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Interactions Between Rumen Microbes, VFAs, and Host Genes Regulate Nutrient Absorption and Epithelial Barrier Function During Cold Season Nutritional Stress in Tibetan Sheep
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As one of the important ruminants of the Qinghai-Tibet Plateau, Tibetan sheep are able to reproduce and maintain their population in this harsh environment of extreme cold and low oxygen. However, the adaptive mechanism of Tibetan sheep when nutrients are scarce in the cold season of the Plateau environment is unclear. We conducted comparative analysis rumen fermentation parameters, rumen microbes, and expression of host genes related to nutrient absorption and rumen epithelial barrier function in cold and warm season Tibetan sheep. We found that concentrations of the volatile fatty acids (VFAs) acetate, propionate and butyrate of Tibetan sheep in the cold season were significantly higher than in the warm season (P < 0.05). Microbial 16S rRNA gene analysis revealed significant differences in rumen microbiota between the cold and warm seasons, and the abundance of microbial in the cold season was significantly higher than that in the warm season (P < 0.05), and the lack of nutrients in the cold season led to a significant reduction in the expression of SGLT1, Claudin-4, and ZO-1 genes in the rumen epithelium. Correlation analysis revealed significant associations of some rumen microorganisms with the fermentation product acetate and the rumen epithelial genes SGLT1, Claudin-4, and ZO-1.
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INTRODUCTION

Microbiotas are symbiotic with all macroorganisms. The growth, development, and health of macroorganisms are affected by microbes in their environment that determine the physiology, behavior, ecology, and evolution of the host (Hadfield et al., 2013; Foster et al., 2017). Biology is undergoing a paradigm shift, and individual phenotypes are now regarded as the result of interactions between the host genome and related microbiome. The mammalian digestive system is colonized by complex microorganisms, including bacteria, archaea, fungi, and protozoa, which play an important role in diet fermentation and host energy supply (Lin et al., 2019). There is a strong symbiotic relationship between animal gut microbiota and the host, which helps the host digest and assimilate food, and thereby provides energy and nutrition to the host. For example, intestinal microorganisms can aid the decomposition of cellulose, hemicellulose, and other non-digestible substances in the host, so that these compounds can be utilized by the host (Hooper et al., 2002). The rumen epithelium is a unique location for host-microorganism interactions, and these interactions can affect the net use of nutrients by the host (Holmes et al., 2012; Malmuthuge and Guan, 2017). The availability of food, nutrient intake patterns of animals, and geographical resources change with time and season. Different food sources or geographical environments have significant effects on microbial composition in the host gut (Amato et al., 2015; Sun et al., 2016).

Tibetan sheep, bred on the Qinghai-Tibet Plateau at an altitude of more than 3,000 m, are the main source of meat, wool, fuel, and other necessities for the economy and lifestyle of the local population. Tibetan sheep are in a state of natural grazing all year round, and they consume natural herbage as their predominant source of nutrients (Wiener et al., 2011; An et al., 2005). Alpine grassland of the Qinghai-Tibet Plateau experiences two seasons, warm and cold, which correspond to changes in the grassland vegetation in the grass and hay periods. The duration of the grass period (warm season) is less than 5 months; the grass starts to turn green in early May and turns yellow in early October. Throughout the year, Tibetan sheep mainly acquire nutrients by eating natural herbage, but during the long hay period (cold season); they can only acquire nutrients by eating dry grass. Despite these harsh environmental conditions, Tibetan sheep survive and maintain their population. However, how Tibetan sheep adapt to the harsh Plateau environment is unclear and could be due to various factors, the most important of which may be genetic factors. Most previous studies on plateau adaptation have focused on host genomes, because genetic adaptation is the central focus of evolutionary biology, and only a few studies have been conducted on microbiota and its coevolution (Zhang et al., 2016). However, a growing number of studies have found that microbial cells inhabiting the host gastrointestinal tract play an important role in host adaptation (Kwong et al., 2017; Ross et al., 2018; Zepeda Mendoza et al., 2018). Lin et al. (2019) emphasized the importance of the joint development of the host and its microbiome on the adaptability of the host, and the identification of a common set of genes that regulate host-microorganism interactions between mammalian populations and species have broad implications for human health and animal biology (Lin et al., 2019; Suzuki et al., 2019). Therefore, combined with the study of microbiome, it can better explain the plateau adaptability of Tibetan sheep in cold season.

Mammalian gastrointestinal microorganisms also play an important role in epithelial barrier function, and provide many benefits to the host, including nutrient utilization and protection against pathogens via the secretion of compounds that kill or inhibit the undesirable organisms (Yoon et al., 2014). For example, carbohydrates are effectively decomposed into short-chain fatty acids by commensal microorganisms in the rumen for use by the host. However, the situation with glucose is unique amongst these carbohydrates. In the rumen, most glucose is decomposed into short-chain fatty acids by commensal microorganisms. However, the ion transporter SGLT-1 can directly transfer some glucose from the rumen to the blood for absorption, thereby saving energy (Aschenbach et al., 2000a, b, 2002). In addition, the rumen epithelial barrier comprises a network of intercellular protein complexes that form selective tight junctions (TJs) and can interact with the epithelial microbiome (Zhang et al., 2018). Claudins are key molecules in the barrier function of TJs. ZO-1, the first tight junction protein to be discovered, interacts with various other connecting components and plays a pivotal role (Furuse et al., 1998; Bazzoni et al., 2000; Zhang et al., 2018). This indicates that there is a distinct relationship between rumen microorganisms and epithelial barrier function and nutrient absorption in the host. However, there are limited studies on the changes of rumen microorganisms in Tibetan sheep grazing on the Qinghai-Tibet Plateau in the cold and warm seasons, and the expression of genes related to nutrient absorption and epithelial barrier function in the rumen of these sheep. At present, most of the studies only focus on the diversity of rumen microorganisms, while few studies explain the plateau adaptability in cold season through the combination of microbiome and genome. The current study aimed to address this by obtaining the rumen fermentation profile and rumen microbiota of Tibetan sheep under cold season nutrient stress by analyzing changes in the rumen internal environment (rumen fermentation mode, 16S rRNA gene sequencing) in cold and warm seasons, and examining expression of related genes in rumen epithelial tissues. Changes in gene expression associated with the rumen epithelium may provide new insights into the interactions between rumen microbes-volatile fatty acids (VFAs)-host genes, and thus could help elucidate the cold season adaptability of Tibetan sheep.



MATERIALS AND METHODS


Ethics Statement

All studies involving animal were carried out in accordance with the regulations for the Administration of Affairs Concerning Experimental Animal (Ministry of Science and Technology, China; revise in June 2004), and sample collection protocols were approved by the Livestock Care Committee of Gansu Agricultural University (Approval No. GAU-LC-2020-27).



Experimental Design and Sampling

Ten healthy Tibetan sheep ewes (1 year old, weight = 35.12 ± 1.43 kg) were obtained from a farm in Gannan Tibetan Autonomous Prefecture (Gansu Province, China), which used local traditional natural grazing management and was located at an altitude of 3,300 m. These animals are randomly divided into two groups, representing the warm (July) and cold (December) seasons, with five sheep in each period, grazing in the same pasture as the other sheep. Samples were collected in July 2019 and December 2019, respectively. Rumen samples (50 ml, rumen fluid) were collected from each animal with a gastric tube rumen sampler in the morning and were immediately frozen in liquid nitrogen and stored at −80°C for 16S rRNA sequencing. Then the jugular vein bloodletting was performed, and the internal organs and digestive tract were carefully dissected after death, the rumen contents were taken immediately (for determination of VFAs), and rumen epithelial tissue samples were acquired by dissecting a small piece of rumen abdominal sac, quickly removing rumen contents by rinsing with phosphate-buffered saline (PBS), then separating the epithelial tissue with blunt scissors. Tissue samples were placed in liquid nitrogen and stored at −80°C refrigerator for subsequent RNA extraction.



Measurement of Volatile Fatty Acids

The collected rumen fluid was centrifuged at 5400 rpm for 10 min, 1 ml of supernatant was pipetted into a 1.5 ml centrifuge tube, and then 0.2 ml of 25% metaphosphoric acid solution containing internal standard 2EB was added. Then mix, ice bath for 30 min, centrifuge at 10000 rpm for 10 min, filter the supernatant into a sample bottle with a 0.25 um filter, and wait for the gas chromatograph to determine (GC-2010 plus; Shimadzu, Japan). The internal standard method was adopted, using 2-ethyl butyric acid (2EB) as the internal standard. The chromatographic column was an AT-FFAP (50 m × 0.32 mm × 0.25 m) capillary column. The column temperature was maintained at 60°C for 1 min, then increased to 115°C at 5°C/min without reservation, and then increased to 180°C at 15°C/min. The detector temperature was 260°C and the injector temperature was 250°C.



DNA Extraction and High-Throughput Sequencing

Total DNA was isolated from each rumen sample using MN NucleoSpin 96 Soil kit (Macherey-Nagel, Germany). First, appropriate rumen contents were transferred to a 2 mL centrifuge tube and lysate was added to make the samples fully decomposed. The samples were centrifuged at 1200 rpm for 2 min and the supernatant was transferred. Then, extraction was carried out according to the specific steps of the kit. The bacterial V3–V4 region of 16S rRNA genes in the total DNA were amplified using the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR conditions comprised a pre-denaturation step at 95°C for 3 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, followed by a final extension step at 72°C for 7 min. All amplified products were sequenced and analyzed on an Illumina MiSeq platform (Illumina, San Diego, CA, United States). The sequencing data were deposited into the Sequence Read Archive (SRA) of NCBI (Accession No. SRR12719079-SRR12719088).



RNA Extraction and Gene Expression Analysis of Rumen Epithelium

Total RNA was extracted from rumen epithelial tissues of Tibetan sheep using the Trizol reagent method (TransGen). cDNA synthesis was performed using a reverse transcription kit containing the gDNA wiper enzyme. Primer 5.0 software was used to design primers for the genes SGLT1, Claudin-4 and ZO-1; β-actin was the internal reference gene. Primer information is shown in Table S1. An Applied Biosystems Q6 Quantitative PCR instrument was used to quantify fluorescence of the rumen epithelium-related genes and the internal reference gene. Reaction conditions were pre-denaturation at 95°C for 30 s, 40 cycles of 95°C for 10 s and 60°C for 30 s, and the dissolution curve (95°C for 15 s, 60°C for 60 s, 95°C for 15 s). The 20-μl reaction system contained 2 × ChamQ Universal SYBR qPCR Master Mix, cDNA template and upstream and downstream primers. The resulting data were analyzed using the 2–ΔΔCT method and β-actin as the internal reference gene for correction (Livak and Schmittgen, 2001).



Bioinformatics Analysis

Based on the raw data returned by the Illumina HiSeq sequencing platform, double-ended splicing (FLASH v1.2.7), filtering (Trimmomatic v0.33), and removal of chimeras (UCHIME v4.2) were used to obtain optimized sequences (tags). Usearch software (Edgar, 2013) was utilized to cluster tags at a similarity level of 97%, obtain operational taxonomic units (OTUs), and annotate the OTUs based on the Silva (bacterial) taxonomy database. Based on the results of OTU analysis, taxonomic analysis was performed on the samples at various classification levels to obtain community structure maps, species clustering heat maps, and taxonomy of each sample at the level of phylum, class, order, family, genus, and species. Alpha diversity was used to analyze species diversity within a single sample, the diversity index Ace, Chao1 (the measurement of species abundance), and Shannon, Simpson (the measurement of species diversity) were obtained, and the samples were plotted as a dilution curve (Wang et al., 2012) and rank abundance curve. Beta diversity analysis was used to compare differences in species diversity (microbial composition and structure) between different samples. Obtain the sample level clustering (UPGMA) tree, NMDS analysis, sample clustering heat map and sample PCA, PCoA map (Sakaki et al., 1994; Dubois et al., 2010) (with grouping information), box plot based on multiple distances, etc. according to the distance matrix; Through the significance analysis of the difference between groups (LEfSe analysis), look for Biomarker with statistical differences between different groups (Segata et al., 2011), and use Metastats software to perform a T test on the species abundance data between the groups (White et al., 2009); get p value, pass Correct the p value to obtain the q value; finally select the species that lead to the difference in the composition of the two groups of samples according to the p value or the q value; through 16S functional gene prediction analysis (KEGG and COG), predict the gene function of the sample and calculate the functional gene abundance.



Statistical Data Analysis

The independent sample T test in SPSS software (version 24.0, SPSS Inc.) was used to analyze differences in rumen fermentation parameters (VFAs) and related gene expression in the cold and warm seasons; P < 0.05 indicated a significant difference. The Spearman correlation test was used to analyze the correlation between VFAs, gene expression, and rumen microorganisms (relative abundance >0.5%).



RESULTS


Determination of Rumen Fermentation Parameters

Various rumen fermentation parameters of Tibetan sheep were measured in different seasons (Table 1). The concentration of some VFAs were significantly higher in the cold season (December) than in the warm season (July) (P < 0.05). These VFAs included acetate, propionate, and butyrate; other VFAs had no significant difference in concentrations between the cold and warm seasons (P = 0.240). Proportionate analysis of the VFAs revealed that there was no significant difference in the proportion of propionate between cold and warm seasons (P = 0.127). The proportion of acetate in the cold season was significantly higher than that in the warm season, while the proportions of butyrate and other VFAs were significantly higher in the warm season than the cold season (P < 0.05). The ratio of acetic acid to propionic acid (A:P) was significantly higher in the cold season than in the warm season (P < 0.05).


TABLE 1. Effects of cold season nutritional stress on rumen fermentation parameters.
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Diversity of Rumen Microbes

A total of 798,832 pairs of reads were obtained in this study, and 742,226 clean tags were generated after tiling and filtering of double-ended reads. At least 73,683 (average 74,223) clean tags were generated for each sample, with an average sequence length of 419 bp (Supplementary Table S2). Usearch software was used to cluster tags at the similarity level of 97%, OTUs for each sample was obtained. A total of 1023 OTU were obtained, including 938 in the warm season and 984 in the cold season (Figure 1A). The number of unique OTU in the cold season was significantly higher than that in the warm season. The dilution curve described the species diversity and species richness of each sample. The curve flattened at 20,000 reads, indicating that the sequencing coverage was saturated (Figure 1B). As shown in Table 2, the alpha-diversity index indicated that ACE in the cold season was significantly higher than that in warm season (P < 0.05), suggesting that microbial species abundance in the rumen of Tibetan sheep was significantly higher in the cold season than in the warm season. Shannon and Chao1 indexes were also higher in the cold season than in warm season, but the differences were not significant. The species accumulation curve (Figure S1) shows that the numbers of species and common species in the environment have reached saturation and will not increase further with any further increases of sample size. PCoA analysis revealed significant differences in rumen microbial species between the cold season and the warm season (Figure 1C). Anosim analysis further showed that the differences between groups were significantly greater than those within groups (Figure 1D).


[image: image]

FIGURE 1. (A) OTU-Venn diagram analysis of cold and warm seasons; (B) Dilution curve analysis; (C,D) PCoA and Anosim analysis.



TABLE 2. Effects of nutritional stress in cold season on diversity index.
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The Impact of Cold Season Nutritional Stress on Rumen Microbial Composition

At the taxonomic level, a total of 17 phyla, 26 classes, 42 orders, 68 families, 160 genera, and 175 species were detected in the rumen microbiota. At the phylum level, Bacteroidetes, Firmicutes, Patescibacteria, Proteobacteria, and Actinobacteria were the dominant bacteria, and their relative abundances were all greater than 1%. Bacteroidetes and Firmicutes had the highest relative abundances in both cold and warm seasons, accounting for more than 90% of the total rumen bacteria (Figure 2A). In addition, there were 10 differential phyla between the cold and warm seasons (Supplementary Data Sheet 1), among which six phyla had a relative abundance that was significantly higher in the cold season than in the warm season (q < 0.05), and four phyla had a relative abundance that was significantly lower in the cold season than in the warm season. The most obvious of these differential phyla were Bacteroidetes, which increased significantly in the cold season (q = 0.0153), and Firmicutes, which decreased significantly in the cold season (q = 0.0063). At the genus level (Figure 2B), the relative abundance of bacteria in 66 genera was more than 0.1%, and Prevotella_1 and Rikenellaceae_RC9_gut_group were the dominant genera in both cold and warm seasons. A total of 66 differential genera were identified among 160 genera (q < 0.05) (Supplementary Data Sheet 1). Of the 10 most abundant genera, Rikenellaceae_RC9_gut_group showed a significant increase in relative abundance in the cold season (q < 0.05), while the relative abundances of Ruminococcaceae_NK4A214_group, uncultured_bacterium_f_Muribaculaceae, Butyrivibrio_2, and Succiniclasticum were significantly reduced in the cold season (q < 0.05). Many cellulose-decomposing bacteria were also identified in this study, such as Ruminococcus_2, Fibrobacter, Butyrivibrio_2, Treponema_2, and Pseudobutyrivibrio. ANOVA analysis revealed significant differences in the rumen microbiota between cold and warm seasons at the phylum and genus levels (Supplementary Data Sheet 1). LEfSe analysis of samples between groups showed that there were 12 differential biomarkers (LDA score >4) for the two seasons (Figure 3), which was in agreement with the ANOVA analysis. Overall, there were significant differences between cold season and warm season.
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FIGURE 2. (A) Relative abundance of phylum horizontal species; (B) Relative abundance of genus horizontal species.
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FIGURE 3. LDA value distribution histogram. LDA value > 4, and the length of the bar chart represents the influence of different species.




Gene Function Prediction

A total of 43 KEGG gene families and 25 COG gene families were identified in the 16S rRNA gene sequencing data using PICRUSt software to predict gene function. Among these predictions, 31 KEGG gene families and 13 COG gene families showed significant differences between the cold and warm seasons (Figure 4). Of the 43 KEGG gene families, more than 70% were classified as metabolism-related, with functions related to carbohydrate metabolism accounting for the largest proportion (15.19% in warm season and 14.79% in cold season), followed by amino acid metabolism and energy metabolism. Energy metabolism-related functions were significantly increased in the cold season (P = 0.0075) compared with the warm season, and the corresponding glucose biosynthesis and metabolism-related functions were also significantly increased in the cold season (P = 0.0073). In addition, gene families involved in Immune system functions were significantly increased in the cold season compared with the warm season. However, the functions related to Membrane transport and Environmental adaptation were significantly reduced in the cold season. Among the 13 significantly different COG gene families, the functions related to Carbohydrate transport and metabolism were significantly decreased in the cold season (P = 0.0022), while Energy production and conversion was significantly increased in the cold season (P = 0.0002). This was consistent with the KEGG pathway analysis.
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FIGURE 4. (A) KEGG functional pathway; (B) COG functional pathway.




mRNA Expression Levels in the Rumen Epithelium

As shown in Figure 5, expression of the nutrient absorption-related gene SGLT1 in the rumen epithelium during the cold season was 3.2 times lower than that in the warm season and this was a significant difference (P < 0.001). However, expression of the genes related to the rumen epithelial barrier, Claudin-4 and ZO-1, was significantly lower in the cold season than in the warm season (P < 0.001). Moreover, expression of ZO-1 in the rumen epithelium was significantly higher than that of Claudin-4 (P < 0.001).
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FIGURE 5. Nutrient absorption and barrier function related gene expression. ***P < 0.001.




Interactions Between Expressions of Genes Related to Nutrient Absorption and Barrier Function in the Rumen Epithelium, VFAs, and Rumen Microorganisms

The rumen horizontal microbial community data (relative abundance >0.5%) and the expression of rumen VFAs and rumen epithelial mRNA (2–ΔΔCT) data sets were used to construct a heat map (correlation threshold >0.5) (Figure 6 and Figure S2); Figure 6 is the heat map of all microorganisms with a significant correlation of less than 0.05 (P < 0.05). Acetate was clustered with propionate, while the genes SGLT1, Claudin-4, and ZO-1 were clustered together. In the rumen VFAs, only acetate was significantly correlated with genera-level microorganisms (P < 0.05). Of the 35 bacterial genera that were significantly correlated with acetate, 16 were positively correlated and 19 were negatively correlated. Moraxella, Pseudobutyrivibrio, and Ruminiclostridium_9 were negatively correlated with acetate in a highly significant way (P < 0.001), and the correlation coefficients were all greater than 0.7. Among the three rumen epithelium-related genes, SGLT1 was significantly correlated with 83 bacterial genera (P < 0.05); 46 were positively correlated with SGLT1 and 37 were negatively correlated. Claudin-4 and ZO-1 were significantly correlated with 13 bacterial genera (P < 0.05). For Claudin-4, seven genera were positively correlated with expression of this gene and six were negatively correlated, while five genera were positively correlated with expression of ZO-1 and eight genera were negatively correlated. In addition, 17 bacterial genera showed highly significant correlation with SGLT1 expression (P < 0.001), but of the genera that were significantly correlated with expression of Claudin-4 and/or ZO-1, only Sphaerochaeta showed highly significant correlation with ZO-1 (P < 0.001). From the correlation heat map (Figure 6), it could be concluded that most of the microorganisms that were correlated with acetate showed the opposite correlation with expression of the three rumen epithelial genes. Therefore, the correlation between acetate and expression of SGLT1, Claudin-4, and ZO-1 was further analyzed (Figure 7). There was significant negative correlation between acetate and the three genes (P < 0.05), with correlation coefficients greater than 0.6. In addition, there was significant positive correlation between SGLT1, Claudin-4, and ZO-1 (P < 0.05), and Claudin-4 displayed significant correlation with SGLT1 and ZO-1 at the level of P < 0.01, with correlation coefficients of 0.833 and 0.879, respectively.
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FIGURE 6. Correlation heat map. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 7. Correlation between genes. ∗ At the 0.05 level (two-tailed), the correlation is significant; ∗∗ At the 0.01 level (two-tailed), the correlation is significant.




DISCUSSION

Tibetan sheep are a ruminant of the Qinghai-Tibet Plateau and can survive in the harsh environment and maintain their population through reproduction, which has a certain relationship with the host genome (Wei et al., 2016). However, there is also an association with the microbiome, known as the “second genome” (Zhang et al., 2016), and this may be an important adaptive mechanism (Sun et al., 2016). Studies have reported that more than 75% of VFAs are absorbed by the rumen epithelium and form the main source of energy for ruminants (Baldwin, 1998; Russell and Rychlik, 2001). In this study, the total VFA in the cold season was significantly higher than that in the warm season (P < 0.05), which may be caused by Tibetan sheep showing high VFA in order to adapt to the nutrient deficiency in the cold season and provide energy source for the body. The concentrations of acetate, propionate and butyrate in rumen of Tibetan sheep in the cold season were significantly higher than those in the warm season (P < 0.05), the difference of other VFAs was not significant. Polyorach et al. (2014) found that high levels of nutrition and diet intake can reduce the concentration of acetate, significantly increase the proportion of propionate, which significantly reduces the A:P ratio (Polyorach et al., 2014). Because the warm season forage is more abundant than the cold season, the Tibetan sheep in this study eat a large amount of high-nutrient forage in the warm season, resulting in a significantly lower acetate content than the cold season, which is consistent with the results of Polyorach et al. (2014). However, the propionate concentration was significantly higher in the cold season than in the warm season, but the ratio of A:P was significantly lower in the warm season than in the cold season. From the perspective of energy utilization, the lower the A:P ratio, the higher the energy efficiency of the feed. In this study, the A:P ratio of grazing Tibetan sheep in both the cold and warm seasons was lower than that of drylot-feeding Tibetan sheep (C:F = 0:100 (concentrate to forage ratio), A:P = 6.38) (Liu et al., 2019), indicating that grazing Tibetan sheep are able to use the higher energy efficiency of their pastures. In summary, Tibetan sheep evolved a strong energy adaptation mechanism to cope with nutrient deficiency in the cold season. It has been reported that there is correlation between VFAs and rumen microorganisms (Lin et al., 2019). Sequencing the microorganisms in the rumen of grazing Tibetan sheep during the cold and warm seasons revealed that there was a significant difference in rumen microbial diversity between the two seasons, and that microbial species abundance in the cold season was significantly higher than that in the warm season (P < 0.05). Further analysis using PCoA and Anosim showed that there was a significant difference between the cold and warm seasons, and the difference between the seasonal groups was significantly greater than that within the groups (P < 0.05). This may be due to the lack of food in the cold season, leading to a large difference in the acquisition of food resources (Sun et al., 2016), as seen in previous studies (Zeng et al., 2017; Zhou et al., 2017; Xue et al., 2018; Hu et al., 2019).

In this study, Bacteroidetes and Firmicutes were dominant at the phylum level. Bacteroidetes increased significantly in the cold season (q = 0.0153), while Firmicutes were significantly reduced in the cold season (q = 0.0063). The main function of members of the phylum Bacteroides in the host is to degrade carbohydrates and proteins (Fernando et al., 2010; Jami et al., 2014; Nuriel-Ohayon et al., 2016). Firmicutes carry many genes encoding enzymes related to energy metabolism, which can produce many digestive enzymes to break down various substances, thereby helping the host to digest and absorb nutrients (Kaakoush, 2015). Consequently, a high ratio of F/B (Firmicutes/Bacteroides) can help the host effectively absorb energy-related substances and maintain the metabolic balance in low-temperature environments (Ley et al., 2006; Fernando et al., 2010; Murphy et al., 2010). In this study, the F/B ratio of the Tibetan sheep in the cold season was lower than that in the warm season, and this may be related to the lack of nutrients in the cold season, resulting in insufficient energy. However, the F/B value of grazing Tibetan sheep in the cold season (0.47) was higher than that of drylot-feeding Tibetan sheep (Liu et al., 2019) (C:F = 0:100, F/B = 0.27), indicating that grazing Tibetan sheep have adapted to the harsh environment of the cold season on the Plateau. Patescibacteria, Proteobacteria and Actinobacteria formed the second group of dominant bacterial phyla. Studies have shown that Proteobacteria is related to energy accumulation (Bryant and Small, 1956; Koren et al., 2012; Amato et al., 2014; Chevalier et al., 2015). The abundance of Proteobacteria was higher in the cold season than in the warm season, but the difference was not significant (P > 0.05). This trend was consistent with the results of Sun et al. (2016) who found that the abundance of Proteobacteria in winter was significantly higher than that in spring. Therefore, we infer that grazing Tibetan sheep require increased energy accumulation in order to adapt to the harsh environment of the cold season.

At the genus level, Prevotella_1 and Rikenellaceae_RC9_gut_group were the dominant genera in the rumen of Tibetan sheep. The abundance of Prevotella_1 was lower in the cold season than in the warm season, but the difference was not significant (P > 0.05). The abundance of Prevotella_1 is related to changes in diet and nutrition; for example, a reduction in the amount of protein and starch can lead to a decrease in the abundance of Prevotella_1 (Stevenson and Weimer, 2007). In addition, the genus Prevotella_1 is considered to be related to the production of propionic acid (Strobel, 1992). A reduction in the C:F ratio will lead to a decrease in the abundance of Prevotella_1, thereby reducing the propionic acid content. Members of the genus Succiniclasticum can convert succinic acid into propionic acid, and, the content of Succiniclasticum in the cold season in this study was significantly lower than that in the warm season. In addition, the concentration of propionic acid in the cold season was significantly lower than that in the warm season (P < 0.05), which corresponds to the decrease in abundance of Prevotella_1. The reason for this phenomenon is the lack of nutrients in the cold season. The relative abundance of Rikenellaceae_ RC9_gut_group bacteria increased significantly in the cold season (q < 0.05) compared with the abundance in the warm season. Although the specific function of Rikenellaceae RC9 is unknown, some studies have suggested that Rikenellaceae RC9 bacteria are closely related to members of the genus Alistipes (Seshadri et al., 2018). Rikenellaceae may therefore play a role in degrading plant-derived polysaccharides like Alistipes (He et al., 2015; Peng et al., 2015). Based on this, it is speculated that the cellulose content of forage grasses increased in the cold season (the dry season) and the grazing Tibetan sheep exhibited an ultra-high degradation capacity for cellulosic polysaccharides, which allowed them to better adapt to cold season nutritional stress and the cold climate. Many cellulolytic bacterial genera showing seasonal variations were also identified in the rumen microbiota, such as Ruminococcus_2, Fibrobacter, Butyrivibrio_2, Treponema_2, and Pseudobutyrivibrio (Yang et al., 2010; Leng et al., 2011; Xue et al., 2016). Cellulolytic bacteria are an important class of bacteria that degrade cellulose in the rumen and consequently play a key role in the production of VFAs (Tajima et al., 2001; Abdul Rahman et al., 2016). Among these cellulolytic genera, Ruminococcus_2 increased significantly in the cold season compared to the warm season (P < 0.05) and Fibrobacter also showed an increase in abundance in the cold season, but the difference was not significant (P > 0.05). This indicated that Tibetan sheep could degrade cellulose more effectively in the cold season, generating a large amount of VFAs. The genera Butyrivibrio_2, Treponema_2, and Pseudobutyrivibrio showed a significant decrease in relative abundance in the cold season compared to the warm season, which may be related to the production of low amounts of methane. Studies have reported that the number of Vibrio butyrivibrio (Butyrivibrio) is positively related to the number of methanogenic bacteria (Xue et al., 2016).

PICRUSt software was used to predict the gene function of the rumen microorganisms and revealed that there were significant differences in the gene function of microorganisms between the cold and warm seasons. KEGG gene family predictions showed that there were significant increases in functions related to energy metabolism in the cold season compared with the warm season. COG gene family predictions revealed that the function of energy production and conversion was also significantly increased in the cold season (P = 0.0002). Increases in these functions in Tibetan sheep may meet the energy metabolism needs of the sheep in the cold season. Genes with functions related to sugar biosynthesis and metabolism also showed a significant increase in the cold season (P = 0.0073). This was consistent with the results of Sun et al. (2016) and is conducive to the digestion of cellulose and hemicellulose. Therefore, the intestinal microbiota pattern found in Tibetan sheep in the cold season may improve the efficiency of food metabolism in the sheep during this season, helping them effectively deal with the harsh environment of the Plateau cold season.

The rumen epithelium is a unique location for host-microorganism interactions, and these interactions can affect the net utilization of nutrients throughout the host. Consequently, significant correlation exists between host genes and the microbiome (Lin et al., 2019). Therefore, expression of genes related to rumen epithelial nutrient absorption and barrier function were analyzed to obtain differential expression characteristics of rumen epithelium genes in cold and warm seasons. Studies have shown that nutrients are not only absorbed by the rumen epithelium in the form of VFAs, but some glucose is directly absorbed by SGLT1 (Aschenbach et al., 2000a, 2002). In addition, studies have shown that the relative energy value ratio of ruminant glucose to VFAs in monogastric species is much higher because ruminants rely almost entirely on gluconeogenesis to meet their glucose needs (Reynolds et al., 1994). Direct absorption of glucose through SGLT1 will reduce metabolic expenditure of gluconeogenesis in animals (Aschenbach et al., 2000b). Therefore, we speculate that expression of SGLT1 in the rumen epithelium of Tibetan sheep during the cold season is a specific adaptive mechanism evolved in response to the lack of energy in the cold season. In this study, expression of SGLT1 in the rumen epithelium in the cold season was significantly lower than that in the warm season (P < 0.05). This phenomenon may help prevent acidosis when the warm season pastures are adequate. Studies have shown that when the glucose concentration is increased in the rumen, SGLT1 will be overexpressed in the rumen epithelial tissue to prevent or alleviate rumen acidosis (Aschenbach et al., 2002). Expression levels of rumen epithelial barrier genes Claudin-4 and ZO-1 are significantly lower in the cold season than in the warm season (P < 0.05). Some studies have shown that when the feed intake of ruminants decreases, permeability of the gastrointestinal tract barrier increases (Zhang et al., 2013a, b; Pederzolli et al., 2018). Claudin-4 and ZO-1, as the main components of the rumen epithelial barrier, control the permeability of this barrier, thereby regulating the absorption of nutrients and preventing entry of harmful substances (Zhang et al., 2018; Aschenbach et al., 2019). In this study, the reduction in feed intake during the cold season resulted in decreased expression of barrier-related genes. In addition, a previous study found that a reduction in feed intake resulted in reduced absorption of VFAs and an increase in the permeability of the rumen epithelium to glucose (Gäbel et al., 2002). The results of our study were consistent with this.

In summary, we evaluated the correlation between rumen microorganisms (genera-level), VFAs and rumen epithelial mRNA expression. A number of bacteria present in the rumen of Tibetan sheep significantly correlated with the rumen fermentation product acetate (P < 0.05) and with the rumen epithelial gene SGLT1 and barrier-related genes (Claudin-4, ZO-1) (P < 0.05). Microorganisms in the rumen ferment chyme into VFAs, which are mainly absorbed by the rumen epithelial barrier, and some unfermented glucose is directly absorbed through the rumen epithelium into the blood by SGLT1 (Figure 8). This process indicates that there is a direct relationship between rumen microorganisms, VFAs, and host genes. Recent studies have identified specific correlation between microbe-host genes in the intestines of sheep and wild mice (Li et al., 2018; Suzuki et al., 2019), and there are similar findings in human studies (Ma et al., 2014; Blekhman et al., 2015). Our study used VFAs as intermediate products to analyze correlation between rumen microbes, rumen VFAs and host gene expression in the rumen epithelium. The identified correlation can explain the specific adaptability of Tibetan sheep to the cold season of the Qinghai-Tibet Plateau, and provides new insights for future research into the specific regulatory mechanisms of this adaptation.
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FIGURE 8. Model of mechanisms for generation and partial absorption of VFAs in Tibetan sheep. Microorganisms in blue and red lettering act on the pathways marked by blue and red arrows, respectively.




DATA AVAILABILITY STATEMENT

The sequencing data were deposited into the Sequence Read Archive (SRA) of NCBI (Accession Nos. SRR12719079–SRR12719088).



ETHICS STATEMENT

The animal study was reviewed and approved by Livestock Care Committee of Gansu Agricultural University (Approval No. GAU-LC-2020-27). Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

XL, JH, and YL designed the study. YS, RD, WZ, WL, HW, and HS performed the experiments and collected the samples. YS, JW, and SL analyzed the data. XL and YS wrote the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We thank for the financial support: Science and Technology Innovation Funds of Gansu Agricultural University, Special Funds for Discipline Construction (GSAU-XKJS-2018-027).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.593062/full#supplementary-material

Supplementary Data Sheet 1 | Differential species analysis; ANOVA analysis of variance.



REFERENCES

Abdul Rahman, N., Parks, D. H., Vanwonterghem, I., Morrison, M., Tyson, G. W., and Hugenholtz, P. (2016). A Phylogenomic Analysis of the Bacterial Phylum Fibrobacteres. Front. Microbiol. 6:1469. doi: 10.3389/fmicb.2015.01469

Amato, K. R., Leigh, S. R., Kent, A., Mackie, R. I., Yeoman, C. J., Stumpf, R. M., et al. (2015). The gut microbiota appears to compensate for seasonal diet variation in the wild black howler monkey (Alouatta pigra). Microb. Ecol. 69, 434–443. doi: 10.1007/s00248-014-0554-7

Amato, K. R., Leigh, S. R., Kent, A., Mackie, R. I., Yeoman, C. J., Stumpf, R. M., et al. (2014). The role of gut microbes in satisfying the nutritional demands of adult and juvenile wild, black howler monkeys (Alouatta pigra). Am. J. Phys. Anthropol. 155, 652–664. doi: 10.1002/ajpa.22621

An, D., Dong, X., and Dong, Z. (2005). Prokaryote diversity in the rumen of yak (Bos grunniens) and Jinnan cattle (Bos taurus) estimated by 16S rDNA homology analyses. Anaerobe 11, 207–215. doi: 10.1016/j.anaerobe.2005.02.001

Aschenbach, J. R., Bhatia, S. K., Pfannkuche, H., and Gäbel, G. (2000a). Glucose is absorbed in a sodium-dependent manner from forestomach contents of sheep. J. Nutr. 130, 2797–2801. doi: 10.1093/jn/130.11.2797

Aschenbach, J. R., Borau, T., and Gabel, G. (2002). Glucose uptake via SGLT-1 is stimulated by beta(2)-adrenoceptors in the ruminal epithelium of sheep. J. Nutr. 132, 1254–1257. doi: 10.1093/jn/132.6.1254

Aschenbach, J. R., Wehning, H., Kurze, M., Schaberg, E., Nieper, H., Burckhardt, G., et al. (2000b). Functional and molecular biological evidence of SGLT-1 in the ruminal epithelium of sheep. Am. J. Physiol. Gastrointest. Liver Physiol. 279, 20–27. doi: 10.1152/ajpgi.2000.279.1.G20

Aschenbach, J. R., Zebeli, Q., Patra, A. K., Greco, G., Amasheh, S., and Penner, G. B. (2019). Symposium review: The importance of the ruminal epithelial barrier for a healthy and productive cow. J. Dairy. Sci. 102, 1866–1882. doi: 10.3168/jds.2018-15243

Baldwin, R. L. T. (1998). Use of isolated ruminal epithelial cells in the study of rumen metabolism. J. Nutr. 128, 293S–296S. doi: 10.1093/jn/128.2.293S

Bazzoni, G., Martínez-Estrada, O. M., Orsenigo, F., Cordenonsi, M., Citi, S., and Dejana, E. (2000). Interaction of junctional adhesion molecule with the tight junction components ZO-1, cingulin, and occludin. J. Biol. Chem. 275, 20520–20526. doi: 10.1074/jbc.M905251199

Blekhman, R., Goodrich, J. K., Huang, K., Sun, Q., Bukowski, R., Bell, J. T., et al. (2015). Host genetic variation impacts microbiome composition across human body sites. Genome. Biol. 16:191. doi: 10.1186/s13059-015-0759-1

Bryant, M. P., and Small, N. (1956). Characteristics of two new genera of anaerobic curved rods isolated from the rumen of cattle. J. Bacteriol. 72, 22–26. doi: 10.1128/JB.72.1.22-26.1956

Chevalier, C., Stojanović, O., Colin, D. J., Suarez-Zamorano, N., Tarallo, V., Trajkovski, M., et al. (2015). Gut Microbiota Orchestrates Energy Homeostasis during Cold. Cell 163, 1360–1374. doi: 10.1016/j.cell.2015.11.004

Dubois, P. C. A., Trynka, G., Franke, L., Hunt, K. A., Romanos, J., Curtotti, A., et al. (2010). Multiple common variants for celiac disease influencing immune gene expression. Nat. Genet. 42, 295–302. doi: 10.1038/ng.543

Edgar, R. C. (2013). UPARSE, highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Fernando, S. C., Purvis, H. T. N., Najar, F. Z., Sukharnikov, L. O., Krehbiel, C. R., Nagaraja, T. G., et al. (2010). Rumen microbial population dynamics during adaptation to a high-grain diet. Appl. Environ. Microb. 76, 7482–7490. doi: 10.1128/AEM.00388-10

Foster, K. R., Schluter, J., Coyte, K. Z., and Rakoff-Nahoum, S. (2017). The evolution of the host microbiome as an ecosystem on a leash. Nature 548, 43–51. doi: 10.1038/nature23292

Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K., and Tsukita, S. (1998). Claudin-1 and -2, Novel Integral Membrane Proteins Localizing at Tight Junctions with No Sequence Similarity to Occludin. J. Cell. Biol. 141, 1539–1550. doi: 10.1083/jcb.141.7.1539

Gäbel, G., Aschenbach, J. R., and Müller, F. (2002). Transfer of energy substrates across the ruminal epithelium, implications and limitations. Anim. Health. Res. Rev. 3, 15–30. doi: 10.1079/ahrr200237

Hadfield, M. G., Knoll, A. H., Kjelleberg, S., Rumpho, M., King, N., and Fukami, T. (2013). Animals in a bacterial world, a new imperative for the life sciences (Review). Proc. Natl. Acad. Sci. U S A. 110, 3229–3236. doi: 10.1073/pnas.1218525110

He, B., Nohara, K., Ajami, N. J., Michalek, R. D., Tian, X., Wong, M., et al. (2015). Transmissible microbial and metabolomic remodeling by soluble dietary fiber improves metabolic homeostasis. Sci. Rep. UK 5:10604. doi: 10.1038/srep10604

Holmes, E., Kinross, J., Gibson, G. R., Burcelin, R., Jia, W., Pettersson, S., et al. (2012). Therapeutic modulation of microbiota-host metabolic interactions. Sci. Transl. Med. 4:137rv6. doi: 10.1126/scitranslmed.3004244

Hooper, L. V., Midtvedt, T., and Gordon, J. I. (2002). How host-microbial interactions shape the nutrient environment of the mammalian intestine. Annu. Rev. Nutr. 22, 283–307. doi: 10.1073/pnas.132378799

Hu, R., Zou, H., Wang, Z., Cao, B., Peng, Q., Jing, X., et al. (2019). Nutritional Interventions Improved Rumen Functions and Promoted Compensatory Growth of Growth-Retarded Yaks as Revealed by Integrated Transcripts and Microbiome Analyses. Front. Microbiol. 10:318. doi: 10.3389/fmicb.2019.00318

Jami, E., White, B. A., and Mizrahi, I. (2014). Potential role of the bovine rumen microbiome in modulating milk composition and feed efficiency. PLoS One. 9:e85423. doi: 10.1371/journal.pone.0085423

Kaakoush, N. O. (2015). Insights into the Role of Erysipelotrichaceae in the Human Host. Front. Cell. Infect. Mi. 5:84. doi: 10.3389/fcimb.2015.00084

Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Bäckhed, H. K., et al. (2012). Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 150, 470–480. doi: 10.1016/j.cell.2012.07.008

Kwong, W. K., Medina, L. A., Koch, H., Sing, K., Soh, E. J. Y., Ascher, J. S., et al. (2017). Dynamic microbiome evolution in social bees. Sci. Adv. 3:e1600513. doi: 10.1126/sciadv.1600513

Leng, J., Xie, L., Zhu, R., Yang, S., Gou, X., Li, S., et al. (2011). Dominant bacterial communities in the rumen of Gayals (Bos frontalis), Yaks (Bos grunniens) and Yunnan Yellow Cattle (Bos taurs) revealed by denaturing gradient gel electrophoresis. Mol. Biol. Rep. 38, 4863–4872. doi: 10.1007/s11033-010-0627-8

Ley, R. E., Turnbaugh, P. J., Klein, S., and Gordon, J. I. (2006). Microbial ecology: human gut microbes associated with obesity. Nature 444, 1022–1023. doi: 10.1038/4441022a

Li, C., Wang, W., Liu, T., Zhang, Q., Wang, G., Li, F., et al. (2018). Effect of Early Weaning on the Intestinal Microbiota and Expression of Genes Related to Barrier Function in Lambs. Front. Microbiol. 9:1431. doi: 10.3389/fmicb.2018.01431

Lin, L., Xie, F., Sun, D., Liu, J., Zhu, W., and Mao, S. (2019). Ruminal microbiome-host crosstalk stimulates the development of the ruminal epithelium in a lamb model. Microbiome 7:83. doi: 10.1186/s40168-019-0701-y

Liu, H., Xu, T., Xu, S., Ma, L., Han, X., Wang, X., et al. (2019). Effect of dietary concentrate to forage ratio on growth performance, rumen fermentation and bacterial diversity of Tibetan sheep under barn feeding on the Qinghai-Tibetan plateau. Peer J:e7462. doi: 10.7717/peerj.7462

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Ma, J., Coarfa, C., Qin, X., Bonnen, P. E., Milosavljevic, A., Versalovic, J., et al. (2014). mtDNA haplogroup and single nucleotide polymorphisms structure human microbiome communities. BMC. Geno. Mics. 15:257. doi: 10.1186/1471-2164-15-257

Malmuthuge, N., and Guan, L. L. (2017). Understanding host-microbial interactions in rumen: searching the best opportunity for microbiota manipulation. J. Anim. Sci. Biotechno. 8:8. doi: 10.1186/s40104-016-0135-3

Murphy, E. F., Cotter, P. D., Healy, S., Marques, T. M., O’Sullivan, O., Fouhy, F., et al. (2010). Composition and energy harvesting capacity of the gut microbiota: relationship to diet, obesity and time in mouse models. Gut 59, 1635–1642. doi: 10.1136/gut.2010.215665

Nuriel-Ohayon, M., Neuman, H., and Koren, O. (2016). Microbial Changes during Pregnancy, Birth, and Infancy. Front. Microbiol. 7:1031. doi: 10.3389/fmicb.2016.01031

Pederzolli, R. A., Van Kessel, A. G., Campbell, J., Hendrick, S., Wood, K. M., and Penner, G. B. (2018). Effect of ruminal acidosis and short-term low feed intake on indicators of gastrointestinal barrier function in Holstein steers. J. Anim. Sci. 96, 108–125. doi: 10.1093/jas/skx049

Peng, B., Huang, S., Liu, T., and Geng, A. (2015). Bacterial xylose isomerases from the mammal gut Bacteroidetes cluster function in Saccharomyces cerevisiae for effective xylose fermentation. Microb. Cell. Fact. 14:70. doi: 10.1186/s12934-015-0253-1

Polyorach, S., Wanapat, M., and Cherdthong, A. (2014). Influence of yeast fermented cassava chip protein (yefecap) and roughage to concentrate ratio on ruminal fermentation and microorganisms using in vitro gas production technique. Asian. Austral. J. Anim. 27, 36–45. doi: 10.5713/ajas.2013.13298

Reynolds, C. K., Harmon, D. L., and Cecava, M. J. (1994). Absorption and delivery of nutrients for milk protein synthesis by portal-drained viscera. J. Dairy. Sci. 77, 2787–2808. doi: 10.3168/jds.S0022-0302(94)77220-9

Ross, A. A., Müller, K. M., Weese, J. S., and Neufeld, J. D. (2018). Comprehensive skin microbiome analysis reveals the uniqueness of human skin and evidence for phylosymbiosis within the class Mammalia. P. Natl. Acad. Sci. USA. 115, E5786–E5795. doi: 10.1073/pnas.1801302115

Russell, J. B., and Rychlik, J. L. (2001). Factors that alter rumen microbial ecology. Science 292, 1119–1122. doi: 10.1126/science.1058830

Sakaki, T., Takeshima, T., Tominaga, M., Hashimoto, H., and Kawaguchi, S. (1994). Recurrence of ICA-PCoA aneurysms after neck clipping. J. Neurosurg. 80, 58–63. doi: 10.3171/jns.1994.80.1.0058

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Geno. Me. Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60

Seshadri, R., Leahy, S. C., Attwood, G. T., Teh, K. H., Lambie, S. C., Cookson, A. L., et al. (2018). Cultivation and sequencing of rumen microbiome members from the Hungate1000 Collection. Nat. Biotechnol. 36, 359–367. doi: 10.1038/nbt.4110

Stevenson, D. M., and Weimer, P. J. (2007). Dominance of Prevotella and low abundance of classical ruminal bacterial species in the bovine rumen revealed by relative quantification real-time PCR. Appl. Microbiol. Biot. 75, 165–174. doi: 10.1007/s00253-006-0802-y

Strobel, H. J. (1992). Vitamin B12-dependent propionate production by the ruminal bacterium Prevotella ruminicola 23. Appl. Environ. Microb. 58, 2331–2333. doi: 10.1128/AEM.58.7.2331-2333.1992

Sun, B., Wang, X., Bernstein, S., Huffman, M. A., Xia, D., Gu, Z., et al. (2016). Marked variation between winter and spring gut microbiota in free-ranging Tibetan Macaques (Macaca thibetana). Sci. Rep. UK 6:26035. doi: 10.1038/srep26035

Suzuki, T. A., Phifer Rixey, M., Mack, K. L., Sheehan, M. J., Lin, D., Bi, K., et al. (2019). Host genetic determinants of the gut microbiota of wild mice. Mol. Ecol. 28, 3197–3207. doi: 10.1111/mec.15139

Tajima, K., Aminov, R. I., Nagamine, T., Matsui, H., Nakamura, M., and Benno, Y. (2001). Diet-dependent shifts in the bacterial population of the rumen revealed with real-time PCR. Appl. Environ. Microb. 67, 2766–2774. doi: 10.1128/AEM.67.6.2766-2774.2001

Wang, Y., Sheng, H., He, Y., Wu, J., Jiang, Y., Tam, N. F., et al. (2012). Comparison of the levels of bacterial diversity in freshwater, intertidal wetland, and marine sediments by using millions of illumina tags. Appl. Environ. Microb. 78, 8264–8271. doi: 10.1128/AEM.01821-12

Wei, C., Wang, H., Liu, G., Zhao, F., Kijas, J. W., Ma, Y., et al. (2016). Genome-wide analysis reveals adaptation to high altitudes in Tibetan sheep. Sci Rep. UK 6:26770. doi: 10.1038/srep26770

White, J. R., Nagarajan, N., and Pop, M. (2009). Statistical methods for detecting differentially abundant features in clinical metagenomic samples. PLoS. Comput. Biol. 5:e1000352. doi: 10.1371/journal.pcbi.1000352

Wiener, G., Han, J. L., and Long, R. J. (2011). The yak. Rap. Publication. 44, 57–58.

Xue, D., Chen, H., Chen, F., He, Y., Zhao, C., Zhu, D., et al. (2016). Analysis of the rumen bacteria and methanogenic archaea of yak (Bos grunniens) steers grazing on the Qinghai-Tibetan Plateau. Livest. Sci. 188, 61–71. doi: 10.1016/j.livsci.2016.04.009

Xue, D., Chen, H., Luo, X., Guan, J., He, Y., and Zhao, X. (2018). Microbial diversity in the rumen, reticulum, omasum, and abomasum of yak on a rapid fattening regime in an agro-pastoral transition zone. J. Microbiol. 56, 734–743. doi: 10.1007/s12275-018-8133-0

Yang, L. Y., Chen, J., Cheng, X. L., Xi, D. M., Yang, S. L., Deng, W. D., et al. (2010). Phylogenetic analysis of 16S rRNA gene sequences reveals rumen bacterial diversity in Yaks (Bos grunniens). Mol. Biol. Rep. 37, 553–562. doi: 10.1007/s11033-009-9794-x

Yoon, M. Y., Lee, K., and Yoon, S. S. (2014). Protective role of gut commensal microbes against intestinal infections. J. Microbiol. 52, 983–989. doi: 10.1007/s12275-014-4655-2

Zeng, Y., Zeng, D., Ni, X., Zhu, H., Jian, P., Zhou, Y., et al. (2017). Microbial community compositions in the gastrointestinal tract of Chinese Mongolian sheep using Illumina MiSeq sequencing revealed high microbial diversity. Amb. Express 7:75. doi: 10.1186/s13568-017-0378-1

Zepeda Mendoza, M. L., Xiong, Z., Escalera-Zamudio, M., Runge, A. K., Thézé, J., Streicker, D., et al. (2018). Hologenomic adaptations underlying the evolution of sanguivory in the common vampire bat. Nat. Ecol. Evol. 2, 659–668. doi: 10.1038/s41559-018-0476-8

Zhang, K., Tu, Y., Gao, L., Meng, M., and Bai, Y. (2018). Replacement of grains with soybean hulls ameliorates SARA-induced impairment of the colonic epithelium barrier function of goats. BMC. Vet. Res. 14:376. doi: 10.1186/s12917-018-1705-8

Zhang, S., Albornoz, R. I., Aschenbach, J. R., Barreda, D. R., and Penner, G. B. (2013a). Short-term feed restriction impairs the absorptive function of the reticulo-rumen and total tract barrier function in beef cattle. J. Anim Sci. 91, 1685–1695. doi: 10.2527/jas.2012-5669

Zhang, S., Aschenbach, J. R., Barreda, D. R., and Penner, G. B. (2013b). Recovery of absorptive function of the reticulo-rumen and total tract barrier function in beef cattle after short-term feed restriction. J. Anim Sci. 91, 1696–1706. doi: 10.2527/jas.2012-5774

Zhang, Z., Xu, D., Wang, L., Hao, J., Wang, J., Zhou, X., et al. (2016). Convergent Evolution of Rumen Microbiomes in High-Altitude Mammals. Curr. Biol. 26, 1873–1879. doi: 10.1016/j.cub.2016.05.012

Zhou, Z., Fang, L., Meng, Q., Li, S., Chai, S., Liu, S., et al. (2017). Assessment of Ruminal Bacterial and Archaeal Community Structure in Yak (Bos grunniens). Front. Microbiol. 8:179. doi: 10.3389/fmicb.2017.00179


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.

Copyright © 2020 Liu, Sha, Dingkao, Zhang, Lv, Wei, Shi, Hu, Wang, Li, Hao and Luo. 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.


OPS/images/fmicb-11-593062-g002.jpg
Relative abundance(%)

100%17] m Others 100%7] B Unclassified
m Cyanobacteria M Others
80% | B ‘Terericites 80%- B Ruminococcus_1
B Spirochaetes B Prevotellaceae UCG-001
] . M Succiniclasticum
60%- B Actinobacteria 60%-
S ¥ Butyrivibrio 2
B Kiritimatiellacota 3
_cgs M uncultured bacterium_f Muribaculaceae
o B Synergistetes S 40%-
40% S < 4024 B Ruminococcaceae NK4A214 group
. o
W Proteobacteria ‘% B Christensenellaceae R-7 group
Q
20%- B Patescibacteria % 20% m uncultured_bacterium f F082
W Firmicutes W Rikenellaceae RC9 gut group
0% | B Bacteroidetes 0% - M Prevotella 1

Warm season Cold season Warm season Cold season






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Interactions Between Rumen Microbes, VFAs, and Host Genes Regulate Nutrient Absorption and Epithelial Barrier Function During Cold Season Nutritional Stress in Tibetan Sheep



		INTRODUCTION



		MATERIALS AND METHODS



		Ethics Statement



		Experimental Design and Sampling



		Measurement of Volatile Fatty Acids



		DNA Extraction and High-Throughput Sequencing



		RNA Extraction and Gene Expression Analysis of Rumen Epithelium



		Bioinformatics Analysis



		Statistical Data Analysis







		RESULTS



		Determination of Rumen Fermentation Parameters



		Diversity of Rumen Microbes



		The Impact of Cold Season Nutritional Stress on Rumen Microbial Composition



		Gene Function Prediction



		mRNA Expression Levels in the Rumen Epithelium



		Interactions Between Expressions of Genes Related to Nutrient Absorption and Barrier Function in the Rumen Epithelium, VFAs, and Rumen Microorganisms







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-593062-g003.jpg
s__uncultured !bacteriutp_g Rikgnellaceag RC9 gyt group

s__uncultured_bacterium_g_Christensenellaceac_R_{7_group

S

uncultured bacterium_g; Prevotellaceae UCG_001

[ Warm season [ Cold season

g__ Rikgnellaceag RC9_gut_group
f Rikenellaceae
0__Bactgroidales

¢ Bagteroidia
p__Bactdroidetes

f Clhristensenellaceae

g7Chris'tensenell..ceaeiijgroup
g_i Prevotellaceac_UCG_001

£ 1

Bacteroid

hles RF16 group

f Veill
S__uncu

g Runi

g Suct
S__uncu

g_ Buty

S__uncu

c¢_ Neg
o__ Sele;
g__uncy
s__uncy
f Muri
f Lach
p_ Firm

S —-

[
W
|
N
[
w

-2 -1

C7C10$ltridia

o__ Clostridiales

icutes

1
LDA SCORE (log 10)

onellaced

rivibrio 2

ativicutes

baculaceae

o

ltured_bdcterium_|

f Acidaminocodcaceae

iniclasticum

ltured bdcterium |

nomonadales
Itured_bacterium |

Itured bgcterium !

mospiraceae

2 3

E_Ruminbcoccaceae NK4A214 group

iinococcaceae NK4A214 group

Itured_bdcterium_p_Succiniclasticum

& Butyrivibrio 2

f Muribaculaceae

f Muribagulaceae

N





OPS/images/fmicb-11-593062-g001.jpg
)

UOSeas uem

PC2-Percent variation explained 9.28%

PCoA-PC1 vs PC2

—
(=]
L

W
L

1
W
1

-104

-20

-10 0 10
PC2-Percent variation explained 57.69%

20

UOSBAS P[od

@ Cold season

® Warm season

800 -

600 -

OTU numbers

0.407

0.351

binary-jaccard

0.207

Multy samples Rarefaction Curves

400 -

0.307

0.257

—Al
—A2
—A3
—A4
— A5
—BI
—B2
—B3
—B4
—B5

0 5000 10000 15000 20000 25000 30000 35000

Number of sequences sampled

R=1.000, pvalue=0.014

el

All betwleen treatl All wi.thin treatl Warr.n season Cold s.eason






OPS/images/fmicb-11-593062-g006.jpg
uncultured_bacterium_o_Gastranaerophilales
uncultured_bacterium_c_vadinHA49
uncultured_bacterium_f_Ruminococcaceae
uncultured_bacterium_o_Rhodospirillales

uncultured_bacterium_o_Bacteroidales
uncultured_bacterium_{_Bacteroidales_UCG-001
uncultured_bacterium_{_Clostridiales_vadinBB60_group

uncultured_bacterium_{_Dysgonomonadaceae
Rikenellaceae_RC9_gut_group

Ruminococcaceae_UCG-007
uncultured_bacterium_f_Peptococcaceae
[Eubacterium]_coprostanoligenes_group
[Eubacterium]_ventriosum_group
uncultured_bacterium_{_Marinilabiliaceae

Lachnospiraceae_XPB1014_group

*

*

e

* Sediminispirochasta

*x

2 Desulfovibrio

*
Roseburia

& Methylobacterium

¥ Pseudobacteroides

x

*x
Anaeroplasma
Defl _UCG-011

2 Elusimicrobium
Ruminiclostridium
Sphaerochaeta
Prevotellaceae_UCG-003
Sphingomonas
Candidatus_Saccharimonas
Tyzzerella_3

2 Papillibacter
Ruminococcus_2

uncultured_bacterium_{_Bacteroidales_BS11_gut_group

uncultured_bacterium_{_Lachnospiraceae
Acetitomaculum

YNV

l0Z

Aingos;|

S[eA

Aing

8|eAOS|

ajelooy

d

uoidol

R L Prevotellaceae_YAB2003_group
2 Lachnospira
£ FD2005
X Prevotellaceae_NK3B31_group
5 [Eubacterium]_nodatum_group
s [Ruminococcus]_gauvreauii_group
2 & Bilophila
L i Coprococcus_1
1 Mannheimia
o Family_XIll_UCG-001
0 Lachnoclostridium_1
i S Shuttleworthia
ot [Eubacterium]_ruminantium_group
! i Atopobium
Y Moryella
2 [Eubacterium]_brachy_group
G Blautia
i Treponema_2
i Olsenella
e Oribacterium
— Alysiella
i [Eubacterium]_cellulosolvens_group
uncultured_bacterium_f_Veillonellaceae
i Ruminiclostridium_9
i Selenomonas_1
£ Pseudobutyrivibrio
Schwartzia
* uncultured_bacterium_f_Eggerthellaceae
il i Succiniclasticum
AR 4 Butyrivibrio_2
B & £l uncultured_bacterium_f_Muribaculaceae
G Cloacibacterium
I b Enterobacter
U Rt x ¥ N i Sediminibacterium
X ium
& Novosphingobium
it Bosea
Ideonella

Acinetobacter
Methylosinus

0.5

-0.5





OPS/images/fmicb-11-593062-g007.jpg
70-1

T
-
.
o
=
©
—
-,

SGLT1

Acetate

Acetate SGLT1 Claudin—-4 Z0-1





OPS/images/fmicb-11-593062-g004.jpg
= Warmseason mm Cold season
Amino acid metabolism —
Environmental adaptation ﬂ
Signal transduction =|
Infectious diseases: Bacterial E
Global and overview maps —
Carbohydrate metabolism _'I

Excretory system |

Cell motility &I

Nervous system H

Membrane transport =| —_—

Neurodegenerative diseases I
Folding, sorting and degradation E
Transport and catabolism E
Glycan biosynthesis and metabolism E

Energy metabolism E
Lipid metabolism =
Metabolism of other amino acids E
Translation =
Infectious diseases: Viral |
Transcription H
Cell growth and death [

Replication and repair =

Endocrine and metabolic diseases I
Metabolism of cofactors and vitamins E
Immune system I
Circulatory system |
Nucleotide metabolism E
Cancers: Specific types I
Metabolism of terpenoids and polyketides E
Endocrine system H

Drug resistance E
L

95% confidence intervals

%

______'_'__.__.______

; + iwi

+

HEEL

0

FOH

0.0 152 -—-1.0
Mean proportion (%6)

— Warmseason =3 Cold season

Energy production and conversion =
Cell motility F=1
Coenzyme transport and metabolism =

Carbohydrate transport and metabolism —_I 00—

Function unknown _—I
Translation, ribosomal structure and biogenesis f———r

Posttranslational modification, protein turnover, chaperones =
Intracellular trafficking, secretion, and vesicular transport =
Signal transduction mechanisms EI
Replication, recombination and repair ———1
Defense mechanisms =|
Lipid transport and metabolism E
Cell wall/membrane/envelope biogenesis F——————d
General function prediction only f——mo————"1
Nucleotide transport and metabolism =
Extracellular structures |

Inorganic ion transport and metabolism =

—0.5 0.0 0.5
Difference between proportions (%)

95% confidence intervals

00—

HOH

HF + i}{ + {

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
.

¢

I
L |

0.0 113 -1.0
Mean proportion (%)

-0.5 0.0 0.5
Difference between proportions (%)

7.30e-04
2.19e-03
2.23e-03
2.29e-03
2.35e-03
2.36e-03
2.40e-03
2.52e-03
2.66e-03
2.91e-03
3.68e-03
3.90e-03
7.01e-03
7.27e-03
7.51e-03
8.66e-03
9.27e-03
1.10e-02
1.29e-02
1.33e-02
1.40e-02
1.49e-02
1.49e-02
1.54e-02
1.64e-02
1.81e-02
2.56e-02
2.66e-02
2.79e-02
4.52e-02
4.68e-02

2.46e-04
1.64¢-03
1.87e-03
2.19e-03
2.92¢-03
4.38¢-03
7.97e-03
8.49¢-03
8.62e-03
8.77¢-03
1.40e-02
1.49e-02
1.59¢-02
1.60e-02
1.61e-02
2.78e-02
3.32e-02

p-value (corrected)

p-value (corrected)






OPS/images/fmicb-11-593062-g005.jpg
Relative expression (27*4€T)

-_—

i [ warm season
Il cold season

SGLT1 Claudin4 201





OPS/images/cover.jpg
’ frontiers
in Microbiology

Interactions Between Rumen
Microbes, VFAs, and Host
Genes Regulate Nutrient

Absorption and Epithelial Barrier
Function During Cold Season
Nutritional Stress in Tibetan
Sheep





OPS/images/fmicb-11-593062-g008.jpg
Cellulose Starch Rumen microbiome

! :

G-1-P
Hemicellulose \\ G-6-P I/
\%
pentose ——> F-6-P
k- 1\,%-BP Butyrivibrio_2, Treponema 2,
Pyr\lliv ate Pseudobutyrivibrio
Rumen T

Lactate = Oxaloacetat Formate  Acetyl-CoA Butyryl COA

Acrylic acid Succinate CO, + H, Acetyl-P

Propionate | Propionate = Methane Acetate Butyrate
Na™ / glucose i ) ) ‘
cotransporter ($GLT1) Tight Junctl\[/)ns (Z0-1) / \/ ; SGIT]1
\%

% Claudin-4 | Claudlng4
=< o=

Epithelium








OPS/images/fmicb-11-593062-t001.jpg
Ruminal parameter

Concentration (mmol/L)
Acetate

Propionate
Butyrate

Other VFAs

Total VFA
Proportion (%)
Acetate

Propionate

Butyrate

Other VFAs
Acetate: Propionate

Cold season

57.59 + 5.89
16.54 £ 1.42
7.76 +0.35
3.16 £ 0.10
85.06 + 7.63

56.32 + 0.008
19.27 £0.010
17.55 £ 0.009
6.86 £ 0.009
2.93 £ 0.107

Warm season

33.62 +1.25
12.80 £0.29
6.72 +0.23
3.22 4+ 0.04
56.36 + 1.35

46.53 £0.013
18.41 £ 0.006
23.63 £+ 0.020
11.44 £ 0.000

2.53 £ 0.009

<0.001
<0.001
0.001
0.240
<0.001

<0.001

0.127
<0.001
<0.001
<0.001

Other VFAs: the sum of Valerate, Isobutyrate, and Isovalerate. Values are the

mean =+ standard deviation.






OPS/images/fmicb-11-593062-t002.jpg
Index

Shannon
Simpson
ACE
Chaot

Warm season

5.2107
0.0208
824.8360
851.7650

Cold season

5.3060
0.0161
882.5447
900.9231

0.4820
0.5657
0.0063
0.0646






OPS/images/logo.jpg
, frontiers
in Microbiology





