T_f: 5
T Cwsiwes T Guunvs (Bubulys (Bl
s 5 3
S 3 5§ 3 § 5.2 8 5 8 %::Hs : = & 3
(Gwbunon b @b (uibuns
< o o [=]
| 111 LT HH R R NN
€ £ £ € < €
] ] ] ] s E]
H S 2 ] 3 <
= = (3
H 2 ° =
g 3
a





OPS/images/fmicb-14-989303/fmicb-14-989303-t001.jpg
Age (years) (v£5)
Gender

Grade

Dietary preference

Flavor preference

Sleep duration

Exercise duration

City.

1L11£2746
Male 52(51%)
Female 50(49%)
Primary school 49(48%)
Junior school 53(52%)
Vegetables 6(5.9%) b
Meat 23(22.5%)
Balanced 73(71.6%)a
Light 12011.8%)a
Heavy 22(21.6%)
Balanced 68(66.7%)
<7h 7(6.9%)
7-9h 68(66.7%)a
>9h 27(26.5%)
<05h 16(15.7%) b
05-1h 52(51.0%) a, b
1-2h 27(26.5%)a
>2h 7(6.9%)

Town

1061+

760
47(48.5%)
50(51.5%)
52(53.6%)
45(46.4%)

13(13.4%) a, b
31(32.0%)

53(54.6%) b
9(9.3%) b
27(27.8%)
61(62.9%)

8(8.2%)

80(825%) b
9(9.3%) b

15(155%) b

61(629%) b

12(124%) b

9(9.3%)

Rural area
10.21£2959
55(53.4%)
48(46.6%)
55(53.4%)
48(46.6%)
17016.5%) a
24(23.3%)
62(60.2%) a, b
24233%)a,b
24(23.3%)
55(53.4%)
2(1.9%)
81(78.6%) b
20094%) a,b
33(320%) a
36(35.0%) a
2(214%) 3, b

12(11.7%)

*aand b: There are significant differences between the two groups; a, b: There is no significant difference between this group and the other two groups.

0078

0746

0.668

0.048

0.04

0.008

0.001
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Dietary CGA levels (mg/kg) p-Values

Items 0 400 800 1,600 SEM Treatment Linear Quadratic
Initial BW (kg) 105 104 105 105 0012 099 0.998 0985
d 14 BW (kg) 158 158 164 155 0018 0308 0.694 0121
d 35 BW (kg) 247" 259 266" 246" 0.027 0.018 0.734 0.002
d1-14

ADFI (g/d) 12459 125.83 12859 12142 1635 0.486 0495 0.189
ADG (g/d) 3839 3837 4403 3623 1201 o 0670 0057
FIG 347 368 31 378 0.103 0101 0494 0.148
d15-35

ADFI (g/d) 15538 16691 16654 156.25 2154 0.090 0813 0.014
ADG (g/d) 245 47.99° 830 318 086 0023 0911 0.002
FIG 378 352 355 3.76 0.058 0.243 0.862 0.050
d1-35

ADFI (g/d) 143.07 150.48 151.36 14232 1553 0.067 0.628 0.009
ADG (g/d) 40.81" 44.14" 46.61" 40.40° 0775 0.010 0.733 0.001
FIG 361" 345" aar 3.63 0.046 0.048 0.843 0.008

Results are presented as mean and SEM. *Means in the same row with different leter differ (P<0.05). 11=40. BW, bodyweight; ADFI, average daily feed intakes ADG, average daily gain;
F/G, feed efficiency (the ratio of ADFI and ADG),





OPS/images/fmicb-13-1080182/fmicb-13-1080182-t006.jpg
Treatments?

CTE

Duodenum

Villus height, mm 478.35% 688.66" 505.33% 11.85 <0.001

Crypt depth, mm 22891 242.74 232.17 3.92 0.325

viC 2.12% 2.90° 2.23% 0.06 <0.001

Jejunum

Villus height, mm 426.04* 612.10 443.61° 9.89 <0.001

Crypt depth, mm 189.28% 261.95" 200.63* 5.22 <0.001

viC 2.31 2.39 227 0.04 0.448

Illeum

Villus height, mm 290.57% 457.81° 297.92% 9.29 <0.001

Crypt depth, mm 194.52 205.86 189.42 3.46 0.139

viC 1.52% 2.20b 1.63* 0.05 <0.001
'CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements

in uncoated form; V/C, the ratio of villus height and crypt depth. Data with different small letter superscripts mean significantly different (P < 0.05), n = 4.
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Ingredients

Corn
Bean pulp
Wheat bran
Corn germ meal

Alfalfa meal

Soya bean stem meal

Soya oil
Premix'

Total

Content (%) Nutrient

1330
13.00
19.00
19.00
1200

19.00

070

4.00
100.00

levels®

Dry matter
Crude protein
Crude fat

Crude fiber

Acid detergent
fiber

Neutral detergent
fiber

Ash

Calcium

Phosphorus

Content (%)

8449
1638

310
1544
2060

37.85
536

L13
049

“The following premix ingredients were added to each kg of diet: vitamin A, 8,000 U;

tamin D3, 1,0001U; vitamin E, 50mg; vitamin K3, 2.3 mg; thiamine, 1.75mg;
iboflavin, 6.9 mg; niacin, 28.45 mg; pantothenic acid, 6.7 me; biotin,

5mg folic acid,

0.6 mg vitamin B12, 2.2 mg; choline, 420 mg lysine, 1.5g; methionine, 1.5g; copper,
50 mg iron, 100 mg; manganese, 30 mg; magnesium, 150 mg; iodine, 0.1 mg,

Values were calculated.
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Treatments!

CTE
Iron, pg/L 3368.30 4081.05 3321.20 207.14 0.357
Copper, g/L 668.01 658.55 646.68 26.25 0.956
Manganese, pg/L 6.71 12.01 9.04 1.02 0.092
Zinc, pg/L 709.65 842.16 780.21 24.45 0.071
Selenium, pg/L 74.04* 107.76° 65.82°% 7.51 0.033
Todin, pg/L 80.57° 99.24 87.65% 331 0.047
Cobalt, pg/L 0.41* 1.48° 0.63* 0.14 <0.001
'CON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements

in uncoated form. Data with different small letter superscripts mean significantly different (P < 0.05), n = 4.
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Treatments!

CTE

Dry matter, % 57.28 63.10 61.53 1.13 0.078
Crude protein, % 47.87% 59.88° 60.64° 2.04 0.002
Neutral detergent fiber, 42.16 52.64 51.70 2.11 0.064
%

Acid detergent fiber, % 50.37 49.87 50.82 1.22 0.960
Calcium, % 54.51 55.56 56.79 1.04 0.713
Phosphorus, % 44.66 50.44 46.71 1.69 0.406

ICON, sheep fed with the basal

diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep

in uncoated form. Data with different small letter superscripts mean significantly different (P < 0.05), n = 4.

fed with the basal diets plus an equal amount of trace elements
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Treatments!

CTE
Initial body weight, kg 29.76 29.78 29.79 0.45 1.000
Final body weight, kg 35.802 37.81P 37.79> 0.39 0.040
Average daily gain, g 201.24* 267.77° 266.80° 11.51 0.020
Dry matter intake, kg 1.29 1.32 1.25 0.02 0.255
FCR 6.45" 5.32% 4.89* 0.25 0.022
LCON, sheep fed with the basal diets; CTE, sheep fed with the basal diets plus 400 mg/kg coated trace elements; UTE, sheep fed with the basal diets plus an equal amount of trace elements

in uncoated form; FCR, feed conversion ratio. Data with different small letter superscripts mean significantly different (P < 0.05), n = 10.
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Gene

Occludin

Sequence (5'-3’)
F: CCGTTGACTTCACCTGTGGA

Accession ID

XM_012096797.4

Product length (bp)

195

R: TTCCCTGATCCAGTCGTCCT

Claudin-1

F: AAGACGACGAGGCACAGAAG

NM_001185016.1

186

R: CAGCCCAGCCAATGAAGAGA

Claudin-2

F: CCTCCCTGTTCTCCCTGGTA

XM_027963236.2

299

R: GCACCTTCTGACACGATCCA

Z0-1

F: GATGTTGCCAGGGAGAAGCT

XM_042235171.1

247

R: TCACACCCTGCTTTGAGTCC

Z0-2

F: TCCTTGTGAGTGGGATTGGC

XM_027964513.2

365

R: TCTTCCCGCTTTTCCTCAGC

ZNT4

F: GCCTTTGACTTCTCGGACGA

XM_042252522.1

175

R: TGTTGGCCAAGGGTAAGTCC

FPN1

F: CAGGGAGGATGCTGTGGATC

XM_042243635.1

216

R: GTCGCCAATGATAGCTCCCA

GAPDH

F: GGTCACCAGGGCTGCTTTTA

NM_001190390.1

147

R: TTCCCGTTCTCTGCCTTGAC
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Candidatus_saccharimonas
Ruminococcus_I
Papillibacter
Ruminococcus_2

Lachnospiraceac_

XPBI014_group
Prevotella_I

Christensenellaceae_R-7_
group
Ruminococcaceae_UCG-
010

Unassigned

Uncultured

Treatments®

CON
015
010
004
005

005

004

003

003

024
003

NCG

011
005
004

004

003

0.04

003

024
003

0032

0.026

0011

0023

0012

0.008

0.006

0.008

0.028

0.006

‘CON, basal diet, without additive; NCG, basal diet + 20 NCG/cow/d.

'SEM, standard error of means.
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Treatments® SEM?2  p-value

CON \[e(e}
Firmicutes 053 055 0.033 0.90
Bacteroidetes 0.18 0.15 0.026 091
Patescibacteria 0.15 0.17 0.032 089
Proteobacteria 0.07 0.05 0.013 091
Tenericutes 0.02 0.03 0.006 0.90
Spirochaetes 0.01 0.01 0.004 0.89
Cyanobacteria <001 001 0,004 089
Kiritimatiellacota 0.01 0.01 0.003 0.88
Fibrobacteres <001 001 0.002 089
Lentisphacrac 001 <001 0,004 091

'CON, basal diet; NCG, control diet + 20 g NCG/cow/d.
'SEM, standard error of means.
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Treatments? SEM?  p-value

CON \[e(e}
pH 690 689 0.103 0.89
NH,-N, mg/dL 984" 609" 1161 <001
MCP’, mg/mL 138 149 0.154 0.49
Total VFA', mmol/L 5531 66.43 5735 0.09
Aceticacid,

5865 61.70" 1320 003
mmol/100mmol

Propionicacid,

2125 19.93 0767 o1l
mmol/100mmol
Acetic/Propionic 2.80 312 0.174 0.07
Butyric acid,

15.54 14.17 0.767 0.09
‘mmol/100 mmol
Isobutyric acid,

L1 107 0091 046
mmol/100mmol
Valeric acid,

125 1.20 0.124 0.70
mmol/100mmol
Isovaleric acid,

219 1.86 0311 030

mmol/100mmol

Values within a row with different superscripts differ at p<0.05.
'CON, basal diet, without additive; NCG, basal diet + 20g NCG/d.
'SEM, standard error of means.

'MCR, microbial crude protein.

'VEA, volatile faty acid
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Items Content (%)

Ingredients

Corn silage 6250
Wheat grass 2083
Alfalfa hay 533
Oat 092
Wheat bran 075
DDGS 0.67
Corn 437
Soybean meal 050
Cotonseed meal 042
Premix' 0.63
Nacl 0.08
Total 100

Nutrient levels?

cp 9.23
EE 484
NDE 5199
ADF 2435
NE/(MJ/kg) 5.15
Calcium 055
Phosphorus 0.26

‘Per kilogram of premix contained the following: Ferric, 4,500 mg: Copper, 1,600 mg;
Manganese, 3,000 mg; Zinc, 5,500 mg; Selenium, 30 mg; Cobalt, 20mg; lodine, 30mg;
vitamin A 600,000 1U; vitamin D 200,0001U; vitamin E 2001U.

‘CP, crude protein; EE, ether extract; NDE, neutral detergent fiber; ADF, acid detergent iber,
NE,, milk production and net energy.
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Treatment group (Mean+SD) p-

Control  LP pp | Ak
Acetate 33.02+5.52 3575+10.33 34.40+3.82 0.628
Propionate 668+118 | 8404262 791191 0112
Iso-butyrate 0.31£0.04 0.37+0.08 0.34£0.08 0.105
Butyrate 4165108 | 584£279 | 496£116 0086
Iso-valerate 0.32£0.07 0.41£0.10 0.37£0.13 0.095
Valerate 0.2640.05 0.47£0.24* 0.3640.16" 0.021

Acetate: Propionate  496:044' | 435:063  449:067° 0040
pH 6574017 | 692£018" | 702:0.16'  0.006

The value of ach treatment group is expressed by the Mean  standard deviation (SD). In the
same line, superscript with different lowercase leters shows significant differences among
groups, while uppercase letters show significant differences among groups.
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Ingredients Content, % Chemical composition®

Corn 36.00 Metabolic energy, MJ/kg 9.36
Soybean meal 7.80 Crude protein, % 10.78
Wheat bran 5.10 Neutral detergent fiber, % 36.24
NaCl 0.22 Acid detergent fiber, % 18.77
NaHCO3 0.38 Calcium, % 0.48
Premix® 0.50 Phosphorus, % 0.39
Corn silage 30.00 Iron, mg/kg 84.61
Wheat straw 20.00 Manganese, mg/kg 523
Total 100.00 Zinc, mg/kg 25.47
Copper, mg/kg 18.65
Selenium, mg/kg 0.02
Todine, mg/kg 0.09
Cobalt, mg/kg 0.05

*The premix provided the following per kg of diet: vitamin A, 10,000 IU; vitamin D3, 1,000 IU; vitamin E 33.4 mg.
bCalculated values.
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Treatments® SEM?2  p-value

CON \[efe}
Ruminococcaceae 034 035 0037 0.89
Saccharimonadaceae 0.15 0.16 0032 0.89
Lachnospiraceae 0.10 0.12 0029 0.8
Prevotellaceae 0.07 005 0018 0.99
Bacteroidales_RF16_ 0009

0.04 005 0.88
group.
Fo82 0.04 003 0010 0.90
Christensenellacea 003 004 0.006 0.88
Clostridiales_ 0014

003 002 0.89
vadinBB60_group
(Unassigned) 0.04 0.06 0.009 0.88
Uncultured 005 005 0012 091

‘CON, basal diets NCG, basal diet + 20 g NCG/cow/d.
'SEM, standard error of means.
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Item

Fat (%)
Moisture (%)
Salt (%)
Protein (%)

Collagen (%)

LM

3.69°
71.35
0.53
22.28
1.27

Marbling grade groups

MM

3.56"
71.31
0.49
22.26
1.29

HM

4.40%
71.08
0.54
21.80
133

SEM

0.17
0.29
0.03
0.21
0.06

P-value

0.003
0.837
0.434
0.328
0.804

LM, marbling grade < 1; MM, 1 < marbling grade < 3; and HM, 3 < marbling grade < 5. P-value showed the significant differences among the three groups by used one-way ANOVA analysis.

Different letters indicate significant differences (LSD, P < 0.05). The same letter indicates no significant difference.
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Ingredient (%) Content
Day 1-21 Day 22-42

Corn 54.88 58.00
Soybean meal 36.27 32.79
Fish meal 1.75 1.33
Soybean oil 3.08 4.28
Dicalcium phosphate 1.24 1.08
Limestone 121 1.14
Sodium chloride 0.30 0.30
DL-Methionine 0.15 0.08
L-Lysine-HCl 0.12 0.00
Vitamin and mineral premix 1.00 1.00
Nutrient composition*

Metabolizable energy (M]J/kg) 12.35 12.80
Crude protein (%) 21.86 20.34
Calcium (%) 1.00 0.90
Total Phosphorus (%) 0.71 0.64
Available phosphorus (%) 0.40 0.35
Methionine (%) 0.46 0.37
Methionine + Cysteine (%) 0.75 0.64
Lysine (%) 1.14 0.95

T A vitamin-mineral premix provided the following nutrients per kg of diet: vitamin A, 10000

1U; vitamin D, 2000 IU; vitamin E, 20 IU; vitamin K, 1 mg; vitamin B1, 2 mg; riboflavin, 8 mg;

vitamin By, 0.01 mg; pantothenic acid, 10 mg; niacin, 35 mg; pyridoxine, 3.5 mg; biotin, 0.2

mg; folic acid, 0.6 mg; Fe, 100 mg; Cu, 10 mg; Mn, 120 mg; Zn, 100 mg; I, 0.7 mg; Se, 0.3 mg.

FNutrient levels were calculated.
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Primer name Primer sequence (5'-3') GenBank Annealing Size (bp)

accession number temperature (°C)

ACADL-F ATTGGCAAGATCCATAAGTGA XM_027965150 51 183
ACADL-R TACTAAAATGATGCTGGCAGT

ALDH2-F AGGAGATCAGCCACAAGACCA XM_004017409 58 180
ALDH2-R CACTCTGAAAGCCAGTAGCAGT

FGFRLI-F CTGAGAGTAAGATGCCTTCCAC XM_027971341 58 131
FGFRLI-R TCCAAAGGCATTACATGGTGA

NHEI-F GACCCCTTGCTACCTATGTCC XM_004005085 60 138
NHEI-R CACCACAAGCAACGACGGAA

PCCA-F CCGTGAAGCATGTTCCTCA XM_015098256 57 128
PCCA-R CGCAATTTCTCCTCTATTAGCAA

PLCBI-F ACTTTGAATTTACTGTTCCGCTT XM_042230393 58 219
PLCBI-R TGGAAGAAACATCATGCCACA

PPARD-F TGGCAAAATTCTTCCCTCTGGT XM_042237247 60 112
PPARD-R AGAAGAGCTGCATTCCTCAGT

SIXI-F ACGCGCATAACCCTTACCCCTC NM_001174113 63 144
SIX1-R CGGTGTTCTCCCTTTCCTTGGC

ACTB-F TCCGTGACATCAAGGAGAAGC NM_001009784 58 267

ACTB-R CCGTGTTGGCGTAGAGGT
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Items® Treatments P-value

CON FPPR

Alanines 435012 4374019 0844
Arginine 5.04£0.16 4944017 0.468
Aspartic acid® 6854036 6632025 0372
Cysteine 0784016 0.64 4009 0.185
Glutamic acid® 11.65 % 0.66 11.04 %061 0241
Glycine® 347 £0.11 424£083 0.149
Histidine” 1924040 2404025 0.091
Isoleucine” 3544018 3364019 0235
Leucine* 636023 5954025 0.061
Lysine* 6954027 6482029 0.064
Methionine* 1994016 1914010 0465
Phenylalanin 320£018 2954007 0.041
Proline 3.084008 3344043 0335
Serine 2884012 279 0.11 0322
Threonine* 350£0.16 333014 0.170
Tyrosine® 2704028 245%0.11 0.149
Valine® 378017 3614014 0.198
EAA 3628 £ 177 3491 138 0297
DAA 3223+ 120 3169+ 0.99 0536
TAA 72.0422.90 7044 & 190 0408
SEAA, essential amino acids, including Arginine, Histidine, Isoleucine, Leucine, L

Methionine, Phenylalanine,
the table; DAA, delicious amino acids, including Alanine, Aspartic acid, Glutamic acid,
Glycine, Phenylalanine, and Tyrosine, marked with “S” as a superseript in the table;
TAA, total amino acids. Asparagine, Glutamine, and Tryptophane were undetected in
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Items®

pH

n

2

45min
24h
48h
45min
24h
48h
45min
24h
48h
45min
24h
48h

Treatments
CON FPPR
6050.10 5624012
580 £0.09 5.68 40,07
603005 5814006
55.14£2.82 54.63 2.6
5360 £3.78 5200£2.18
5425 181 5440 124
15454 117 14224081
15,99 2.00 14184099
1615 114 15014 1.6
8.5640.85 810077
10.05 4089 9024059
997089 9.15% 170
2124523 1748455
5136 £ 4.51 5002+ 119
9426 142 9263171

F, shear force; WHC, water-holding capacity.

P-value

0.002
0.096
0.002
0796
0.483
0889
0.123
0.143
0325
0438
0.145
0.858
0365
0581
0.182
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Item® Diets treatments®

CON B25 B50
Ingredient (as fed-basis %)
wces 76.20 57.20 38.10
FPPR 000 19.00 38.10
Peanut seedling hay 19.00 19.00 19.00
Indian meal 293 293 293
Soybean meal 120 120 120
Alfalfa hay 0.47 0.47 0.47
Calcium hydrophosphate 005 005 005
Mountain flour 0.10 0.10 0.10
Salt 0.05 0.05 0.05
Nutrient content
DM (%) 30.84 3039 3034
CP (%/DM) 1168 1199 1145
EE (%/DM) 001 0.02 002
Ash (%/DM) 013 012 012
NDF (%/DM) 5811 5298 5429
ADE (%/DM) 3620 3335 3312
Ca (%/DM) 090 097 097
P (%/DM) 0.44 0.42 0.42
NEm (meal/kg) 118 125 129
NEg (macl/kg) 062 069 072

s FPPR, fermented pincapple peel residuc; DM, dry matters CP,
eutral detergent fiber; ADE, acid detergent fiber;
net energy for gain. "CON, FPPR replaces 0% of
B50, EPPR replaces 50% of WC:

SWCS, whole corn
crude protein; E
NEm, net energy for m:

ether extract; NI
tenance; NE
25% of WC!
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Leadership

styles

SL
540
0535%%
cL 0.000
0721%%
IL 0.000
0.778%*
SAE 0.000
0.884%%

Leadership 0000
styles

0.620%*
0.000
0.598**
0.000
08197

0.000

0551%% 1
0.000

0893 | 0752 1
0000 | 0.000

#*Correation is significant a the 0.01 level (2-taled). S, strategic leaderships CL,

cultural leadership; IL, instructional leadershi

SAE, sustaining academic excellence.






OPS/images/fmicb-14-1129250/fmicb-14-1129250-t002.jpg
Treatments®

TRT*Location

IgA, mg/g DM
Distal-Jejunum
Tleum
Colon

Feces

CON SCB Location
<0.001
02 022 012
118 198 012
059 145 012
064 071 014

<0.001

<0.001

0938

<0001

<0001

0707

'CON = nonsupplemented calves; SCB =calves supplemented with Saccharomycescerevisiae boulardii CNCM 1-1079 at 10 10°cfuld from birth untl 1 week of age. Values are least square means.

“TRT = Treatment
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Treatment?

Concentration in CON SCB Location TRT*Location
digesta, Log™ copy /g

of sample

Saccharomyces cerevisiae' <0.001 <0.001 <0.001
Proximal-Jejunum 497 575 0.16 <0001

Tleum 503 593 023 <0001

Colon 358 585 026 <0.001

‘Copy number of 268 FRNA Saccharomyces cerevsiae gene per gram of igesta.
‘CON = nonsupplemented calves; SCB =calves supplemented with Saccharomycescerevisiae boulardii CNCM 1-1079 at 10 10"cfuld from birth untl 1 week of age. Vlues are least square means,
"TRT = Treatment.
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Leaderships N M+SD Overall  Rank

styles M+SD
Strategic sL1 510 | 342£1139 36312755 1
leadership | g1 50 3201215

s13 540 | 34421270

sLa 510 | 3381217

sLs 50 368+1219

sL6 50 3621219

sL7 510 | 3741143

sL8 50 409+0838

SL9 540 387% 1124

SLIO 540 3911060
Cultural Lt 50 366£1076 2921645 3
leadership a2 540 | 3631088

CL3 540 3531083

CL4 540 337:1137

CLs 540 32381226

CL6 540 | 3851240

CL7 540 3912133

CL8 540 | 40421346
Instructional 1L 540 | 344:1224 3Lls614 | 2
leadership L2 540 | 326+1.148

13 540 330+ 1182

L4 540 374%1099

1Ls 50 3731058

16 50 349+ 1147

L7 540 373%1087

s 50 323: 118

1Ls 510 321+ 1L108

N, number of participants; M, mean; SD, standard deviation.
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Variables I (%)

Age 26-35 309 572
36 Above 231 428
Total 540 1000
Gender Male 27 420
Female 313 580
Total 540 1000
Academic BA/BSc. 351 650
qualifications
M.A/MSc 170 315
M.Phil, 19 35
Total 540 1000
Professional BEd 105 750
qualifications
MEd. 71 131
Donothwe | 64 19
Total 540 1000
Experience 15 108 200
6-10 360 677
1 above 7 133
Total 510 1000

. percentage; M, mean; SD, standard deviation.

M
143

158

139

137

193

SD

0495

0494

0555

0686

0574
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Instruments Kolmogorov—  Asymp.

Codes  Sub-variables SEinoc (2-:;?led)

SL Strategic leadership 0.084 0,000

cL Culture leadership 0.063 0.000

i Instructional 0075 0.000
leadership

Overall  Leadership styles 0.092 0000

SEA Sustain academic 0.145 0.000

excellence
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Scale dimensions Cronbach’s alpha
Strategic leadership 085
Culture leadership 0.82
Instructional leadership 078

Sustaining academic excellence 077
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We artficially clasify the expression of these Met transporters as: < 0.1: vry low expression (VL), 0.1 ~0.5:
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Indexes

Initial BW (kg)
BW (kg)

ADG (g)

Feed intake (g)
FCR

BW (kg)

ADG (g)

Feed intake (kg)
FCR

Days of Age

32
53

67

CG

0.79 £ 0.10
1.75 £ 0.15¢
44.2 4+ 0.50°
8.8526
2.97 £ 0.33%
2.39 4 0.07°
452 4 0.55"
6.5305
3.44 +0.422

LC

0.91 + 0.99
1.76 4 0.02¢
46.3 4 2.30°
92661
3.04 = 0.422
238 40.11°
44.5 + 5.40°
6.3359
3.39 = 0.44°

MC

0.79 4 0.08
1.79 4 0.02°
45.6 + 2.20°
7.3736
2.71 4 0.14°
2.314 0.07°
43.3 4 4.20°
5.4558
3.00 4 0.28%°

HC

0.79 % 0.09
1.82 +0.08?
47.7 + 3.80%
7.8256
2.79 + 0.13b¢
247 +0.11%
473 + 3.40°
4.9665
2.50 4 0.14°

Means with different superscript letters within the same line differ significantly, P < 0.05; data are presented as mean &= SEM (n = 6). BW, body weight; ADG, average daily gain; FCR, feed

conversion ratio.
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Items'
GSH-Px (U)
SOD (U/ml)
T-AOC (mM)
CAT (Ufml)
MDA (nmol/ml)
TNF-o (ng/l)
[EN- (ng/l)
1L-6 (g/D)

1L-8 (ng/1)
1L-10 (ng/l)
1L-1p (ng/l)
IgA (pg/ml)
IgG (ng/l)
IgM (ng/})

CON
922,17+ 158.94
13459 £ 1270
05424004
243+ 1.00
7444581
14982 £17.27
39.16+244
268.10 + 3242
90.42£8.19
4748341
78.89£7.63
954115
4688+ 407
5104042

DBP
952,97 + 23450
132,824 691
0.545£0.06
236+137
6.04:£5.40
158.77

18.28
40.06 £3.62
24646+ 2273
94,69+ 12.30
47324422
79.13£7.18

9.69+0.75
51,66+ 247
5024047

BF
99157 + 189.98
12120 + 1534

0550 £ 0.10
229113
4255212
159.84 £ 9.62
3645+ 2.85
26861 + 25.82
9532 9.11
48.06% 1.95

7468+
9.09+1.03
5018+ 2.93
4922057

P-value (CON/DBP)
0792
0756
0943
0911
0646
0384
0605
0204
0472
0943
0954
0795
0.461
0748

P-value (CON/BF)
0508
0113
0.861
0.809
0593
0.244
0.092°
0976
0329
0721
0346
0473
0.133
0525

'CON: basal diet group: DBP: defatied black soldier fl larvae protein group: BF: black soldir fly larvac fat groups GSH-Px: glutathione peroxidase; MDA: malondialdehydes T-AOC: tota

antioxidant capa

CAT: catalase; SOD: superoxide dismutase; IFN-7: interferon-y; IL-6: interleukin 6; IL-8: interleukin 5;
immunoglobulin A; IgG: immunoglob

L-10: interleukin 10; IL-1f: interleukin 1§; IgA:
G IgM: immunoglobulin M; TNF-a: tumour necrosis factor-a. The symbol (*) indicates p<0.10 calculated by Students f-test.
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ltems'  CON DBP BE  p-Value p-Value
(CON/ (CON/

DBP)  BF)
BW 13.70 + 2.( 1347202 13041171 0.847 0.602
BCS 633+ 1.25 621 111 5.86 £ 0.56 0.860 0.381
DM (%) 82.2£0.01 79.86+0.03  7891+0.61 0.106 0.281
OM (% 8701020 8393+0.71  8590+0.98 0.046 0.203
DM)
CP (% 8246+037 7270+0.85 79.64+0.56 0.001 0.132
DM)
EE (% 9547+0.81  9595+0.68 93.92+0.51 0.226 0.254
DM)
GE (% 87.80£0.51 86.63+0.02  86.01+0.21 0.180 0.135
DM)

‘CON: basal diet group; DBP: defatted black soldier fly larvae protein groups BF: black
soldier fl larvae fat group; BW: body weight, BCS: body condition score; DM: dry
matter; CP: crude protein; EE: ether extract; OM: organic matter; GE: gross energy.
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Items CON DBP BF

Ingredients as-fed basis, %
Corn 2500 2500 2500
Sweet potato flour 1200 12.00 1200
Wheat flour 10.00 10.00 1000
Corn gluten meal 500 500 5.00
Beet pulp 250 250 250
Duck meal 800 500 800
ish meal 250 250 250
Meat and bone meal 300 3.00 3.00
Calcium bicarbonate 100 100 1.00
Solid flavor enhancer 200 200 200
Vitamin and mineral 100 100 100
premix
Chicken meal 2000 0 2000
Mixed oil* 800 5.00 0
Defatted black soldier 0 2000 0
fly protein
Black solider fly fat 0 0 8.00
Nutrient levels’
DM (%) 91.20 9129 9266
OM (%) 9368 9249 93.25
CP (%) 272 3021 3255
EE (%) 1430 1615 1599
GE (keal/kg) 475986 4560.91 4598.08
Calcium (%) 057 053 050
Phosphorus (%) 046 042 041
Calcium and 124 126 122

phosphorus ratio

CON: basal diet group; DBP: defatted black soldier fly larva protein group: BF: black
soldier fl larvac fat group; DM: dry matter; OM: organic matter; CP: crude proeins EE:
ether extract; GE: gross energy.

‘Vitamin and mineral premix provided the following per kilogram of diet: vitamin A,
2,260,000 1U; vitamin D3, 50,000 1U vitamin E, 5,400 mg vitamin K3, 10 mg; vitamin B1
(thiamine), 1,680 mg; vitamin B2 (riboflavin), 740 mg; vitamin B6, 840 mg; vitamin B12,
3 mg; niacin, 9,800 mg; calcium pantothenate 948 mg; biotin, 11 mg: folacin, 90 me;
choline chloride, 264,180 mg; Fe, 8,000 mg; Cu, 1,500mg; Mn, 780mg; Zn, 7,520 mg; 1,
180mg: Se, 30 mg,

Vixed oil contained 2% fish oil and 6% chicken oil

‘Measured values in dry matter basis
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ALT (UL) 9.60 1125 1050 0.764 01144

AST (UIL) 79.60 104.20 9100 11140 0.1077
GGT(UL) 6380 67.40 7100 12,620 08388
ALP(UL)  35000° 58050 257.20° 77.620 00032
AST/ALT 800 1000 975 1548 03577
TBA 810 15.68 15.26 4289 0.1483
(pmol/L)
TP (g/L) 7198 7176 7170 4358 0.9974
ALB (g/1) 3195 3272 3246 1.803 09090
GLO (g/1) 40,03 3904 3924 4504 09700
AIG 082 088 084 0.130 08785
TBIL 250 2140 194 0415 03823
(pmol/L)
DBIL 102 0700 065 0.144 00360
(pmol/L)
IDBIL 148 156 128 0322 0.6675
(pmol/L)
CHE(UL) 18330 17700 18560 7414 05010
BUN 2 1334 1288 1232 0.1950
(mmol/L)
CREA 4953 5126 6336 7.196 0.1406
(umol/L)
CHOL 521 7.16" 61820 | 0484 00038
(mmol/L)
6 016 027 023 0.046 0.0896
(mmol/L)
HDL 199 272 245 0.265 00393
(mmol/L)
LDL 282 381 407 0.601 0.1041
(mmol/L)
CRP (mg/L) 453 436 478 0.409 05874
GLU 281 273 372 0.748 03566
(mmol/L)
LAC 702 1030017 0727 0.0004
(mmol/L)
LDH (UL) 39430 43900 33950 39.200 00725

““Letters means within a row that do not have a common superscript leter differ, p <0.05. ALT,
glutamate pyruvic transaminase; AST, Aspartate aminotransferase; GGT, glutamy transferase;
ALR, alkaline phosphatase; TBA, Total bile acids TP, Total protein; ALB, albumin; GL
Bil, total bilirubin; D-Bil, Direct bilirubin; IDBIL, Indirect bilirubin; CHE,

JUN, blood urea nitrogen; CREA, creatinine; CHOL, total cholesterol TG,
riglyceride; HDL-C, High density lipoprotein; LDL-C, Low density ipoprotein; CRP;
C-reactive protein; GLU, glucose; LAG, lactate acid concentration; LDH, lactate dehydrogenase.
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Parameters Treatmentgroups  SEM  p-Value

LC HC

pH 642 613 0.06 0074
MCP 221 285 043 0273
NH,-N, mg/dL 16.76" 2139 086 0014
TVEA, mM 60.93" 7496 195 <0.001
VEAs, molar % of TVEA

Acetate 6353 6118 059 0048
Propionate 2269 278 109 0928
Butyrate 10.68" 1273 040 <0.001
Isobutyrate 078" 091 005 0128
Valerate 152 123 o 0
lsovalerate 0s81® L7 0.04 <0.001
Acetate: Propionate 288 272 0.09 0.366

MCP, microbial protein; NH,-N, ammonia nitrogen; TVFA, total volatile fatty acids; SEM,
standard error of the mean. LC, low-concentrate groups HC, high-concentrate group.
““The values in same row with differenct superscript letter differ significantly (p<0.05).
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Ingredients (%) Group

LC HC
Oat hay 60.00 2000
Corn 375 4409
Wheat bran 1295 1196
Rapeseed meal 1100 192
Soybean meal 665 638
Palm oil powder” 0.86 036
Rapeseed oil 0.80 050
NaCl 079 079
Premix' 320 320
Nutrient composition (%)
DM 86.18 8538
cp 15.43 1582
EE. 462 546
ME MJ/kg 9.40 1153
NDE 4558 2560
ADF 2724 1380
Ca 029 02
P 044 048

The premix provided the following per kg of the diet: VA 35001U. VD 10001U, VE.
101U, Mn40mg, FeS0mg, Cul0mg. Zn40mg. Se0.3mg;others were measured
values.
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Phylum  Genus Treatments' P-

value
CON ACE
Bacteroidota  Prevotella 3073£510 49714321 0.005
Muribaculaceae 3.09£081  218£032 0311
Fo82 2235050 299%024 0.18

Rikenellaceae_RCO_gut_ 2274024 394034 0,001
group

Prevotellaceae_UCG-003 1414021 1694016 0.287
Prevotellaceae_UCG-001 1244022 1224014 0927

Firmicutes  RF39 9254178  391£031 0013
Clostridia_UCG-014 8484140 492£061 0035
Succiiclasticum 3464058 219£040 0087
Christensenllaceae R-7_ 1664032 1014012 0,077
group
NK4A214_group 1924026 1394023 0135
Saccharofermentans 203016 140017 0015
Ruminococcus 109019 075010 0122
Pseudobutyrivibrio 082019 035004 0034
Selenomonas 0934018 132£016 0123

Eubacterium_ 0.63+0.08 0.054
coprostanoligenes._group

Lachnospira 0.64£0.12 0341003 0.03
Eubacterium_ 080009 0562007 0048

ruminantium_group

Butyrivibrio 0614011 028004 0012
Anaerovibrio 0495007 0574007 0468
Patescibacteria  Candidatus_ 2524067 073£015 0023

Saccharimonas

Absconditabacteriales. 150037 051£0.12 0,026
(SR1)

Proteobacteria  Pseudomonas 123£037 166050 0489
Ralstonia 0694022 069£024 0991

“Treatments: CON = control group, basal diet plus 468 g/day oral sodium chloride;
ACE = NAc group, basal diet plus 656 g/day oral NAc.
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Phylum Treatments' P-value

CON ACE
Bacteroidota 43544509 65824947 0.001
Firmicutes 46474395 2843754 0.001
Patescibacteria 4024085 1254015 0.008
Proteobacteria 341071 3294086 0918
Actinobacteriota 0.6840.16 020+ 0.03 0.014

“Ireatments: CON = control group, basal diet plus 468 g/day oral sodium chloride;
ACE=NAc group, basal diet plus 656 g/day oral NAc.
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Items Treatments' p-value

CON ACE
chaol 1233.93 £ 40.98 17437 £ 2938 0.250
observed_otus 122025 £ 40.97 1171082975 0.263
shannon 8944024 7914012 0487
simpson 097320013 0.981£0003 0594
piclou_e 0789 £0021 0776 +0.010 0581

“Ireatments: CON = control group, basal diet plus 468 g/day oral sodium chloride;
ACE=NAc group, basal diet plus 656 g/day oral NAc.
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Items Treatments' p-value

CON ACE

pH 690006 6772005 0110
NH,-N, mg/dL 1021£076 1107 £00.71 0418
MCP, mg/dL 44335164 55.07£0.92 <0.001
Total VFA, 8248 £3.34 103.47 £4.02 0.001
mmol/L

Acetate, mmol/L. 57614210 7290 £2.79 <0.001
Propionate, 13984047 17122071 0.001
mmol/L

Iso-butyrate, 029001 0.008
mmol/L

Butyrate, mmol/L 864087 1067 +058 0,066
Iso-valerate, 097010 1264007 0025
mmol/L

Valerate, mmol/L 098008 1164005 0059
Acetate/propionate 414 +0.13 4280.10 0430
NH,-N =ammonia-N, MCP = microbial crude protein. Treatments: CON = control

group, basal diet plus 468/day oral sodium chloride; ACE=NAc group, basal diet plus
656 g/day oral NAc.
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Ingredients Content

Alfalfa 839
Oat grass 643
Whole corn silage 5218
Corn 81
Soya bean meal 108
Cotton seed meal 68
DDGS 48
Premix' 25
Total 100

Nutrient levels

CP 1647
EE 3.84
NDF 33.06
ADF 20.25
Ash 7.28
Calcium 0.74
Phosphorus 035
NEL(MJ/kg)* 325

DDGS, distiller dried grains with soluble; CP, crude protein; EE, ether extract; NDF,
neutral detergent iber; ADF, acid detergent fiber.

‘Per kilogram of premix provide 55 mg of Mn as MnSO,; 625 mg of Zn as ZnSOg;
0.5 mg of Se as Na,SeO; 75 mg of Fe as Fe, (S0, 32mg of Cu as CuSOs; 1.00mg of
Las KI; 040 mg of Co as CoCli; 1,100,000 1U of Vitamin As 270,0001U of Vitamin D;
200,000 mg of Vitamin E; 4,200mg of Vitamin K..

‘Predicted values from NRC (2001) model.
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Varibles R-value P-value

CTIVS.CTC 0.8549 0.001
CTIVS.BCG1-C 0.9971 0.001
CTIVS.BCG2-C 0.9967 0.001
CTC VS.BCG1-I 0.7238 0.001
CTC VS. BCG2-1 0.8644 0.002
BCGI-1VS.BCG1-C 0.750 0.001
BCG1-I1VS.BCG2-C 0.7812 0.001
BCG2-1VS. BCG1-C 0.9555 0.002
BCG2-1VS. BCG2-C 0.9325 0.001
CTIVS. BCG1-1 0.202 0.029
CTIVS. BCG2-1 0.1663 0.041
BCG1-1VS.BCG2-1 -0.0385 0.669
CTC VS.BCG1-C 0.1764 0.027
CTC VS.BCG2-C 0.1872 0.028
BCG1-C VS. BCG2-C 0.4191 0.001

R > 0 represents a significant difference between groups, whereas R < 0 indicates a difference
within groups greater than that between groups. P < 0.05 indicates a significant difference
in statistics. CT, control group, basal diet; BCG1, BCG1 group, basal diet supplemented with
B. licheniformis BCG at 1.0 x 10% CFU/kg; BCG2, BCG2 group, basal diet supplemented with
B. licheniformis BCG at 1.0 x 10° CFU/kg; I, ileum; C, cecum.
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Jejunum

Maltase (U/mg prot) | 35.60° 51.29 49.07* 2.584 0.016
Sucrase (U/mg prot) 43.40° 53.112 64.63% 2.844 0.003
a-amylase (U/dL) 4935 52.90 50.26 1.581 0.663
lleum

Maltase (U/mg prot) | 134.50° | 169.23° | 178.36* 6.953 0.013
Sucrase (U/mg prot) 100.87° 129.09* 127.312 5.088 0.028
a-amylase (U/dL) 24.61° 32.53> 44.76* 2.220 <0.01

a=¢Different superscript letters in a row indicate a significant difference (P < 0.05). ! CT, control
group, basal diet; BCGL, basal diet supplemented with B. licheniformis BCG at 1.0 x 10%
CFU/kg; BCG2, basal diet supplemented with B. licheniformis BCG at 1.0 x 10° CFU/kg. 2SEM,

standard error of the mean, n = 8.
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Phylum Genus Treatments! SEM? p

CON LRPG MRPG HRPG
Firmicutes Ruminococcaceae_UCG-005 20.60° 29.77% 31.05° 32.76 5.74 0.007
Bacteroidetes Rikenellaceae_RC9_gut_group 19.61 14.11 13.95 17.15 351 0.033
Bacteroidetes Bacteroides 3.40 6.76 5.60 4.37 2.54 0.147
Spirochetes Treponema_2 5.41 3.72 2.01 1.63 3.87 0.333
Bacteroidetes Alistipes 3.012 2.13% 2.03% 1.88° 0.70 0.045
Bacteroidetes Prevotellaceae_UCG-003 3.322 1.78° 1.88° 1.14° 0.87 0.003
Firmicutes Lachnospiraceae_UCG-008 0.24° 0.32%0 0.412 0.34%0 0.07 0.005
Firmicutes Dorea 0.20° 0.10% 0.122 0.08> 0.07 0.023
Firmicutes Lachnospiraceae_FCS020_group 0.08" 0.08" 0.112 0.09% 0.02 0.020
Firmicutes Ruminiclostridium_9 0.06% 0.04° 0.09* 0.072 0.02 0.012

a.b.c Means with a row with different superscripts differ. ITreatments: CON, control group, a basal diet; LRPG, low RPG, a basal diet plus 200 g/d RPG; MRPG, medium RPG, a basal diet
plus 350 g/d RPG; HRPG, high RPG, a basal diet plus 500 g/d RPG. 2 SEM, standard error of the mean.
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Item Treatments?® SEMP P

CON LRPG MRPG HRPG

OTU 689.67 678.83 681.60 693.50 28.50 0.793
ACE 703.62 697.07 691.68 707.51 20.22 0.552
Chaol 706.37 701.61 694.35 711.28 22.18 0.601
Simpson 0.03 0.05 0.058 0.06 0.02 0.140
Shannon 4.80 4.63 4.71 4.64 0.29 0.715

* Treatments: CON, control group, a basal diet; LRPG, low RPG, a basal diet plus 200 g/d
RPG; MRPG, medium RPG, a basal diet plus 350 g/d RPG; HRPG, high RPG, a basal diet
plus 500 g/d RPG. ® SEM, standard error of the mean.
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Treatment

CON (n=7) SIL (n=7)

TP (g/L) 8159 76.80 089 0.083
HDL (mmol/L) 128 137 004 0729
ALT (U/L) 2279 23.93 125 0.936
AST (U/L) 16778 177.44 815 0.060
LDH (U/L) 81633 77225 2034 0.658
GLU (mmol/L) 5.40 527 028 0.751
TG (mmol/L) 046 041 002 0.656
CHOL (mmol/L) 188 1.98 005 0473
AMS (U/L) 211 1100 072 0.681
NH3L (mol/L) 552.89 534.89 1621 0.854
TBIL (mmol/L) 341 342 017 0315
CRPL3 (mg/L) 389 3.86 001 0729

CON = supplemented with 10% soybean meal; SIL =supplemented with 10% silybum
janum meal; TP= total protein; HDL = high-density lipoprotein; ALT =al
aspartate transaminase; LDH =lactate dehydrogenase; GLU =glucose;
otal cholesterol; AMS =amylase; NH.L=blood ammonia;
total bilirubin; CRP=C reactive protein.

Values are expressed as means £ SEM,
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Treatment

CON (n=21) SIL (n=21)
Initial weight (Kg) 2109 2200 0.26 0,307
Final weight (Kg) 3161 3292 039 0.398
Average dry matter intake (Kg) 129 122 002 0477
Average daily gain (Kg) 0.167 0173 001 0771
Ratio of feed to gain (F/G) 5.20 7.48 0.1 0272

CON = supplemented with 10% soybean meal; IL= supplemented with 10% silybum marianum meal.
Values are expressed as means +SEM, 1 =21. p<0.05 was regarded as statisticaly significant, and 0.05.<p<0.10 was regarded as a statisticaltendency.
Average daily feed intake = total feed intake / test days; Ratio of feed to gain (F/G) =average daily feed intake/average daily gain.
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Treatment

Ingredients

Corn 3051 3051
Barley 557 557
Bran 872 872
Soybean meal 10.00 0
silybum marianum meal 0 1000
Trace elements with vitamin premix* 200 2.00
Sodium bicarbonate 070 070
Salt 050 0.50
Calcium carbonate 100 100
Sugar beet molasses 100 100
Alfalfa hay 3000 30.00
Wheat stalk 1000 1000
Total 100.00 100.00

Chemical composition, (% of DM)

DM 94.82 94.06
cp 14.82 12.83
ADF 6.66 681
NDF 22.66 23.93
Ca 033 053
] 031 035
ME(MJ/kg) 1046 1011

CON = supplemented with 10% soybean meal; SIL = supplemented with 10% silybum
marianum meal; DM = dry matter; ME = metabolizable Energy; CP = crude protein;

ADE =acid detergent fiber; NDF=neutral detergent fiber; Ca = calcium; P = phosphorus.
“The premix provides per kilogram of ration: Fe 221.31 mg, Cu 1623 mg, Zn 71.31 mg, Mn
7131 mg 1 123 mg, Se 1.70mg, Co 0.54 mg, VA 162501U, VD 50001U, VE 401U,
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Item TN

Prevotella 22.86 +5.85
norank_f__F082 8.22 +2.07
Rikenellaceae_RC9_gut_group 6.07 £ 0.58
Succiniclasticum 6.89+1.75
NK4A214_group 6.84 +2.31
Christensenellaceae_R-7_group 5.62+ 1.38
norank_f _Muribaculaceae 5.57+221
norank_f__UCG-011 4.66 £ 0.99
norank_f__Bifidobacteriaceae 0.19 £+ 0.07
Lachnospiraceae_NK3A20_group 2.234+0.48
norank_f__Eubacterium_coprostanoligenes_group 1.84 £+ 0.76
Prevotellaceae_ UCG-001 0.67 £ 0.20
norank_f__Bacteroidales_RF16_group 0.97 £0.23
Prevotellaceae_UCG-003 1.55 £ 0.58
Ruminococcus 0.97 4 0.30
Veillonellaceae_UCG-001 0.96 £ 0.40
Family_XIII_AD3011_group 1.11£0.35
unclassified_f _Rikenellaceae 2.57 £ 255
Lachnospiraceae_XPB1014_group 1.09 £ 0.29
UCG-005 0.92 £0.27

HS

16.27 = 4.01
13.13 +2.40
4.97 + 1.62
0.86 4 0.18
5.38 4 1.50
3.1440.48
1.96 £+ 0.79
2.3540.38
2.67 £ 1.17
1.11+1.19
2.3440.49
0.97 4 0.40
0.54 4 0.28
0.71 4 0.37
1.22 + 0.65
0.84 4 0.24
0.58 4 0.03
0.04 4 0.03
0.48 + 1.11
0.16 4 0.04

HN

19.28 4 4.86
6.55 1 2.38
4.8040.28
7.58 + 1.64
5.55 4 0.46
5.5140.85
5.19'4:2.28
3.334+0.76
2,154 1.31
3,752 155
2.66 & 1.47
2.60 & 1.07
0.65 4 0.31
121+ 044
1.12+ 044
13541037
121 0,19
0.02 4 0.01
0.78 +£0.13
1.22 £ 0.65

TN vs. HS

0.406
0.172
0.502
0.073
0.586
0.141
0.205
0.072
0.052
0.073
0.597
0.533
0.771
0.276
0.746
0.801
0.225
0.394
0.100
0.065

P-value

HS vs. HN

0.670
0.099
0.906
0.015
0.89
0.051
0.257
0.291
0.785
0.142
0.842
0.204
0.795
0.414
091
0.298
0.016
0.554
0.13
0.2

The result is presented as the mean values and standard error.

TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group.
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HMDB Compound Classification

Organonitrogen compounds:0.42% \
Hydrocarbons:0.42%
Alkaloids and derivatives:1.27%

Organooxygen compounds:1.69%
Organic nitrogen compounds:2.95% Lipids and lipid-like molecules:35.02%
Nucleosides, nucleotides, and analogues:3.38%

Benzenoids:4.64%
Organic oxygen compounds:6.33% /

Phenylpropanoids and polyketides:7.59%

Organoheterocyclic compounds:16.88%

Organic acids and derivatives:19.41%

Lipids and lipid-like molecules @ Organic acids and derivatives * Organoheterocyclic compounds
Phenylpropanoids and polyketides @ Organic oxygen compounds ' Benzenoids

Nucleosides, nucleotides, and analogues @ Organic nitrogen compounds @ Organooxygen compounds
Alkaloids and derivatives @ Hydrocarbons Organonitrogen compounds
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Item TN HS HN P-value
TN vs. HS HS vs. HN

Bacteroidota 50.45 £+ 3.39 47.89 £ 6.72 44.34 + 6.30 0.745 0.714
Firmicutes 45.04 £ 3.39 38.91 +5.52 47.93 £ 442 0.380 0.249
Actinobacteriota 1.18 £ 0.45 381 +£1.45 3.14 + 1.69 0.105 0.334
Desulfobacterota 0.60 +0.13 1.10 £ 0.10 0.61 +0.13 0.020 0.021
unclassified_k__norank_d__Bacteria 0.94 4 0.48 0.27 £+ 0.06 0.99 4+ 0.80 0.219 0.432
Patescibacteria 0.33 +0.05 0.71 £0.32 0.84 +0.54 0.288 0.846
Spirochaetota 0.40 +0.11 0.67 £0.25 0.69 + 0.10 0.353 0.957
Proteobacteria 0.20 + 0.06 1.07 £ 0.38 0.12+0.01 0.105 0.092

The result is presented as the mean values and standard error.

TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group.
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Item

Sobs
Shannon
Simpson
Ace
Chao

Coverage

The result is presented as the mean values and standard error.
TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group.

TN

900.5 + 43.46
4.95+0.13
0.02 £ 0.004

1095.42 +47.12
1121.16 + 54.84
0.991 =+ 0.0005

HS

740.5 £ 31.40
4.26+0.23
0.08 & 0.027

918.47 £ 55.06

943.51 £ 57.16

0.992 £ 0.0008

HN

867 +31.18
5.03 4 0.06
0.02 £ 0.002
1056.31 £ 45.33
1070.23 £ 47.92
0.991 =+ 0.004

TN vs. HS

0.025
0.040
0.088
0.050
0.086
0.207

P-value

HS vs. HN

0.029
0.019
0.066
0.080
0.175
0.362
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Item

pH

Acetic acidmmol/L
Propionic acidmmol/L
Isobutyric acidmmol/L
Butyric acidmmol/L
Isovaleric acidmmol/L
Valeric acidmmol/L
TVFAmmol/L

Acetic acid/Propionic acid
MCP (jrg/ml)

NH;3-N (mg/dL)

The result is presented as the mean values and standard error.

6.73 £ 0.11
7126 £2.92
18.30 4 2.88
0.82 £ 0.08
16.95 + 1.66
1.74 +0.08
1.84 +0.04
11091 £ 5.18
4.19 £0.63
266.91 +12.17
34.05£2.26

6.09 +0.12
50.27 £ 4.07
12.57 £ 1.99
0.834+0.11
9.06 + 1.65
1.95+0.31
1.50 £0.19
76.18 £ 4.29
4.04£0.20
211.11 £ 25.31
30.72+£7.21

6.31 4 0.08
54.18 & 3.52
17.38 +1.99
0.81 4 0.08
10.76 = 3.91
2.04+0.24
1.71 £0.32
86.88 £ 22.34
3324029
263.27 £15.80
37.93 £7.26

TN vs. HS

0.024
0.006
0.154
0.956
0.015
0.550
0.177
0.002
0.822
0.094
0.690

P-value

HS vs. HN

0.189
0.278
0.139
0.899
0.703
0.827
0.598
0.111
0.085
0.131
0.510

TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group; MCP, microbial crude protein; NH3-N, ammonia

nitrogen; VFA, volatile fatty acid.
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Item

EE

NDF
ADF
Ca

P

The result is presented as the mean values and standard error.

87.80 £ 0.57
74.88 £ 0.33
67.28 £1.48
62.62 £1.70
45.02 4 2.59
46.77 +5.83

85.19 £ 2.07
71.83 £1.53
63.25+1.98
60.58 4 2.92
37.59 £ 4.59
44.05 £+ 10.19

87.01 £ 0.70
71.46 £ 0.88
65.71 & 0.59
61.67 £ 0.85
38.67 £ 4.58
40.47 +7.14

TN vs. HS

0.27
0.10
0.55
0.79
0.21
0.82

P-value

HS vs. HN

0.44
0.84
0.31
0.74
0.87
0.62

TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group; EE, ether extract; CP, crude proteins; ADF, acid detergent

fiber; NDE, neutral detergent fiber; Ca, calcium; P, phosphorus.
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HMDB? Metabolite VIP alue
HMDB0000012 Tle-Pro 7.042 <0.001 1
HMDB0000085 Deoxyguanosine 2802 <0.001 1
HMDB0000296 Uridine 5388 2294 <0.001 T
HMDB0000071 3348 5345 <0.001 1
HMDB0062538 D-fructose 2622 3145 <0.001 i
HMDB0003213 Raffinose 1577 3502 <0.001 T
HMDBO000SS3 L-Valine L163 1955 <0.001 1
HMDBO060475 DL-Glutamic acid 1007 3388 <0.001 1
HMDBO000133 His-Lys 2013 1979 <0.001 1
HMDB0033923 Isoleucine 1720 1706 0.002 1
HMDB0000163 D-Maltose 1638 2122 0.002 i
HMDB0000765 D-mannitol 1232 0.083 0.002 1
HMDBO000195 Inosine 1959 1613 0.005 1
HMDB0000161 Alanine 1280 4901 <0.001 1
HMDB0000101 Deoxyadenosine 13.257 4300 <0.001 &
HMDB0000162 L-Proline 1002 2457 <0.001 i
HMDB0000299 Xanthosine 1107 5115 <0.001 i
HMDB0000071 2-deoxyinosine 1744 5884 <0.001 1
HMDBO000048 Melibiose 3664 2290 <0.001 1
HMDBO000050 Adenosine 8671 3117 0.002 T
HMDBO000687 Leucine 2191 202 0,003 T
HMDBO000159 L-Phenylalanine 1.766 2397 0,005 1
HMDB0000014 -Deoxyeytidine 3750 5029 0,006 T
HMDB0000089 Cytidine 3841 2900 0,007 1
HMDB0000215 N-acetyl-d-glucosamine 2763 1969 0020 1
HMDB0000215 N-Acetylglucosamine 1524 4979 0023 1
HMDB0001085 Leukotriene b4 L131 1785 <0.001 1
HMDBO001335 Prostaglandin i2 7.465 1610 0.002 1
Prostaglandin £2-alpha 1235 0.608 0.003 1
HMDBO001389 Melatonin 1883 0.389 <0.001 1
HMDBO000306 Tyramine 6.083 2265 <0.001 i
HMDB0000895 Acetylcholine 1136 0431 <0.001 1
HMDB0000303 Ala-Ala 2462 2064 <0.001 i
HMDB0002088 N-Oleoylethanolamine 1582 1387 0.007 1
HMDB0030396 DL-Tryptophan 1377 0505 <0.001 1
HMDB0000039 Butanoic acid 4699 2143 0.002 T
HMDB0000300 Uracil 4879 3933 <0.001 T
HMDB0000273 His-Ser 8.947 4890 <0.001 T
HMDBO000767 Pseudouridine 1198 2762 <0.001 1
HMDB0000262 Thymine 5.749 6776 <0.001 1
HMDB0000630 Cytosine 2951 2281 <0.001 1
Cytidine 3"-monophosphate 481 2991 s 4
HMDB0000292 Xanthine 4591 6458 <0.001 i
HMDBO000132 Guanine 6.161 4326 <0.001 U
HMDBO000034 Adenine 7.059 4201 <0.001 1
HMDBO000157 Hypoxanthine 6426 2727 <0.001 1

HILIC-MS, hydrophilic interaction liquid chromatography-mass spectrometry; VIP, variable important in projection. 'Metabolites were filired using significance estimates of p<0.05 and
VIP> 1.0 (#%43). *HMDB of metabolites in human metabolome database. 1" indicates the metabolite in the HA group was increased when compared to those in the LA group. 1 indicates the
metabolite in the HA group was decreased when compared to those in the LA group.
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Item

Initial BW (kg)
Finish BW (kg)
ADFI (kg)
ADG (kg)

F/G (kg/kg)

The result is presented as the mean values and standard error.

TN

403.00 £ 13.43
471.25 £ 15.76
7.12£0.19
1.14£0.10
6.35+0.13

HS

409.83 £ 6.31
466.67 £ 8.34
7.05£0.19
0.95 4 0.05
7.47 £ 0.44

HN

409.00 £ 10.93
472.67 £11.65
7.21+0.11
1.06 £0.24
6.82 £ 0.23

P-value

TN vs. HS

0.652
0.799
0.81
0.080
0.054

HS vs. HN

0.948
0.679
0.488
0.150
0.248

TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group; ADFI, average daily feed intake; ADG, average daily

gain; F/G, feed to gain ratio.
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Item

1 days

10 days
20 days
30 days
40 days
50 days
60 days

The result is presented as the mean values and standard error.
TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group.

TN

4525 £ 3.40
49.25 £ 2.48
55.58 & 3.30
43.50 £ 1.96
4133+ 3.18
36.92 + 3.40
34.50 & 3.50

HS

67.33 £6.24
64.75 £ 3.97
62.00 £ 3.08
52.17 + 4.60
69.17 £ 3.96
56.25 + 442
36.42 £2.08

HN

65.00 £ 6.47
56.69 £ 5.00
59.08 £ 4.39
43.50 & 4.90
59.08 £6.17
43.42 £ 3.65
38.92£2.78

TN vs. HS

0.006
0.030
0.169
0.097
<0.001
0.002
0.642

P-value

HS vs. HN

0.798
0.188
0.592
0.211
0.183
0.036
0.479
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Metabolite name

Di

nopimelic acid
Sphinganine
Dihydronaringenin-O-sulphate

Erinacine P

-4,10,13,16-Docosatetraenoic Acid
3-keto-Digoxigenin

Glycinoeclepin B

Ganoderic acid H

2-Methoxyacetaminophen glucuronide

VIP

28278
23686
3.2487
20796
32878
21074
37207
36173
21419

FC

05879
07955
18992
1323
0555
07263
03584
03643
08201

p-value
00330
00396
001937
003228

0000367
002053

0.001247
0.00752
0.02961

Regulated
Down
Down

Up
Up
Down
Down
Down
Down

Down
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Item

1 day

10 days
20 days
30 days
40 days
50 days
60 days

The result is presented as the mean values and standard error.
TN, thermoneutral treatment group; HS, heat stress treatment group; HN, heat stress supplemented with niacin treatment group.

TN

38.58 £ 0.05
38.53 £0.02
38.80 £ 0.02
38.73 £0.03
38.79 £0.03
38.75 £ 0.02
38.53 £0.03

HS

38.89 +0.05
38.78 +0.04
38.90 4 0.05
38.83 +0.05
38.91 4 0.06
38.89 +0.03
38.68 +0.03

HN

38.88 £+ 0.06
38.71£0.03
38.77 £ 0.01
38.76 £ 0.02
38.79 £ 0.02
38.81 £ 0.02
38.67 £ 0.03

TN vs. HS

<0.001

<0.001
0.083
0.065
0.076
0.002
0.003

P-value

HS vs. HN

0.834
0.210
0.019
0.163
0.066
0.053
0.843





OPS/images/fmicb-13-998095/fmicb-13-998095-t003.jpg
lonmode  Allpeaks  Identified Metabolites in
metabolites Library

POS. 5456 343 299

NEG 4,809 496 64





OPS/images/fmicb-14-1076011/fmicb-14-1076011-t003.jpg
Genera

Christensenellaceae_R-7_group 3707 7.189 0565 0.002
Ruminococcaceae_UCG-010 6610 4059 0435 <0.001
Alistipes 4902 3306 0329 0023
Paeniclostridium 1.689 6349 0,648 <0.001
Romboutsia 1959 4773 0406 <0.001
Ruminococcaceae_UCG-013 2473 3885 0225 0.001
Prevotellaceae_UCG-003 1718 2878 0389 0.029
Turicibacter 1033 2172 0204 0.006
Family_XII_AD3011_group 0626 1035 0091 0029
Ruminococcaceae_NK4A214_group 0.564 1054 0072 <0.001
dgA-11_gut_group 0502 0855 0070 0015
Treponema_2 1034 0.153 0145 <0.001
Lachnospiraceae_NK3A20_group 0402 0683 0056 o011
Phascolarctobacterium 0199 069 0079 <0.001
Tyzzerella_4 0.569 0.268 0058 0.003
Ruminococcus_1 0432 0243 0041 0023
Flavonifractor 0177 0353 0027 <0.001
Eubacterium_brachy_group 0.188 0315 0025 0013
Eubacterium_oxidoreducens_group 0335 [ 0055 0.007
Ruminococcaceae_UCG-004 0075 0376 0.040 <0.001
Candidatus_Soleaferrea 0.258 0174 0016 0.006
Ruminococcaceae_UCG-011 0.086 0324 0033 <0.001
Eubacterium_nodatum_group 0.081 0307 0032 <0.001
Intestinibacter 0.106 0.256 0.024 0.002
Butyrivibrio 0335 0016 0053 0.003
Dorea 0133 0212 0018 0017
Escherichia-Shigella 0.007 0332 0.089 <0.001
Marvinbryantia 0.097 0201 0016 0.002
Blautia 0.098 0.200 0021 0.021
Lachnospiraceae_AC2044_group 0.154 0.067 0015 0.009
Acctitomaculum 0025 0189 0026 <0.001
Lachnospiraceae_UCG-010 0.074 0137 0013 0.028
0,058 0135 0016 0.004

Pseudobutyrivibrio 0101 0061 0010 0.049
Olsenclla 0.038 009 0.009 0.001
Anaerorhabdus_furcosa_group 0.044 0.074 0.008 0015
Oxillospira 0045 0.071 0007 0017
Oscillibacter 0033 0079 0.008 0.002
Anaerovorax 0.034 0072 0,009 0.019
Lachnospiraceae_UCG-001 0033 0.063 0,006 0.004
Anaerosporobacter 0.021 0072 0010 0016
Eubacterium_hallii_group 0.028 0052 0.005 0012
Ruminococcus_gauvreauii_group 0012 0,049 0007 0.003
Gordonibacter oon 0048 0,009 0.006
_XIII_UCG-001 0017 0040 0.004 0.007
Atopobium 0012 0042 0.005 0.002
Faccalitalea 0010 0041 0.006 0012
Sencgalimassilia 0014 0037 0.004 0.003
Elusimicrobium 0.031 0.009 0.005 0.006
Family_XIII_UCG-002 0.007 0032 0,004 0.005
Erysipelotrichaceae_UCG-004 0033 0.006 0.006 0.004
Lachnospiraceae_UCG-002 0.005 0031 0.004 <0.001
Corynebacterium_1 0.004 0027 0.004 <0.001
Solobacterium 0.006 0022 0002 <0.001
Corynebacterium 0.002 0026 0.007 0011
Domibacillus 0.000 0027 0.004 <0.001
Anacroplasma 0018 0007 0,003 0025
Eubacterium_xylanophilum_group 0.021 0002 0.003 <0.001

'LA represents the low-alitude region (Hulunbuir, Inner Mongolia Autonomous Region, 119°57" E, 47°17' N; approximately 700 m altitude, LA); HA represents the high-altitude region
(Lhasa, Tibet Autonomous Region 91°06" E, 29°36' N; approximately 3,750 m alitude, HA)
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Items Content (%)

Ingredients, %

Brewers grains 20.00
Rice straw 20.00
Corn 46.80
Soybean meal 9.00

Premix® 2.40

NaHCOj3 1.20

NaCl 0.60

Nutrient composition, %

DM 95.67
Cp 14.44
EE 4.03

Ash 8.31

NDF 26.99
ADF 11.62
Ca 0.69

P 0.36

*One kilogram of premix provided the following: Vitamin A 150,000 IU, Vitamin D3
20,0001U, Vitamin E 3,000 IU, Fe 3 200 mg, Mn 1 500 mg, Zn 2 000 mg, Cu 650 mg, I
35 mg, Se 10 mg, Co 10 mg, Ca 130 g, P 30 g.
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Items

HSP70 (pg/ml)
Cortisol (ng/L)
TP (g/L)

ALB (g/L)
UREA (mmol/L)
GLU (mmol/L)
TG (mmol/L)
Ca (mmol/L)

P (mmol/L)
HDL (mmol/L)
LDL (mmol/L)
3 (ng/ml)

T4 (ug/dl)

Values are means £ SEMs; n =

(p <0.05).

Control

1403.61 + 32.10°

19.48 + 1.60°

6450+ 1.83°

30,60+ 0.47
7374044

745+021°

1384032
426+ 0,08
328012
0434004
046+ 0.08
041006

1394021

HT
1569.05 + 14.48"
.39+ 581°

58.63+ 1,05
29374103
8254018
684401
0724010
4535012

2854020
0.61+0.09
0.50+0.02
0134003
02940.12°

p-value
00015
00003
00194
03029
00967
00269
00816
00918
00938
00875
05943
00014
00011

. *Values with different superscripts differ significantly
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Phyla/families

Firmicutes 67.078 61035 1764 0.105
Ruminococcaceae 35082 37653 1231 0.190
Peptostreptococcaceae 12234 4016 1142 <0.001
Lachnospiraceae 479 10.162 1855 0,043
Christensenellaceae 7.249 3767 0568 0.002
Erysipelotrichaceae 2409 1244 0.204 0,003
Family_XIIl 2044 1151 0.142 0.002
Clostridiales_vadinBB60_group 0223 0.691 0.067 <0.001
Acidaminococcaceae 0700 0202 0079 0.001
Clostridiaceae_1 0204 0283 0.024 0.140
Peptococcaceae 0175 0.104 0016 0010
Bacteroidetes 29247 35422 1684 0.089
Rikenellaceae 13.138 17.715 1129 0075
Prevotellaceae 5883 4364 0.594 0.105
Bacteroidaceae 4.266 3671 0325 0123
Bacteroidales_$24-7_group 0794 2163 0345 o011
£p-2,534-18B5_gut_group 1383 1394 0373 0,520
Bacteroidales_Incertae_Sedis 1166 1424 0.122 0529
Bacteroidales_RF16_group 0470 1818 0.209 0.001
Porphyromonadaceae 0343 0.766 0.089 0,005
Bacteroidales_BS11_gut_group 0.265 0382 0.041 0.29
Bacteroidales_UCG-001 0.194 0,066 0031 0.064
Proteobacteria 0505 0192 0.087 0016
Enterobacteriaceae 0332 0.007 0.089 <0.001
Spirochactae 0.161 1081 0.152 <0.001
Spirochaetaceae 0.161 1081 0.152 <0.001
Verrucomicrobia 0499 0373 0.066 0218
Verrucomicrobiaceae 0432 0338 0.058 0436
Actinobacteria 0870 0300 0.109 0.001
Coriobacteriaceae 0514 0246 0,048 0.001
Bifidobacteriaceae 0.283 0.044 0097 0472

'LA represents the low-altitude region (Hulunbuir, Inner Mongolia Autonomous Region, 119°57" E, 47°17” N; approximately 700 m altitude, LA); HA represents the high-altitude region
(Lhasa, Tibet Autonomous Region 91°06" E, 29°36" N; approximately 3,750 m altitude, HA).
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Items Control HT p-value
Initial weigh (kg) 1195002 121£003 05679
Final weight of test (kg) 1624002 1545003 00240
ADFI (g) 133285276 107212230 <0001
ADG (g) 31655132 26102126 00036
FCR 4432017 4302022 06322
Eviscerated rate (%) 46035051 47.1820.84 02521
Thymus index (%) 0212001 0.172001" 00282
Spleen index (%) 0.08+0.01 0.07£0.01 00834
Liver index (%) 2945008 2662009 00326
Kidney index (%) 067002 064002 0.2505
Shoulder fat percentage (%) 0.15£001° 0204002 00482
Kidney fat rate (%) 0255001 0372005 00270

Values are means + SEMs; n =
(p<00.09).

. *Values with different superscripts differ significantly
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Acetate, mmol/L. 7412 688 0.67 040

Propionate, 392 322 043 0.06
mmol/L.

Butyrate, mmol/L 148 148 0.20 088
AP 177 213 007 0.002
TVEAS’, mmol/L 1240 11.60 133 052

'LA represents the low-alitude region (Hulunbuir, Inner Mongolia Autonomous Region,
119°57' E, 47°17" N; approximately 700 m altitude, LA); HA represents the high-altitude
region (Lhasa, Tibet Autonomous Region 91°06" E, 29°36' N; approximately 3,750 m
ltitude, HA). *AP, the acetate-to-propionate raito (AP). "TVEA, total volatle fatty acids.
The differences among the six groups are indicated by various letters (p < 0.05).
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Index, % Days of Age CG LC MC HC

Cellulase activity 53 17.35 £1.21° 20.95 £ 4.00% 24.44 £ 9.60° 26.05 + 3.74%
67 16.02 + 0.92° 23.86 4 3.72% 27.65 + 4.60 30.46 + 1.57%

Means with different superscript letters within the same line differ significantly, P < 0.05; data are presented as mean + SEM (n = 6).
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Digestibilities, %

Days of Age

53

67

CG

80.10 % 2.58
46.96 + 2.61°
77.97 + 2.47°
43.57 4 2.55P

LC

80.79 + 4.09
49.15 + 1.47°
78.87 + 1.41°
45.13 4 2.30

MC

81.79 £ 4.10
53.67 + 2.62°
80.43 + 1.14%
4597 + 1.15°

HC

84.46 + 421
55.26 & 2.30°
81.46 + 2.40°
50.35 £ 1.40%

Means with different superscript letters within the same line differ significantly, P < 0.05; data are presented as mean + SEM (n = 6). CP, crude protein; CE crude fiber.
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Items

35 day

Acetic acid
Propionic acid
Butyric acid
Total acid

6 day

Acetic acid
Propionic acid
Butyric acid
Total acid

Group

7415081
3834029
3335011

14562 111

5464091
3412030
299£0.15"

1187121

Group IT

6254146
3424037
3084020

12754195

7164188
3914057
311£0.100

1418247

Group IIT

6724164
3734062
3014024

13854273

6364237
3484055
35240410

13.4243.19

Group IV

705£ 111
3824040
3

13,87+ 148

7024

5324124
3254048
3214024°

1178+ 161

In the same line, values with different letter superscripts mean significant differences
(P < 0.05), while values with the same leter superscripts mean insignificant differences

(P> 0.05).
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Feed Weight
ingredient  (kg)
Straws L3
Alfalfas 0.5
Cossettes 2

Wheat straws LS
Ensilings 10
Molasses 0.7

Concentrates* 649

Total 2249

Content
(%)

889
6.67
44.46
31

100

ingredient
Metabolic energy
(M)/kg)

Crude protein
)

Crude fat (%)
Calcium (%)
Phosphorus (%)
Acid detergent
fiber (%)

Neutral detergent
fiber (%)

Total digestible

nutrient (%)

Content

582

162

232

054

049

59

1298

6157

Concentrate: corn (53.16%), cotton meal (11.56%), bran (7.40%), magnesium oxide

(3.08%), protein feed (23.42) and premix (1.38%) containing (vitamin A, vitamin BI,
vitamin B2, vitamin B6, vitamin D, vitamin E, pantothenic acid, nicotinamide, Cu, Fe,

Mn, Zn, Se, and Co).
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Items Group I Group II Group IIT Group IV

35 day

A 83117 106.07 931.00479.96 8755014204 50933 £ 7841
Shannon 3854142 476£090° 5.16£076" 528+048"
Simpson 0712024 083011 089007 091003
Chaol 101031 £ 11444 11168446167 1065.36:+126.28 1093.44£73.22
ACE 107579412871 11713447276 108834215259 1155.05£82.06
Coverage 100£0.00 100£0.00 100£000 100£0.00
PD_whole_tree 64.63+5.68 65954233 64874633 65.5843.63
56 day

Observed species 565.0015228" 54017 134.66" 71517+ 14807 7253310941
Shannon 3754058 3742061 3824100 449049
Simpson 0.80£0.09 0792011 076£0.17 086004
Chaol 73975217025 706.63£171.68 903.68:+ 14877 85080+ 14578
ACE 755.26£169.75 7309318033 9377917691 914.89:+156.41
Coverage 100£0.00 100£0.00 100000 100£0.00
PD_whole_tree 55224833 52274717 60.80£5.17 60.4946.72

In the same line, values with different letter superscripts mean significant differences (p<0.05), while values with the same letter superscripts mean insignificant differences (p>0.05).
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Items

35 day
TC/(mmol/L)
TG/ (mmol/L)
TP/(g/L)
ALB/(g/L)
BUN/(mmol/L)
6 day
TC/(mmol/L)
TG/ (mmol/L)
TP/(g/L)
ALB/(g/L)
BUN/(mmol/L)

Group I

206£0.77
0.67+0.20°

28824649

11342101
182£0.71°

2854134
0574024

23234300
9.98+1.83
346044

Group IT

2244058
058+0.13

27.844296"

1099£0.92
0692024

2334082
058+0.11°

22044537
990+1.30
109045

Group ITI

1.980.69
031012

3L13£220°

1248294
0.54£0.28"

2124065
035£0.14"

3036599
9904095

131£0.74¢

Group IV

2844102
079£0.31°

34354605

1299£2.03

097048

2924063
058027

29174587

10714106
20740.14"

In the same line, values with different letter superscripts mean significant differences
(p<0.05), while values with the same letter superscripts mean nsignificant differences

(p>0.05).
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Items

35 day

Dressed carcass.
Eviscerated
Semi-eviscerate
Breast muscle
Leg muscle
Liver weight
Abdominal fat
56 day

Dressed carcass.
Eviscerated
Semi-eviscerate
Breast muscle
Leg muscle
Liver weight
Abdominal fat

Group I

92294127
64.10£0.58
82594073
13442129
1851£0.60°
3714034
199£0.34°

93864121
68.6741.04
86304189
1473109
1832£0.87

2624024
3514095

Group 11

91514176

63.62£2.61
82414193
1364£0.86
19.60£0.72
3594030
198£0.53

93524090
69.28+1.67
87484095
1743186
1

+083
2464036
2.9640.63"

Group IIT

92914144
63.64£1.97
82294165
13.09£0.99
1998107
3404031
231£040"

93.15£0.65
9.
8679+ 1.14

155

158021.00°

2664043

2834057

Group IV

9230+0.83
64714163
8274130
1393£0.56
197541.06°

58£0.26
153029

93.49£0.98
6929£1.20
86.92£1.15
14982117
17.85£0.90
2774036
2474053

In the same line, values with different letter superscripts mean significant differences
(p<0.05), while values with the same ltter superscripts mean insignificant differences

(p>0.05).
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Alpha diversity indices

Richness Simpson index Shannon index

Taxonomy level Control n-3LCFA  P-value Control n-3LCFA  P-value Control n-3LCFA  P-value

Gestating sows’ feces

Phylum 7.65 +0.63 7.83 +0.55 0.48 0.57 4 0.02 0.55 4 0.02 0.11 1.01 £ 0.08 0.96 & 0.09 0.21
Family 27.0 +1.28 2714133 0.83 0.74 4 0.04 0.77 4 0.04 0.073 1.90 £0.10 1.94+0.15 0.47
Genera 50.1 +1.44 49.6 +2.59 0.55 0.74 4 0.04 0.77 4 0.04 0.068 2.08 +£0.11 2.1240.19 0.49
Species 80.1 +3.14 81.3 4 4.96 0.52 0.75 4 0.04 0.79 4 0.05 0.037 2.3140.14 2.45+0.25 0.14
Colostrum

Phylum 8.04 +0.78 8.194+0.35 0.58 0.54 4 0.14 0.54 4 0.08 0.93 1.08 £0.24 1.08 £+ 0.14 0.94
Family 52.1 £4.98 52.84+3.36 0.69 0.8240.17 0.83 4 0.09 0.83 2.50 +0.53 2.47 +0.41 091
Genera 102 £19.5 102 £9.93 0.92 0.84 4 0.16 0.85 4 0.10 0.78 2.81 4 0.60 2.8140.49 0.99
Species 206 4 43.8 200 4 29.4 0.72 0.91 4 0.07 0.91 4 0.09 0.99 3.58 +0.54 3.58 4 0.56 0.97
Lactating sows’ feces

Phylum 8.18 +0.40 8.06 4 0.35 0.46 0.59 & 0.04 0.54 4 0.07 0.064 1.06 £ 0.10 0.97 +0.15 0.091
Family 219 4+0.76 219+ 1.16 0.97 0.75 4 0.04 0.77 +0.03 0.51 1.85+0.13 1.84+£0.13 0.80
Genera 48.0 +1.77 47.6 +2.42 0.61 0.77 & 0.05 0.78 4 0.04 0.42 2.10 +0.19 2.1040.13 0.96
Species 76.4 £ 2.86 77.9 +4.23 0.36 0.78 4 0.05 0.80 4 0.05 0.34 2.36+0.23 2.384+0.14 0.77
Milk

Phylum 8.00 + < 0.01 7.82 4 0.60 0.33 0.56 & 0.09 0.58 +0.11 0.58 1.12.4:0.17 117+ 021 0.57
Family 45.6 £ 3.45 46.6 + 1.81 0.49 0.86 & 0.05 0.88 4 0.04 0.34 249 +0.16 2.62 +0.21 0.11
Genera 97.1 £7.81 97.1+7.88 0.99 0.87 & 0.05 0.89 4 0.04 0.36 2.80 +0.20 2.934+0.24 0.16
Species 208 +23.6 207 +25.0 0.92 0.90 £ 0.06 0.92 4 0.04 0.34 343 4+0.29 3.6340.30 0.14
Suckling piglet’s feces

Phylum 9.83 +0.89 9.50 4 0.74 0.064 0.68 & 0.06 0.71 4 0.07 0.036 1.36 £0.18 1.46 £0.21 0.026
Family 358 +£2.76 3531277 0.45 0.78 4 0.07 0.83 4 0.07 0.006 2.09 +£0.21 2.28 +0.29 0.001
Genera 72.7 +5.87 70.0 +7.18 0.065 0.81 4 0.07 0.84 4 0.06 0.021 24540.23 2.56 + 0.25 0.054
Species 118 £10.5 117 £ 12.9 0.62 0.82 4 0.07 0.86 4 0.07 0.009 2.69 +0.28 2.89 4 0.34 0.005

LCEA, long-chain fatty acid. ! Values are means - SD of 11 control and 10 n-3 LCFA samples from sows (gestating and lactating sows’ feces, colostrum, and milk) or 44 control and 40 n-3
LCFA samples from piglets (suckling piglets’ feces).





OPS/images/fmicb-14-1124163/fmicb-14-1124163-M2.jpg
CGG = Final chest girth — Initial chest girth





OPS/images/fmicb-13-994033/fmicb-13-994033-t004.jpg
Items
14-35 day
ADFI/(g/d)
ADG/(g/d)
FCR

35-56 day
ADFI/(g/d)
ADG/(g/d)
FCR

14-56 day
ADFI(g/d)
ADG/(g/d)
ECR

Group

69.47£1.29
28.40+093"
2455012

137.04+452
4446 1.09"

3082009

103.26+1.70°
36432087
2832004

Group I

6835+ 178"
31864145
21540.14"

13151262
447640.56"
2944005

99932123
38314097
2614007

Group 11T

3239+ 160"

22240.10°

139.158.26
52.78+158'
2644021°

106.58£2.78"
4259£030"
250£0.05°

Group IV

6199+2,65°
31484193
1980210

134.60+3.00
52394225
25740.11°

98.30+1.95°
41.93£026'
2344004

In the same line, values with different letter superscripts mean significant differences
(p<0.05), while values with the same letter superscripts mean insignificant differences

(p>0.05).
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BLG = Final body length — Initial body length
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Qualification

Number Metabolite ode Vip FC m/z rt(s) p-value  Classification
! Adenosine Positive 607 001 268.1 <001 Nucleicacids
2 16-Hydroxypalmitcacid ~ Positive 511 886 29522 <001 Lipids

3 alpha-Linolenic acid Positive 624 164 27923 0031 Lipids

! 3-sopropylmalate Negative 437 003 17506 <001 Lipids

5 Caproicacid Negative 798 055 11508 <001 Lipids

6 Azehic acid Negative 10 034 187.1 <001 Lipids

7 Linoleic acid Negative 708 039 55947 0003 Lipids

8 D-Lactose Positive 09 281 36015 <001 Carbohydrates
> Maltotriose Positive 583 389 522201 450,16 0025 Carbohydrates
10 D-Mannose Negative 599 3805 23908 30876 <001 Carbohydrates
n L-Fucose Negative 476 19.49 2308 253,97 <001 Carbohydrates
12 Sucrose Negative 791 004 34111 36873 0003 Carbohydrates
13 Tartaric acid Negative 32 065 14901 43579 0005 Carbohydrates
14 D-Glucarate Negative 434 156 19102 28542 0007 Carbohydrates
15 Ribitol Negative an 141 13305 195755 0049 Carbohydrates
16 L-Phenylalanine 46 596 16608 26259 <001 Organicacids
17 4-Guanidinobutyric a 459 067 146.09 35945 0001 Organic acids
18 L-Pyroglutamic acid Negative 732 163 128.04 30351 0001 Organic acids
19 L-Proline Negative 373 207 11406 3153 0.001

20 DL-lactate Negative 469 175 89.02 2302 0.007

21 Adenine Positive/negative  11.89/7.13 492481 1360613405 164.87/16639 <001 Undlassified
2 Limonene-1,2-epoxide  Positive 927 027 21315 158.73 <001 Undlassified
23 Stearidonic Acid Positive 571 041 277.22 16412 <001 Undlassified
24 3alpha.-Mannobiose Positive 741 509 3251 393,60 0003 Unclassified
25 Seytalone Negative 627 4488 193.05 160.62 <001 Undlassified
26 D-Lyxose Negative 454 563 14905 22054 <001 Undlassified
27 9R,105-EpOME Negative 13.02 063 29523 57.60 0.001 Undlassified
28 9-0x00DE. Negative 369 077 29321 52834 0002 Unclassified
29 9(5)-HODE Negative 600 052 29523 38738 0039 Unclassified

mizis the mass-to-charge ratio; RT is the residence time; VIP means variable importance projection; FC means variable difference multipl, the average value of the peak area obtained by
the FGSM group/the average value of the peak area obtained by the UGSM group, the FC value less than 1 indicates that the FGSM metabolite is lower than the UGSM group.
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Ruminococcaceae

Atopobiaceae Anaerostipes ;': (())2?1 Anaerostipes
r=0.660 ' Akkermansia
P =0.001
r= 0552 Akkermansia r=0.555
P <0.001 r=0.856 P <0.001

r=0.708
P <0.001

Ruminococcaceae Odoribacteraceae Ruminococcus Ruminococcus r=0.623
- P <0.001 < Flintibacter

r=0.508 P <0.001 = 0.525

P <0.001 Peptoniphilaceae r=0.
r=10.625 r=0.81 P <0.001 Atopobium
P=0.003 P <0.001 Parabacteroides

Spirochaetaceae Tannerellaceae Treponema Olsenella
r=0.691 r=0.700 r=0.535

Tannerellaceae

P <0.001
Bacteroides Parabacteroides Erysipelatoclostridium
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Item
Chemical Composition, % of DM
ASP

CP

DM

ASH

EE

NDF

ADF

Ca

p

Amino Acid, %
Aspartic acid
Glutamate
Serine

Glycine

istidine
Arginine
Threonine
Alanine
Proline
Tyrosine
Valine
Methionine
Cystine
Isoleucine
Leucine
Phenylalanine
Lysine

Total (mg/g)

CON

020
911
9830
5.09
1091
6085
4858
042
021

849
2276
515
9.47
284
624
409
542
645
186
5.80
038
<0.01
5.00
7.85
425
3.96
823.56

FGSM

093
1133
98.34
458
1231
56.70
44.58
047
020
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LPS in plasma of suckling piglets

control n-3 LCFA
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14~35day 35~56day

[tems

1 1 ur v 1 )i 1 v
Ingredient (%)
Corn 5970 59.80 5990 60.00 6350 6360 6370 6380
Soybean meal 2780 2770 2760 2750 200 290 280 270
FGSM 000 200 400 600 000 200 400 600
UGSM(CON) 600 400 200 0.00 6.00 400 200 000
Vegetable oil 150 150 150 150 250 250 250 250
Premix 500 500 500 500 500 500 500 500
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Nutrient content (%)
ME (MJ/kg) n77 n7s nzs n7s 1216 1216 1217 1217
Crude protein 19.07 19.07 19.07 19.07 17.10 17.10 17.10 17.10
Calcium 090 090 090 090 0.80 0.80 080 080
Available phosphorous 040 040 040 040 035 035 035 035
Lys L13 L2 L2 L2 099 099 099 098
Met 040 040 040 040 034 034 034 034
The 081 0.80 080 0.80 073 073 073 072
Ser 022 022 022 022 019 019 019 019

1. The premix provided the following per kg of diets: Nacl 2.940g, Lys 0.234g, Met 1.791g, VA 88001U, VD3 3,0001U, VE 30 mg, VK2 1.63mg, VB1 2.5mg, VB2 6.6mg, VB3 11 mg, VB4
500mg, nicotinic acid 60mg, VB6 4.0mg, biotin 0.2 me, folic acid 1.0mg, VB12 0.02mg, VC 50 mg, Fe (as ferrous sulfate) §0.0 mg, Cu (as copper sulfate) 8.0 mg, Zn (as zinc sulfate)
60.0 mg, Mn (as manganesesulfate) 70.0mg, I (as potassium iodide) 0.5 mg, Se (as sodium selenite) 0.3 mg, (14~56 d) Ca 7.415g, P 2.64g. 2. The nutritional components were calculated.
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Treatment

CON (n=7)

Rumen

OTUs 511130 658.860" 21.08 0.001
Chaol index 673.390" 807.050" 24.06 0.008
ACE index 694.410" 818.565" 2211 0.004
Shannon index 2970 3.963" 0.12 0.004
Simpson index 0.180" 0.091" 0.01 0.040
Goods coverage 099" 0995 0001 0005
Tleum

OTUs 416.857 550.625 66.990 0.694
Chaol index 600.729 723.454 7289 0613
ACE index 700.496 778.302 65315 0.694
Shannon index 2234 2.781 0.263 0779
Simpson index 0210 0.192 0.025 0955
Good's coverage 0.997 0.996 0.000 0536

CON = supplemented with 10% soybean meal; SIL = supplemented with 10%
Values are expressed as means £ SEM, 11=7. p<0.05 was regarded as stati
‘Means with different superscripts diffe (p <0.05).
Means with different superscripts differ (p<0.05).

lybum marianum meal.
lly significant, and 0.05.<p<0.10 was regarded asa statstical tendency.
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Treatment

NINGEY]
IL-1f (pg/mL) 41806 546.65° 2001 0018
1L-2 (pg/mL) 68343 788,85 1951 0.083
TNF-a (pg/mL) 108.12° 14499 548 0.002
TGF-p (ng/mL) 3210 39410 091 <0.001
HGE (pg/mL) 124297 1534.02° 44 0017
VEGE (pg/mL) 109.26" 13216 308 <0.001
IGF-1 (ng/mL) 123698 138117 3210 0075

CON= supplemented wih 10% soybean mealSIL.=supplemented with 10% silybum marianum mel; 1.1
‘GE- p=transforming growth factor f; HGF=Hepatocyte growth factor; VEGF =vascular endothelial cell growth factor; IGF-1 = nsulin-like growth factor 1.
Values are expressed as means £ SEM, 11=7. p<0.05 was regarded as statisticall significant, and 0.05<p<0.10 was regarded as a satistical tendency.

Values in the same row with different superscript letters (a, b) differ significantly (p < 0.05).

terleukin 1} IL-2 = nterleukin 2; TNF- ac=tumor necrosis factor;






OPS/images/fmicb-13-1035331/fmicb-13-1035331-t001.jpg
Diversity Treatment P-value

Matrix TRTOh TRT6h TRT12h
Shannon 2394014 280£0.10° 76+ 0.0 0.02
Simpson 0.80£002° 0874001 087 %001 0.01

P<0.05 means there is significant difference amon
tendency to be significant among groups.
a)b Different superscripts within a row represent significance.

roups; P<0.1 means there is a
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Metabolites name Metabolites Log2FoldChange P-value VIP KEGG pathway

ID (SF/WL)
Acetate POSM0714 -0.6406 0.04554 3226 Glycosaminoglycan
biosynthesis—heparan sulfate/heparin
Propanoate metabolism
Methyl jasmonate NEGMO0467 -0.4540 0.04338 3943 Alpha-Linolenic acid metabolism
Volicitin NEGMO0675 3.6490 0.00149 .8561 Alpha-Linolenic acid metabolism
POSM0009 0.00145 .8450
Propanoate NEGMO0440 -0.9790 0.00453 6511 Propanoate metabolism
POSMO0593 0.00437 6651 Nicotinate and nicotinamide metabolism
6- NEGMO0277 0.7713 0.03439 4373 Nicotinate and nicotinamide metabolism
Hydroxypseudooxynicotine
Deoxyuridine NEGMO0253 -1.0769 0.04252 4041 ABC transporters
POSM0421 0.04696 3637
L-Proline POSM0267 -0.8134 0.035234 3343 ABC transporters
Spermidine NEGMO0007 -0.6982 0.01387 5735 ABC transporters
Phenylpropanoate NEGMO0692 -1.3395 0.03302 .3664 Phenylalanine metabolism
POSM0580 0.03331 3591
D-Cathinone NEGMO0408 0.8979 0.03081 4791 Phenylalanine metabolism
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C Bl10-ko00620: Pyruvate metabolism (R03145)
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Venn diagram
(Number of metabolites)

Microbiota

Significantly up regulated microbes or metabolites
(FC>1 and p<0.05)

Up regulated microbes or metabolites

(FC>1 and p=0.05)

Significantly down regulated microbes or metabolites
(FC<I and p<0.05)

Down regulated microbes or metabolites

(FC<1 and p=0.05)

B Microbes or metabolites in the reference database
I Vetabolic enzymes

Mg Significant positive correlation (R>0 and p<0.05)
Positive correlation without statistical significance
(R>0 and p=0.05)

Mg Significant negative correlation (R<0 and p<0.03)
Negative correlation without statistical significance
(R<0 and p=0.05)

Reference relationships searched through database

@ Increased bacteria (genus) @ Decreased bacteria (genus) ‘ Increased metabolite € Decreased metabolite
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SCFAs Treatments SEM  P-value
TRTOh  TRT6h TRT12h

Acetate® 17 1331 9.26 125 0.46
Propionate® 198 251 219 037 0.8
Butyrate* 362 0.90° 091 0.40 001
Total SCFA*  17.36 1671 1236 165 041
Acetate” 068" 080" 076" 0.02 001
Propionate® on 014 os 0.02 061
Butyrate® 021 0.06" 010" 0.02 001

“Indicates differences in SCFA concentration.

“Indicates differences in the molar proportion of SCFA. Significance between treatment
aroups was declared at < .05 and tendencies were declared at p<0.10.

a)b Different superscripts within a row represent significance.
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Phylum Family

Bacteria Actinobacteria  Bifidobacteriaceac

Micrococcaceae

Firmicutes Leuconostocaceac

Proteobacteria Aeromonadaceae
Ferrimonadaceae
Vibrionaceae
Vibrionaceae
Halomonadaceae
Peudomonadaceae
Vibrionaceae
Alcanivoracaceae
Enterobacteriaceae
Francisellaceae
Rhodobacteraceac
Shewanellaceae

Aeromonadaceac

Desulfobulbaceac
Oxalobacteraceae
Tenericutes Acholeplasmataceae
Archaea  Crenarchacota Sulfolobaceae
Euryarchacota Methanocellaceae

*P-values among the three colostrum treatment groups were obtained using non-parametric Kruskal-Wal

groups was tested using Duns test.
declared at P<0.05.
a)b Different superscripts within a row represent significance.

Genus

Parascardovia
Seardovia
Arthrobacter
Micrococcus
Rothia

Weissella
Tolumonas
Ferrimonas
Photobacterium
Aliivibrio
Chromohalobacter
Pseudomonas
Vibrio

Kangiclla
Xenorhabdus
Francisella
Sulfitobacter
Shewanella
Acromonas
Desulfotalea
Herminiimonas
Candidatus Phytoplasma
Sulfolobus
Methanocella

TRTOh

0012
0.009"
0.026"
0.003
0.031°
0.009"
0.004"
0.001°
oo11®
0.007"
0,003
0.034"
0,033
0.001°
0.004"
0.006"
0.001"
0.034"
o011
0.013"
0.001"
0.002"
1573
0.840°

Treatments

TRT6h

0.003"
0.003"
0017
0.002"
0.020*
0.006"
0,007
0.002°
0.018°
0.010°
0.005°
0.055°
0.051°
0.002°
0005
0.009°
0.002°
0.054°
0017
0.027°
0.002°
0,003
0.884°
0959

TRT12h

0.002"
0.002"
0013
0.002"
0013
0.004"
0008
0002
0018
0.010°
0005
0055
0047
0002
0007
0.008"
0.001"
0051
0018
0.019*
0002
0003
0753
L9

SEM

0.002
0001
0.002
0.001
0.004
0.001
0.001
0001
0001
0001
0001
0.004
0.003
0001
0001
0001
0001
0.004
0.002
0.002
0001
0001
0151
0.047

P-value*

0.00
0.00
001
0.02
0.02
0.02
001
001
001
002
002
002
002
003
0.03
0.03
0.03
0.03
0.04
0.04
0.04
003
0.04
001

test statistical method. The significant difference between any two treatment
he P-value was adjusted with Benjamini-Hochberg method for false discovery rate (EDR; Yoav and Yosef, 1995), with statistical significances
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