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Although the correlation between gut microbiota, species identity and geographic locations has long attracted the interest of scientists, to what extent species identity and geographic locations influence the gut microbiota assemblages in granivorous rodents needs further investigation. In this study, we performed a survey of gut microbial communities of four rodent species (Apodemus agrarius, A. peninsulae, Tamias sibiricus and Clethrionomys rufocanus) distributed in two areas with great distance (> 600 km apart), to assess if species identity dominates over geographic locations in shaping gut microbial profiles using 16S rRNA gene sequencing. We found that gut microbiota composition varied significantly across host species and was closely correlated with host genetics. We identified strong species identity effects on gut microbial composition, with a comparatively weaker signal of geographic provenance on the intestinal microbiota. Specifically, microbiota of one species was on average more similar to that of conspecifics living in separate sites than to members of a closely related species living in the same location. Our study suggests that both host genetics and geographical variations influence gut microbial diversity of four rodent species, which merits further investigation to reveal the patterns of phylogenetic correlation of gut microbial community assembly in mammals across multiple habitats.
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Introduction

Intestinal tracts of animals harbor diverse and complex communities of microorganisms that had profound impact on a variety of fundamental functions of different clades of hosts (Hongoh, 2010; McFall-Ngai et al., 2013; Bai et al., 2021; Yu et al., 2021). Gut microbiota is believed to affect a wide spectrum of host physiological traits and thus play a critical role in nutritional processes in the intestine by complementing the digestive capabilities of the host (Bäckhed et al., 2004; Nicholson et al., 2005; Lee and Mazmanian, 2010; Li et al., 2021). In addition to their well-documented nutritional role in herbivorous mammals, gut microbiota may have played an important role in the development and function of the immune, metabolic, endocrine, nervous and brain development as well as sexual selection in most animals (Turnbaugh and Gordon, 2009; Diaz Heijtz et al., 2011; Sarkar et al., 2016; Dinan and Cryan, 2017). A growing body of evidence has shown that changes in the composition and abundance of gut microbiota in various host animals occur throughout life due to various internal and external factors, such as host genotype, diet, social network, and host ecology (Ley et al., 2008; Muegge et al., 2011; Goertz et al., 2019; Raulo et al., 2020).

Evidence has shown that geography appears to be one of the most influential factors on gut microbiota composition in mammals (Sudakaran et al., 2012; Suzuki et al., 2018; Goertz et al., 2019). Geographical location, which potentially affect the diet of the hosts, has been shown to contribute to gut microbiota variations of humans (Rehman et al., 2016; Shin et al., 2016), mice (Suzuki et al., 2018), bats (Phillips et al., 2012), iguanas (Lankau et al., 2012), sea turtles (Scheelings et al., 2020), firebugs (Sudakaran et al., 2012), as well as honey bees (Hroncova et al., 2015). For example, Rehman et al. (2016) found pronounced geographical patterns of microbiota diversity in human gut microbiome (Rehman et al., 2016). Linnenbrink et al. (2013) has shown evidence that 16% of variations in the gut microbial communities can be attributed to geographical distance in the wild house mice across western Europe (Linnenbrink et al., 2013). These studies provide insight into the remarkably consistent correlations between microbiota composition and geographical provenance (Sudakaran et al., 2012; Suzuki et al., 2018; Goertz et al., 2019). Apart from the influence of geography, microbiome composition has also been associated to host genetics, e.g., in the wild mice, great apes and bat (Ochman et al., 2010; Mario et al., 2015; Suzuki et al., 2019; Youngblut et al., 2019; Mallott and Amato, 2021). A close relationship between the gut microbiome composition and host genetics, which has been described as phylosymbiosis, has been widely found in different taxa of animal hosts (Kohl et al., 2017; Dunaj et al., 2020; Tinker and Ottesen, 2020; Tang et al., 2021), but not in others (Ingala et al., 2018; Lutz et al., 2019; Trevelline et al., 2020). Phillips et al. (2012) has observed a non-random pattern of the microbiome composition of different members of the order Chiroptera, reflecting the important role of host genetics in shaping microbiome composition of bats (Phillips et al., 2012). A previous study focusing on primates has revealed a correlation between host genetics and their fecal microbiota of humans and four species of great apes (Ochman et al., 2010).

Given that gut microbial communities provide many physiological functions to their hosts, especially in herbivorous animals, exploring the impact of host genetics and geographical provenance in shaping microbiome diversity of wild mammals is of great importance for predicting changes of gut microbial community in mammals. Although a lot of studies have been carried out to understand the mechanisms governing the maintenance and function of gut microbial communities, existing literature mainly focused on a single host species across several localities or multiple species at a local spatial scale (McFall-Ngai et al., 2013; Mario et al., 2015; Lutz et al., 2019). To date, there has been relatively limited study highlighting the combined influence of host genetics and geography on microbial communities of mammals (Gordon and Cowling, 2003; Phillips et al., 2012), especially rodent communities that distribute in areas with great distance (Weinstein et al., 2021). Therefore, we characterized natural variations in the gut microbiota of four wild rodent species (Apodemus agrarius, A. peninsulae, Tamias sibiricus and Clethrionomys rufocanus) collected from two distant areas in eastern North China to identify specific factors (species identity and geographical provenance) associated with gut microbial composition. The main goal of our study was to determine the relative contributions of species identity and geographic locations to the proximate and ultimate causes of microbial variations in the gut microbiotas among mammal hosts in the context of host ecology and evolution.



Materials and methods


Animal trapping and cecal sample collection

Rodents used in this study were live captured in August 2016 in two distant areas: the Qingyuan Forest Ecosystem Research Station of Chinese Ecosystem Research Network (CERN) in the eastern Liaoning Province, Northeast China (41°50 N, 124°47 E, elevation 600–800 m), and the Dongfanghong Forestry Center (46°50 N, 128°57 E, elevation 750 m) in the Dailing District, Yichun City, Heilongjiang Province, Northeast China (Figure 1). The two sites were geographically >600 km far apart from each other. The climate of the former site is a continental monsoon type with a humid and rainy summer and a cold and snowy winter. The mean annual precipitation ranges between 700 and 850 mm, 80% of which falls from June to August. Mean annual air temperature varies between 3.9 and 5.4°C with the minimum of −37.6°C in January and the maximum of 36.5°C in July. The frost-free period lasts for 130 days on average, with early frosts occurring in October and late frosts in April (Zhang and Yi, 2021). Similarly, the Dongfanghong Forestry Center is part of the north temperate zone monsoon region, with severe and long winters and short summers. The annual average temperature is 1.4°C, with a maximum of 37°C and a minimum of −40°C. Average annual precipitation is 660 mm, with 80% of annual precipitation falling between May and September (Yi and Zhang, 2008). We used live steel wire traps (9 × 10 × 25 cm; Sichuan Shujile Company, Sichuan, China) baited with peanuts to trap focal animals. The captured adult animals were immediately transferred to the lab and then scarified by cervical dislocation to collect cecal samples. In total, nine Apodemus agrarius (Aa_LN), seven A. peninsulae (Ap_LN), ten Tamias sibiricus (Ts_LN) and nine Clethrionomys rufocanus (Cr_LN) were sampled in Liaoning province. While, seven A. agrarius (Aa_HLJ), ten A. peninsulae (Ap_HLJ), eight T. sibiricus (Ts_HLJ) and seven C. rufocanus (Cr_HLJ) were collected in Heilongjiang province (Figure 1). All samples were stored at −20°C for no more than 1 week before DNA extraction.
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FIGURE 1
 Schematic representation of the two study sites in Liaoning (LN) and Heilongjiang (HLJ) province and phylogenetic relatedness of four rodent species.


We adhered to the ASAB/ABS Guidelines for the Use of Animals in Research for animal capture and handling in this study. The Ethical Committee of Jiangxi Normal University issued the permission to capture, handle, and maintain animals.



DNA extraction and sequencing

Bacterial DNA from samples was extracted using the QIAamp DNA Stool Mini Kit (QIAGEN, Germany) following the instructions of manufacturer. The universal primer F (5′-GATCCTACGGGAGGCAGCA-3′) and R (5′-CCATTACCGCGGCTGCTGG-3′) was used to amplify the V3 hypervariable region of the 16S rRNA gene. The amplification reaction system (total 25 μl) contained 8.5 μl ddH2O, 12.5 μl Taq (2×TaKaRa), 1 μl of each primer, 2 μl DNA template. The samples were preheated at 95°C for 5 min and then amplified in a thermal cycler under the following conditions: 30 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 60 s, and elongation at 72°C for 60 s, followed by a final elongation step at 72°C for 5 min. After the reaction, 2 μl PCR products were subjected to gel electrophoresis (1.5%, 100 V/60 min) to detect whether the amplification is successful. The PCR products were purified using the Agencourt AMPure XP–PCR purification kit according to the manufacturer’s instructions. Sequencing was conducted on an Illumina HiSeq PE150 platform according to protocol.



Bioinformatic pipeline

Paired-end reads were assigned to each sample based on their unique barcode and truncated by cutting off the barcode and primer sequence. Raw sequence data were analyzed using the QIIME 2 pipeline (version 2022.2).1 DADA2 plugin in the QIIME2 pipeline with the denoise-paired option was used to process sequence reads. Using DADA2, raw sequence reads were quality filtered and denoised, and after which paired-end reads were merged. Merged reads were clustered into amplicon sequence variants (ASVs) after chimeric sequences removal based on sequence similarity. Taxonomy was assigned to each ASV using both the SILVA (v138) and GTDB rRNA database (v202). Taxonomy annotation from GTDB database was finally used for analyses since more ASVs were annotated. To de novo construct the phylogenetic tree of ASV sequences, we began by performing multiple-alignment using DECIPHER R package. Then FastTree was used to inferred approximately-maximum-likelihood phylogenetic tree from the alignments[x]. All data were organized and combined using phyloseq package for further analyses.

ASVs that were present in least than 5 samples were filtered before further analysis. To estimate alpha diversity, ASV reads were first rarefied to an equal depth to account for variability in sequencing depth. Several alpha diversity index (Observed, Shannon index, Chao1) was then estimated using estimate_richness function in phyloseq package.



Statistical analysis

Non-parametric Mann–Whitney U test and Kruskal-Wallis test were performed to assess the differences in diversity indexes between two groups and among multiple groups, respectively. Read counts were converted into relative abundances and Bray–Curtis similarity matrices were generated. To assess the microbiota compositional differences between rodent species and between locations, principal coordinate analysis (PCoA) plots based on Bray–Curtis dissimilarity matrices were generated on genus relative abundances of samples for visualization. To further analyze the overall variance contribution of factor rodent species and location on gut microbiota composition, permutational analysis of variance (PERMANOVA, permutations = 999) was performed using the adonis2 function in the vegan R package based on Bray-Curtis distances.

Linear discriminant analysis (LDA) effect size (LEfSe) was performed for the comparisons among rodent species group and between location groups of the sample rodent species. The LDA scores were set at a threshold >2 and used to generate histograms of enriched taxa for each group. All statistical analyses were performed using R version 4.2 unless specific illustration.




Results

Overall, 20.95Gb raw sequence reads were obtained from 67 cecum samples of four rodent species in Liaoning and Heilongjiang province, with an average of 3,126,261 reads for each sample (ranging from 1,177,353-7,919,503). Based on rarefaction curve analysis, we found ACE, Chao1 and observed ASVs reached highly saturation (Supplementary Figure S1), which indicated that the sequencing depth was very sufficient. We suggested that 0.1 million level 16S amplicon sequence reads were enough for wild rodent species gut microbiome analysis. After a series of quality filtering, we obtained a total of 162,452,819 clean reads from all samples, averaging 2,424,669 reads per sample. A total of 2,746 ASVs were generated from all samples after the DADA2 analysis pipeline. Of these ASVs, 2,631, 1,315 and 903 ASVs were annotated by the GTDB database at the phylum, genus and species levels, respectively. Those ASVs not annotated at phylum levels were filtered before further analyses.

At the phylum level, 98.67% of ASVs identified from the rodent cecal samples belonged to the top 10 phyla. The most abundant bacterial phylum of the four rodent species was Firmicutes (61.50 ± 21.1%), Bacteroidetes (26.8 ± 15.8%), Proteobacteria (3.75 ± 8.63%), Campilobacterota (3.65 ± 7.24%), Desulfobacterota (1.71 ± 1.89%; Figure 2A). Although microbiota composition overlapped across most host species at the phylum level, broad differences were evident. Kruskal-Wallis test analysis showed there are seven phlya significantly different among the four rodent species, including the dominant phyla Desulfobacterota (q = 0.007). Geographic locations also had some influence on the abundance of gut micobiotal at phyla level among four rodent species. In Liaoning province, that eight phyla including Firmicutes, Bacteroidetes, Desulfobacterota, Deferribacterota, Verrucomicrobiota, Patescibacteria and Actionbacteriota were significantly different among the four rodent species (all p < 0.01, Figure 2B). While in Heilongjiang province only five phyla (Desulfobacterota, Deferribacterota, Verrucomicrobiota, Patescibacteria and Actionbacteriota) were significantly different among the four rodent species (all p < 0.01, Figure 2B). The proportion of Actionbacteriota of C. rufocanus in Heilongjiang province was significantly higher than that in Liaoning province (HLJ vs. LN, q = 0.0445, Figure 2B). Bacteroidetes, Proteobacteria and Verrucomicrobiota in A. agrarius of LN group were significantly higher than that of HLJ group (HLJ vs. LN, q = 0.0367, q = 0.0404, q = 0.046, respectively, Figure 2B). Desulfobacterota in T. sibiricus of LN group were significantly larger than that of HLJ group (HLJ vs. LN, q = 0.0191, Figure 2B).
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FIGURE 2
 Relative abundance of bacterial phyla (A) and genus (C) in the microbiota of four rodent species. Comparison of bacterial phylum and genus of the microbiota of four rodent species that the top nine phyla (B) and genera (D) with the significant differences are shown. Aa, Ap, Ts, Cr stand for Apodemus agrarius, A. peninsulae, Tamias sibiricus and Clethrionomys rufocanus, respectively. HLJ, LN stand for Heilongjiang and Liaoning province, respectively.


At the genus level, the gut microbiota of the four species were dominated by Oscillibacter (6.1 ± 10.15%), Duncaniella (5.77 ± 6.37%), UMGS1872 (5.56 ± 7.49%), Ligilactobacillus (4.83 ± 11.9%), Limosilactobacillus (4.3 ± 8.9%), COE1 (4.21 ± 10.52%), Acetatifactor (3.78 ± 6.63%), Alistipes (3.75 ± 4.42%), Lawsonibacter (3.68 ± 3.86%), Muribaculum (3.37 ± 5.71%; Figure 2C). Kruskal-Wallis test analysis showed there are 104 genus significantly different among the four rodent species, especially for dominant genus such as Duncaniella, Ligilactobacillus, Limosilactobacillus, Acetatifactor, Lawsonibacter and Muribaculum (q = 0.004, q = 0.0004, q < 0.001, q = 0.002876, q = 0.00770 and q = 0.0123, respectively). While geographic locations did shape the microbiota, this effect was largely within species. For instance, the proportion of Oscillibacter and UMGS1872 of A. agrarius in HLJ was significantly higher than that in LN (q = 0.0164 and q = 0.0039, respectively; Figure 2D). Alistipes in A. peninsulae of LN group were significantly higher than that of HLJ group (q = 0.0061; Figure 2D).

Alpha diversity analysis indicated that species identity had significant effect on alpha diversity (observed species) of gut microbiota at community level both in Heilongjiang (p < 0.001) and Liaoning province (p = 0.036). However, there were different patterns in these two locations. Alpha diversity of gut microbiota of A. agrarius in Liaoning province were significantly larger than C. rufocanus (p = 0.042) and T. sibiricus (p < 0.001; Figure 3A), while in Heilongjiang alpha diversity of A. agrarius were significantly smaller than C. rufocanus (p = 0.011) and A. peninsulae (p = 0.002; Figure 3B). In addition, alpha-diversity of gut microbiota of T. sibiricus in Liaoning province was higher than the same species in Heilongjiang (p = 0.021; Figure 3C).
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FIGURE 3
 Comparison of the α-diversity (number of observed ASVs) among four rodent species in Heilongjiang (A) and Liaoning (B) province. (C) Comparison of number of observed ASVs for four rodent species between Heilongjiang and Liaoning province. (D) Principal-coordinates analysis (PCoA) based on Bray–Curtis dissimilarity matrices of the gut microbiota of four rodent species. The ellipse represents the 95% confidence level. Aa, Ap, Ts, Cr stand for Apodemus agrarius, A. peninsulae, Tamias sibiricus and Clethrionomys rufocanus, respectively. HLJ, LN stand for Heilongjiang and Liaoning province, respectively.


PCoA analysis based on Bray–Curtis dissimilarity matrices at genus level showed the gut microbiota of rodents largely cluster by host species, but less so by locations. The cecal samples from the same rodent species significantly clustered together, which indicated that the gut microbial compositions among different individuals of the same species were highly similar. Furthermore, A. peninsulae and A. agrarius groups belong to the same genus of rodent were clustered more closely, thus may have more similar gut microbial composition (Figure 3D). However, the T. sibiricus group samples clustered separately from the other three rodent species. The cecal samples of T. sibiricus and C. rufocanus that came from two areas were separated to some extent. Results of PERMANOVA testing also showed species identity significantly explained 20.9% (F = 5.78, R2 = 0.209, p = 0.001) of the beta diversity between samples (as measured by Bray-Curtis distance), which was higher than that explained by geographic locations (F = 3.62, R2 = 0.044, p = 0.001; Figure 3D). PERMANOVA tests based on other beta diversity metrics can give similar results (Supplementary Table S1).

LEfSe analysis of the gut microbial composition of the different rodent species came from Liaoning and Heilongjiang province revealed substantial differences. In Heilongjiang province, LEfSe identified nine, five, five and two taxa (LDA > 3.0) with discrepancies in relative abundance in the C. rufocanus, T. sibiricus, A. peninsulae and A. agrarius, respectively (Figure 4A). However, there were more taxa differed in relative abundance among four rodent species in Liaoning province (six, sixteen, nine and nine taxa in the C. rufocanus, T. sibiricus, A. peninsulae and A. agrarius, respectively; Figure 4B).
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FIGURE 4
 Linear discriminant analysis effect size (LEfSe) analysis. The cladogram diagram shows the microbial species with significant differences in the four species of rodents in Liaoning (A) and Heilongjiang (B) province (LDA score > 3.0). Different colors indicate different groups, with the species classification at the level of phylum, class, order, family, and genus shown from the inside to the outside. (C) Plot from LEfSe analysis. The plot was generated using the online LEfSe project. The length of the bar column represents the linear discriminant analysis (LDA) score. The figure shows the enriched microbial taxa that shared by conspecific rodent species between Liaoning and Heilongjiang province (LDA score > 2.0). Aa, Ap, Ts, Cr stand for Apodemus agrarius, A. peninsulae, Tamias sibiricus and Clethrionomys rufocanus, respectively, while LN and HLJ indicate rodents captured in Liaoning and Heilongjiang province, respectively.


Based on LEfSe results, we identified representative gut microbes that were shared by conspecific rodent species in both regions (Figure 4C). Consequently, 22 taxa were shared by C. rufocanus came from two regions. Of them, two, ten, and ten taxa were identified at the family, genus, and species levels, respectively. For T. sibiricus, 14 taxa were shared, and of them, two, two, two, three, three, two taxa were identified at the phylum, class, order, family, genus, and species levels, respectively. For A. peninsulae, four taxa (two and two, at the genus and species levels, respectively) were shared. For A. agrarius, only three taxa (two and one, at the genus and species levels, respectively) were shared. Based on LEfSe results, we also identified enriched gut microbes that were shared by four rodent species in Liaoning or Heilongjiang province (Supplementary Figure S2). The results showed heterospecific rodents live in Liaoning province converged somewhat in gut microbiota composition.



Discussion

Although it has been well accepted that gut microbes exert great influence on the ecology and evolution of mammalian hosts (Kohl et al., 2017; Ingala et al., 2018), how gut microbial composition is altered and why such variation exists in different clades of animals remains largely unknown. Here, we first reported the influence of species identity and geographical provenance on gut microbial composition of four rodent species in Northeast China, to test the relative importance of host genetics and geographical locations on the gut microbiota assemblages of sympatrically distributed mammals. We find that in four rodent species, species identity (host genetics) and geographical locations both shape gut microbiota composition. However, species identity may impose more influence on the microbiota of sympatric small mammals. Specifically, microbiota of one species was on average more similar to that of conspecifics living in separate sites than to members of a closely related species living in the same location.

We observed considerable variations in the gut microbial composition at interspecific level despite sympatric distribution of rodents in Liaoning or Heilongjiang province. These observations were consistent with the results of previous studies showing a close correlation between the similarity of their microbial composition and the phylogenetic relationships of the hosts (Phillips et al., 2012; Mario et al., 2015; Brooks et al., 2016; Rojas et al., 2021). PCoA analyses found species identity significantly explained 20.9% of the beta diversity between samples, which was much higher than that explained by geographic location. Thus, this may provide evidence that species identity showed more effects on the gut microbiota of the four rodent species, suggesting that closely related hosts harbored more similar gut microbial communities than divergent ones (Phillips et al., 2012). The fact that gut composition of the four rodent species both at phylum and genus level were affected by species identity rather than by geographical locations conveyed a strong phylogenetic signal on microbial composition of rodents. It was similar with previous research which has shown that host genetic factors dominate over geography and dietary niche in shaping the gut microbiota of primates (Amato et al., 2016), although members of species living in closer geographic proximity (Moeller et al., 2013). Since host genetics has been found to be an important factor in shaping gut microbial composition of animals (Ley et al., 2008), we also detected a significant topological congruence between the gut microbiome composition and host genetics, i.e., the similarity of gut microbial communities of rodents paralleled their phylogeny. Gut microbiota of individuals of the same genera (A. agrarius and A. peninsulae) was clustered together in regardless of geographical difference, providing further evidence for strong phylosymbiosis widely existing in different clades of animal hosts (Kohl et al., 2017; Tinker and Ottesen, 2020; Tang et al., 2021).

Phylosymbiosis conveys the idea that genetic backgrounds of the host animals are closely related to changes in their gut microbial diversity (Brooks et al., 2016). However, host genetics and host ecology may structure the gut microbiota of mammals at different taxonomic scales (Rojas et al., 2021). Diet has been believed to be a crucial factor in structuring gut microbial diversity in the context of host ecology. Previous studies have shown that the diversity of gut microbiota of some clades of animals changed significantly in response to host diet (Muegge et al., 2011; Colman et al., 2012; Weldon et al., 2015). In our study, herbivorous C. rufocanus with plant-based diets (e.g., seeds, roots and bark) showed a more clustered arrangement of their gut bacterial components despite with relative higher diverse microbiomes, suggesting that fiber-based diets may show less specificity in microbiome compositions. However, seed-based feeders T. sibiricus exhibited relatively low diversity microbiomes, possibly reflecting their seed hoarding behavior across the study areas (Yi and Zhang, 2008; Zhang and Yi, 2021). Although the detailed information of diets was not clear for the four rodents, we are unable to rule out the possibility that differences in diet composition play a role in the assembly of gut microbiomes in Rodentia. Diet could change as a result of phylogenetic effects that host species have evolved different dietary preferences or environmental effects that hosts feeding different things in different habitats depend on local food sources. Therefore, dietary variation could contribute to microbiota differences across species, capture sites, or both. However, once the effects of host genetics were excluded from the interactive analyses, geographic locations alone failed to influence the intestinal bacterial components, indicating that host genetics may be more influential than geographic locations in shaping the gut microbiota of closely related host species.

Consistent with the observations in previous studies of host-microbe associations showing that gut microbiota of house mice (Mus musculus) differed significantly in alpha diversity in response to geographical locations (Weldon et al., 2015; Suzuki et al., 2018; Goertz et al., 2019), We also found the role of geographical provenance in shaping gut microbial diversity of the four rodent species. For instance, alpha diversity of gut microbiota of A. agrarius in Liaoning province were significantly larger than C. rufocanus and T. sibiricus, while in Heilongjiang alpha diversity of A. agrarius were significantly smaller than C. rufocanus and A. peninsulae. Alpha-diversity of gut microbiota of T. sibiricus in Liaoning province was higher than the same species in Heilongjiang. Moreover, the gut microbial composition of the four rodent species did change significantly in response to geographical variation either at the phylum or genus level. While geographic locations did shape the microbiota, this effect was largely within species; heterospecific small rodents converged somewhat in gut microbiota composition when living in sympatry (especially in Liaoning province, Supplementary Figure S2), but this was insufficient to override the strong influence of species identity. The climate conditions and vegetation composition appeared to be similar although the two locations were geographically >600 km far apart each other (Yi and Zhang, 2008; Zhang and Yi, 2021). It can be expected that rodent species distributed in the two distant areas may rely on similar staple food resource (e.g., seeds and other plant parts), which may also play a role in altering gut microbial compositions of mammals (Muegge et al., 2011; Kohl et al., 2017).

Overall, our study provided the first large-scale profiling of the gut microbiome of four rodent species in two distant areas in China. Our results suggest that host genetics and geographic locations both serve as major driving forces in shaping gut microbial diversification of the wild animals at a large scale of geographic isolation. Our findings also provide avenues for better understanding of the driving forces mediating the symbiosis between microflora communities and hosts.



Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number PRJNA902417.



Ethics statement

The animal study was reviewed and approved by the Ethical Committee of Jiangxi Normal University.



Author contributions

ZW and XY designed the experiments and wrote the manuscript. ZW performed the experiments. ZW, CZ, GL, and XY performed the data analysis. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (32070447 and 32160244), the Youth Talent Introduction and Education Program of Shandong Province (20190601), the Opening Fund of Key Laboratory of Poyang Lake Wetland and Watershed Research (Jiangxi Normal University), Ministry of Education (PK2018005) and Project of Education Department of Jiangxi Province (GJJ150304).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.983660/full#supplementary-material



Footnotes

1https://qiime2.org/


References

 Amato, K. R., Martinez-Mota, R., Righini, N., Raguet-Schofield, M., Corcione, F. P., Marini, E., et al. (2016). Phylogenetic and ecological factors impact the gut microbiota of two Neotropical primate 522 species. Oecologia 180, 717–733. doi: 10.1007/s00442-015-3507-z 

 Bäckhed, F., Ding, H., Wang, T., Hooper, L. V., Koh, G. Y., Nagy, A., et al. (2004). The gut microbiota as an environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. U. S. A. 101, 15718–15723. doi: 10.1073/pnas.0407076101 

 Bai, S., Zhang, P., Lin, M., Lin, W., Yang, Z., and Li, S. (2021). Microbial diversity and structure in the gastrointestinal tracts of two stranded short-finned pilot whales (Globicephala macrorhynchus) and a pygmy sperm whale (Kogia breviceps). Integr. Zool. 16, 324–335. doi: 10.1111/1749-4877.12502 

 Brooks, A. W., Kohl, K. D., Brucker, R. M., van Opstal, E. J., and Bordenstein, S. R. (2016). Phylosymbiosis: relationships and functional effects of microbial communities across host evolutionary history. PLoS Biol. 14:e2000225. doi: 10.1371/journal.pbio.2000225 

 Colman, D. R., Toolson, E. C., and Takacs-Vesbach, C. D. (2012). Do diet and taxonomy influence insect gut bacterial communities? Mol. Ecol. 21, 5124–5137. doi: 10.1111/j.1365-294X.2012.05752.x 

 Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Biorkhlolm, B., Samuelsson, A., et al. (2011). Normal gut micro-biota modulates brain development and behavior. Proc. Natl. Acad. Sci. U. S. A. 108, 3047–3052. doi: 10.1073/pnas.1010529108 

 Dinan, T. G., and Cryan, J. F. (2017). Gut-brain axis in 2016: brain-gut-microbiota axis-mood, metabolism and behaviour. Nat. Rev. Gastroenterol. Hepatol. 14:69. doi: 10.1038/nrgastro.2016.200 

 Dunaj, S. J., Bettencourt, B. R., Garb, J. E., and Brucker, R. M. (2020). Spider phylosymbiosis: divergence of widow spider species and their tissues' microbiomes. BMC Evol. Biol. 20:104. doi: 10.1186/s12862-020-01664-x

 Goertz, S., De Menezes, A. B., Birtles, R. J., Fenn, J., Lowe, A. E., Maccoll, A. D. C., et al. (2019). Geographical location influences the composition of the gut microbiota in wild house mice (Mus musculus domesticus) at a fine spatial scale. PLoS One 14:e0222501. doi: 10.1371/journal.pone.0222501 

 Gordon, D. M., and Cowling, A. (2003). The distribution and genetic structure of Escherichia coli in Australian vertebrates: host and geographic effects. Microbiol. 149, 3575–3586. doi: 10.1099/mic.0.26486-0 

 Hongoh, Y. (2010). Diversity and genomes of uncultured microbial symbionts in the termite gut. Biosci. Biotechnol. Biochem. 74, 1145–1151. doi: 10.1271/bbb.100094 

 Hroncova, Z., Havlik, J., Killer, J., Doskocil, I., Tyl, J., Kamler, M., et al. (2015). Variation in honey bee gut microbial diversity affected by ontogenetic stage, age and geographic location. PLoS One 10:e0118707. doi: 10.1371/journal.pone.0118707 

 Ingala, M. R., Simmons, N. B., Wultsch, C., Krampis, K., Speer, K. A., and Perkins, S. L. (2018). Comparing microbiome sampling methods in a wild mammal: fecal and intestinal samples record different signals of host ecology, evolution. Front. Microbiol. 9:803. doi: 10.3389/fmicb.2018.00803 

 Kohl, K. D., Varner, J., Wilkening, J. L., and Dearing, M. D. (2017). Gut microbial communities of American pikas (Ochotona princeps): evidence for phylosymbiosis and adaptations to novel diets. J. Anim. Ecol. 87, 323–330. doi: 10.1111/1365-2656.12692

 Lankau, E. W., Hong, P. Y., and Mackie, R. I. (2012). Ecological drift and local exposures drive enteric bacterial community differences within species of Galápagos iguanas. Mol. Ecol. 21, 1779–1788. doi: 10.1111/j.1365-294X.2012.05502.x 

 Lee, Y. K., and Mazmanian, S. K. (2010). Has the microbiota played a critical role in the evolution of the adaptive immune system? Science 24, 1768–1773. doi: 10.1126/science.1195568

 Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., Bircher, J. S., et al. (2008). Evolution of mammals and their gut microbes. Science 320, 1647–1651. doi: 10.1126/science.1155725 

 Li, Y., Zhang, T., Shi, M., Zhang, B., Hu, X., Xu, S., et al. (2021). Characterization of intestinal microbiota and fecal cortisol, T3, and IgA in forest musk deer (Moschus berezovskii) from birth to weaning. Integr. Zool. 16, 300–312. doi: 10.1111/1749-4877.12522 

 Linnenbrink, M., Wang, J., Hardouin, E. A., Künzel, S., Metzler, D., and Baines, J. F. (2013). The role of biogeography in shaping diversity of the intestinal microbiota in house mice. Mol. Ecol. 22, 1904–1916. doi: 10.1111/mec.12206 

 Lutz, H. L., Jackson, E. W., Webala, P. W., Babyesiza, W. S., Kerbis Peterhans, J. C., Demos, T. C., et al. (2019). Ecology and host identity outweigh evolutionary history in shaping the bat microbiome. mSystems 4, e00511–e00519. doi: 10.1128/mSystems.00511-19

 Mallott, E. K., and Amato, K. R. (2021). Host specificity of the gut microbiome. Nat. Rev. Microbiol. 19, 639–653. doi: 10.1038/s41579-021-00562-3 

 Mario, C. A., Neslihan, T., Alcántara-Hernández, R. J., Osiris, G., Schondube, J. E., Medellín, R. A., et al. (2015). Phyllostomid bat microbiome composition is associated to host phylogeny and feeding strategies. Front. Microb. l 6:447. doi: 10.3389/fmicb.2018.02863

 McFall-Ngai, M., Hadfield, M. G., Bosch, T., Carey, H. V., and Wernegreen, J. J. (2013). Animals in a bacterial world, a new imperative for the life sciences. Proc. Natl. Acad. Sci. U. S. A. 110, 3229–3236. doi: 10.1073/pnas.1218525110 

 Moeller, A. H., Peeters, M., Ndjango, J. B., Li, Y., Hahn, B. H., and Ochman, H. (2013). Sympatric 630 chimpanzees and gorillas harbor convergent gut microbial communities. Genome Res. 23, 1715–1720. doi: 10.1101/gr.154773.113 

 Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., González, A., Fontana, L., et al. (2011). Diet drives convergence in gut microbiome functions across mammalian phylogeny and within humans. Science 332, 970–974. doi: 10.1126/science.1198719

 Nicholson, J. K., Holmes, E., and Wilson, I. D. (2005). Gut microorganisms, mammalian metabolism and personalized health care. Nat. Rev. Microbiol. 3, 431–438. doi: 10.1038/nrmicro1152 

 Ochman, H., Worobey, M., Kuo, C. H., Ndjango, J. B. N., Peeters, M., Hahn, B. H., et al. (2010). Evolutionary relationships of wild hominids recapitulated by gut microbial communities. PLoS Biol. 8:e1000546. doi: 10.1371/journal.pbio.1000546 

 Phillips, C. D., Phelan, G., Dowd, S. E., Mcdonough, M. M., Ferguson, A. W., et al. (2012). Microbiome analysis among bats describes influences of host phylogeny, life history, physiology and geography. Mol. Ecol. 21, 2617–2627. doi: 10.1111/j.1365-294X.2012.05568.x 

 Raulo, A., Allen, B. E., Troitsky, T., Husby, A., and Knowles, S. (2020). Social networks strongly predict the gut microbiota of wild mice. ISME J. 15, 2601–2613. doi: 10.1038/s41396-021-00949-3

 Rehman, A., Rausch, P., Wang, J., Skieceviciene, J., Kiudelis, G., Bhagalia, K., et al. (2016). Geographical patterns of the standing and active human gut microbiome in health and IBD. Gut 65, 238–248. doi: 10.1136/gutjnl-2014-308341 

 Rojas, C. A., Ramírez-Barahona, S. A., Holekamp, K. E., and Theis, K. R. (2021). Host phylogeny and host ecology structure the mammalian gut microbiota at different taxonomic scales. Anim. Microb. 3:33. doi: 10.1186/s42523-021-00094-4 

 Sarkar, A., Lehto, S. M., Harty, S., Dinan, T. G., Cryan, J. F., and Burnet, P. (2016). Psychobiotics and the manipulation of bacteria–gut–brain signals. Trends Neurosci. 39, 763–781. doi: 10.1016/j.tins.2016.09.002

 Scheelings, T. F., Moore, R. J., Van, T., Klaassen, M., and Reina, R. D. (2020). The gut bacterial microbiota of sea turtles differs between geographically distinct populations. Endangered Species Res. 42, 95–108. doi: 10.3354/esr01042

 Shin, J. H., Sim, M., Lee, J. Y., and Shin, D. M. (2016). Lifestyle and geographic insights into the distinct gut microbiota in elderly women from two different geographic locations. J. Physiol. Anthropol. 35:31. doi: 10.1186/s40101-016-0121-7 

 Sudakaran, S., Salem, H., Kost, C., and Kaltenpoth, M. (2012). Geographical and ecological stability of the symbiotic mid-gut microbiota in European firebugs, Pyrrhocoris apterus (Hemiptera, Pyrrhocoridae). Mol. Ecol. 21, 6134–6151. doi: 10.1111/mec.12027 

 Suzuki, T. A., Martins, F. M., and Nachman, M. W. (2018). Altitudinal variation of the gut microbiota in wild house mice. Mol. Ecol. 28, 2378–2390. doi: 10.1111/mec.14905

 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 

 Tang, Y., Ma, K. Y., Man, K. C., Yang, C. H., Wang, Y., Hu, X., et al. (2021). Gut microbiota in decapod shrimps: evidence of phylosymbiosis. Microb. Ecol. 82, 994–1007. doi: 10.1007/s00248-021-01720-z 

 Tinker, K. A., and Ottesen, E. A. (2020). Phylosymbiosis across deeply diverging lineages in omnivorous cockroaches (Order Blattodea). Appl. Environ. Microbiol. 86, e02513–e02519. doi: 10.1128/AEM.02513-19

 Trevelline, B. K., Sosa, J., Hartup, B. K., and Kohl, K. D. (2020). A bird's-eye view of phylosymbiosis: weak signatures of phylosymbiosis among all 15 species of cranes. Proc. Roy. Soc. B: Biol. Sci. 287:20192988. doi: 10.1098/rspb.2019.2988 

 Turnbaugh, P. J., and Gordon, J. I. (2009). The core gut microbiome, energy balance and obesity. J. Physiol. 587, 4153–4158. doi: 10.1113/jphysiol.2009.174136 

 Weinstein, S. B., Martínez-Mota, R., Stapleton, T. S., Klure, D. M., Greenhalgh, R., Orr, T. J., et al. (2021). Microbiome stability and structure is governed by host phylogeny over diet and geography in woodrats (Neotoma spp.). Proc. Natl. Acad. Sci. U. S. A. 118:e2108787118. doi: 10.1073/pnas.2108787118 

 Weldon, L., Abolins, S., Lenzi, L., Bourne, C., Riley, E. M., and Viney, M. (2015). The gut microbiota of wild mice. PLoS One 10:e0134643. doi: 10.1371/journal.pone.0134643 

 Yi, X., and Zhang, Z. (2008). Seed predation and dispersal of glabrous filbert (Corylus heterophylla) and pilose filbert (Corylus mandshurica) by small mammals in a temperate forest, Northeast China. Plant Ecol. 196, 135–142. doi: 10.1007/s11258-007-9340-7

 Youngblut, N. D., Reischer, G. H., Walters, W., Schuster, N., and Farnleitner, A. H. (2019). Host diet and evolutionary history explain different aspects of gut microbiome diversity among vertebrate clades. Nat. Commun. 10:2200. doi: 10.1038/s41467-019-10191-3 

 Yu, Q., Li, G., and Li, H. (2021). Two community types occur in gut microbiota of large-sample wild plateau pikas. Integr. Zool. 17, 366–378. doi: 10.1111/1749-4877.12575

 Zhang, M., and Yi, X. (2021). Seedling recruitment in response to artificial gaps: predicting the ecological consequence of forest disturbance. Plant Ecol. 222, 81–92. doi: 10.1007/s11258-020-01089-y



OPS/images/fmicb-13-983660-g003.jpg
HLJ
0026
oon
085
600 034
0011
00034 )
— species
Bao n
Ao
o
T
) - '
o
a 3 3 e
60 p=000017 p=031479 5=063359 p=003301

Observed

400

location
H
I |
a o & T

PCO2 (10.5%)

LN

a 3 & )

PCoAtbray

02-

00~

04-

species [B] Aa [8] Ao [8] o [©

location ® HLI A N





OPS/images/fmicb-13-983660-g004.jpg
Cladogram

z

Cladogram L [e——

5
i
il
&

L
L

I
i
848

. CAG. 4858007 T07S

III &
» o]






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The influence of species identity and geographic locations on gut microbiota of small rodents



		Introduction



		Materials and methods



		Animal trapping and cecal sample collection



		DNA extraction and sequencing



		Bioinformatic pipeline



		Statistical analysis









		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-13-983660-g001.jpg
Host phylogeny

Apodemus peninsulae (Ap)
Apodemus agrarius (Aa)

Clethrionomys rufocanus (Cr)

, HU Tamias sibiricus (Ts)

LN *






OPS/images/fmicb-13-983660-g002.jpg
Relative Abundance (%)

Relative Abundance (%)

100

o

o

°

000

100

°

°

000

L)

[

e A G 78

]

w7

An A 6T TE

Aa Ap Cr T Aa Ap Cr Ts

Te

B
T i e T
os
020 04 015
0.15: 03
0.10: 02: oo
Phylum 0.05 01 0.05-
o_Fimiies ool Bl B Fs | UM MW i
s o CRECE SR
pCampyioaciorcta 8 _Campyiobacterota| p_t Dnuhobac!urolal p_Deferribacterota | i
s S o020 oo species
[T o 003 i
ol 13 002 ooz o
i s
vt £ I o0t oot o
peusi T 000 oo, -
e ® W ®
P e R s N P
b - -
" 006 i e
0.04 0.004- 0.004-
002 i o002 _“ o002
000 B o0
I E—
D
W ][]
Lt 0.15-
o008 0.10;
Genus. 0.04- 0.10-
P, 002 005 005,
i oo i... ool j "
§ s T ETR
e
W 8 | PRSIz P )
ot s 0100 oy species
s o H
oo S 0 oars 08 n
sl 0050 -
P g 005 0025 ‘ o
P VORI S 0000 T
& W W g
PR P e
0ss
oors b o
0.050- 004
0.025- ‘ L 0.02-
octo am ae
WEE N W





OPS/images/cover.jpg
’ frontiers | Frontiers in Microbiology

The influence of species identity
and geographic locations on gut
microbiota of small rodents









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





