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Abstract

:

Simple Summary


Recently, there has been increasing attention focused on the intestinal microflorae of animals due to their critical role in maintaining health and preventing disease. With the improvement of the Chinese national economy and the people’s material standard of living, the beef cattle industry is growing rapidly to meet the growing market demand for beef. Mongolian cattle is a precious genetic resource in China and an excellent cattle breed in Inner Mongolia. However, updated research on topics concerning the gut microbiota of Mongolian cattle are absent. Therefore, this study focused on the differences in the gut microbiota composition of Mongolian cattle in different geographical environments. The gut microbiota composition of the Mongolian cattle from the grasslands was relatively similar, while that from the desert areas was different. The results of this study contribute to our understanding of the influence of geographical factors on the composition of gut microbiota in Mongolian cattle.




Abstract


Mongolian cattle from China have strong adaptability and disease resistance. We aimed to compare the gut microbiota community structure and diversity in grazing Mongolian cattle from different regions in Inner Mongolia and to elucidate the influence of geographical factors on the intestinal microbial community structure. We used high throughput 16S rRNA sequencing to analyze the fecal microbial community and diversity in samples from 60 grazing Mongolian cattle from Hulunbuir Grassland, Xilingol Grassland, and Alxa Desert. A total of 2,720,545 high-quality reads and sequences that were 1,117,505,301 bp long were obtained. Alpha diversity among the three groups showed that the gut microbial diversity in Mongolian cattle in the grasslands was significantly higher than that in the desert. The dominant phyla were Firmicutes and Bacteroidetes, whereas Verrucomicrobia presented the highest abundance in the gut of cattle in the Alxa Desert. The gut bacterial communities in cattle from the grasslands versus the Alxa Desert were distinctive, and those from the grasslands were closely clustered. Community composition analysis revealed significant differences in species diversity and richness. Overall, the composition of the gut microbiota in Mongolian cattle is affected by geographical factors. Gut microbiota may play important roles in the geographical adaptations of Mongolian cattle.
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1. Introduction


Gut microbiota plays a crucial role in maintaining host health and has important functions, such as participation in metabolism, supplying of nutrients and energy to the host [1], and inhibition of growth of pathogenic micro-organisms [2]. Previous studies have suggested that the gut microbiota is affected by several factors, such as host genome [3], diet [4], and geography [5,6,7]. Recent studies have compared the fecal microbiota communities in cattle and Bactrian camels and found that Firmicutes is the predominant phylum. Hierarchical clustered heatmap analysis revealed that the microbial community composition within the Bactrian camel groups was relatively similar but distinct from that in the cattle [8]. Recently, some studies have focused on the relationship between the community structure of gut microbiota and geography. Song et al. (2017) [6] compared the gut microbiota of Chinese black bears from different provinces and suggested that the gut microbiota can be affected by geography. A vast number of studies investigating the role of the intestinal microbiota of humans from different areas have been published [9,10,11]. However, few studies have assessed the geographical relationship of gut microbiomes in cattle.



Mongolian cattle are dual-purpose cattle and an excellent cattle breed in Inner Mongolia, China. This species is characterized by its resistance to diseases, environmental adaptation, and crude feed resistance. The Xilingol (XM) Grassland, Hulunbuir (HM) Grassland, and Alxa (AM) Desert are the main production areas of Mongolian cattle. This study aimed to compare the community structure and composition of the gut microbiota in Mongolian cattle from different regions and reveal the influence of geographical factors and dietary habits on the intestinal microflora to provide scientific support for future research and the healthy breeding of Mongolian cattle.




2. Materials and Methods


2.1. Sample Collection


All animal studies were conducted according to the guidelines established by the Institutional Animal Care and Use Committee of the Inner Mongolian Agricultural University (Hohhot, China). Procedures were performed under the national standard Guidelines for Ethical Review of Animal Welfare (GB/T 35892-2018).



There were 20 fecal samples collected from healthy grazing Mongolian cattle (3- to 4-year-old females) in XM, HM, and AM, respectively. The cattle were grazed naturally and drank water freely. They were not dewormed with any product before sampling. Fecal samples were obtained in sterile tubes immediately after the natural defecation of the animals and were transported to the laboratory using liquid nitrogen, and stored at −80 °C until DNA extraction.




2.2. Genome DNA Extraction


The total genomic DNA from fecal samples was extracted using the hexadecyl trimethyl ammonium bromide (CTAB) method [12]. Agarose gel (1%) electrophoresis was used to determine the concentration and purify the extracted DNA. The extracted DNA was diluted to 1 ng/μL with sterile water.




2.3. PCR Amplification and Hiseq Sequencing


Using the diluted genomic DNA as a template, the v3-v4 hypervariable region of the 16S rRNA gene was amplified using specific primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GACTACHVGGGTWTCTAAT-3′). All polymerase chain reactions (PCR) were carried out with 30 μL of reaction mixture with 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA), 0.2 μM of forward and reverse primers, and approximately 10 ng of template DNA. Thermal cycling consisted of initial denaturation at 98 °C for 1 min, followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, elongation at 72 °C for 30 s, and a final extension at 72 °C for 5 min. The PCR products were mixed in equal density ratios. Then, 2% agarose gel electrophoresis was performed to detect the PCR products. The samples with the intensity of the main band between 400 to 450 bp were selected for further experiments. PCR products were then purified using the Gene JETTM Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA). Library quality was assessed using the Qubit@ 2.0 Fluorometer (Thermo Scientific). After Qubit and q-PCR quantification, a library was constructed and sequenced on the Illumina Hiseq 2500 platform.




2.4. Sequence Analysis


According to the Quantitative Insights into Microbial Ecology (QIIME) quality control process, the high-quality clean tags were obtained through specific filtration of the raw tags [13,14]. Sequence analysis was performed using the Uparse software [15]. Sequences with ≥97% similarity were assigned to the same operational taxonomic unit (OTU). A representative sequence for each OTU was filtered for further annotation. OTUs were taxonomically analyzed by the Ribosomal Database Project (RDP) Classifier algorithm [16].




2.5. Data Statistics


Subsequent analyses of alpha diversity and beta diversity were based on normalized data on OTU abundance information that used the sequence number criteria corresponding to the sample with the least sequences [17]. The complexity of species diversity was analyzed using the alpha diversity indices, namely Chao1 and ACE (community richness), Shannon and Simpson (diversity), and Good’s coverage (sequencing depth), which were calculated using Mothur [18]. The difference in species complexity was evaluated using beta diversity, and the weighted UniFrac was calculated using QIIME. Principal coordinate analysis (PCoA) was performed before clustering analysis, and principal coordinates were obtained from complex multidimensional data and visualized. Phylogenetic trees were constructed using the unweighted pair-group method with arithmetic means (UPGMA) clustering, and the distance matrix was interpreted and combined with the bacterial community histogram to evaluate microbiome similarity and taxonomic differences among the different groups or samples. A Venn diagram was implemented using the R package to show unique and shared OTUs. We used linear discriminant analysis (LDA) with LEfSe [19], an algorithm biomarker discovery that identifies taxa characterizing the differences among three metadata classes, and the default setting LDA score filter value was 4. High LDA scores reflect significantly a higher abundance of certain taxa. Tukey’s test was used to analyze whether species diversity was significant between groups. p < 0.05 was considered statistically significant. Sequencing services, database construction, and statistical analysis were performed by Beijing Novogene Technology Co. Ltd. (Beijing, China).





3. Results


3.1. 16S rRNA Gene Sequencing


The detailed characteristics of the three study groups are shown in Figure 1. A total of 5,423,215 raw reads were generated from the 60 fecal samples through Illumina Hiseq sequencing. After filtering out low-quality reads, 2,950,033 clean reads with an average sequence length of 410.3 bp were retained from 1,117,505,301 base pairs of sequences. Finally, 2,720,545 base pairs of high-quality reads were obtained from all samples for further analysis.




3.2. Microbial Diversity


All reads were classified into 2650 operational taxonomic units (OTUs) (Table S1), which belonged to 165 families and affiliated to 24 phyla. Good’s coverage estimations of all samples were between 98.7% and 99.2%, which indicated that the sequencing depth was sufficient to detect the microbial community in fecal samples. To better understand OTU diversity in each group, we compared the alpha diversity among Mongolian cattle from the different regions according to the Chao 1, ACE, and the Simpson and Shannon indices, which were used to estimate bacterial community richness and diversity, respectively. As shown in Table 1, the observed species decreased in the following order, HM >, XM >, and AM. Microbial communities in the HM and the XM groups displayed significantly higher richness and diversity than in the AM group (p < 0.001). This indicated that the HM and the XM groups have a high bacterial diversity.




3.3. Beta Diversity


The differences in the diversity of the gut microbiota among the different groups were further compared using the UPGMA clustering tree based on the weighted UniFrac distances. Interestingly, as shown in Figure 2a, the gut microbiota in the HM and the XM groups were clustered together, but those Mongolian cattle in the AM group were excluded. The PCoA was used to examine the community structure of the gut microbiota. The weighted UniFrac distances were calculated based on a phylogenetic tree. In the PCoA plot, each symbol represents one fecal sample (Figure 2b). Similar to the result of the UPGMA clustering tree analysis mentioned above, the bacterial communities in the HM and the XM groups clustered closely and separated from that of the AM group along principal coordinate axis 1 (PC1), which explained the highest proportion of variation (55.74%).




3.4. Bacterial Community Taxonomic Composition


All sequences obtained from the three groups were classified to the phyla and family levels using the Mothur program. Twenty-four bacterial phyla were identified. The top 12 abundant phyla with the highest abundances were selected (Figure 3a). Firmicutes was the dominant flora represented by 64.77 ± 6.72%–84.36 ± 4.66% of the 16S rRNA gene sequences, followed by Bacteroidetes with 9.44 ± 4.33%–26.19 ± 2.66%. The proportion of the same bacteria in the different groups varied. The abundance of Firmicutes and Verrucomicrobia (84.36 ± 4.66% and 1.99 ± 2.44%) in the AM group was higher than that in the HM and the XM groups (73.77 ± 2.54% and 64.77 ± 6.72%, and 0.81 ± 0.32% and 1.00 ± 0.99%, respectively), while the abundance of Bacteroidetes (9.44 ± 4.33%) was lower than that in the other groups (22.22 ± 2.44% and 26.19 ± 2.66%). The XM group presented a higher abundance of Proteobacteria (5.70 ± 5.85%) in the feces than the other groups (1.31 ± 0.71% and 0.71 ± 0.41%) (Table S2). Interestingly, Fibrobacteres was not found in the AM group (0%), but the highest abundance was in the HM group. At the phylum level, the abundance distribution box of the different species was plotted (Figure 3b). Firmicutes, Bacteroidetes, Proteobacteria, and Fibrobacteres differed significantly among the three groups (p < 0.001).



At the family level, 165 families were detected in all samples. The top ten abundant families with the highest abundance at the family level were selected (Figure 4). Ruminococcaceae was the predominant family in all of the groups represented by 56.75±5.91% of the 16S rRNA gene sequences. The second most abundant family was Lachnospiraceae (12.09 ± 5.79%). In the AM group, the proportions of Ruminococcaceae, Lachnospiraceae, Christensenellaceae, and Verrucomicrobiaceae were (56.75 ± 5.91%, 12.09 ± 5.79%, 5.57 ± 2.22%, and 1.99 ± 2.14%) higher than that in the HM and the XM groups (52.91 ± 2.69%, 7.13 ± 1.45%, 3.20 ± 0.36%, and 0.79 ± 0.32%; and 46.72 ± 6.78%, 7.66 ± 1.29%, 3.20 ± 0.82%, and 0.99 ± 0.99%, respectively). The relative abundances of Enterobacteriaceae and Rikenellaceae in the XM group were 4.58 ± 6.06% and 11.30 ± 1.49%, which was higher than that in the HM and the AM groups (0.36 ± 0.59% and 8.31 ± 1.22%; and 0.24 ± 0.27% and 4.31 ± 3.57%, respectively). The abundance of Peptostreptococcaceae was low (0.80 ± 0.37%). At the family level, the abundance of unclassified bacteria in the present study was from 12.02% to17.96% (Table S3).




3.5. Microbial Signatures


There were 1361 OTUs found in all 60 fecal samples (Figure 5), of which 265 OTUs were unique for the HM group, 183 for the XM group, and 199 for the AM group. The LEfSe analysis was used to determine the taxa that most likely explained the differences among the Mongolian cattle from the three different regions. The result of the LEfSe analysis confirmed the significant enrichment of the phylum Bacteroidetes, order Bacteroidales, and class Bacteroidia in the XM group. The genus Ruminococcaceae_UCG-010 and family Peptostreptococcaceae were enriched in the HM group, and the class Clostridia, order Clostridiales, phyla Firmicutes, and family Ruminococcaceae were enriched in the AM group (Figure 6a,b).





4. Discussion


In the present study, we evaluated the fecal microbiota of 60 grazing Mongolian cattle from three different regions. This technology helped us gain a deeper understanding of the bacterial diversity in fecal samples based on the identification of the core gut flora in grazing Mongolian cattle.



Recently, there has been increasing attention on animal intestinal microflora because of its critical role in maintaining health and preventing disease, therefore, determining the environmental factors that shape the gut microbiota were the focus of this study. There are several reports on the differences in the microbiome structure of the intestinal tract of humans from different geographical environments with different diets and genetic backgrounds [20,21,22]. However, there have been few reports on the relationship between environmental factors and gut microbiome profiles of grazing cattle.



Different geographical environments can change the diet and living habits of a host, thus affecting the composition of the gut microbiome. In the present study, a high diversity of gut microbes were found in the cattle from the Xilingol Grasslands and the Hulunbuir Grasslands. In comparison, the diversity of the gut microbiome in the cattle from the Alxa Desert was low. The result may be because there are the various forages, such as Leymus chinensis, Stipa capillata Linn., Medicago sativa, Allium mongolicum Regel., and Caragana edible for the cattle in the Xilingol and Hulunbuir grasslands, whereas there are only herbaceous species like Phragmites, Nitraria sibirica, and Kalidium gracile obtainable for the cattle in the Alxa Desert. This point can be supported by the report from Lau et al. [23]. They compared the fecal microbiome of Hong Kong’s omnivorous cattle and traditional cattle in southern China and found that microbiota diversity increased with diet variation.



The UPGMA cluster analysis showed that the fecal microbiota in Mongolian cattle in both the Hulunbuir and Xilingol grasslands clustered together while that in the Alxa Desert separated. This clustering may depend on the environment of the host, as it is a stronger determinant of the microbial community structure [8]. PCoA with weighted UniFrac distance revealed that the intestinal microflora of Mongolian cattle was related to the environment, and the grassland areas overlapped considerably, however, the desert areas were clustered independently. The Xilingol and Hulunbuir grasslands have a continental climate, with an average annual rainfall of 180–280 mm, and abundant native vegetation. In contrast, the Alxa Desert has arid areas with drought and limited rain. The average annual rainfall is 88–180 mm and vegetation is sparse. The substantial difference in diet and environment in the different regions may lead to the variations in the gut microbial communities in the cattle.



At the phylum level, the core gut microbiome in the present study consisted of Firmicutes and Bacteroidetes. The two phyla have been shown to constitute the majority of gut-associated phylotypes in a variety of mammalian species [24,25,26,27], suggesting that Firmicutes, and Bacteroidetes in particular, played a beneficial role in the microbial ecology of the gut of mammals, including cattle. Firmicutes was the most abundant in the AM group samples. Since the cattle consume mainly a single vegetation species in the desert areas, the cattle need to consume large amounts of forage for energy, and additionally, they need to spend energy to maintain their body temperature. Furthermore, the microbial community with a high abundance of Firmicutes in their gut allows the cattle to absorb energy from food as much as possible to maintain their body functions. Fibrobacteres are considered major degraders of plant biomass in the gut of herbivores [28]. They degrade cellulose enabling animals to absorb it. The cattle in the Hulunbuir Grassland feed on fiber-rich herbs, while in the Alxa Desert they always feed on a single species of herb. Interestingly, Verrucomicrobia was more abundant in the gut of the cattle from the AM group. A previous study found that Verrucomicrobia became more abundant in the human gut after the use of broad-spectrum antibiotics [29]. This microbe type, which increased in abundance after the introduction of antibiotics in the human gut, was present in large quantities in the intestinal tract of the grazing Mongolian cattle in the Alxa Desert for a long time. We speculate that the existence of Verrucomicrobia was related to the extremely strong disease resistance of Mongolian cattle. At the family level, the top three relatively abundant core intestinal microbial families were Ruminococcaceae, Lachnospiraceae, and Rikenellaceae. Several members of Ruminococcaceae were the common inhabitants in the gut and feces of several mammals, including cattle [30,31]. It is surprising to have found that cattle in the Alxa Desert had an abundant population of Lachnospiraceae. Lachnospiraceae is related to the production of short-chain fatty acids. It stimulates the production of butyric acid in the intestinal tract, providing the energy for the growth of intestinal epithelial cells, and also has an anti-tumor effect [32,33]. Lachnospiraceae acts as a barrier in the gut and has been found in a reduced abundance in children with Crohn’s Disease [34]. The rich Lachnospiraceae in the gut of grazing Mongolian cattle in the Alxa Desert protects the gut and acts as a barrier, helping the Mongolian cattle to adapt to the harsh living environment and reduce the incidence of intestinal diseases.



The bacterial communities in the samples from the two grasslands (Hulunbuir (HM) and Xilingol (XM)) were significantly different from those from the desert (Alxa (AM)). The Xilingol and Hulunbuir grasslands have similar geography, climatic conditions, and vegetation. The Alxa Desert is far away from the two grasslands, and with an arid climate. Although we found different fecal microbiota compositions among the Xilingol and Hulunbuir grasslands, there were no significant differences in species richness and community diversity. The samples from grasslands presented significantly higher community diversity and species richness than those of the samples from the Alxa Desert. The results may suggest that the gut microbiota pattern in the cattle could be affected by geographical factors.




5. Conclusions


In conclusion, the intestinal flora in the cattle from the Hulunbuir and Xilingol grasslands were clustered more closely than those from the Alxa Desert. Our data further revealed that the existence of Verrucomicrobia in the gut of the Mongolian cattle in the Alxa Desert can be related to the strong disease resistance of the cattle. Our research promotes our understanding of the effect of geography on species diversity of gut microbiota in their host. However, further studies using, for instance, metagenomics or an increased sample size, are still needed for a comprehensive understanding of the diversity of the gut microbiome community in cattle.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani11071938/s1, Table S1: OTU table of the 60 samples, including the OTU species and sequence number contained in each sample, as well as species annotation information for each OTU. Table S2: The relative abundance of 60 samples at the phylum level. Table S3: The relative abundance of 60 samples at the family level.





Author Contributions


Conceptualization, C.A.; methodology, H.A., H.S., X.J., B.L., H.C., C.Z., L.H., Y.C. and R.G.; software, H.A. and H.S.; validation, C.A.; formal analysis, H.A. and H.S.; investigation, H.A. and H.S.; resources, C.A. and C.W.; data curation, H.A., H.S.; writing—original draft preparation, H.A.; writing—review and editing, C.A., H.S. and W.L.; visualization, H.A. and H.S.; supervision, C.A.; project administration, J.Z.; funding acquisition, C.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant numbers 31772650 and 31660677; and the National Science and Technology Support Program, grant number 2015BAD03B04-5.




Institutional Review Board Statement


All animal studies were conducted according to the guidelines established by the Institutional Animal Care and Use Committee of the Inner Mongolian Agricultural University (Hohhot, China). Procedures were performed under the national standard Guidelines for Ethical Review of Animal Welfare (GB/T 35892-2018).




Data Availability Statement


All the raw data during the current study are available from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 2013, 341, 1079–U49. [Google Scholar] [CrossRef] [PubMed]

	



Britton, R.A.; Young, V.B. Role of the intestinal microbiota in resistance to colonization by clostridium difficile. Gastroenterology 2014, 146, 1547–1553. [Google Scholar] [CrossRef]

	



Org, E.; Parks, B.W.; Joo, J.W.J.; Emert, B.; Schwartzman, W.; Kang, E.Y.; Mehrabian, M.; Pan, C.; Knight, R.; Gunsalus, R.; et al. Genetic and environmental control of host-gut microbiota interactions. Genome. Res. 2015, 25, 1558–1569. [Google Scholar] [CrossRef] [PubMed]

	



Spring, S.; Premathilake, H.; Desilva, U.; Shili, C.; Carter, S.; Pezeshki, A. Low protein-high carbohydrate diets alter energy balance, gut microbiota composition and blood metabolomics profile in young pigs. Sci. Rep. 2020, 10, 3318–3332. [Google Scholar] [CrossRef]

	



Lan, D.L.; Ji, W.H.; Lin, B.S.; Chen, Y.B.; Huang, C.; Xiong, X.R.; Fu, M.; Mipam, T.D.; Ai, Y.; Zeng, B.; et al. Correlations between gut microbiota community structures of Tibetans and geography. Sci. Rep. 2017, 7, 7. [Google Scholar] [CrossRef]

	



Song, C.; Wang, B.C.; Tan, J.; Zhu, L.; Lou, D.; Cen, X. Comparative analysis of the gut microbiota of black bears in China using high-throughput sequencing. Mol. Genet. Genom. 2017, 292, 407–414. [Google Scholar] [CrossRef]

	



Yang, B.; Yan, S.; Chen, Y.; Ross, R.P.; Stanton, C.; Zhao, J.X.; Zhang, H.; Chen, W. Diversity of gut microbiota and bifidobacterial community of Chinese subjects of different ages and from different regions. Microorganisms 2020, 8, 1108. [Google Scholar] [CrossRef]

	



Liang, M.; Li, Y.; Siriguleng; Surong, H.; He, J.; Le, H.; Wang, Z.; Guo, F.; Qiao, X.; Jirimutu. Comparative analysis of fecal microbial communities in cattle and Bactrian camels. PLoS ONE 2017, 12, e0173062. [Google Scholar] [CrossRef]

	



Angelakis, E.; Bachar, D.; Yasir, M.; Musso, D.; Djossou, F.; Melenotte, C.; Robert, C.; Davoust, B.; Gaborit, B.; Azhar, E.I.; et al. Comparison of the gut microbiota of obese individuals from different geographic origins. N. Microbe. N. Infect 2019, 27, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Lin, D.; Wang, R.; Luo, J.; Ren, F.; Gu, Z.L.; Zhao, Y.Q.; Zhao, L. The Core and distinction of the gut microbiota in Chinese populations across geography and ethnicity. Microorganisms 2020, 8, 1579. [Google Scholar] [CrossRef]

	



Kabwe, M.H.; Vikram, S.; Mulaudzi, K.; Jansson, J.K.; Makhalanyame, T.P. The gut microbiota of rural and urban individuals is shaped by geography and lifestyle. BMC Microbiol. 2020, 20, 257–268. [Google Scholar] [CrossRef]

	



Tang, J.N.; Zeng, Z.G.; Wang, H.N.; Yang, T.; Zhang, P.J.; Li, Y.L.; Zhang, A.Y.; Fan, W.Q.; Zhang, Y.; Yang, X.; et al. An effective method for isolation of DNA from pig feces and comparison of five different methods. J. Microbiol. Methods 2008, 75, 432–436. [Google Scholar] [CrossRef] [PubMed]

	



Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.; Goodrich, J.K.; Gordon, J.I. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336. [Google Scholar] [CrossRef] [PubMed]

	



Bokulich, N.A.; Subramanian, S.; Faith, J.J.; Gevers, D.; Gordon, J.I.; Knight, R.; Mills, D.A.; Caporaso, J.G. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 2013, 10, 57–59. [Google Scholar] [CrossRef] [PubMed]

	



Edgar, R.C. Uparse: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [Google Scholar] [CrossRef]

	



Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Native Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microb. 2007, 73, 5261–5267. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; Han, H.; Li, Y.; Liu, Z.J.; Zhao, Y.R.; Fang, R.J.; Huang, X.G.; Zheng, J.; Ren, W.K.; Wu, F.; et al. Lysine restriction affects feed intake and amino acid metabolism via gut microbiome in piglets. Cell. Physiol. Biochem. 2017, 44, 1749–1761. [Google Scholar] [CrossRef]

	



Schloss, P.D.; Gevers, D.; Westcott, S.L. Reducing the effects of PCR amplification and sequencing artifacts on 16S rRNA-based studies. PLoS ONE 2011, 6, e27310. [Google Scholar] [CrossRef] [PubMed]

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery and explanation. Genome. Biol 2011, 12, R60. [Google Scholar] [CrossRef] [PubMed]

	



Filippo, C.D.; Cavalieri, D.; Paola, M.D.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. USA 2010, 107, 4691–4696. [Google Scholar] [CrossRef]

	



Schnorr, S.L.; Candela, M.; Rampelli, S.; Centanni, M.; Consolandi, C.; Basaglia, G.; Turroni, S.; Biagi, E.; Peano, C.; Severgnini, M.; et al. Gut microbiome of the Hadza hunter-gatherers. Nat. Commun 2014, 5, 3654. [Google Scholar] [CrossRef]

	



Zhang, J.C.; Guo, Z.; Xue, Z.S.; Sun, Z.H.; Zhang, M.H.; Wang, L.F.; Wang, G.Y.; Wang, F.; Xu, J.; Cao, H.F.; et al. A phylo-functional core of gut microbiota in healthy young Chinese cohorts across lifestyles, geography and ethnicities. ISME. J 2015, 9, 1979–1990. [Google Scholar] [CrossRef]

	



Lau, S.K.; Teng, J.L.; Chiu, T.H.; Chan, E.; Tsang, A.K.; Panagiotou, G.; Zhai, S.L.; Woo, P.C. Differential microbial communities of omnivorous and herbivorous cattle in southern China. Comput. Struct. Biotec. 2018, 16, 54–60. [Google Scholar] [CrossRef] [PubMed]

	



Dowd, S.E.; Callaway, T.R.; Wolcott, R.D.; Sun, Y.; Mckeehan, T.; Hagevoort, R.G.; Edrington, T.S. Evaluation of the bacterial diversity in the feces of cattle using 16S rDNA bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP). BMC Microbiol. 2008, 8, 25–30. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Hamady, M.; Lozupone, C.; Turnbaugh, P.J.; Ramey, R.R.; Bircher, J.S.; Schlegel, M.L.; Tucker, T.A.; Schrenzel, M.D.; Knight, R.; et al. Evolution of mammals and their gut microbes. Science 2008, 320, 1647–1651. [Google Scholar] [CrossRef]

	



Brulc, J.M.; Antonopoulos, D.A.; Berg Miller, M.E.; Wilson, M.K.; Yannarell, A.C.; Dinsdale, E.A.; Edwards, R.E.; Frank, E.D.; Emerson, J.B.; Wacklin, P.; et al. Gene-centric metagenomics of the fiber-adherent bovine rumen microbiome reveals forage specific glycoside hydrolases. Proc. Natl. Acad. Sci. USA 2009, 106, 1948–1953. [Google Scholar] [CrossRef] [PubMed]

	



Durso, L.M.; Harhay, G.P.; Smith, T.P.; Bono, J.L.; Desantis, T.Z.; Harhay, D.M.; Andersen, G.L.; Keen, J.E.; Laegreid, W.W.; Clawson, M.L. Animal-to-animal variation in fecal microbial diversity among beef cattle. Appl. Environ. Microb. 2010, 76, 4858–4862. [Google Scholar] [CrossRef]

	



Kobayashi, Y.; Shinkai, T.; Koike, S. Ecological and physiological characterization shows that Fibrobacter succinogenes is important in rumen fiber digestion—Review. Folia. Microbiol. 2008, 53, 195–200. [Google Scholar] [CrossRef] [PubMed]

	



Dubourg, G.; Lagier, J.C.; Armougom, F.; Robert, C.; Audoly, G.; Papazian, L.; Raoult, D. High-level colonisation of the human gut by Verrucomicrobia following broad-spectrum antibiotic treatment. Int. J. Antmicrob. Agents 2013, 41, 149–155. [Google Scholar] [CrossRef] [PubMed]

	



Orpin, C.G.; Mathiesen, S.D.; Greenwood, Y.; Blix, A.S. Seasonal changes in the ruminal microflora of the high-arctic svalbard reindeer (rangifer tarandus platyrhynchus). Appl. Environ. Microbiol. 1985, 50, 144–151. [Google Scholar] [CrossRef]

	



Varel, V.H.; Dehority, B.A. Ruminal cellulolytic bacteria and protozoa from bison, cattle-bison hybrids, and cattle fed three alfalfa-corn diets. Appl. Environ. Microbiol. 1989, 55, 148–153. [Google Scholar] [CrossRef] [PubMed]

	



Hamer, H.M.; Jonkers, D.; Venema, K.; Vanhoutvin, S.; Troost, F.J.; Brummer, R.J. Review article: The role of butyrate on colonic function. Aliment. Pharm. Therap. 2008, 27, 104–119. [Google Scholar] [CrossRef] [PubMed]

	



Zackular, J.P.; Rogers, M.A.M.; Ruffin, M.T.; Schloss, P.D. The human gut microbiome as a screening tool for colorectal cancer. Cancer. Prev. Res 2014, 7, 1112–1121. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.C.; Gurram, B.; Baldridge, M.T.; Richard, H.; Lam, V.; Luo, C.W.; Cao, Y.M.; Simpson, P.; Hayward, M.A.; Holtz, M.L.; et al. O-011 Paneth Cell Phenotypes define a subtype of pediatric Crohn’s disease through alterations in host-microbial interactions. Inflamm. Bowel. Dis. 2016, 22 (Suppl. 1). [Google Scholar] [CrossRef]








[image: Animals 11 01938 g001 550] 





Figure 1. The detailed characteristics of the Hulunbuir (HM), Xilingol (XM), and Alxa (AM) regions of Inner Mongolia, China. 
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Figure 2. Relationship of the gut microbiota of the Mongolian cattle from three different regions. (a) Clustering analysis of the evolution of the gut microbiotas in the Mongolian cattle from Xilingol (XM), Hulunbuir (HM), and Alxa (AM). Gut microbiota trees were generated by using the UPGMA algorithm based on the Unweighted Unifrac distances generated by QIIME software. (b) PcoA based on Weighted Unifrac distance of Mongolian cattle microbial community in three different regions. 
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Figure 3. Taxonomic profiles at the phyla. (a) Relative abundance of bacterial groups from the HM, XM, and AM groups at the phylum level. (b) At the phyla level, the statistical chart of species significance difference of 60 Mongolian cattle fecal samples from HM, XM, and AM groups. 
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Figure 4. Relative abundance of bacterial groups from the HM, XM, and AM groups at the family level. 
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Figure 5. The Venn diagram based on OTUs of Mongolian cattle fecal microbiota from the three different regions. 
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Figure 6. LDA Effect Size (LEfSe) algorithm was used on OTU tables to determine taxa that best characterize each biological class. (a) Cladogram showing the phylogenetic distribution of the bacterial lineages between Mongolian cattle from the three different regions. Different colored regions represent different constituents (blue, XM; green, HM; red, AM). (b) Circles from the inside out indicate phylogenetic levels from genus to phylum. 
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Table 1. Alpha diversity index of grazing Mongolian cattle from different regions.
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Group

	
Observed_Species

	
Community Diversity

	
Community Richness

	




	

	

	
Shannon

	
Simpson

	
Chao1

	
Ace

	
Goods_Coverage (%)






	
HM

	
1144.300 ± 50.761 a

	
8.001 ± 0.113 a

	
0.985 ± 0.002 a

	
1368.287 ± 92.585 a

	
1359.763 ± 78.557 a

	
98.70 ± 0.001 b




	
XM

	
1096.950 ± 50.217 b

	
7.884 ± 0.296 a

	
0.982 ± 0.008 a

	
1301.873 ± 71.984 b

	
1302.415 ± 70.688 b

	
98.70 ± 0.001 b




	
AM

	
823.900 ± 70.532 c

	
7.326 ± 0.324 b

	
0.980 ± 0.006 b

	
951.889 ± 197.518 c

	
938.770 ± 100.786 c

	
99.20 ± 0.001 a




	
p-Value

	
<0.0001

	
<0.0001

	
0.03

	
<0.0001

	
<0.0001

	
<0.0001








Note: Data in the table were mean ± standard error. Different shoulder letters indicate significant difference (p < 0.05), while the same letters indicate insignificant difference (p > 0.05).
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