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Editorial on the Research Topic
 Gut microbiota's role in high-altitude animal adaptation




The adaptation of animals to high-altitude habitats has interested scientists for an extended period, owing to the challenging conditions like hypoxia, cold temperatures, elevated sun radiation, and limited food resources (Chang et al., 2025). Historically, research concentrated on physiological and genetic adaptations (Storz, 2021). However, an expanding body of information also highlights another equally strong direction of adaptation: the gut microbiome. The gut microbiota (microbiome) is known as the second genome (Weinstock, 2012), this sophisticated and dynamic community of microbes is essential for host digestion, metabolism, immunity, and general survival under adverse settings (Berg, 2014; Hale et al., 2018; Turner, 2018; Chen et al., 2024; Wang et al., 2024), Animals and their gut microbiota have co-evolved (Montoya-Ciriaco et al., 2020), forming mutualistic relationships that are crucial for various life activities, including digestion, metabolism, and immunity (Kohl et al., 2017; Zhang L. et al., 2021; Zhang et al., 2022; Bahadur et al., 2024). This editorial shows innovative findings across several species, including macaques, moles, sheep, and cranes, eliminating the essential function of gut microbiota in facilitating survival and health at high elevations.

High-altitude environments not only affect animals but also their gut microbiota. Comparative microbiota analyses of Yorkshire and Tibetan pigs (Liu et al.), it indicated that Tibetan pigs exhibit higher abundances of phyla Actinobacteria, Fibrobacteres, and genus Rhodococcusi, while showing lower abundances of phyla Bacteroidota and Spirochaetota. The enrichment of Rhodococcus may enhance the metabolic detoxification capabilities and produce short-chain fatty acid (SCFA). Compared to Hu sheep, Tibetan sheep exhibit significantly greater rumen epithelial nipple height and significantly smaller nipple width (Chen et al.). Tibetan sheep show a notably higher abundance of phyla Bacteroidetes, which facilitates efficient nutrient utilization, while the abundances of Firmicutes and Patescibacteria are significantly lower than those in Hu sheep. The functional relationship between the host's gastrointestinal structure and microbial inhabitants constitutes a complex adaptive strategy. Compared to Lasiopodomys brandtii, Meriones unguiculatus, Ochotona curzoniae, and Spermophilus dauricus, the gut microbiota in Myospalax baileyi shows a significant enrichment of phyla Firmicutes and Bacteroidetes, including Cellulosilyticum lentocellum, which aids in dietary fiber breakdown. Additionally, the gut microbiota of M. baileyi is enriched with SCFA producing genera such as Lachnospiraceae, Pseudoflavonifractor, Eubacterium, Flavonifractor, Clostridium, and other, which may mitigate inflammatory responses induced by low pressure, hypoxia, and high concentrations of CO2, facilitating high-altitude adaptation (Hu et al.). The gut microbiota diversity exhibits significant complexity between low-altitude and high-altitude individuals. A comparative analyses of wild macaques, humans, and dogs living at different altitudes, the high-altitude population exhibited greatest degree of microbial convergence, principally due to dietary overlap and environmental exposure. Microbial diversity was also highest in wild macaques with more complex and varied diets. High-altitude environments promoted microbial sharing among species, which is explained by environmental factors and human-mediated contact facilitating interspecific cross-species microbiota transmission. This may be a fundamental strategy to improve the adaptive potential in numerous host species co-occurring within comparable ecological niches (Zhao J. et al.). A comparison of the oral saliva microbiomes in Han Chinese populations indicated that altitude is a significant factor affecting microbial compositions and metabolic profiles of the human oral cavity. High-altitude participants demonstrated more notable abundance in genera such as Selenomonas and Prevotella, whereas low-altitude phenotypes represented higher abundances of Haemophilus and Neisseria. Several observed microbial shifts were associated with distinct alterations in genes and pathways of energy, amino acid, and carbohydrate metabolism and nearly 1,000 unique metabolites across different compound classes. Correlation analyses also identified potential interactions between specific microbes and metabolic products, thus illustrating the pervasive effects of altitude on human microbiome-host interaction involving sites other than the gut (Li et al.). However, compared to low-altitude populations, the gut microbiota of Bombus pyrosoma in high-altitude regions exhibits reduced alpha diversity (with lower Chao1 and Faith-pd index) and a more uniform community composition, likely due to limited diversity in extreme environments (Zhang Z. et al.). Investigating soil microbiota in marmot-habitat represents an excellent example for a better understanding of the role and complexity of microbial communities affecting host-pathogen dynamics. Different soil properties and, thereby, different enrichment of microbial taxa in the soils are characteristic of Marmota habitats, which may also positively influence survival characteristics of Yersinia pestis against other hosts such as pikas. This reflects a more basic microbiome-host-disease relationship where the gut flora may be important as mediating adaptation and susceptibility to disease (Zhao W. et al.).

Gut microbiota exhibit pronounced seasonal patterns across diverse animal species, reflecting adaptations to environmental and dietary changes. The seasonal variations in the gut microbiota of migratory black-necked cranes (Grus nigricollis) indicate their adaptation to realized ness across a year. Summer scores the highest microbial diversity and functional richness via Faprotax, with an evenly balanced community structure, whereas Lactobacillacea is predominant in other seasons through analysis of fecal samples. Although the community had higher diversity in summer, the microbial network was structurally simpler than in winter, which might reflect seasonality constraints on dispersal affecting the assembly of microbial communities. Our results exemplify how changes in the environment (and associated diet) can influence migratory bird gut microbial assemblage, underline the adaptability of avian microbiomes, and overall highlight its role within an eco-evolutionary framework (Zhang Y. et al.). Cold-tolerant min pigs rely on their microbiome to drive the upregulation of vitamin B1 biosynthesis for this characteristic. The winter-fortified Bacteroidetes-dominant gut microbiome exhibited six significantly enriched thiamine synthetase genes. These shrub-associated microbial genes belong to functional categories under purifying selection, suggesting a direct impact on host energy metabolism in the cold. This is also consistent with the presence of these genes only in Min pigs (but not Duroc pigs), indicating that host genotype-microbial functions influence each other and further demonstrating the importance of a specific relationship between animal hosts and ex vivo microbiota composition during climate selection (Chang et al.).

Previous studies have demonstrated a strong positive correlation between the elevation and the proportion of strictly anaerobic bacteria in the gut microbiota of wild animals (Suzuki et al., 2018; Li et al., 2019). However, in Nannospalax xanthodont across six locations spanning three altitudinal groups (Solak et al.), there is no significant difference in strictly anaerobic bacteria abundance among altitudinal groups, despite facultatively anaerobic bacteria being more prevalent at higher altitudes. In Cricetulus longicaudatus, individuals from high-altitude regions individuals significantly lower beta diversity of gut microbiota compared to those from low-altitude area, altitude was strongly associated with shifts in microbial composition, showing a negative connection with norank_Muribaculaceae and a positive correlation with Providencia (Ren et al.). Similarly, captive sheep and deer show shifts in dominant phyla, as Firmicutes, Bacteroidetes, and Proteobacteria, though with taxon-specific patterns. A comparative analysis of fecal microbiota from six captive deer, including Cervus canadensis, C. elaphus, C. nippon, Dama dama, Elaphurus davidianus, and Rangifer tarandus, Firmicutes and Bacteroidetes were consistently predominant, but E. davidianus, fed a starch-rich diet, displayed significantly higher Proteobacteria and lower Bacteroidetes than other species (Zhao C. et al.), results reveal essential discoveries regarding microbiota-driven physiology and establish a framework for new conservation and management guidelines to support captive deer populations. This aligns with findings in Tibetan Awang sheep (Ovis aries), where the entire captivity group (fed concentrates) had elevated phyla Proteobacteria, notably Acinetobacter, a potential pathogen, compared to semi-captivity or grazing groups, while Bacteroides abundance correlated positively with altitude, suggesting its adaptive role in energy harvest at high-altitude (Wang et al.).

The gut is the primary site for absorbing and reformulating nutrients from food (Moran et al., 2019; Martínez-Mota et al., 2020; Montoya-Ciriaco et al., 2020). In Eothenomys miletus, the dominant fecal microbial phyla are Firmicutes, Bacteroidetes, and Spirochaetes (Zhang W. et al.; Jia et al.; Zhang T. et al.). Seasonal variation in food resources significantly influence physiological traits such as body mass, brown (BAT) and white (WAT) adipose tissue mass and resting metabolic rate (RMR) changed when E. miletus faces food shortage. Interestingly, while food restriction dose not significantly influence gut microbiota's alpha or beta diversity (Zhang W. et al.), it induces specific microbial adaptations. To optimize nutrient utilization under food shortage, the gut microbiota of E. miletus enhances the genera of Bacterroides, Ruminococcus, Turicibacter, and Treponema. Ruminococcus abundance typically increases with high fiber diets, as this genus plays a key role in fiber degradation. Turicibacter modulates bile acids and lipids, contributing to reduced adipose tissue mass and serum cholesterol level (Lynch et al., 2023). Treponema is associated with cellulose degradation (Baniel et al., 2021), which is particularly relevant for E. miletus, as their diet primarily consists of high-fiber plants. In low-altitude population, high fiber diets enrich Alistipes, Sporobacter, and Rikenellaceae, which are involved in SCFA metabolism and aromatic compound degradation. In contrast, high-altitude population show enrichment of Anoxybacillus and Methylobacteriaceae, with Anoxybacillus promoting the proliferation of probiotics like Lactobacillus (Liu et al., 2021). These microbial shifts enhance fiber digestion and energy provision. However, the consumption of high-fat food significantly increased body mass, WAT mass, and serum leptin levels in E. miletus, thought it did not alter food intake (Jia et al.). High fat diets also reduced the RMR and shifted energy metabolism toward lipid utilization (Gong et al., 2021). At the microbial level, high fat food changed the gut microbiota composition, particularly affecting alpha diversity but not beta diversity in E. miletus (Jia et al.).

Analysis of the gut microbiota in high-altitude populations reveals significant composition and diversity shifts under hypoxic, including an increase in Blautia A, which supports microbial stability and host adaptation to low-oxygen conditions (Cheng et al., 2022). Notably, Lactobacillus johnsonii HL79 treatment improved cognitive function, as evidenced by increased exploration ratios in the NOR test compared to controls. Microbiota analysis identified six key phyla Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, Proteobacteria, and Epsilonbacteraeota, with Firmicutes significantly higher in control group than in high-altitude group exposed mice. Conversely, Bacteroidetes exhibited pronounced abundance changes in the HL79-treated high-altitude group, indicating responsiveness to probiotic intervention (Zhao Z. et al.).

The research in this Research Topic stresses that gut microbiota is more than an indifferent spectator but an active and changeable player to high-altitude adaptation. These microbial consortia help coordinate elaborate physiological functions that promote host survival in some of the severest environments on Earth, whether through increasing nutrient uptake or modulating immune responses, promoting thermogenesis, maintaining cognitive function, etc. These converging lines of evidence suggest an evolutionary problem in which adaptational processes within the microbiome are a central, though likely not sole or primary driver during acclimatization to high-altitude (Luo et al., 2024). The future of this field lies in the experimental confirmation of host-microbiota interactions and translating these findings into applied solutions for livestock agriculture, wildlife conservation, as well even interventions that support humans adapting to extreme environments.
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Animal gut microbiota plays an indispensable role in host adaptation to different altitude environments. At present, little is known about the mechanism of animal gut microbiota in host adaptation to high altitude environments. Here, we selected wild macaques, humans, and dogs with different levels of kinship and intimate relationships in high altitude and low altitude environments, and analyzed the response of their gut microbiota to the host diet and altitude environments. Alpha diversity analysis found that at high altitude, the gut microbiota diversity of wild macaques with more complex diet in the wild environments is much higher than that of humans and dogs with simpler diet (p < 0.05), and beta diversity analysis found that the UniFrac distance between humans and dogs was significantly lower than between humans and macaques (p < 0.05), indicating that diet strongly drive the convergence of gut microbiota among species. Meanwhile, alpha diversity analysis found that among three subjects, the gut microbiota diversity of high altitude population is higher than that of low altitude population (ACE index in three species, Shannon index in dog and macaque and Simpson index in dog, p < 0.05), and beta diversity analysis found that the UniFrac distances among the three subjects in the high altitude environments were significantly lower than in the low altitude environments (p < 0.05). Additionally, core shared ASVs analysis found that among three subjects, the number of core microbiota in high altitude environments is higher than in low altitude environments, up to 5.34 times (1,105/207), and the proportion and relative abundance of the core bacteria types in each species were significantly higher in high altitude environments than in low altitude environments (p < 0.05). The results showed that high altitude environments played an important role in driving the convergence of gut microbiota among species. Furthermore, the neutral community model trial found that the gut microbiota of the three subjects was dispersed much more at high altitude than at low altitude, implying that the gut microbiota convergence of animals at high altitudes may be partly due to the microbial transmission between hosts mediated by human activities.
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1. Introduction

The structure of gut microbiota is the result of the interaction and coevolution of the host, as well as environmental factors (Blaut et al., 2002). Animal genetic relationships (Goodrich et al., 2014), dietary (De Filippo et al., 2010; Goodrich et al., 2014), altitude (Zhao et al., 2018; Zeng et al., 2020), season (Xia et al., 2021), and other environmental factors have a profound impact on the composition and structure of gut microbiota. The diet structure of the host directly influences the gut microbiota (De Filippo et al., 2010; Huang et al., 2022), and similar diets drive the convergence evolution of gut microbiota in animals (Huang et al., 2021). The gut microbiota of pandas (Ailuropoda melanoleuca) and red pandas (Ailurus fulgens) differ significantly from those of other species in the Carnivora order, but they share a similar core gut microbiota as insects consuming bamboo, indicating that their diet is a major driving force for the convergence of gut microbiota in these species (Yao et al., 2021). However, other studies also found that the composition of the gut microbiota of giant pandas is more similar to that of bears and completely different from that of other herbivores, with a low level of cellulose digesting bacteria (Xue et al., 2015). Further research has confirmed that the gut microbiota of giant pandas cannot adapt well to the degradation of cellulose and lignin in the high-fiber bamboo diet, but has evolved to utilize more digestible carbohydrates to maximize the intake of nutrients and energy from bamboo (Zhang et al., 2018). Through the fecal microbial transmission (FMT) of germ-free (GF) mice, it was also found that in the first few days after FMT, the difference of gut microbiota among GF mice with different donor microbiota would decrease, but when the gut microbiota was stable, the difference would increase, which proved that the gut microbiota had greater impact than diet (Zhang et al., 2022). These studies show that diet has limited influence on gut microbiota composition of giant pandas.

Meanwhile, in vertebrates, gut microbiota compositional differences among species are positively correlated with the evolutionary divergence time of the host, and the gut microbiota composition is more similar within host species than among species (Moeller et al., 2017; Song et al., 2020; Dillard et al., 2022). Additionally, environmental factors have been confirmed to be closely related to the gut microbiota structure (Ley et al., 2008; Zhao et al., 2018) and the extreme cold, the dry, hostile climate of high altitude environments, high ultraviolet radiation, and low oxygen content have important effects on the cardiovascular system, energy metabolism, and body temperature retention of animals (Simonson et al., 2010; Yu et al., 2016; Zhu et al., 2021). A variety of mammalian gut microbiota also respond to this environmental pressure, forming a composition of gut microbiota that adapts to the high altitude environments, and play an important role in host food digestion, energy metabolism, nutritional homeostasis, immune regulation, signal transduction, and other physiological activities (Bäckhed et al., 2005; Ley et al., 2006; Yan et al., 2021). Studies on humans (Li and Zhao, 2015; Li K. et al., 2016), macaques (Zhao et al., 2018; Wu et al., 2020), pigs (Zeng et al., 2020), and other mammals (Li H. et al., 2016) showed that altitude differences in environmental factors have an important influence on gut microbiota composition. The high altitude rumen microbiota of yak and Tibetan sheep exhibited a convergent phenomenon, with significantly lower levels in production of methane and volatile fatty acids (VFAs) (Zhang et al., 2016). The high altitude environments drive the diversity of gut microbiota composition and convergent evolution of indicator microbiota in ungulates (Wang et al., 2022). Studies on a variety of ungulates living in high altitude environments, such as the Tibetan antelope (Pantholops hodgsoni) and Tibetan sheep, also found that they have a similar composition of gut microbiota (Ma et al., 2019). These studies fully illustrate that high altitude, extreme environments have important driving effects on the compositional structure of the gut microbiota of animals.

The animals gut microbiota are shaped by the dispersal of organisms into habitats, followed by natural selection (i.e., habitat filtration), drift, and in situ diversification (Vellend, 2010). Studies have found that the mammalian microbiota is acquired vertically from mother to offspring (Dominguez-Bello et al., 2010; Vaishampayan et al., 2010) through genetic effects and horizontally among non-relatives through social interactions and shared environments (Tung et al., 2015; Moeller et al., 2016). The contact between host species results in the widespread dissemination of bacteria and homogenisation of microbial communities within mammalian communities (Moeller et al., 2017). In addition, there are routes of gut microbiota transmission between distantly related vertebrate species through humans and urban environments (Dillard et al., 2022), and the wildlife gut microbiota in its urban environment is also gradually humanized (Dillard et al., 2022). The gut microbiota composition of hosts is influenced by migratory dispersal among different species and that activity patterns in humans also drive the humanization of gut microbiota composition in wildlife, which may have important consequences for the host phenotype and environmental fitness (Fackelmann et al., 2021; Dillard et al., 2022), however, the natural resource-dependent lifestyle of human beings in high altitude areas is mainly based on grazing and collection under forests, which means they have a high temporal and spatial overlap with wild animals in the area. Little is known about the impact of gut microbiota community composition of wild and domestic animals, in particular, the degree of integration of wild animals, domestic animals, and the human gut microbiota in the extreme environment at high altitudes has not been fully explored.

Studies on phylogenetic relationships showed that dogs are different from humans and monkeys about 85 million years ago, while humans differed from monkeys about 23.5–34 Ma ago (Dos Reis et al., 2012). Meanwhile, rhesus macaques have high homology with humans in morphology, physiology, biochemistry, genetics, and reproduction (Chan et al., 2001) and are also one of the most widely distributed animals in the natural environment. Dogs, as important companion animals for humans, were domesticated approximately 40,000 to 14,000 years ago and have a more similar diet to humans and close contact with (Wang et al., 2013, 2016). They are also one of the animals more deeply influenced by human activities, the typical representative animals inhabited cultural environments. Therefore, wild macaques, humans, and dogs are ideal for evaluating the effects of diet and altitude environments on the hosts gut microbiota. Here, we compared the gut microbiota composition of humans, dogs and wild macaques housed at high altitude (altitude >3,000 m) and low altitude (altitude <1,000 m) environments, revealed the effects of diet and altitude environments on the host gut microbiota, and assessed the effects of extreme conditions at high altitude on the gut microbiota of wild macaques, humans, and dogs. The results are important for understanding the mechanism of environmental adaptation to high altitude for humans and animals, as well as for the conservation of wildlife, domestic animal feeding, and guiding the rational use of natural resources by humans.



2. Materials and methods


2.1. Ethics statement

Before sample collection, all the animal work was approved by the Animal Welfare and Animal Ethics Committee of Sichuan Agricultural University (SKY-S20171006). The human samples and the relevant information were kept confidential. All fieldwork was granted permission by the Administration of Wild Animal and Plant Protection, Nature Reserves, The Department of Forestry in Tibet provincial region and Chongqing provinces.



2.2. Faecal sample collection

Due to the genetic relationship between coyotes and dogs, we also downloaded 18 coyote data at low altitudes for comparative analysis. A total of 152 fecal samples (40 human, 40 dog, 54 wild macaque, and 18 coyote) were enrolled in our diversity study of gut microbiota through a 16S rRNA gene V3–V4 high-throughput sequencing approach. One hundred and nine samples were newly collected in this study, and the data from 25 macaques and 18 coyotes at low altitude were retrieved from previously published studies (SequenceRead Archive number: PRJNA535368, PRJNA528764, and PRJNA528765) (Sugden et al., 2020, 2021; Wu et al., 2020). A total of 7 groups were divided according to altitude and animal species. The number of newly collected samples was determined based on the number of individuals from most groups of macaques, which, through our previous knowledge, had been found to consist mostly of 40–50 individuals, including a certain number of juvenile individuals. Therefore, we planned to collect a sample size of 10–20 adult individuals per population, with the number of samples from humans and dogs also determined with reference to the number of samples from wild macaques. Among them, wild macaque samples were collected from wild populations, including those in Linzhi County of Tibet and Jiangjin County of Chongqing. The dog samples were collected at a Tibetan stray dog shelter and a Ya’an stray dog shelter. Human samples were collected from Linzhou County, Lhasa, Tibet, and Ya’an City, Sichuan Province (Table 1; Figure 1). Through our observation, we found that humans and dogs in Tibet eat a lot of high-protein food every day, such as butter, yak meat, and highland barley, compared with low altitudes in Ya’an City, Sichuan Province, the intake of plant fiber is relatively small. Meanwhile, in high altitude areas, due to the selection pressure of the extreme environments, the human lifestyle is mainly based on natural resources, such as cutting cordyceps under the forest, mushrooms, and grazing yaks, which increases the spatial and temporal overlap with wild animals. In addition, we collected human fecal samples from two different places at the same altitude, and there is no direct kinship between these humans. There is no direct kinship in the same species between high altitude and low altitude. Moreover, the two sampling sites are far away from each other, and there is no close contact between the sampling population. For rhesus macaques sample collection, we choose a continuous period of time in a day to follow the rhesus macaques and take samples through direct observation. Samples with a distance greater than 5 meters are recorded as samples from different individuals. We followed groups of rhesus macaques for as much fresh sample collection as possible in an hour, while guaranteeing that no fewer than 20 fresh samples were collected per population. For the downloaded macaques data, DNA extraction methods, sequencing methods and primers are consistent with this study. Therefore, we have not pursued a comparative discussion. Fecal samples were collected with sterile gloves, put into the sampling box at −20°C, and brought back to the laboratory for storage at −80°C.



TABLE 1 Sampling information table.
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FIGURE 1
 Sample collection profile.




2.3. DNA extraction and PCR amplification

Microbial genomic DNA was extracted from fecal samples using a TIANamp Stool DNA kit (Tiangen, Beijing, China). The integrity of the extracted genomic DNA was verified by 1.0% agarose gel electrophoresis. The V3-V4 regions of the bacterial 16S rRNA gene (from 341 to 806) were amplified from extracted DNA using the barcoded primers 341\u00B0F (5′- CCTACGGGNGGCWGCAG −3′) and 806 R (5′ GGACTACNVGGGTATCTAAT-3′) (Fadrosh et al., 2014), with a Biometra TOne 96 G PCR thermocycler (Germany). PCR amplification of the 16S rRNA gene was performed as previously described in Wu et al. (2020) (Wu et al., 2020). Specifically, the PCR was performed in a 50-μL reaction system containing 1.5 μL of each primer, 100 ng template DNA, 5 μL 10 × KOD Buffer, 5 μL 2.5 mM dNTPs, and 1 μL KOD polymerase. The PCR conditions consisted of a denaturation step at 95°C for 2 min, and amplification was carried out with 27 cycles at a melting temperature of 98°C for 10 s, an annealing temperature of 62°C for 30 s, and an extension temperature of 68°C for 30 s. The final extension step was performed at 68°C for 10 min. The barcoded PCR products were purified using a DNA gel extraction kit (Axygen, China) and quantified using Quantus™ Fluorometer (Promega, USA) (Wu et al., 2020). The purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina Hiseq PE250 platform, according to the standard protocols by Genedenovo Inc. (Guangzhou, China).



2.4. Processing of sequencing data

Because the downloaded Coyote data were v4–v5 regions, we used USEARCH for tiling alignments after processing the sequences, and then used the plug-in “cutadapt” of QIIME2 to remove paired end reads from the primers and truncate the V4 region for subsequent analysis (Hall and Beiko, 2018). The plug-in “DADA2” was used to control sequence quality, correct amplicon errors, and generate ASVs (Callahan et al., 2016). Chimeras were filtered and the ASVs present in at least 2 samples were retained. Based on Silva_ 132 databases, trained a classification classifier against the bacterial V4 region of the 16S rRNA gene, and used this classifier to generate a classification map of out data. The resulting alignment was used for subsequent statistical analysis. Furthermore, the beta diversity distance matrices of the microbial community were calculated and performed by QIIME2.



2.5. Statistical analysis

The alpha diversity Shannon index, ACE index, Simpson index, weighted and unweighted UniFrac distances were calculated by Qiime 2, and the Statistics significance test for each group in R statistical software (version 4.1.3). Linear Discriminant Analysis (LDA) Effect Size (LEfSe) was analyzed and visualized through Galaxy online platform. Venn (VN) map analysis and visualization were done via the online platform EVenn (Chen et al., 2021). Principal Co-ordinates Analysis (PCoA) and neutral community model (NCM) analysis were done by R (Chen et al., 2019), and part of the results visualization was done by the online platform ImageGP (Chen T. et al., 2022).




3. Results


3.1. Multivariate statistical analysis of gut microbiota diversity

After quality filtering, we obtained 14,331,096 raw reads across 152 fecal samples. The sequences were clustered at 100% sequence identity and 4,320 Amplicon sequence variants (ASVs) were generated. After dilution flattening by the minimum number of sequences, the ACE index (mean ± SD, 445 ± 269), Shannon index (mean ± SD, 3.81 ± 0.97), and Simpson index (mean ± SD, 0.09 ± 0.07) were used to assess the gut microbiota alpha diversity (Figures 2A–C; Supplementary Table S1). The results showed that the gut microbiota diversity of wild macaques in the same altitude environments was significantly higher than that of other species (p < 0.05). There was no significant difference in the diversity between humans and dogs in the high altitude environments, and there was no significant difference in the ACE index between humans and dogs in the low altitude population, however, the Shannon and Simpson indexes showed that the diversity of humans was significantly higher than that of dogs. A comparison of high altitude populations with low altitude populations of the same species found that the in high altitude environments, the ACE index of three species is significantly higher, the shannon index of dogs and macaques is significantly higher, and the simpson index of dogs is significantly lower (p < 0.05).
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FIGURE 2
 Microbiota alpha diversity analysis of fecal samples among wild macaques, humans and dogs in high altitude and low altitude environments. The alpha diversity among different groups (A) ACE index; (B) Shannon diversity; (C) Simpson diversity. The same letter indicates the difference is not significant (T-test, p > 0.05). HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques, LW stands for low Coyote.


VN map analysis found 1,105 core shared ASVs (core microbiota) among wild macaques, humans, and dogs in high altitude environments, which accounted for 45.97%, 56.41%, and 56.23% of the proportion in the total types in each species, respectively (Figure 3A, Supplementary Table S2). The relative abundances of these core microbiota in wild macaques, humans, and dogs gut microbiota in high altitude environments were 89.16%, 92.18%, and 95.97%, respectively (Figure 3B; Supplementary Table S2). The relative abundance of the core microbiota between humans and dogs is more than 97%, however, there were 207 core shared ASVs among wild macaques, humans, and dogs at low altitudes, which accounted for 10.03%, 25.71%, and 23.58% of the proportion in the total types in each species, respectively (Figure 3C; Supplementary Table S2), and the relative abundances of these core microbiota in the gut microbiota of wild macaques, human, and dogs at low altitude were 27.65%, 73.39%, and 83.19%, respectively (Figure 3D; Supplementary Table S2). In these three subjects, the proportion and relative abundance of the core bacteria types in each subjects were significantly higher in high altitude environments than in low altitude environments (p < 0.05; Figures 3E–H), indicating that the gut microbiota composition of wild macaques and dogs was significantly more similar to that of humans at high altitude. At the same altitude, comparisons among different species also found that the number of core shared ASVs, the proportion and relative abundance of core bacterial types were higher in high altitude populations than in low altitude populations (Supplementary Table S3). In addition, it was found that the number of species-specific ASVs of wild macaques, humans, and dogs was also higher in high altitude environments than that at low altitude (HH: 1,281, HM: 1,229, HD: 1,409), but the abundance of these specific ASVs was lower, however, the relative abundance of core shared ASVs in high altitude environments of the same species was above 75%. The 578 core shared ASVs were identified in humans at high and low altitudes, and the relative abundance of these shared ASVs was 77.54% at high altitudes and 94.95% at low altitudes. There were 1,175 core shared ASVs in wild macaques at high and low altitudes, and the relative abundance of these core shared ASVs was 84.13% at high altitudes and 81.87% at low altitudes. There were 556 core shared ASVs in dogs at high and low altitudes, and the relative abundance of these core shared ASVs was 85.93% at high altitudes and 95.57% at low altitudes. This shows that the core microbiota in the same species is conservative (Supplementary Figure S1).
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FIGURE 3
 Venn diagram and percentage histogram of core ASV between different groups. (A, C) Numbers in plots are marked for how many ASVs are in this part. (B, D) The histogram represents the relative abundance of core ASVs. (E) Differential analysis of the number of core shared microbial species as a percentage of the total number of species in the high and low altitude populations(T-test). (F–H) Differential analysis of relative abundances of core shared microbiota between the three species at high and low altitude (T-test). The same letter indicates the difference is not significant (p > 0.05), HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques.


The distribution of beta diversity measures (weighted and unweighted UniFrac distances) was compared for the different geographical populations. PCoA was used to show the patterns of separation among different groups. PCoA analysis based on unweighted UniFrac distance shows that distinct clusters were clearly formed between the same species in high altitude and low altitude environments, and the distance between human and dog in the same altitude environments was significantly smaller than that between humans and macaques (Figure 4A). PCoA analysis based on weighted UniFrac distance shows that there is no obvious separation between different groups (Figure 4B). And the comparison between different species at the same altitude shows that the distance between dogs and wolves at low altitude is closer and that between humans and dogs at high altitude is closer (Figure 4B). The Wilcoxon rank sum test, based on weighted and unweighted UniFrac distance among different species at high and low altitudes, also found that the distance among wild macaques, humans, and dogs gut microbiota at high altitudes were significantly lower than that at low altitudes (p < 0.05, Figures 4C,D), which fully showed that the similarity of gut microbiota composition of wild macaques, humans, and dogs at high altitudes was significantly higher. Comparisons between different species also found that unweighted UniFrac distance between humans and dogs was significantly smaller than between humans and macaques in high altitude and low altitude environments (p < 0.05, Figures 4E,G). The weighted UniFrac distance between human and dog was significantly smaller than that between humans and macaques in high altitude environments (p < 0.05, Figure 4F), whereas the opposite was true in low altitude environments (p > 0.05, Figure 4H). In addition, our PCoA analysis of the gut microbiota compositional structures between dissimilar human sex and ages based on the weighted and unweighted UniFrac distances, in humans, the gut microbiota composition of individuals older than 30 years and younger than 30 years of age was not clearly separated, and adonis analysis also showed that there was no significant difference in gut microbiota composition between individuals older than 30 years and those younger than 30 years of age (p > 0.05, Supplementary Figures S2A,B). There were also no significant differences between the sexes (p > 0.05, Supplementary Figures S2C,D).
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FIGURE 4
 Microbiota beta diversity analysis of fecal samples among wild macaques, humans, and dogs in high altitude and low altitude environments. (A) PCoA plot using unweighted UniFrac distances dissimilarity based on ASVs in different groups. (B) PCoA plot using weighted UniFrac distances dissimilarity based on ASVs in different groups. (C) Similarity analysis between different species at high and low altitude based on unweighted UniFrac distances in wild macaques, humans, and dogs (Wilcoxon rank sum test). (D) Similarity analysis between different species at high and low altitude based on weighted UniFrac distances in wild macaques, humans, and dogs (Wilcoxon rank sum test). (E,G) Similarity analysis based on unweighted UniFrac distances in between humans and dogs and between humans and macaques (Wilcoxon rank sum test). (F,H) Similarity analysis based on weighted UniFrac distances in between humans and dogs and between humans and macaques (Wilcoxon rank sum test). The same letter indicates the difference is not significant (p > 0.05). HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques.




3.2. Taxonomy-based comparisons of gut microbiota

Across all ASVs, the taxonomic analysis identified 29 known bacterial phyla, 184 families, and 478 genera. At the phylum level, the gut microbiota of wild macaques, humans, and dogs are dominated by Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, and Actinobacteria (average relative abundance >1%, Figure 5A). At the family level, the predominant bacterial families isolated were Prevotellaceae, Ruminococcaceae, Lachnospiraceae, Lactobacillaceae, and Veillonellaceae (mean relative abundance >5%; Figure 5B). At the genus level, the predominant bacterial genera isolated were Prevotella 9, Lactobacillus, Fusobacterium, Bacteroides, Clostridium sensu stricto 1, and Faecalibacterium (mean relative abundance >3%; Figure 5C).
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FIGURE 5
 Gut microbiota taxonomic composition. Composition of gut microbiota among different groups at (A) phylum level, (B) family level and (C) genus level. The same letter indicates the difference is not significant (p > 0.05). HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques, LW stands for low Coyote.


To further characterize the microbiota in the gut of different species, we performed LEfSe analysis (LDA > 2, p < 0.05) of the relative abundances at the genus level of the gut microbiota of different species in the high- and low altitude environments and found that the Prevotella 7, Roseburia, Agathobacter, Bacteroides, Faecalibacterium, Lachnoclostridium, Metagenome, Ruminococcaceae UCG 003, Parasutterella, Alistipes, Parabacteroides, and [Ruminococcus] torques group were significantly more abundant in the human gut microbiota than wild macaques and dogs, and were significantly high altitude indicative (Figures 6A,B). The abundance of Ruminococcaceae UCG 002, Ruminococcaceae UCG 010, Rikenellaceae RC9 gut group, Ruminococcaceae UCG 013, Treponema 2, Anaerovibrio, Ruminococcaceae UCG 005, Succinivibrio, Christensenellaceae R 7 group, Prevotellaceae NK3B31 group, Ruminococcaceae NK4A214 group, Ruminococcaceae UCG 014, [Eubacterium] coprostanoligenes group, and CAG 873 in the gut microbiota of wild macaques was significantly higher than that of humans and dogs and had a significant species indicator effect (Figures 6A,B). The Megasphaera, Megamonas, Turicibacter, Cetobacterium, Collinsella, Holdemanella, Sarcina, and [Ruminococcus] gnavus group are significantly more abundant in the gut microbiota of dogs than those of humans and wild macaques and have a significant indicator effect (Figures 6A,B). In addition, LEFSe analysis of the relative abundance of gut microbiota composition of humans, wild macaques, and dogs in high altitude and low altitude environments showed that the abundance of Actinobacillus, Alloprevotella, Anaerobiospirillum, Prevotella 2, Staphylococcus, Sutterella, and Veillonella in high altitude environments was significantly higher than that in low altitude environments and had significant high altitude environments indicators (Figures 6C–E), however, in the low altitude environments, no indicator microbiota with significantly higher relative abundance was found in the three species.
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FIGURE 6
 Heatmap showing the genus level LEFSe test (LDA > 2, p < 0.05) of gut microbiota among different species in the same altitude environments and between different altitude environments in the same species. (A) Comparison among three species at high altitude, (B) Comparison among three species at low altitude, (C) Comparison between high altitude and low altitude of humans, (D) Comparison between high altitude and low altitude of macaques, (E) Comparison between high altitude and low altitude of dogs. HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques, LW stands for low Coyote.




3.3. Gut microbiota community assembly process measurement

The analysis of their gut microbiota community assembly structure by NCM showed that the wild macaques, humans, and dogs gut microbiota in both high- and low altitude environments showed moderate fit to the neutral model (Figure 7). The goodness of fit of the models across species was in the following order for high- and low altitude populations: wild macaques (HM: R2 = 0.766, LM: R2 = 0.64) > humans (HH: R2 = 0.673, LH: R2 = 0.63) > dogs (HD: R2 = 0.576, LD: R2 = 0.466). Meanwhile, the fit of wild macaques, humans, and dogs gut microbiota in high altitude environments was higher than that in low altitude environments. This illustrates that the gut microbiota of wild macaques mostly influenced by stochastic processes, whether in high- or low altitude environments. The wild macaques, humans, and dogs gut microbiota communities in high altitude environments are all more influenced by stochastic processes than in low altitude environments. In addition, the product of metacommunity size and migration rate (Nm) value related to the gut microbiota community diffusion coefficient shows that wild macaques (HH: 764, HM: 1,257, HD: 1,139; LH: 136, LM: 466, LD: 171) are the diffusion coefficient largest in high altitude environments, followed by dogs and humans. Meanwhile, wild macaques, humans, and dogs in high altitude environments are higher diffusion coefficients of gut microbiota than those in low altitude environments. The migration rate ‘m’ of wild macaques, humans, and dogs in high altitude environments was significantly higher than that in low altitude environments (Figure 7).
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FIGURE 7
 Quantitative results of the random process of gut microbiota community assembly in different groupings based on NCM. The solid black line represents the best fit to the NCM, and the dashed black line represents the 95% confidence interval around the model prediction. ASVs that occur more frequently or less frequently than NCM predictions are shown in different colors. “Nm” indicates the diffusion coefficient, and “Rsqr” indicates the fit to the model. HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques.





4. Discussions

Host diet and phylogeny are two major factors that affect the composition and structure of gut microbiota (Groussin et al., 2017; Youngblut et al., 2019). In terms of phylogenetic relationship and morphology, the phylogenetic relationship between humans and wild macaques is closer, and the phylogenetic relationship between wolves and dogs is closer (dos Reis et al., 2012; Wang et al., 2013). Due to the early domestication of dogs by humans, the contact with humans is closer and the diet similarity is higher (Wang et al., 2013). In this study, the beta diversity analysis of different species at the same altitude found that the similarity between humans and dogs was greater than that between humans and wild macaques in gut microbiota compositional diversity, while low altitude dogs are more similar to wolves. Core shared microbiota analysis also found that the relative abundance of core shard microbiota was highest between humans and dogs, followed by between wolf and dogs, then finally between humans and wild macaques. Beta diversity analysis found that in high altitude environments, the weighted and unweighted UniFrac distance between humans and dogs is significantly smaller than that between humans and macaques (p < 0.05), and in low altitude environments, the unweighted UniFrac distance between humans and dogs is also significantly smaller than that between humans and macaques(p < 0.05). This is consistent with the results obtained by Coelho et al. (2018) through metagenomics studies in humans, dogs, mice, and pigs (Coelho et al., 2018). These results show that in the same altitude environments, similar diets promote the convergence of gut microbiota of dogs and humans. Meanwhile, our results also showed that the influence of genetic relationships on the composition of gut microbiota among different species seemed weak. This also corroborates findings in vertebrates that gut microbiota compositional differences between species are positively correlated with host evolutionary divergence times and that gut microbiota composition is more similar within host species than between species (Moeller et al., 2017; Song et al., 2020; Dillard et al., 2022). In addition, in this study, alpha diversity analysis found that the gut microbiota diversity of wild macaques with a more complex diet is much higher than that of humans and dogs with simpler diets (p < 0.05), which indicates that the gut microbiota composition of wild macaques has a higher diversity. During the sampling period, we observed that the diets of humans and dogs were similar, consisting mainly of rice, noodles, meat, fruits, and vegetables, however, wild macaques mainly eat leaves and fruits with a higher content of cellulose and lignin, which may provide additional resources to increase the diversity of the gut microbiota. Wild macaques living in wild natural environments (e.g., soil, larger scale, seasonality, social interactions) are also exposed to a more diverse microbial community compared to humans and dogs (Raulo et al., 2018; Trosvik et al., 2018). Limited by neutral dispersal, the more environmental microbial species the host is in contact with, the more likely the microbial species remain in the host (Burns et al., 2016; Clayton et al., 2018; Ross et al., 2018), therefore, the gut microbiota of wild macaques is more alpha diverse than that of humans and dogs.

The mammalian gut microbiota is shaped by the dispersal of organisms into habitats, followed by natural selection (i.e., habitat filtration), drift, and in situ diversification (Vellend, 2010). A comparison of mammalian phylogenies suggests that differences in selective pressures between the intestinal environments of mammalian species contribute to the diversification of the gut microbiota (Moeller et al., 2017). Geographic proximity and predator–prey interactions enable gut microbiota to flow between distantly related host species, resulting in the convergence of gut microbiota belonging to carnivorous and herbivorous mammals of different taxonomic purposes (Moeller et al., 2017). Studies have also found that drift and selection in the environment will also affect the assemblage of gut microbiota that inhabit animals (Trosvik et al., 2018), however, the low temperature, low oxygen, and high ultraviolet intensity in a high altitude environments pose a great challenge to the survival of animals (Simonson et al., 2010; Yu et al., 2016; Zhu et al., 2021). Previous studies have shown that in the long-term hypoxic environment, the Tibetan genotype changes toward environmental adaptability (Beall, 2011), while also driving changes in the composition structure of the gut microbiota. The more compositionally diverse gut microbiota is also able to promote the stability of the gut micro-ecosystem, increase the rate of dietary fermentation of the host, and help the host adapt to the high altitude environments (Li and Zhao, 2015; Zhang et al., 2016). Similar results were obtained in our study. The alpha diversity showed that the ACE index of humans, wild macaques, and dogs gut microbiota in high altitude environments was significantly higher than that in low altitude environments. However, there is no significant difference between the Simpson index of human and macaque in the high altitude environments and the low altitude environments, and there is no significant difference between the Shannon index of human in the high altitude environments and the low altitude environments. These results show that there are more species of gut microbiota in humans, wild macaques, and dogs at high altitude, but some unique microbiota in humans and wild macaques only exist in a few individuals. Beta diversity results showed that both weighted and unweighted UniFrac distances of wild macaques, humans, and dogs were significantly smaller in high altitude environments than in low altitude populations (p < 0.05), and the similarity of gut microbiota composition was significantly higher than that in low altitude environments. Core shared microbiota analysis also found that the species ratio and relative abundance of the core microbiota of each subject were significantly higher in high altitude environments than in low altitude environments (p < 0.05). These results strongly indicate that the convergence and sharing of gut microbiota among wild macaques, humans, and dogs are more significant in the high altitude environments, which strongly drives the convergence and adaptation of gut microbiota among wild macaques, humans, and dogs. In addition, beta diversity analysis found that the clustering of gut microbiota among the three species at high and low altitudes was more obvious in unweighted UniFrac distance than in weighted UniFrac distance. At high altitude, the weighted and unweighted UniFrac distance between humans and dogs was significantly lower than that between humans and macaques (p < 0.05). Core shared microbiota analysis also found that the relative abundance of human and dog core microbiota reached more than 89% in low altitude environments and 97% in high altitude environments. These results suggest that the contribution of altitude to the convergent adaptation of the gut microbiota of wild macaques, humans, and dogs to high altitude environments is mainly reflected in the compositional diversity of the microbiota, which indirectly affects the core shared microbiota abundance among different species. And at high altitude environments, similar diets promote their further convergent in terms of diversity and abundance.

NCM analysis also found that the extent of gut microbiota dispersal and influence by stochastic factors were higher in the high altitude wild macaque, human, and dog populations. This may be due to the fact that the lifestyle of human beings in the high altitude areas we sampled is mainly based on grazing and under forest collection, and the grazing area and under forest collection area are also the main habitats of wild macaques. The dog samples are from the captive populations of local residents, which have a high degree of niche overlap. As a result, the contact among species is closer than that of low altitude populations, and the selection pressure of low temperature, low oxygen, and high-intensity ultraviolet rays in a high altitude environments jointly leads to the diffusion, migration, and fusion of gut microbiota among different species. At high altitude, the stress of extreme environments, and natural resource dependent life patterns of humans (grazing and understory harvesting), are closely related and are also important factors driving the convergence of gut microbiota from wild macaques, humans, and dogs at high altitude.

Taxonomic composition analysis found that Firmicutes and Bacteroidetes were dominant among the three mammalians’ gut microbiota, which was consistent with previous findings (Duncan et al., 2008; Fogel, 2015). The LEFSe analysis showed that the abundance of Actinobacillus, Alloprevotella, Anaerobiospirillum, Prevotella 2, Staphylococcus, Sutterella, and Veillonella in wild macaques, humans, and dogs in the high altitude environments is significantly higher than that in the low altitude environments and has a significant role in indicating high altitude environments, however, in the low altitude environments, no indicator microbiota with a significantly higher relative abundance was found in the three species. Previous studies have found that Actinobacillus is significantly positively correlated with systolic blood pressure in blood pressure regulation (Chen B. Y. et al., 2022). Alloprevotella can utilize carbohydrates and undergo fermentation to produce acetate and succinate, two major end metabolites (Xiao et al., 2013), while also having a cardiovascular risk-reducing effect (Kong et al., 2019). However, altitude has a positive linear relationship with systolic blood pressure (SBP) and an important effect on host blood pressure (Aryal et al., 2016). These results indicates that the high abundance of Actinobacillus and Alloprevotella can help the host regulate blood pressure and adapt to the high altitude hypoxic environment. Anaerobiospirillum is isolated from the feces of dogs and cats. It can use glucose metabolism to produce succinic and acetic acids but may also form trace lactic and formic acids (Davis et al., 1976). Prevotella is a probiotic widely distributed in the gut of animals, which helps to decompose protein and carbohydrates (Davis et al., 1976; Kovatcheva-Datchary et al., 2015). Sutterella was confirmed to be associated with obesity in mice (Liu et al., 2018). This indicates that these microbiotas were significantly more abundant in the gut of wild macaques, humans, and dogs at high altitudes, which will promote the host to digest and decompose food and produce energy substances, and help the host to adapt to the high energy demand in the high altitude environments. Veillonella is a kind of microbiota that can enhance performance, using lactic acid as a carbon source, it can quickly decompose lactic acid into propionic acid, thereby reducing the concentration of lactic acid and improving sports performance (Scheiman et al., 2019). The Veillonella in high abundance is able to improve host tolerance, prompting its adaptation to high altitude environments. Staphylococcus, were found in the Berry, typically causes surgical and skin infections, respiratory diseases, and food poisoning (Licitra, 2013), however, the reasoning as to why the abundance of Staphylococcus in the intestines of wild macaques, humans, and dogs at high altitudes is significantly higher than that at low altitudes needs to be revealed. These results indicate that these common characteristic bacteria play an important role in the adaptation of wild macaques, humans, and dogs to high altitude environments such as energy compensation and hypoxia adaptation.

In conclusion, our results show that diet and high altitude strongly drive convergent adaptation of gut microbiota in wild macaques, humans, and dogs to high altitude environments. Among them, the contribution of high altitude environments to the convergent adaptation of the gut microbiota of wild macaques, humans, and dogs are mainly reflected in the compositional diversity of the microbiota, which indirectly affects the core shared microbiota abundance among different species. And at high altitude environments, similar diets promote their further convergent in terms of diversity and abundance. Meanwhile, the convergence of intestinal microbiota in animals at high altitudes may be partly due to microbial diffusion between hosts. In addition, the microbiota is significantly enriched in wild macaques, humans, and dogs from high altitude environments and plays an important role in the hosts energy compensation and cardiovascular regulation and helping the host adapt to the high energy demand and low oxygen pressure of high altitude environments.
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Gut microbiota not only helps the hosts to perform many key physiological functions such as food digestion, energy harvesting and immune regulation, but also influences host ecology and facilitates adaptation of the host to extreme environments. Plateau zokors epitomize successful physiological adaptation to their living environment in the face of the harsh environment characterized by low temperature, low pressure and hypoxia in the Tibetan plateau region and high concentrations of CO2 in their burrows. Therefore, here we used a metagenomic sequencing approach to explore how gut microbiota contributed to the adaptive evolution of the plateau zokor on the Qinghai-Tibet Plateau. Our metagenomic results show that the gut microbiota of plateau zokors on the Tibetan plateau is not only enriched in a large number of species related to energy metabolism and production of short-chain fatty acids (SCFAs), but also significantly enriched the KO terms that involve carbohydrate uptake pathways, which well address energy uptake in plateau zokors while also reducing inflammatory responses due to low pressure, hypoxia and high CO2 concentrations. There was also a significant enrichment of tripeptidyl-peptidase II (TPPII) associated with antigen processing, apoptosis, DNA damage repair and cell division, which may facilitate the immune response and tissue damage repair in plateau zokors under extreme conditions. These results suggest that these gut microbiota and their metabolites together contribute to the physiological adaptation of plateau zokors, providing new insights into the contribution of the microbiome to the evolution of mammalian adaptation.
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1. Introduction

Gut microbiota can help the host perform many key physiological functions such as food digestion, energy harvesting and immune regulation (Tsuchida et al., 2004; Tremaroli and Bäckhed, 2012; Amato et al., 2014; Zhang et al., 2015). It may also strongly affect host ecology, for example, commensal microbes in animal’s guts often help to exclude bacterial pathogens (Łukasik et al., 2013; Steele et al., 2021), and increase their tolerance to extreme environments (Zhang et al., 2018). For example, one study showed that the rumen microbiome produced more methane and volatile fatty acids to help Tibetan sheep (Ovis aries) and yak (Bos grunniens) adapt to the harsh high-altitude environment (Zhang et al., 2016). The Qinghai-Tibet Plateau is the highest plateau in the world, known as the “roof of the world” and the “third pole” (Xu et al., 2011). Environmental factors such as temperature and topography in the Plateau have had great influences on the structure and evolution of animal populations in the region, leading to the evolution of unique species or specific subgroups with different physiological and genetic adaptations to lower altitude species (Yang et al., 2009; Zeng et al., 2020; Zhang G. et al., 2021). Although some native mammals on the Tibetan Plateau may be well adapted to extreme climates how the structure and function of animal gut microbial communities contribute to adaptation of the host to extreme environments is not fully understood.

The plateau zokor (Myospalax baileyi) is a small underground rodent endemic to China, mainly inhabiting alpine meadows, alpine grasslands, scrub and farmland on the Tibetan Plateau and surrounding high altitude areas, living alone in sealed underground burrows at altitudes of 2,000–4,200 m (Su et al., 2015; Zhang et al., 2022). Due to the confines of underground burrows and the effects of seasonal plant dieback, plateau zokor feed primarily on the underground parts of roots, rhizomes and other weeds, even preferring some common poisonous weeds such as Oxytropis kansuensis and Stellera chamaejasme (Liu D. et al., 2021; Kang et al., 2022). They are the epitome of successful physiological adaptation in the face of the harsh environment characterized by low temperatures, low pressure, lack of oxygen at high-altitude and high concentrations of CO2 in caves, as well as complete darkness (Pu et al., 2019a; Kang et al., 2020). The adaptations of plateau zokors to low oxygen conditions in the Tibetan plateau have been partially studied (Xu et al., 2021; Zhang T. et al., 2021).

Grassland small mammals often span large geographical areas and utilize different food resources, so host gut microbiota may show marked differences between habitats. Many animals have microbial communities in their habitats that play a key role in host biology, which influence many aspects of host health and have the potential to adapt to harsh environmental (West et al., 2019; Liu et al., 2021). While 16S ribosomal RNA (16S rRNA) sequencing allowed reliable taxonomic resolution down to the species level, it did not provide information on functional characteristics. Metagenomic research goes far beyond traditional 16S rRNA microbiome sequencing, enabling not only more accurate species classification, but also in-depth bioinformatics analysis (Mack et al., 2020), which provides a unique opportunity to explore the composition and function of the gut microbiota in response to environmental adaptation of the host.

In this study, we selected plateau zokors (Myospalax baileyi) and plateau pikas (Ochotona curzoniae) from alpine meadow ecosystems on the Tibetan Plateau and Brandt’s vole (Lasiopodomys brandtii), Mongolian gerbil (Meriones unguiculatus) and Daurian ground squirrel (Spermophilus dauricus) from typical grassland ecosystems in the Inner Mongolian grasslands as our subjects. In evolutionary terms, unlike the other four host animal species, which all belong to the Rodentia, the plateau pika belongs to the Ochotonidae of the Lagomorpha. The plateau zokor belongs to the Spalacidae of the Rodentia, the Brandt’s vole and the Mongolian gerbil belong to the Circetidae of the Rodentia, and the Daurian ground squirrel belongs to the Sciuridae of the Rodentia. These species represent the best adapted ecological populations of small mammals inhabiting grassland ecosystems at different altitudes. The gut contents of these target animal species were then analyzed by metagenome sequencing to assess the characteristics of the gut microbiota and to explore the relationship between adaptations of the host to its living environment and the gut microbiota.



2. Materials and methods


2.1. Ethics statement

This study was conducted in accordance with the Guidelines for the Care and Use of Animals in Research published by the Institute of Zoology, Chinese Academy of Sciences. This study was reviewed and approved by the Animal Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences (2019FY100300-03).



2.2. Sample selection and sampling location information

The samples were collected between 15 July and 15 August 2021. Wild plateau zokor (Mb) and plateau pika (Oc) were captured from Xunhua County (35°38′46.3″N 102°15′02.0″E), Qinghai Province, on the Qinghai-Tibet Plateau. During the same time period that we sampled the Tibetan Plateau, we collected the best adapted ecological populations of small mammals at three different lower elevations in the grasslands of Inner Mongolia. We captured samples of Brandt’s vole (Lb) at New Barag Right Banner (45°33′48.0″N 116°59′12.7″E), Mongolian gerbil (Mu) at East Ujimqin Banner (48°48′32.9″N 116°51′03.5″E), and then zaiTaibus Banner for Daur’s gopher (Sd) (41°44′38.9″N 115°03′51.8″E), respectively. The species and location information are shown in Figure 1; Table 1. Rope trapping method was used to trap plateau zokors, and then four other species were sampled using cage trapping. Captured Animal samples were euthanized with isoflurane and then taken back to the local laboratory for risk assessment. After confirming that there was no potential biosafety risk, the autopsy was performed and recorded information such as location, age, sex, and weight. The cecal contents were collected into 2 ml sterilized storage tubes, immediately stored in liquid nitrogen, immersed in dry ice during transport, and then stored in a laboratory freezer at –80°C. Then, cecum feces of three adult male individuals were selected for subsequent metagenomic sequencing analysis.
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FIGURE 1
 Sampling sites and host animal species names.




TABLE 1 Sampling location and sample data information.
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2.3. Extraction of genomic DNA

Total fecal genomic DNA was extracted from the cecum feces using the Fecal Genomic DNA Extraction Kit (TianGen) following the manufacturer’s protocol. DNA was analyzed for purity and integrity using agarose gel electrophoresis (AGE); DNA concentration was accurately quantified by Qubit 2.0. Then it was sent to Tianjin Nuohezhiyuan Bio-Information Technology Co., Ltd. for purification and sequencing.



2.4. Library construction and on-machine sequencing

The total genomic DNA samples were randomly broken into fragments of approximately 350 bp in length using a Covaris ultrasonic breaker, and the libraries were prepared by end-repair, A-tailing, sequencing junction, purification and Polymerase Chain Reaction (PCR) amplification. After library construction, the library was initially quantified using Qubit 2.0 and diluted to 2 ng/μL, and then the insert size of the library was checked using Agilent 2,100. After the insert size meets expectations, use the Q-PCR method to determine the effective concentration of the library. Accurate quantification (library effective concentration > 3 nM) to ensure library quality. After ensuring that the quality of the library is qualified, the different libraries are pooled according to the requirements of effective concentration and target data volume, and then Illumina PE150 sequencing is performed.



2.5. Data quality control

In order to ensure the accuracy and reliability of the results of the subsequent information analysis, the raw data should first be filtered by quality control and hosts to obtain Clean Data. Remove reads containing a certain percentage of low-quality bases (quality <=38) or more (default is set to 40 bp). Remove reads with Adapter removes reads containing more than a certain percentage (default 40 bp) of low-quality bases (mass < =38). Remove the reads whose N base reaches a certain proportion (the default is 10 bp). Remove the reads whose overlap with the Adapter exceeds a certain threshold (the default is 15 bp).



2.6. Gene assembly and prediction

Metagenome assembly was performed from the Clean Data of each sample after quality control. ORF (Open Reading Frame) was performed from the scaftigs (≥500 bp) of single sample assembly using MetaGeneMark (Li et al., 2014; Oh et al., 2014; Qin et al., 2014), and from the prediction results, information with length less than 100 nt (Qin et al., 2010; Nielsen et al., 2014) was filtered out. The ORF prediction results of each sample assembly were de-redundant using CD-HIT software to obtain a non-redundant initial gene catalog, using Bowtie2 to compare the Clean Data of each sample to the initial gene catalog and to calculate the number of reads of the genes in each sample. The genes supporting reads <= 2 in each sample were filtered out to obtain the final gene catalog (Unigenes) for subsequent analysis, and from the number of reads and gene lengths in the comparison reads and gene length, the abundance of each gene in each sample was calculated (Cotillard et al., 2013; Villar et al., 2015).



2.7. Species annotation

Using the gene catalog for comparison in the MicroNR library to obtain species annotation information for each gene (Unigene), and combined with the gene abundance tables to obtain species abundance tables for different taxonomic levels. The genes were compared with each functional database using the DIAMOND software (Buchfink et al., 2015). Unigenes were compared (blastp, evalue <= 1e-5) with Bacteria, Fungi, Archaea and Virus sequences extracted from the NCBI NR (Version: 2018.01) database (Karlsson et al., 2013).



2.8. Metagenomics data analysis

Functional annotation and abundance analysis of metabolic pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using gene catalog data. Based on the species abundance tables at different taxonomic levels, we performed Principal Components Analysis (PCA) and Non-metric Multidimensional Scaling (NMDS) analyses, where the more similar the species composition of the samples, the closer they were in the PCA and NMDS plots. Based on the Bray–Curtis distance, Principal Co-ordinates Analysis (PCoA) analysis was performed, and the principal coordinate combination with the largest contribution rate was selected for graph display.



2.9. LEfSe analysis of “biomarkers” between groups

The featured microbial taxa between groups were screened using Linear discriminant analysis Effect Size (LEfSe) differential analysis. First, the rank sum test was used to detect the differential species among different groups, and Linear Discriminant Analysis (LDA) was used to achieve dimension reduction and evaluate the impact of the differential species, namely, LDA score (Segata et al., 2011) was obtained. Featured microbial taxa with LDA Score greater than the set value (LDA score = 4.0) was defined as biomarkers with statistical differences between groups.



2.10. Metastat analysis of functional differences between groups

In order to investigate the functions that differed significantly between groups, the functional abundance data were analyzed using the Metastats method, starting from a table of relative abundance of functions at different levels. The p-values were first obtained by hypothesis testing, and the q-values were obtained by correcting the p-values. Finally, the functions with significant differences were screened according to the q-values and box plots of the abundance distribution of the different functions between groups were drawn.



2.11. Annotation of resistance genes

The Comprehensive Antibiotic Resistance Database (CARD) is a new database of resistance genes that has emerged in recent years. The gene catalog is annotated with the CARD, which provides information on the distribution of resistance gene abundance and the species affiliation and resistance mechanisms of these resistance genes.




3. Results


3.1. Gut microbiota diversity in grassland small mammals

After quality control, a total of 4,874,600 genes were obtained from the gene catalog, with 1,721,464 complete genes (both start and stop codons), representing 35.31% of the total number of genes. For gene richness characterization a sparse analysis was performed (Table 2). The estimated gene richness values were almost close to saturation in all groups, indicating that the sequencing data had sufficient coverage and that only a very small number of genes may have been undetected. In this study, a total of 233,591 unique genes were identified in the cecum feces of the plateau zokor (Supplementary Figure S1A). Furthermore, we analyzed the gut microbiota composition of plateau zokors under the phylum and genus levels. The top 10 microbial taxa in terms of maximum relative abundance in the gut microbiota of each sample are shown in Figure 2A, with Firmicutes and Bacteroidetes being the predominant phylum in all sites. Inter-group analyses revealed that the Firmicutes (51.87%) and the Bacteroidetes (11.94%) were found under phylum levels in the gut of plateau zokors, respectively (Supplementary Table S1). Figure 2B shows the composition of the gut microbiota under the genus level, with Clostridium (5.57%), Prevotella (3.54%), Ruminococcus (2.92%), Bacteroides (2.56%), Eubacterium (2.36%,) Alistipes (0.26%), Lactobacillus (0.26%), Desulfovibrio (0.21%), and Chlamydia (0.13%) in the plateau zokors. The heat map of gene number and abundance clustering under the species level is shown in Supplementary Figure S2.



TABLE 2 Statistical table of gene catalog basic information.
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FIGURE 2
 Composition of gut bacterial communities under the (A) phylum and (B) genus level among the Mb, Oc, Mu, Lb, and Sd samples.




3.2. Differences in the composition of gut microbial in plateau zokor

Specific bacterial flora may influence the adaptation of the plateau zokor to the living environment, and we continued to look for “biomarkers” with statistical differences.Firstly, by using the method of PCA, NMDS, and PCoA under the phylum level, the results showed significant differences in the gut microbial composition of the five groups (Figures 3A–C). The results of the interspecific relative thermogram analysis among the Mb, Oc, Mu, Lb, and Sd groups (Figure 3D) showed that the relative abundance of three species of bacteria was high in the gut microbial of plateau zokors, namely Pseudoflavonifractor sp., Marseille-P3106, Clostridium sp. CAG:590, and Cellulosilyticum lentocellum. In order to better explore the adaptation mechanisms of plateau zokors in the plateau region, Biomarker was used to screen for species with significant differences between groups using LEfSe analysis. In order to distinguish which biomarker with statistical differences are unique to plateau zokors and which may be common to plateau species, we did not directly choose the all five groups to LEfSe analysis (LDA score > 4.0), but instead took an indirect comparative approach, specifically using these two plateau species separately from the other three species (Lb, Mu, and Sd groups) for the differential analysis, selecting the featured microbial taxa that are present in both plateau species (Figure 3E; Supplementary Figure S3). The two plateau species (Mb and Oc groups) were then chosen to LEfSe analysis, from which the featured microbial taxa unique to plateau zokors could be obtained. We found the following bacteria were enriched in both plateau animal species, Clostridium sp. CAG 253, Clostridium sp. ASF502, Clostridium sp. CAG 230, Cellulosilyticum lentocellum, Lachnospiraceae bacterium AB2028, Lachnospiraceae bacterium NK4A179, Eubacterium sp. CAG 115, Pseudoflavonifractor genus, Flavonifractor genus, Candidatus saccharibacteria, Betaretrovirus genus. In addition to this, there are also significant abundance differences among Pseudoflavonifractor sp. Marseille-P3106, Lachnospiraceae bacterium XPB1003, Lachnospiraceae bacterium NC2008, viruses kingdom, and unclassified_viruses. LEfSe analysis (LDA score > 4.0) was then carried out for plateau zokors and plateau pikas and the distribution of LDA score for the differential species is shown that (Figure 3F) the Clostridium sp. CAG 127and the Pseudoflavonifractor sp. Marseille P3106 may be the unique Biomarker to plateau zokors.
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FIGURE 3
 Analysis of gut microbiota with significant differences. (A) PCA analysis among the Mb, Oc, Mu, Lb, and Sd groups under phyla level. The horizontal coordinates indicate one principal component, vertical coordinates indicate the second principal component, percentages indicate the contribution of the principal component to sample variation, each point in the figure represents a sample, and the samples are represented by the same color. (B) NMDS analysis among the Mb, Oc, Mu, Lb, and Sd groups under phyla level (Stress = 0.119). Each point in the graph represents a sample, and the distance between points represents the degree of difference. When the Stress is less than 0.2, it indicates that the NMDS analysis has certain reliability. (C) PCoA analysis among the Mb, Oc, Mu, Lb, and Sd groups under phyla level The horizontal coordinate indicates one principal component, the vertical coordinate indicates another principal component, and the percentage indicates the contribution of the principal component to the variance of the samples. (D) Relative abundances of bacterial species among the Mb, Oc, Mu, Lb, and Sd groups. (E) The featured microbial taxa of each animal species according to the results of LEfSe differential analysis. The bar chart of the distribution of LDA score shows microbial taxa with an LDA Score greater than a set value (LDA score > 4.0), i.e., Biomarkers that are statistically different between the Mb, Mu, Lb, and Sd groups, and the length of the bar chart represents the size of the effect of the differential species. (F) The featured microbial taxa of each animal species according to the results of LEfSe differential analysis. The differential analysis was conducted between the Mb and Oc groups (LDA score > 4.0). (G) Relative abundances of bacterial taxa (Biomarker with statistical differences) varied across the Mb, Mu, Lb, and Sd samples according to the results of LEfSe (LDA score > 4.0).


In order to investigate the abundance of statistically different Biomarkers among different groups, p-values were obtained by hypothesis testing using the Metastats method, and q-values were obtained by correcting the p-values. As shown in Figure 3G, the featured microbial taxa of each animal species were Flavonifractor, Pseudoflavonifractor, Cellulosilyticum, and Betaretrovirus.



3.3. The metabolic function of gut microbial facilitates adaptation of the plateau zokor to the plateau environment

In order to better understand the functional differences in the gut microbiota of plateau zokors, DIAMOND software was used to compare Unigenes with various functional databases, and the relative abundance of different functional levels was calculated from the comparison results. After Metastats analysis using the KEGG, it was found that the metabolic functions of the samples from different geographic regions were statistically significantly different. We found that the Organismal Systems: Sensory System metabolic pathway has obvious abundance enrichment in plateau zokors (Supplementary Figure S4). The difference analysis of K05685 pathway (Figure 4A) and E.C found that 3.4.14.10 tripeptidyl peptidase II (TPPII) (Figures 4B,D) was also significantly enriched in plateau zokor. In addition, we performed LEfSe tests to detect KEGG pathways based on significantly different abundances between groups. According to the results of the LEFSe test, K07079, K03406, K02027, K10117 were significantly enriched in both plateau zokors and plateau pikas (Figure 4C).

[image: Figure 4]

FIGURE 4
 Functional metagenomic comparison of the gut microbiota in different groups. (A) KO terms with significant differences between groups. The horizontal axis is the group name and the vertical axis is the relative abundance of the corresponding species. Pairwise statistical analysis was done by Metastats. * and ** denote q-value < 0.05 and q-value<0.01, respectively. (B) EC Number with significant differences between groups according to the results of Pairwise statistical analysis by Metastats. (C) Heatmap of KEGG ortholog pathways showing different enrichments according to the results of LEfSe differential analysis (LDA score > 3.0). (D) Heatmap of KEGG EC Number showing different enrichments according to the results of Pairwise statistical analysis by Metastats.




3.4. Resistance gene analysis

The CARD resistance gene database was used to align the gene sequences to annotate the resistance genes. The core component of the database is the Antibiotic Resistance Ontology (ARO), which integrates information on sequences, antibiotic resistance, mechanisms of action, and associations between AROs, and provides an online interface between AROs and databases such as PDB and NCBI. The results showed that the genetic resistance of the animal host in the plateau region differed significantly from those in other grassland regions (Supplementary Figure S5C), and the types and absolute abundance of resistance genes were lower than those in other regions (Supplementary Figures S5A,B). The resistance genes of plateau zokors and plateau pika were mainly APH6-Ic, vanF, MexS, vanTN and LRA-13 (Supplementary Figure S5D).




4. Discussion

The plateau zokor, a typical subterranean rodent inhabiting the Tibetan plateau, has to cope with the complex environment of high humidity, limited oxygen, high CO2 concentration, low temperature and food scarcity (Shao et al., 2015; Su et al., 2015), and there have been studies on its adaptive evolution (Pu et al., 2019b; Zhang T. et al., 2021). However, compared with the study on the adaptation of the plateau pika, less study has been done on plateau zokor in terms of the unique lifestyle (Li et al., 2018). Considering the similarity of gut microbiota among sympatric species, we first chose plateau pika as a sympatric control species when conducting the study. Then the animal host species that is most suited to the local grassland environment was selected as a control species in other altitudinal regions, so that it was easier to find gut microbiota with the ability to significantly facilitate the adaptation of the host to the local environment. Therefore, based on the results of field sampling, we selected Mongolian gerbil, and Daurian ground squirrel from other regions as control species.

The first problem that plateau zokors have to overcome when faced with the harsh living conditions is energy intake, as the low oxygen levels and extreme cold weather at high altitudes require more energy intake to maintain the animal’s body temperature (Qiu et al., 2012; Wang et al., 2021; Du et al., 2022).

In this study, we discovered that the abundance of unigenes in the gut microbiota of plateau zokors and plateau pikas was higher than that of the other three grassland small mammals, and that a more varied gut microbiota might more effectively control energy metabolism (Wang et al., 2020). For example, the gut microbiota of brown bear with higher diversity may regulate energy metabolism and promote fat storage, whereas less diverse gut flora may slow host metabolism (Sommer et al., 2016). Compared with low-altitude mammals, the relative abundance of Firmicutes and Bacteroidetes in the gut microbiota plateau zokor and plateau pika of high-altitude was higher. For example, in this study, a large amount of Cellulosilyticum lentocellum was enriched in plateau zokor and plateau pika in the Qinghai-Tibet Plateau, which has cellulolytic properties and can hydrolyze cellulose and xylan (van der Wielen et al., 2002; Cai and Dong, 2010; Baba et al., 2019). We hypothesize that this may be related to the fact that microbial communities in plateau species may have a higher ability to utilize high fiber forage to help them meet their energy requirements in cold and high altitude habitats, which may help the host maintain gut homeostasis, energy homeostasis, and core body temperature in harsh environments (Liu et al., 2021). The concept that hypoxia induces inflammation has been generally accepted from studies of hypoxic signaling pathways (Eltzschig and Carmeliet, 2011), so plateau zokors also have to cope with the inflammatory response caused by low pressure, hypoxia and high concentrations of CO2 in the burrow. Vascular leakage, accumulation of inflammatory cells in multiple organs and elevated serum cytokine levels have been shown to occur in humans and mice following short-term exposure to low oxygen concentrations (Thompson et al., 2004; Eltzschig et al., 2005). High concentrations of CO2 in the environment can also cause tissue damage in the body and produce an inflammatory response (Thom et al., 2017; da Costa and Val, 2020). Plant-based fiber intake has been shown to increase microbiota diversity and reduce markers of inflammation (Ma et al., 2021; Wastyk et al., 2021). Additionally, gut microbes produce metabolites such as short-chain fatty acids (SCFAs), volatile fatty acids (VFA), essential amino acids and vitamins through their collective metabolic activities, which contribute to host to evolve adaptations (Nicholson et al., 2012; Mukherjee et al., 2020). For example, butyrate has been shown to have several beneficial effects, including being an excellent nutrient for epithelial cells, and having immunomodulatory and anti-inflammatory properties (Meehan and Beiko, 2014; Berger et al., 2021). Current studies have shown that SCFAs inhibit inflammation mainly by inhibiting the NF-κB pathway and/or histone deacetylase function (HDACi), thereby downregulating pro-inflammatory cytokines (Zhang et al., 2019). In this study, both plateau species were found to be enriched with a large number of SCFAs-producing strains. For example, both plateau zokors and plateau pikas were enriched with Lachnospiraceae. In addition, plateau zokors were enriched with Lachnospiraceae bacterium XPB1003 and Lachnospiraceae bacterium NC2008 alone. Furthermore, the enrichment of Clostridium spp. in plateau zokors may not only enable these hosts to obtain more energy from their food (Ma et al., 2019), but also convert dietary fiber into SCFAs such as butyric acid (Schwiertz et al., 2010; West et al., 2019). Flavonifractor spp. can also produce SCFAs (Chen et al., 2020; Gao et al., 2021). Studies have shown that Flavonifractor plautii can exhibit lower levels of inflammation and that the active component of FP’s lipoteichoic acid mediates strong inhibition of interleukin (IL)-17 signaling (Mikami et al., 2020). Eubacterium spp. provides butyrate-mediated protection and is considered a new generation of “potentially beneficial microorganisms” whose presence in the gut is largely associated with increased dietary fiber intake (Kanauchi et al., 2006; Duncan et al., 2007; Vermeiren et al., 2012; Geirnaert et al., 2017). Pseudoflavonifractor is also a bacterium that can produce butyrate (Kläring et al., 2013; Sakamoto et al., 2018). At present, there are few studies on Candidatus saccharibacteria, which are directly involved in the degradation of hydrocarbons (Figueroa-Gonzalez et al., 2020; Nie et al., 2022). Similar phenomena have also been found in other plateau species. For example, a study used a multi-omics approach to examine fecal samples from high-and low-altitude humans and pigs, and direct evidence of consistent results linking genes to metabolites suggests that gut microbiota from high-altitude Tibetan pigs may produce more short-or long-chain fatty acids (Zeng et al., 2020). These evidences indicate that the plateau zokor has a large number of bacteria that decompose dietary fiber and produce SCFAs, which may facilitate the adaptation of plateau zokor to the plateau environment.

In this study, we used KEGG database to predict the function of Metagenomic data of plateau zokors. Our results suggest that the estimated gene functional profile of the microbiome is significantly influenced by altitude. Some metabolic pathways were significantly enriched in both plateau zokors and plateau pikas in the Qinghai-Tibet Plateau region. Most strikingly, those genes involved in Organismal Systems: Sensory system in the KEGG level 2 pathway were enhanced in plateau zokors. This might be due to plateau zokors’ protracted burrowing habits, which maximize their capacity to assist them in perceiving environmental changes in the face of degraded vision. K05685, K10117, and K02027 are all involved in catalytic carbohydrate uptake and directly involved in ATP production (Schneider, 2001; Webb Alexander et al., 2008; Modali and Zgurskaya, 2011; Cerisy et al., 2019). K03406 is involved in bacterial chemotaxis, which is essential for host colonization and virulence of many pathogenic bacteria causing human, animal and plant diseases (Wadhams and Armitage, 2004; Rosenberg et al., 2007; Salah Ud-Din and Roujeinikova, 2017). The function of the K07079 signaling pathway is unknown, and it may also play a role in promoting host adaptation, which needs to be further verified by experiments.

In high-altitude environments, low oxygen and high UV radiation may lead to DNA and protein damage, while genes associated with replication and repair may help to reduce damage to biomolecules (Dosek et al., 2007; Sinha et al., 2010). In addition, the harsh environmental stress on the Tibetan plateau can also put the organism in a state of oxidative stress (Cui et al., 2016). As altitude increases in mountainous areas, the production of reactive oxygen species (ROS) accelerates, which may lead to severe oxidative tissue damage, capable of damaging proteins, nucleic acids, polysaccharides and lipids, thereby inducing apoptosis (Strapazzon et al., 2016; Debevec et al., 2017; Mrakic-Sposta et al., 2022). More importantly, our KEGG analysis results show that 3.4.14.10 tripeptidyl peptidase II (TPPII) is significantly enriched in the intestine of plateau zokors. TPPII has demonstrated independent enzymatic activity involved in a wide range of activities, including antigen processing, apoptosis, DNA damage repair and cell division (Rockel et al., 2012; Tan et al., 2016). Studies have shown that in several malignant cell lines, TPPII translocates into the nucleus after γ-irradiation and ROS production and is involved in DNA repair (Preta et al., 2009, 2010). Involvement in antigen processing is probably the most studied aspect of the potential physiological role of TPP II (Tomkinson, 2019). TPPII is involved in cancer and antigen processing by MHC-I presentation and the presented antigens can be detected by CD8+ T cells, a process that is essential for the detection and destruction of cancer cells or cells infected by viruses (Seifert et al., 2003; Diekmann et al., 2009; Embgenbroich and Burgdorf, 2018). Although there is still controversy over antigen processing, TPPII has been shown to be associated with immunodeficiency, autoimmunity and neurodevelopmental retardation (Stepensky et al., 2015), implying that TPPII may be crucial to the immune system of plateau zokors. Therefore, we hypothesize that TPPII may contribute to the adaptation of plateau zokors to survive in confined burrows at high altitudes. However, our results are based on predicted metagenomics only and may not accurately reflect how TPPII functions in plateau zokors. Further studies should be conducted for experimental validation to explore the role of TPPII in the environmental adaptation of plateau zokors.

In addition, the complex topography and physical barriers of the Tibetan plateau not only significantly reduce the dispersal of organisms, but may affect patterns of gene flow, which could ultimately affect the current spatial distribution of endemic plateau species and their genetic diversity (Hewitt, 2000; Toju, 2008). Compared with some ground-moving rodents, the plateau zokor has a lower activity time and frequency (Kang et al., 2020). The unique geographical location and habits of plateau zokors also result in a low probability of anthropogenic and pathogenic infestation, with the potential for a large number of unknown pathogenic microorganisms within the population (Cao et al., 2014; Zhao et al., 2014). As the largest population of mammals, rodents transmit a variety of infectious zoonotic diseases to humans (Morand et al., 2015). Our results suggest that plateau zokors have a large number of unknown viruses (Supplementary Figure S1B), and maybe a potential source of zoonotic transmission, increasing the risk of pathogenic spillover. Furthermore, resistance genes are widespread in the environment and increased antibiotic consumption directly leads to environmental pollution by antibiotics, which can threaten the balance of ecosystems and human health (Polianciuc et al., 2020). Although the abundance of resistance genes in plateau zokors was lower and the species varied significantly compared to other animal species, it also indicated that resistance genes are prevalent in the Tibetan plateau region. Therefore, it is necessary to increase active surveillance and reverse pathogenic research on special wildlife in the Tibetan Plateau region, to explore the pathogenic mechanisms of newly present pathogens, assess the risk of disease outbreaks and to provide early warning.



5. Conclusion

Different geographical environments have significant effects on the composition of mammalian gut microbiota, while at the same time the gut microbiota can facilitate adaptation of a variety of small mammals to different geographical environments. Our study demonstrates that the gut microbiota of plateau zokors is highly enriched with the phylum Firmicutes and Bacteroidetes, among which Cellulosilyticum lentocellum and other bacteria play a role in the breakdown of dietary fiber. This, along with the enrichment of some signaling pathways related to energy uptake, ensure the energy supplementation of the plateau zokor in a low oxygen and low-pressure environment. The gut microbiota enriched with Lachnospiraceae, Pseudoflavonifractor, Eubacterium, Flavonifractor, Clostridium, and other flora, which produce SCFAs, may help plateau zokors to reduce the inflammatory response caused by low pressure, hypoxia, and high concentrations of CO2 in the burrow as they adapt to the high-altitude environment. The gut microbial metabolite TPPII may help plateau zokors adapt to the tissue damage and immune response caused by the high-altitude confined burrow environment. These unique gut microbiota and metabolites together contribute to the adaptation of plateau zokors to the plateau environment.
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The gut microbiota affects the health and overall fitness of bumblebees. It can enhance the host's ecological range by leveraging their metabolic capacities. However, the diversity of the gut microbiota and adaptive functional evolution in high-altitude regions remain unclear. To explore how the gut microbiota helps the host adapt to high-altitude environments, we analyzed the differences in diversity and function of the gut microbiota between high- and low-altitude regions through full-length 16S rRNA sequencing. Our results show that high-altitude regions have a lower abundance of Fructobacillus and Saccharibacter compared to low-altitude regions. Additionally, some individuals in low-altitude regions were invaded by opportunistic pathogens. The gut microbiota in high-altitude regions has a greater number of pathways involved in “Protein digestion and absorption” and “Biosynthesis of amino acids,” while fewer carbohydrate pathways are involved in “digestion and absorption” and “Salmonella infection.” Our finding suggests that plateau hosts typically reduce energy metabolism and enhance immunity in response to adverse environments. Correspondingly, the gut microbiota also makes changes, such as reducing carbohydrate degradation and increasing protein utilization in response to the host. Additionally, the gut microbiota regulates their abundance and function to help the host adapt to adverse high-altitude environments.
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1. Introduction

Animals harbor gut microorganisms that have evolved along with host lineages, including humans, chimpanzees, gorillas, and orangutans. This provides evidence for the co-diversification of hosts and some lineages of the gut bacteria, implying a long-term vertical association (Moeller et al., 2016; Moran et al., 2019). Similarly, in social corbiculate bees (honey bees, bumble bees, and stingless bees), five core lineages of the gut microbiota show phylogenies mostly matching their hosts, supporting co-diversification over approximately 80 million years (Kwong et al., 2017). The five core gut bacteria, Gilliamella, Snodgrassella, Bifidobacterium, Lactobacillus Firm-4, and Lactobacillus Firm-5, have undergone functional evolution to adapt to the host. By utilizing their own metabolic capabilities, the gut microbiota help hosts expand their ecological range, which benefits them (Kwong and Moran, 2016). A previous study has indicated that symbiotic bacteria in insects are essential for host health by contributing to food digestion, detoxifying toxic molecules, providing essential nutrients, and protecting against pathogens and parasites (Engel and Moran, 2013; Zheng et al., 2016; Mockler et al., 2018; Nishida and Ochman, 2018).

Bumblebees are important pollinators of wild plants and crops. China has ~50% of the world's species of bumblebees and is the country with the richest bumblebee species (Huang and An, 2018). China is known for its abundant and distinct species of bumblebees, such as Bombus pyrosoma, which is found across a wide range, stretching from western Liaoning to eastern Qinghai provinces, and has also been reported in provinces such as Shanxi, Hebei, and Gansu (An et al., 2008; Wu et al., 2009). Their habitats span different ecosystems, from low elevations in the North China Plain to high elevations in the Qinghai–Tibet Plateau (An et al., 2014; Williams et al., 2016). Bumblebees prefer cooler climates, leading to greater diversity in the temperate habitats of the Northern Hemisphere, particularly across Eurasia. In contrast, bumblebee species inhabiting tropical regions tend to be restricted to higher elevations due to the more favorable conditions found there (Engel and Rasmussen, 2020).

High-altitude areas such as the Qinghai-Tibetan Plateau are often accompanied by extreme weather conditions of low temperature, hypoxia, and strong ultraviolet radiation, which are usually unsuitable for the growth and development of biological organisms (Yu et al., 2023). However, organisms such as mammals and ruminants have evolved some strategies to adapt to high-altitude environments (Friedrich and Wiener, 2020). One strategy for dealing with low oxygen levels is to increase oxygen availability in mammals (Storz et al., 2010). For example, populations at high altitudes have lower ventilation than populations at low altitudes (Brutsaert, 2007). In addition, oxygen affinity is enhanced by increasing red blood cell count and hemoglobin level (Weber, 2007). Another strategy is to reduce the body's need for oxygen by lowering its overall metabolic rate (Hochachka et al., 1996). Studies have shown that the energy expenditure of native Andean llamas is significantly lower compared to other ruminants (Riek et al., 2019). High-altitude areas not only affect mammals but also their symbiotic microbiota. Compared to low-altitude individuals, high-altitude species such as humans, Tibetan sheep, and pigs have different compositions and diversity of their symbiotic microbiota (Yang et al., 2017; Ma et al., 2019). However, the metabolic role of the gut microbiota in animals living in high-altitude environments and the potential co-evolution between gut microbiota and host in high-altitude adaptation have not yet been fully understood.

The interaction between gut microbiota not only regulates the organism's health but also forms a crucial bridge between the environment and the host, helping the host to better adapt to the environment (Gao et al., 2020). The unique habitat conditions and simple gut patterns of Bombus pyrosoma provide an excellent opportunity to study how gut microbiota help the host adapt to high-altitude evolutionary pressures (Zhang and Zheng, 2022). We hypothesize that the composition and abundance of gut microbiota from Bombus pyrosoma in high-altitude areas may differ and help the host improve its ability to adapt to high-altitude environments.



2. Materials and methods


2.1. B. pyrosoma sample collection and DNA extraction

A total of 41 workers of B. pyrosoma were collected from six different sites in September 2019 (Figure 1). Three sites in Gansu belong to the high-altitude (HA, n = 21) Tibet Plateau (103°9′29.79″, 34°14′23.92″, 3,269 m, 102°39′24.12″, 36°58′14.77″, 2,942 m, 103°41′21.48″, 34°54′34.06″, 2,918 m), with each site containing four to ten worker bees as replicate samples. Another three sites in Hebei belong to the low-altitude (LA, n = 20) North China Plain (114°57′5.40″, 39°56′42.04″, 1,192 m, 117°35′25.22″, 42°7′26.50″, 1,027 m, 117°36′53.70″, 42°6′54.95″, 1,005 m) with five to eight replicate samples. The gut DNA of 41 workers of B. pyrosoma was extracted according to the protocol of the Wizard® Genomic DNA Purification Kit (Item number: A1125, Promega, Madison, Wisconsin, USA) (Paulos et al., 2016). DNA extraction was dissolved in 30 ml Tris-EDTA (TE) buffer, quantified using a NanoDrop 2000 UV-visible (UV-vis) spectrophotometer (NanoDrop, DE, USA), and qualitatively evaluated by gel electrophoresis.


[image: Figure 1]
FIGURE 1
 A topographic map of mainland China shows the sampling sites (red dots) of B. pyrosoma in this study. Three sites in Gansu represent B. pyrosoma individuals at high altitudes (HA, n = 21), with each site containing four to ten worker bees as replicate samples. Another three sites in Hebei represent B. pyrosoma individuals at low altitudes (LA, n = 20), with each site containing five to eight worker bees as replicate samples. The map was created with R (v 4.1.1).




2.2. Full-length 16S rRna sequencing

PCR amplification of the nearly full-length bacterial 16S rRNA genes was conducted using the forward primer 27F (5′-AGRGTTYGATYMTGGCTCAG-3′) and the reverse primer 1492R (5′-RGYTACCTTGTTACGACTT-3′). The PCR reaction conditions were 95°C for 5 min, 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min, with 25 cycles in a reaction volume of 10 μl. A total of PCR amplicons was purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and Single Molecule Real Time (SMRT) sequencing technology was performed using the PacBio Sequel platform at Beijing Personal Biotechnology Co., Ltd. (Beijing, China). PacBio circular consensus sequencing (CCS) reads were derived from the multiple alignments of sub-reads to decrease the sequencing error rate.



2.3. Bioinformatics and statistical analysis

We used the complete DADA2 workflow (https://github.com/benjjneb/LRASManuscript) to obtain amplicon sequence variants (ASVs) and feature abundance from PacBio CCS reads (Callahan et al., 2019). The obtained ASVs were taxonomically annotated in the SILVA 138 Database (Quast et al., 2013). The calculation of alpha diversity and beta diversity was based on the randomly extracted 4,530 sequencing abundances per sample. Analysis of similarities (ANOSIM) and permutational multivariate analysis of variance (PERMANOVA) were performed with R (v 4.1.1) scripts (Liu et al., 2021). PICRUSt2 (Douglas et al., 2020) contained the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs (KO) database and was performed to predict categories and the abundance of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al., 2012). Specifically, we first used PICRUSt2 to predict KO with the sequence and abundance of ASVs as input and then converted KO to KEGG pathway categories by executing scripts. In addition, we used LDA effect size (LEfSe) (Chang et al., 2022) to conduct different taxonomic hierarchical analyses and STAMP (Parks et al., 2014) for functional differential analysis. The Kruskal–Wallis test was conducted to test the difference in variables (e.g., alpha diversity and KEGG pathways) of gut microbiota found in high-altitude and of those found in low-altitude areas.




3. Results


3.1. Diversity differences in the gut microbiota between bumblebees in high-altitude and those in low-altitude areas

The rarefaction curves of bacterial ASVs were detected in the gut microbiota of high- and low-altitude bumblebees and reached a saturation phase by rarefying the samples to a minimum abundance of 4,530, which satisfied the subsequent analyses of gut microbiota alpha and beta diversity (Figure 2A). The two groups have 42 shared ASVs, with 154 unique ASVs at high altitude regions and 236 unique ASVs at low altitude regions (Figure 2B). The richness (Chao1) and phylogenetic diversity (faith_pd) of high-altitude bumblebee gut bacterial communities significantly decreased (P < 0.05) compared to those in low-altitude areas (Figures 2C, D). Analysis of similarities (ANOSIM) and permutational multivariate analysis of variance (PERMANOVA) were used to statistically test gut bacterial community similarities. The intestinal microbial community composition of bumblebees at high altitudes was significantly different from that in low-altitude areas (P < 0.05) (Figure 3).
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FIGURE 2
 Alpha diversities of the gut microbiota differ between the HA (high-altitude, n = 21) and the LA (low-altitude, n = 20). (A) Rarefaction curves of detected bacterial ASVs of HA and LA; (B) A Venn diagram based on ASVS of HA and LA; (C) Chao1 index of the gut microbiota between HA and LA (P < 0.05); (D) Faith_pd index of the gut microbiota between HA and LA (P < 0.05). a and b are methods of representation in statistics, and they represent significant differences.
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FIGURE 3
 Beta diversities of the gut microbiota differ between the HA (high-altitude, n = 21) and the LA (low-altitude, n = 20) based on unweighted UniFrac distance. The horizontal axis represents the number of pairwise distances between intestinal individuals at HA and LA, respectively.




3.2. Taxonomy difference of the gut microbiota of bumblebees between high- and low-altitude areas

The top six average relative abundances of the gut microbiota of B. pyrosoma are the core symbiotic bacteria Snodgrassella, Lactobacillus, Gilliamella, Bombiscardovi, Apibacter, and Serratia (Figure 4A). LEfSe (LDA score > 2) analysis of the different classification hierarchies showed that the gut community of high-altitude bumblebees has fewer Leuconostocaceae (Family), Fructobacillus (Genus), Alphaproteobacteria (Class), Acetobacterales (Order), Acetobacteraceae (Family), and Saccharibacter (Genus) compared with that of low-altitude bumblebees (Figure 4B). Furthermore, the boxplot showed that the bumblebee gut at high-altitude regions had less Fructobacillus (P < 0.05) and Saccharibacter (P < 0.05) compared to that at low-altitude regions (Figures 4C, D).


[image: Figure 4]
FIGURE 4
 Variation of microbial taxonomy between the HA (high altitude, n = 21) and the LA (low altitude, n = 20). (A) Genus-level relative abundance of gut microbiota of the HA and LA; (B) LEfSe (LDA score > 2) analysis of the different classification hierarchy; (C) Fructobacillus relative abundance of gut microbiota at the HA and LA (P < 0.05); (D) Saccharibacter relative abundance of gut microbiota at the HA and LA (P < 0.05). a and b are methods of representation in statistics, and they represent significant differences.




3.3. KEGG pathway difference in the gut microbiota of bumblebees between high- and low-altitude areas

The intestinal microbes of bumblebees at high altitudes had three significant KEGG secondary classification pathways compared with those at low altitudes (P < 0.05). The gut microbiota of bumblebees at high altitudes has a greater number of pathways involving “Drug resistance: antineoplastic” and “Cell growth and death,” while the gut microbiota of bumblebees in low-altitude areas has a greater number of “Infectious disease: bacterial” (Figure 5A). For third-level KEGG pathways, the gut microbiota of bumblebee individuals in high-altitude regions exhibits a higher abundance of pathways related to “One carbon pool by folate,” “Antifolate resistance,” “Protein digestion and absorption,” and “Biosynthesis of amino acids.” Conversely, these high-altitude regions show a lower abundance of pathways associated with “Carbohydrate digestion and absorption” and “Salmonella infection” compared to the gut microbiota of bumblebees in low-altitude regions (Figure 5B).


[image: Figure 5]
FIGURE 5
 Functionally predicted KEGG pathways differing in gut microbiota between HA (high-altitude, n = 21) and LA (low-altitude, n = 20). The difference in proportions between the two groups is shown with 95% confidence intervals. Only a P-value of <0.05 (FDR adjusted) is shown and composition. (A) Secondary-level KEGG pathways; (B) Third-level KEGG pathways.





4. Discussion

Compared with bumblebees in low-altitude regions, the gut bacteria of B. pyrosoma in high-altitude areas have lower alpha diversity and a relatively uniform community composition, which may result from collecting only a single type of plant pollen and nectar. Apart from host attributes (e.g., species, age, and caste) determining the gut microbiota of bumblebees, selective forces (e.g., antibiotic-resistant genes and habitat ecological environment) may also play an important role in shaping the formation of the gut microbial community (Colman et al., 2012; Kwong et al., 2014; Kwong and Moran, 2015, 2016; Zhang et al., 2021). For example, differences in external environments lead to different microbial community structures in wild and artificially reared bee colonies, with wild colonies having more non-core microbial groups (Zhang and Zheng, 2022). Owing to the obvious difference in eco-climate between high- and low-altitude areas, low temperature, hypoxia, ultraviolet radiation, and other climatic characteristics in low-altitude areas lead to the decline of plant diversity (Bruns and Kennedy, 2009; Murray, 2016). However, plant diversity is higher in low-altitude areas, where the gut microbiota displays higher diversity and has a more dispersed community composition.

The high-altitude regions have fewer Fructobacillus and Saccharibacter. It may be because there are fewer carbon sources at higher altitudes. The gut microbiota, such as Fructobacillus and Saccharibacter, generally benefit the health of their hosts. Members of the genus Frugibacillus are classified as frugiophilic lactic acid bacteria (Endo et al., 2018). The fructose content found in the nectar of quince cultivars from undamaged varieties was higher than that from cultivars found under frozen conditions (Akšić et al., 2014). To adapt to fructose-rich environments such as fruit and honey-rich flowers, Fructobacillus underwent a specific reductive evolution similar to that of Lactobacillus kunkeei (Lee et al., 2015; Maeno et al., 2016). Frutobacillus and Saccharibacter, present in the bumblebee gut, help the host degrade fructose through carbohydrate catabolism (Praet et al., 2018). The genus Saccharibacter is an acetic acid bacterium that has been shown to be associated with a variety of insects that rely on a high-sugar diet (Crotti et al., 2010; Chouaia et al., 2014). Since the genus Saccharibacter is isolated from flowers, it may also come into contact with insect pollinators and play a role in their use of nectar as a food source (Smith et al., 2020). However, some individuals in low-altitude areas even have a predominance of opportunistic bacteria such as Serratia, which may indicate that bumblebees in low-altitude areas face more severe environments such as ecological pollution.

Plateau-adapted hosts have developed strategies to cope with adverse environments, such as lowering their overall metabolic rate to reduce the body's demand for oxygen (Moore, 2017). Under low temperatures and hypoxic conditions, insects upregulate the expression of immune-related genes, such as those responsible for encoding antimicrobial peptides and the activation of the IKK/NF-kB signaling pathway, which in turn stimulates the immune response (Zhang et al., 2011; Xu and James, 2012; Bandarra et al., 2014). Compared to gut bacteria of bumblebee individuals in low-altitude areas, those in high-altitude regions have a higher abundance of pathways associated with “One carbon pool by folate,” “Antifolate resistance,” “Protein digestion and absorption,” and “Biosynthesis of amino acids.” Conversely, there is a decrease in pathways related to “Carbohydrate digestion and absorption” and “Salmonella infection.” This variation may be due to adverse environmental conditions such as low temperatures, hypoxia, and pollen and nectar food shortages at high altitudes. The Tibetan B. pyrosoma reduces energy metabolism and enhances immunity, which necessitates fewer carbohydrates and more protein to cope with these challenges. Correspondingly, the gut microbiota regulates members' species and abundance (e.g., Fructobacillus and Saccharibacter), exerting less demand for carbohydrates and improving protein utilization to help the host cope with an adverse high-altitude environment.



5. Conclusion

The gut microbiota co-evolved with their hosts for over 80 million years. Intestinal bacteria expand the host's ecological range through their metabolic capacities. Similarly, the host's ecological environment can also affect the composition and abundance of intestinal bacteria. Hosts at high altitudes, such as Bombus pyrosoma, adapt to the plateau environment by reducing energy metabolism and improving immunity. In turn, the gut microbiota helps the host adapt to the adverse environment by regulating their members' abundance and functional metabolism, such as reducing carbohydrate degradation and improving the utilization of protein. Our findings provide insights into the interactions between the bumblebee gut microbiota and the host.
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Intestinal microorganisms assist the host in digesting complex and difficultly decomposed foods; expand the host’s dietary ecological niche. In order to investigate the effect of high-fiber food on intestinal microorganisms of Eothenomys miletus at different altitudes, exploring the regional differences of intestinal microorganisms and their roles in body mass regulation, we collected E. miletus from Dali (DL) and Xianggelila (XGLL), which were divided into control group, high-fiber group fed with high-fiber diet for 7 days, and refeeding group fed with standard diet for 14 days after high-fiber diet. Using 16S rRNA gene sequencing technology combined with physiological methods, we analyzed the gut microbial diversity, abundance, community structure and related physiological indicators of each group, and explored the effects of high-fiber foods and regions on the diversity, structure of gut microorganisms and physiological indicators. The results showed that high-fiber food affected the food intake and metabolic rate of E. miletus, which also showed regional differences. The intestinal microorganisms of E. miletus obtained energy through the enrichment of fiber degrading bacteria under the condition of high-fiber food, while producing short-chain fatty acids, which participated in processes such as energy metabolism or immune regulation. Moreover, it also affected the colonization of intestinal microorganisms. High-fiber food promoted the enrichment of probiotics in the intestinal microbiota of E. miletus, but pathogenic bacteria also appeared. Therefore, the changes in the composition and diversity of gut microbiota in E. miletus provided important guarantees for their adaptation to high fiber food environments in winter.
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1. Introduction

Gut microorganisms, which are numerous and diverse, are the main symbiotic taxa of mammals, and they not only obtain nutrients from their hosts, but also have a profound impact on individual’s development, nutrient acquisition, physiological functions, immune regulation and other important activities (Dillon et al., 2005; Ezenwa et al., 2012; Sender et al., 2016). During the long-term evolutionary process, stable mutual adaptation and collaboration relationships have been formed between animals and their gut microbiota, and co-evolution has been achieved (Zhang et al., 2016). The animal gut microbiota possesses millions of evolutionarily distinct gene families, some of which can assist the host in obtaining indigestible food and expanding the hosts’ metabolic capacity (Xiao et al., 2015; Moeller and Sanders, 2020). In herbivores, the complex polysaccharides contained in plants could not be digested by animal enzymes alone, but microorganisms in the gut can ferment these compounds, Lactobacillus, for example, Ruminococcus, Eubacterium, and Fusobacterium, amongst others, can ferment different carbohydrates to produce short-chain fatty acids (SCFAs) and other metabolites that were readily available to the host (Salyers et al., 1977). SCFAs (such as acetate and butyrate) provide much of the energy required to maintain high turnover rates of colonocytes and intestinal epithelial cells in the intestine, with oxidation of butyrate alone able to provide 70% of the energy required by colonocytes in rat (Roediger, 1982; Moeller and Sanders, 2020). Moreover, gut microbiota also enhanced the digestion of plant secondary metabolites by herbivorous animals. For example, Neotoma lepida feed on juniper and leguminous shrubs rich in toxic creosote, and experiments have demonstrated that gut microorganisms such as Enterococcus, Clostridium, and Lactobacillus increased the tolerance and digestibility of creosote secondary metabolites in forest rats (Kohl and Dearing, 2016). It was found that when Neotoma lepida was fed a diet containing creosote, microorganisms with genes associated with aromatic compound metabolism were selected for in the gut microbial community, and there was an increase in the abundance of enzymes associated with the metabolism of aromatic compounds, for instance, aryl-alcohol dehydrogenase, which helps the host to degrade toxic components of plant secondary metabolites like aromatic compounds (Kohl et al., 2014). Intestinal microorganisms help the host digest complex and difficultly decomposed food, expand the host’s dietary ecological niche, affected its ability to compete for scarce resources, and enhance its adaptation to the environment (Gilbert et al., 2015; Alberdi et al., 2016).

Acquisition of energy from food and its energy distribution is an important factor in the survival, abundance or distribution in animals (Veloso and Bozinovic, 1993). However, wild small mammals were likely to experience a decline in food quality during their life cycle, such as immature seeds, winter or early spring when vegetations were not abundant, forcing them to feed on high-fiber foods, but the efficiency of obtaining energy from high-fiber foods was relatively low (Bozinovic, 1995). The host’s gut microbiota increased the proportion and diversity of cellulose degrading microorganisms by altering their diversity and composition, promoting the host’s utilization of high-fiber foods, and thus maintaining the host’s energy balance (Varel and Dehority, 1989; Ni and Tokuda, 2013; Lindsay et al., 2020). For example, pigs on a high-fiber diet for a short period of time had an altered intestinal microbiota, in particular an increasing in the abundance of dominant fiber-degrading bacteria, which digested more fiber to provide energy, and an increasing in the proportion of fiber in the diet lead to the fecal higher abundance of cellulose- and starch-fermenting bacteria in Rhinopithecus roxellanae (Liu et al., 2013; Pu et al., 2020). Meanwhile, the increasing of fiber content in food contributes to the intestinal health of animals, such as the production of volatile fatty acids and other metabolites, promoting the production of probiotics such as Bacteroides, and maintaining the micro balance of gut microbiota (Russell and Duthie, 2011; Geirnaert et al., 2012; Scott et al., 2013). Researches results also indicating that excessive dietary fiber lead to an increasing in the abundance of pathogenic bacteria (Pu et al., 2023). At present, there were various studies on the impact of high-fiber foods on gut microbiota, and there was no consensus on the changes in host physiology and gut microbiota under high-fiber foods.

Hengduan Mountains are located in southwestern China, in the southeastern part of the Qinghai-Tibetan Plateau, which is characterized by decreasing temperatures and increasing precipitation with increasing altitude, with distinct dry and wet seasons, small annual temperature differences and large daily temperature differences (Gong et al., 2001; Wang et al., 2017). Eothenomys miletus is a native species of Hengduan Mountains (Lou et al., 2000). E. miletus mainly feed on plants rich in high-fiber, such as Poaceae, and the food diversity of E. miletus at higher altitude was higher (Yan and Zhu, 2023). Previous studies have shown that temperature, photoperiod and food were important environmental factors affecting the energy metabolism in E. miletus, and there were significant differences in their body mass when facing different food treatments (Zhu et al., 2010, 2011; Mu et al., 2015). E. miletus in different regions adapts to different environments by regulating body mass, liver, digestive tract, other body composition and related hormone expressions (Han et al., 2021). Moreover, our studies have confirmed that there were differences in the structure and diversity of the intestinal bacterial community of E. miletus in different regions, which was a positive response to changes in food and environment (Yan et al., 2022). The present study used 16S rRNA gene sequencing technology, combined with relevant physiological indicators, to investigate the differences in the effects of high-fiber food on gut microorganisms and body mass regulation of E. miletus at different altitudes (Dali, DL and Xianggelila, XGLL) in winter, and ultimately to elucidate the relationship between gut microorganisms and its body mass regulation. We hypothesized that high fiber foods will affect the diversity and composition of gut microbiota, with regional differences of regulation for gut microbiota in E. miletus.



2. Materials and methods


2.1. Collection of experimental animals

Samples were collected in DL and XGLL in winter of 2022. E. miletus were all healthy adult individuals with non-reproductive periods. The geographical location, climate characteristics, and number of the sampling points were detailed in Table 1.


TABLE 1    Geographical locations and main conditions for two regions of Eothenomys miletus.
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2.2. Treatment of experimental animals

After disinfection and flea killing, the captured E. miletus from the two regions were taken back to the animal breeding room of Yunnan Normal University, and were housed singly in a mouse box (260 mm × 160 mm × 150 mm). After 4 days of laboratory adaptation, a two-factor (region × high-fiber food) experimental design was used, and E. miletus were divided into 0-day control group, 7-day high-fiber group, and 14-day refeeding group after the high-fiber diet followed by refeeding with standard diet. That is, Dali control group (DLC, n = 7), Dali high-fiber group (DLHF, n = 7), Dali refeeding group (DLRe, n = 7), Xianggelila control group (XGC, n = 7), Xianggelila high-fiber group (XGHF, n = 7), Xianggelila refeeding group (XGRe, n = 6). Room temperature was controlled at 25 ± 1°C and the photoperiod was 12L:12D (Light: Dark). Animals were fed standard rat chow and high-fiber chow (produced by Kunming Medical University), and the food composition is shown in Table 2. Food and water were provided ad libitum. The experiment lasted for 21 days, with body mass, food intake, and resting metabolic rate (RMR) measured on day 0, 7, and 21. Body mass was measured on an LT502 electronic balance (accurate to 0.01 g), food intake was measured by the food balance method and RMR was measured by a portable respirometer, as described by Zhu et al. (2014) and Gong et al. (2022). After the determination of relevant indicators, pentobarbital sodium (50 mg/kg) was used for anesthesia and execution, and serum and rectal feces were taken.


TABLE 2    Different food components.
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2.3. Determination of physiological indicators

Blood was taken at the end of each group’s experiment by execution, and the blood was rested in a refrigerator at 4°C for 1 h, centrifuged at 4°C (4000 r/min, 30 min), and the serum was aspirated in a 2 mL centrifuge tube, stored in a refrigerator (−80°C). Enzyme-linked immunosorbent assay (ELISA) was used to determine leptin, glucose (Glu), triglyceride (Tg), total cholesterol (Tc), short-chain fatty acids (SCFAs), lipopolysaccharide binding protein (LBP), fasting inducible adipocyte factor (FIAF) and tumor necrosis factor-α (TNF-α). The test kits were leptin Assay Kit (JM-11498M1), Glu Assay Kit (S0104F-1), Tg Assay Kit (S0104F-1) Tg Assay Kit (S0140O-1), Tc Assay Kit (S05042-1), SCFAs Assay Kit (JM-11498M1), LBP Assay Kit (JM-12488M1), FIAF Assay Kit (JM-12613M1), TNF-α Assay Kit (JM-02415M1).

Animals were carefully separated from the liver and interscapular brown adipose tissue (BAT) after execution, the connective tissue and white adipose tissue (WAT) were removed, weighed (accurate to 0.01 g) and placed in 5 mL and 2 mL centrifuge tubes, respectively, placed in liquid nitrogen, then stored in a refrigerator (−80°C). The activity of uncoupling protein 1 (UCP1) was determined by ELISA Assay Kit (JM-12185M1).



2.4. Determination of body composition

Heart, lungs, spleen and kidneys were carefully separated and the attached connective tissue and fat were removed. Blood was blotted from the surface of the organs with filter paper and weighed (accurate to 0.01 g). Digestive tract was removed and the stomach, small intestine, large intestine and cecum were isolated separately, the mesentery and connective tissue and fat of each organ were carefully removed and weighed.



2.5. Determination of gut microbiota


2.5.1. DNA extraction

Take 0.1 g of rectal feces and total DNA enriched on the filter membrane was extracted using a centrifugal column-type soil genome extraction kit (DNeasy PowerSoil Kit, Germany).



2.5.2. High throughput sequencing

The concentration of the purified PCR product was determined using a Nanodrop 2000 spectrophotometer, with a nucleic acid concentration higher than 10 ng/uL and purity (A260/A180) greater than 1.8 as valid samples. The purified DNA samples were mixed in equal molarity and sequenced using the Illumina Miseq platform (Illumina, San Diego, CA, USA).




2.6. Bioinformatics analysis

The 2 × 250 bp double end sequences were obtained by sequencing on the Illumina Miseq platform (Illumina, San Diego, CA, USA) and these raw data were processed and analyzed using the QIIME platform (version 1.8). The double-end sequences were first spliced using Flash software (version 1.2.111) and then matched to a unique barcode label for each sample. Low quality sequences (sequence length less than 300 or base mass fraction less than 30) were removed during the splicing process. Chimeras were removed from the sequences using Use arch 7.0 software, and all sequences were subsequently clustered into operational taxonomic units (OTUs) with 97% similarity by the Uclust algorithm. The sequence with the longest sequence length was selected as the representative sequence and the Ribosomal Database Project database was used to annotate the sequence classification information. Finally, the sequences of all samples were normalized using the “Daisy chopper” script code, with a standard of 5437 sequences per sample.



2.7. Data analysis


2.7.1. Microbial community composition

A percentage stacked bar chart was created using origin 2018 to describe the bacterial community.



2.7.2. α and β diversity

α diversity was estimated by 2 diversity indicators: chao1 and shannon diversity and described by creating box plots using Origin 2018, and Kruskal-Wallis H-test was used in SPSS 21 to analysis if differences in diversity between the two groups. The reason we chose the non-parametric test here was that these two indicators did not conform to the homogeneity of variance. β diversity: community structure was described using QIIME and Origin 2018. Based on unweighted and weighted UniFrac distance matrices, PERMANOVA (Permutational multivariate analysis of variance) was used to calculate the difference among the groups. The unweighted UniFrac distance depends on phylogenetic relationships and OTU species abundance, while species absence/presence and phylogenetic relationships are considered by the weighted UniFrac distance. Then principal co-ordinates analysis (PCoA) was used to visualize the β diversity of all samples.



2.7.3. Venn diagram

Common and unique parameters between groups were analyzed via Venn diagrams implemented online in Venn 2.1.1



2.7.4. Enrichment analysis

We used one-way of variance analysis to compare the distribution differences of microbial abundance among groups, and the variable was different treatment group. The genera of microorganisms with significant differences in distribution between groups were screened out, and the heatmap was drawn by R packages “vegan,” “permute,” and “gplots” for visualization. The prefixes “o” and “f” represented the order and family level of unidentified genera, respectively.



2.7.5. Heat map of the correlation between environmental physicochemical properties and dominant microorganisms in the feces of E. miletus in different regions

Pearson analysis using SPSS 21 and R3.6.2 were used to obtain the correlation heat map.



2.7.6. RDA analysis

Redundancy analysis (RDA) was used to assess the correlation between dominant genera (top 9) and physicochemical factors using Canoco 5.0.



2.7.7. Network analysis

Use R3.6.2 and Gephiv.0.9.2 software to further analyze these results to generate network analysis (P < 0.05, | r | > 0.4). R was used to calculate the correlation between these microorganisms, and the network analysis diagram was drawn based on the correlation matrix. With the help of Gephi, we further calculated the topological characteristics (namely modularity) of the network.



2.7.8. Physiological indicators analysis

The data was analyzed using SPSS 26.0 software, and the differences in various indicators between the two regions were analyzed using two-way ANOVA or two-way ANCOVA (Region × Diet), with body mass as the covariate. The results are expressed as mean ± SE, with P < 0.05 indicating significant differences.





3. Results

The current study collected 41 samples to extract DNA and amplify PCR products. After removing low-quality sequences, chimeras, monomers, and chloroplasts, each sample was standardized to 3147 sequences.


3.1. Microbial community composition

The dominant phyla of fecal microorganisms of E. miletus in two regions were Firmicutes, Bacteroidetes and Spirochaetes, and the average relative abundance in all groups were 67.99, 24.00, and 5.78%, respectively (Figure 1). The dominant genera of fecal microorganisms were Lactobacillus, Clostridiales (UG) and S24-7 (UG), and the average relative abundance in all groups were 40.51, 12.44, and 11.72%, respectively (Figure 2).


[image: image]

FIGURE 1
Microbial phylum horizontal community composition in Eothenomys miletus.
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FIGURE 2
Microbial compositions at the genus level in Eothenomys miletus.




3.2. α and β diversity analysis

The correlation between the physiological indicators in DL and the dominant genera of E. miletus feces (the top ten relative abundance of all samples) was shown in Figure 9A.

Chao1 and Shannon diversity of fecal microorganisms in E. miletus was shown in Figure 3. According to the results of PERMANOVAs, there was an overall difference in the beta-diversity (based on unweighted matrix) between groups, which was mainly contributed by the significant differences (P < 0.05) between XGC and XGHF groups, as well as between XGRe and DLRe groups (Figure 4 and Table 3).
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FIGURE 3
Alpha diversity of fecal microorganisms of Eothenomys miletus.
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FIGURE 4
Beta diversity of fecal microorganisms of Eothenomys miletus.



TABLE 3    Permutational multivariate analysis of variance (PERMANOVA) test of fecal microorganisms of Eothenomys miletus.
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3.3. Distribution of common and unique microorganisms

There were 70 genera of fecal microorganisms of E. miletus in DL. Among them, there were 24 genera unique to the DLC group, 34 genera unique to the DLHF group, and 19 genera unique to the DLRe group (Figure 5A). There were 76 genera of fecal microorganisms of E. miletus in XGLL. There were 30 genera unique to the XGC group, 34 genera unique to the XGHF group, and 15 genera unique to the XGRe group (Figure 5B). There were 71 genera of fecal microorganisms of E. miletus in different regions and periods. Among them, there were 52 genera unique to the DLC group, 62 genera unique to the DLHF group, and 45 genera unique to the DLRe group, 65 genera in the XGC group, 68 genera in the XGHF group, and 50 genera in the XGRe group (Figure 5C).


[image: image]

FIGURE 5
Venn diagram of fecal microorganisms of Eothenomys miletus. (A) Comparison among different groups in DL. (B) Comparison among different groups in XGLL. (C) Comparison among different groups between DL and XGLL.




3.4. Analysis of microbial enrichment differences

The relative abundance of microorganisms in the feces of E. miletus in DL and XGLL were different (Figure 6). In DL, Bacteroidales, Bacteroides, and Blautia were enriched in the DLC group (P < 0.05). Compared to the DLC and DLRe groups, Alistipes, Sporobacter, and Rikenellaceae were enriched in the DLHF group (P < 0.05), while Blautia was significantly enriched in DLRe group (P < 0.05). The distribution of enriched microorganisms in XGLL was significantly different from that in DL. Compared to the XGHF and XGRe groups, Bacteroides and Clostridium genera were significantly enriched in XGC group (P < 0.05), Anoxybacillus and Methylobacteriaceae were significantly enriched in XGHF group (P < 0.05), and Bacteroidales, Rhizobiales, and Methylobacteriaceae were significantly enriched in XGRe group (P < 0.05) (Figure 6).
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FIGURE 6
Microbiological analyses of the feces of Eothenomys miletus.




3.5. Effects of high fiber foods on physiological indicators

Body mass of E. miletus was significantly affected by the region (F = 52.105, P < 0.001), which in XGLL was significantly lower than that of DL. Food intake were significant influenced by region and diet (Region: F = 47.894, P < 0.001; Diet: F = 8.609, P < 0.001; Region × Diet: F = 8.609, P < 0.001). Food intake in DL was lower than that in XGLL, and the food intake in the XGHF group was higher than that in the XGC group and XGRe group. The effect of region on the RMR was significant (F = 18.656, P < 0.001). RMR of the XGC and XGHF group were higher than that of the DLC and DLHF group. Liver mass of E. miletus in the XG group was significantly higher than that in the DL group (F = 24.645, P < 0.001). The lung mass and small intestine length of E. miletus were significantly affected by the interaction of region and diet (Lung weight: Region × Diet: F = 3.729, P = 0.034; Small intestine length: Region × Diet: F = 5.781, P = 0.007). Small intestine length of the DLC group was lower than that of other groups, which was the longest in the XGHF group. Region had a significant effect on the cecum length (F = 7.49, P = 0.01), and the XG group was higher than the DL group. WAT mass of E. miletus was significantly affected by diet (F = 3.336, P = 0.048). In the control group, WAT weight of the DLC group was higher than that of the XGC group, and the WAT weight of the XGRe group was higher than that of the control group. Region also had a significant effect on the BAT weight of E. miletus (F = 4.958, P = 0.033). BAT weight of the XGC group was higher than that of the DLC group (Figure 7). The influence of region and diet on other indexes of E. miletus were not significant (Table 4).


[image: image]

FIGURE 7
Effects of region and high-fiber food on morphological indicators of Eothenomys miletus. (A): Body mass, (B): food intake, (C) RMR, (D): liver weight, (E): small intestine length, (F): cecum length, (G): WAT weight, (H): BAT weight. Data are mean ± SE. Different letters denote significant differences among treatments in the same region, capital letters refer to the DL region, and lowercase letters refer to the XGLL region. *P < 0.05, **P < 0.01, DL vs. XGLL on the same day.



TABLE 4    Effects of region and high-fiber food on physiological indicators in Eothenomys miletus.
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Leptin and UCP1 of E. miletus were significantly affected by region (Leptin: F = 49.832, P < 0.001; UCP1: F = 7.756, P = 0.009). Leptin in DL was higher than that of XGLL, and UCP1 in XGLL was higher than that of DL. The influence of the region on the SCFAs was significant (F = 4.996, P = 0.032). The SCFAs of the DLC and XGC group were significantly different, and the difference in DL was higher than that in XGLL. Diet had a significant effect on LBP in E. miletus [F(3.633), P = 0.037]. LBP in DLRe group was higher than that in DLHF group (Figure 8). The influence of region and diet on other indexes of E. miletus were not significant (Table 5).
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FIGURE 8
Effects of region and high-fiber food on physiological indices of Eothenomys miletus. (A): Leptin, (B): Glu, (C): Tg, (D): SCFAs, (E): LBP, (F): TNT-α. Data are mean ± SE. Different letters denote significant differences among treatments in the same region, capital letters refer to the DL region, and lowercase letters refer to the XGLL region. *P < 0.05, **P < 0.01, DL vs. XGLL on the same day.



TABLE 5    Effects of region and high-fiber food on serum physiological indicators in Eothenomys miletus.
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3.6. Relationship between physiological indicators and microorganisms in E. miletus

The correlation between the physiological indicators in DL and the dominant genera of E. miletus feces (the top ten relative abundance of all samples) was shown in Figure 9A. From the graph, it can be seen that liver weight is significantly negatively correlated with the relative abundance of Bacteroides (P < 0.01), and positively correlated with the relative abundance of Lachnospiraceae (UG) (P < 0.05); the relative abundance of Lactobacillus was positively correlated with spleen weight (P < 0.01) and negatively correlated with kidney weight (P < 0.05). Moreover, there was a significant negative correlation between WAT weight and relative abundance of Ruminococcus (P < 0.05).
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FIGURE 9
Correlation heat map between physiological indicators and dominant microorganisms of Eothenomys miletus. *P < 0.05, **P < 0.01, Pearson correlation analysis were used by SPSS 21. (A): Physiological indicators in DL, (B): serum physiological indicators in DL, (C): physiological indicators in XGLL, (D): serum physiological indicators in XGLL.


The correlation between the detection indicators in DL and the dominant genera of E. miletus feces (the top ten relative abundance of all samples) was shown in Figure 9B. From the graph, it can be seen that there is a significant negative correlation between Tg and LBP and the relative abundance of Rikenellaceae (UG) (P < 0.05); There is a positive correlation between the relative abundance of leptin and Prevotella (P < 0.05); FIAF is positively correlated with the relative abundance of Lactobacillus (P < 0.05); There was a significant positive correlation between the relative abundance of TNF- α and Clostridiales (UG) (P < 0.05).

The correlation between the physiological indicators in XGLL and the dominant genera of E. miletus feces (the top ten relative abundance of all samples) was shown in Figure 9C. From the graph, it can be seen that there is a significant negative correlation (P < 0.05) between the relative abundance of BAT mass and Prevotella, Oscillospira, and Rikenellaceae (UG); The relative abundance of Bacteroides was negatively correlated with food intake, kidney weight, and cecal length (P < 0.05), while spleen weight was positively correlated (P < 0.05); The liver weight is positively correlated with the relative abundance of Bacteroides, but negatively correlated with the relative abundance of Clostridiales (UG) and Lachnospiraceae (UG) (P < 0.05); The length of the small intestine is negatively correlated with the relative abundance of Treponema (P < 0.05); The relative abundance of Ruminococcus was significantly negatively correlated with heart weight (P < 0.05); The lung weight was significantly positively correlated with the relative abundance of Lactobacillus (P < 0.01), but negatively correlated with the relative abundance of Prevotella and Oscillospira (P < 0.05).

The correlation between the detection indicators in XGLL and the dominant genera of E. miletus feces (the top ten relative abundance of all samples) was shown in Figure 9D. From the graph, it can be seen that the relative abundance of Lachnospiraceae (UG) and Clostridiales (UG) is significantly positively correlated with FIAF (P < 0.05); UCP1 was significantly positively correlated with the relative abundance of Prevotella (P < 0.05); There was a significant negative correlation between the relative abundance of SCFAs and Treponema (P < 0.05).

The correlation between the physiological indicators in different regions and the dominant OTU in the feces of E. miletus is shown in Figure 10. The physiological indicators that have a major impact on the microbial community were TNF-α, Tg, UCP1, SCFAs, and leptin. The RDA results showed that the explanatory power of these physiological indicators on microorganisms with main axes were 5.88 and 3.88%, respectively.
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FIGURE 10
Redundancy analyses (RDA) of the correlation between physiological indicators and dominant microbial communities in Eothenomys miletus. RDA was used to assess the correlation between dominant genera (top 9) and physicochemical factors using Canoco 5.0.




3.7. Co-occurrence network of fecal microorganisms of E. miletus in different regions

The dominant OTUs correlation network of E. miletus feces in different regions was shown in Figure 11. The network analysis included the top 200 OTUs with relative abundance, and based on Gephi 0.9.2, a network with 200 nodes and 1149 edges was constructed, including 1139 positive edges and 10 negative edges. It means that the microorganisms in the advantage OTU co-occurrence network were mainly cooperative.
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FIGURE 11
Dominant OTU co-occurrence network of Eothenomys miletus between two regions. Nodes were colored according to their modular characteristics, and the same color represented a close correlation within the module. The colors of the edges were consistent with their corresponding node. The size of a node was positively correlated with the degree, and the larger it was, the more connections it had in the network.





4. Discussion


4.1. Intestinal microorganisms of E. miletus

Animal species are abundant and their feeding habits are complex, and these complex ecological characteristics also shape the different gut microbiota characteristics. Previous researches results have shown that gut microbiota in E. miletus were highly adapted to their herbivorous habits (Yan and Zhu, 2023). In the present study, the main dominant organisms in the gut microflora of E. miletus at the facultative level were Firmicutes, Bacteroidetes and Spirochaetes, and a high ratio of F/B is essential for the digestion of cellulose and hemi fibre in phytophagous animals, and also in the gut microflora of small mammals, such as Ochotona curzoniae, Meriones unguiculatus, where the ratio of F/B were also high (Ley et al., 2006; Steelman et al., 2012; Li et al., 2016; Khakisahneh et al., 2020). The HF group possessed higher F/B ratios compared to previous experiments and the control group in this experiment, and Spirochaetes were found to be associated with Xylan and Carboxymethyl cellulose fermentation (Flint et al., 2008). The dominant organisms in E. miletus gut microbiota at the genus level were the same as in previous studies, Lactobacillus, Clostridiales (UG) and S24-7 (UG), but with different proportions. Lactobacillus had the highest percentage of 40.51% in this experiment and S24-7 (UG) had the highest percentage of 29.32% in the previous experiment. It has been shown that Lactobacillus, Clostridiales (UG) and S24-7 (UG) were associated with the digestive degradation of cellulose, and Lactobacillus also assists the host in releasing phytochemicals with potent antioxidant and anti-inflammatory activities from ingested fiber, and from the results of the present experiments, it is hypothesized that Lactobacillus may possess a higher level of fitness for high-fiber foods (Van Dyke and McCarthy, 2002; Russell and Duthie, 2011; Geirnaert et al., 2012; Ormerod et al., 2016; Serena et al., 2018). The results of the present experiment indicated that the high proportion of F/B and the enrichment of cellulose degrading bacteria in the intestinal microbiota of E. miletus enhanced their adaptability to high-fiber foods.



4.2. Effects of high-fiber food on intestinal microorganisms and physiological indicators of E. miletus

Body mass directly reflects the energy balance in mammals (Zhu et al., 2010). In the present study, high fiber food had no significant effect on body mass of E. miletus, but it had a significant effect on food intake, which was higher in the HF group than in the other groups. For high-fiber food, which was difficult to digest to obtain nutrients, E. miletus may regulate their body weight homeostasis by increasing the amount of food intake so as to obtain more energy. Compensating for decreased digestibility by increasing food intake is a common strategy in small mammals, such as the herbivorous Dicrostonyx groenlandicus and Meriones unguiculatus, and has also been adopted by E. miletus for high-fiber foods (Nagy and Negus, 1993; Zhao and Wang, 2007). Following a high-fiber diet, small intestine grew in length, and the mass of the digestive tract (except the stomach) also increased, E. miletus showed similar responding to high-fiber foods (Kass et al., 1980).

Host food resources are the main factor affecting gut microbiota diversity, and a high-fiber diet can increase gut microbiota diversity (Hu et al., 2018). According to the results of PERMANOVA, it was found that the differences in β-diversity between XGC group and XGHF group, and between XGRe and DLRe groups were significant, indicating that there were structural differences in the gut microorganisms. Venn diagram results showed that HF group contained the most species of gut microbiota, followed by the control group, and the Re group had the smallest number. The high-fiber food might increase the β-diversity of intestinal microorganisms in E. miletus.

The gut microbiota can assist the host in digesting difficultly decomposed food, providing nutrients that were originally unavailable, and allowing the host to flexibly respond to constantly changing environments (Salyers et al., 1977; Lindsay et al., 2020). In the present study, through the enrichment of intestinal microorganisms in each group of E. miletus, it was found that Bacteroidales and Bacteroides were enriched among DLC, XGC and XGRe groups. Studies have shown that Bacteroides could supplement eukaryotic genome by degrading enzymes targeting resistant dietary polymers, and it is believed that Bacteroidota had the higher fiber degradation potential compared with other phyla (Martínez et al., 2010; El Kaoutari et al., 2013). In addition to typical cellulose degrading bacteria, some probiotics capable of digesting cellulose were enriched in the intestinal microorganisms of E. miletus. Between the DLC group and the DLRe group, Blautia was enriched, which can prevent pathogen colonization by producing bacteriocin, and exhibited anti-inflammatory properties and maintained glucose homeostasis by up-regulating the production of regulatory T cells and SCFAs (Liu et al., 2021). Alistipes, Sporobacter and Rikenellaceae enriched in the DLHF group were all probiotic bacteria, and studies have shown that Alistipes, Rikenellaceae, and Sporobacter all produced acetic acid and were involved in the uptake and metabolism of SCFAs, and Rikenellaceae could degraded aromatic compounds and produced SCFAs, SCFAs play an important role in appetite regulation, energy metabolism, inflammation and disease as end products of fermentation of dietary fiber and resistant starch, moreover, Rikenellaceae were considered to be a key bacterium for the control of intestinal infections or inflammation in the treatment of non-infectious colitis (Morrison and Preston, 2016; Parker et al., 2020; Qiu et al., 2022; Nishihara et al., 2023). Anoxybacillus was enriched in the XGHF group, and research suggested that it was beneficial for the proliferation of probiotics such as fecal bacteria and Lactobacillus rosenbergii (Liu et al., 2011). Current research suggested that high-fiber foods as prebiotics can promote the growth of specific members of the resident gut microbiota, stimulated the production of SCFAs, lower pH, and maintain intestinal homeostasis (Scott et al., 2013). However, it is worth noting that Methylobacteriaceae, which was enriched in the XGHF and XGRe group, was an opportunistic pathogen that poses a threat to human health and has been found to be able to enter the silkworm gut through food (Consiglieri et al., 2020; Li et al., 2020). In our study, the abundance of dominant fiber degrading bacteria increased after the high-fiber diet in E. miletus, thus digesting more fiber to provide energy for them. At the same time, it promoted the proliferation of probiotics, participated in the regulation of immunity and energy metabolism of E. miletus through SCFAs and other metabolites, and maintained the energy balance and health of E. miletus.

Through redundancy analysis, it was found that SCFAs, leptin, UCP1, and Tg may have a major impact on the microbial community. Studies have found that SCFAs not only play an important role in maintaining energy balance and increasing energy regulation such as insulin, but also promote intestinal barrier function and intestinal immune homeostasis through various mechanisms, thereby regulating the affinity of fibers in the intestine through immune regulation and increasing the proportion of beneficial bacteria in the gut microbiota (Chawla and Patil, 2010). Propionate and butyrate can participate in the body’s energy metabolism, increase energy consumption, and down regulate TNT-α gene expression and release of inflammatory factors to maintain intestinal homeostasis (Mattace Raso et al., 2013). In the current experiment, there was a significant negative correlation between the WAT weight and the relative abundance of Ruminococcus, and between Tg and the relative abundance of Rikenellaceae (UG) in DL; There was a significant negative correlation between BAT mass and the relative abundance of Prevotella, Rikenellaceae (UG) and Oscillospira in XGLL. Research showed that Ruminococcus, Rikenellaceae and Prevotella were all fiber degrading bacteria, which can degrade structural carbohydrates and starch, and can produce SCFAs such as acetate and propionate (Bi et al., 2018; Qiu et al., 2022). In this experiment, under the condition of high-fiber food, it is speculated that the metabolites of E. miletus after their intestinal microorganisms digested cellulose may participate in the regulation of energy metabolism of E. miletus by inhibiting the production of BAT and WAT. Moreover, the relative abundance of LBP was significantly negatively correlated with the relative abundance of Rikenellaceae and positively correlated with the relative abundance of Lactobacillus in DL, while the relative abundance of Lachnospiraceae (UG) and Clostridiales (UG) were significantly positively correlated with the relative abundance of Lactobacillus in XGLL. Research has shown that Lachnospiraceae utilizes lactic acid and acetic acid to produce butyric acid; Lactobacillus can improve intestinal integrity, reduce systemic LBP level, regulate lipid metabolism, and regulate the composition of gut microbiota and SCFAs (Lim et al., 2016; Mollica et al., 2017). In our experiment, it showed that E. miletus can regulate body immunity by inhibiting LBP by specific flora and promoting the production of LBP inhibitory factor FIAF, so as to maintain body health.

Liver is one of the thermogenic organs of small mammals (Zhu et al., 2011). In the present study, after high-fiber diet acclimation, the liver weight of DL increased, while that of XGLL decreased, and increased after refeeding. Analyses of gut microorganisms on related indicators revealed that liver weight of DL was significantly negatively correlated with the relative abundance of Bacteroides and positively correlated with the relative abundance of Lachnospiraceae (UG), while liver weight of XGLL was positively correlated with the relative abundance of Bacteroides, and negatively correlated with the relative abundance of Clostridiales (UG) and Lachnospiraceae (UG). Prevotella relative abundance is positively correlated with leptin and UCP1 (Pfannenberg et al., 2010), suggested that under high-fiber food conditions, Bacteroides, Lachnospiraceae (UG) may assist in thermogenesis in the liver of E. miletus through metabolites, and Prevotella metabolites may be involved in the regulation of thermogenesis by modulating the contents of leptin and UCP1, and thus enhancing its adaptation to the high-fiber food environment.

Specific flora had a preference for certain specific food components in different environments, and the metabolites of the flora would participate in the regulation of the intestinal microenvironment and host homeostasis, and the intestinal microenvironment will be more conducive to the reproduction and growth of the relevant flora in large quantities and colonization, so as to maintain the balance of the host homeostasis (Moeller and Sanders, 2020). In the present study, under the condition of high-fiber food, different bacterial groups participated in food digestion or energy metabolism etc., of E. miletus. The co-occurrence network results showed that intestinal microorganisms were dominated by cooperation, and positive cooperation played an important role in adaptation to high-fiber food (Abbas et al., 2020).



4.3. Regional differences in body mass regulation under high-fiber food

Under the condition of high-fiber diet, body mass, food intake, RMR, liver weight, cecum length, BAT weight, leptin, UCP1 and SCFAs of E. miletus were significantly different between DL group and XGLL group. The elevation of XGLL was higher than that of DL, and the winter temperature and food stress were greater in XGLL. The higher metabolism in XGLL may related to heavier liver and BAT mass, and higher UCP1 content was its adaptation to low temperature environment and longer cecum is an adaptation to the high-fiber food, which was similar to our previous results (Scott et al., 2013). However, it is worth noting that the DL E. miletus decreased its RMR while increased its intake of high-fiber food, whereas the XGLL E. miletus adopted higher food intake and RMR. It is assumed that the DL E. miletus was not able to digest the high-fiber food fast enough to obtain energy, and instead, it adopted a lower metabolism to maintain its energy balance.

The results of this experiment showed that the composition of intestinal microorganisms in the XGLL group was more than that in the DL group. After the high-fiber diet, the difference between the two regions was reduced, and there was structural difference in intestinal microorganisms in the refeeding groups. It showed that the food diversity of the XGLL was higher than that of Dali, and the high-fiber food increased the diversity of intestinal microorganisms, indicating that food resources were poorer and the food contains higher levels of indigestible cellulose in the winter of XGLL, and that gut microorganisms assist the XGLL E. miletus in facing the stress of winter food resources by altering their structure and diversity (Varel and Dehority, 1989). The intestinal microorganisms in DL and XGLL were also different in control groups. In addition to the dominant bacteria for cellulose degradation, more probiotics appeared in DL after the high-fiber diet, while pathogenic bacteria appeared in XGLL. Therefore, for the herbivorous E. miletus, high-fiber food may also enrich pathogenic bacteria in addition to reducing the digestibility and increasing the stress for E. miletus in winter.

In conclusion, the present study for the first time explored the effects of high-fiber food on the intestinal microorganisms of E. miletus at different altitudes. It was found that high-fiber food affected the diversity and enrichment of intestinal microorganisms, and there were similarities and differences in the effects of high-fiber food on E. miletus at different altitudes. Under the condition of high-fiber food, the intestinal microorganisms assist E. miletus to obtain energy from indigestible cellulose through the enrichment of fiber degrading bacteria, produced SCFAs, participated in energy metabolism, immune regulation, etc., in different forms, and also affected the colonization of intestinal microorganisms, so as to maintain the stability of the flora. High-fiber food also promoted the enrichment of probiotics in the intestinal microbiota of E. miletus, but pathogenic bacteria also appeared. A diverse and responsive microbial community may be a key strategy for living in extreme climates (Tsuji et al., 2013). Therefore, the plasticity of the composition of the gut microbiota in combination with the large metabolic reservoir of microorganisms of E. miletus provided an important adaptation to a high-altitude environment with low winter temperatures and scarce food resources. Moreover, we found that there had relationships between the physiological processes and the changes of relative intestinal bacteria; however, further follow-up research is still needed on these relationships.
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The study aimed to explore the similarities and differences in gut microorganisms and their functions in regulating body mass in Eothenomys miletus across different altitudes in the Hengduan Mountains when exposed to a high-fat diet. Eothenomys miletus specimens were gathered from Dali (DL) and Xianggelila (XGLL) in Yunnan Province, China, and categorized into control, high-fat (1 week of high-fat diet), and re-feeding groups (1 week of high-fat diet followed by 2 weeks of standard food). The analysis utilized 16S rRNA sequencing to assess the diversity and structure of intestinal microbial communities in E. miletus. The investigation focused on the impact of high-fat diet consumption and different altitudes on gut microbial diversity, structure, and physiological markers. Results revealed that a high-fat diet influenced the beta diversity of gut microorganisms in E. miletus, leading to variations in microbial community structure between the two regions with different altitudes. High-fat food significantly affected body mass, white adipose tissue mass, triglycerides, and leptin levels, but not food intake. Specific intestinal microorganisms were observed in the high-fat groups, aiding in food digestion and being enriched in particular flora. In particular, microbial genera like Lactobacillus and Hylemonella were enriched in the high-fat group of DL. The enriched microbiota in the control group was associated with plant polysaccharide and cellulose decomposition. Following a high-fat diet, gut microbiota adapted to support lipid metabolism and energy supply, while upon re-feeding, the focus shifted back to cellulose digestion. These findings suggested that alterations in gut microbial composition, alongside physiological markers, play a vital role in adaptation of E. miletus to the diverse habitats of the Hengduan Mountains at varying altitudes.
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 Eothenomys miletus; high-fat food; body mass regulation; gut microorganisms; different altitudes; adaptive strategy; host–microbe interactions


1 Introduction

During long-term co-evolution, the host provides the living environment and nutrients for the gut microbes, which can assist the host in digesting food, producing short-chain fatty acids (SCFAs) and other metabolites, participating in physiological processes, such as individual development, nutrient absorption, energy metabolism, or immune responses, which play an important role in the adaptation of host under environmental changing (Sender et al., 2016; Moran et al., 2019). The makeup and variety of microorganisms in the gastrointestinal tract are impacted by factors such as the dietary choices of the host, their genetic predisposition, and the environmental conditions of their habitat (Carmody et al., 2015; Thaiss et al., 2016). The nutritional makeup of a diet is acknowledged as a significant factor influencing the diversity of gut microbiota, leading to substantial variations in the microbial populations of mammals following different dietary patterns (Amato et al., 2013; Guo et al., 2021). As the environmental food changes, the gut microorganisms adjust accordingly as follows: Apodemus sylvaticus shifts its food from insectivorous to seed-feeding during seasonal changes, its gut microbial community showed a gradual decrease in the content of Lactobacillus, and a significant increase in the content of Helicobacter and Alistipes during the food transition (Maurice et al., 2015). In their native habitats, animals consume a diverse array of food sources in order to fulfill their daily energy and nutritional needs (Bolnick et al., 2014). Studying the relationship between gut microbiota and diet in animals can help our understanding of the multidirectional interaction between microorganisms, hosts, and the environment, providing more evidence to reveal the different adaptations of animals to the environment.

The lipid composition of dietary items plays a significant role in the accumulation of adipose tissue, and the consumption of high-fat products in conjunction with surplus caloric intake may result in atypical physical structure and have adverse effects on general wellbeing and immune function (Neyrinck et al., 2016). Various nutrients can offer distinct nutritional ecological niches that are capable of sustaining diverse microbial communities (Tan and Norhaizan, 2019). The gut microbiota is closely related to the digestion, absorption, and energy metabolism of food ingredients, and hence, intestinal microorganisms will affect energy absorption and fat storage (Tremaroli et al., 2010). Studies have shown that the consumption of high-fat foods leads to rapid and continuous changes in the gut microbiota of both mice and humans within a timeframe of 24 to 48 h (David et al., 2014). High-fat foods promoted lipid accumulation, and gut microbiota diseases in mice reduced the diversity of the gut microbiota, reduced its SCFAs content and the number of beneficial bacteria, and increased the number of pathogenic bacteria (Yin et al., 2018; Kong et al., 2019). Furthermore, the consumption of high-fat foods led to an elevation in the presence of lipopolysaccharide (LPS) generating bacteria within the intestinal tract, resulting in the upregulation of tumor necrosis factor α (TNF-α) expression in the ileum of mice (Konrad and Wueest, 2014). LPS and TNF-α inhibited adipose tissue browning, causing a decrease in energy expenditure and indirectly leading to obesity and related metabolic diseases (Lucchini et al., 2020). Consumption of high-fat foods led to a notable decrease in the prevalence of Bacteroidetes and a significant increase in the prevalence of Firmicutes in the gastrointestinal tract of animals (Zhang and Yang, 2016). Some studies have also shown that high-fat food increased the relative abundance of Bacteroidota; for example, high-fat food significantly increased the relative abundance of Bacteroidota in male C57BL/6 mice and significantly reduced the relative abundance of Actinobacteria and Firmicutes (Zhou et al., 2017). At present, the existing research studies pertaining to the impact of high-fat diets on host physiology and gut microbial diversity remain inconclusive.

Hengduan mountain regions are regions of higher climatic and geographic diversity, and the red-backed vole (Eothenomys miletus) is an inherent species of this region (Gong et al., 2001; Zhu et al., 2014a,b). At present, it has been confirmed that temperature, photoperiod, and food quantity or quality are major ecological variables that affect the energy metabolism of E. miletus (Zhu et al., 2010; Zhu W. L. et al., 2011). Seasonal differences in thermogenesis and metabolism of E. miletus may be related to differences in food resources in different seasons, and significant differences in body mass were found when treated with different food conditions (Zhu et al., 2014a). It has been proposed that the consumption of high-fat food has a notable impact on body mass, food consumption, and resting metabolic rate (RMR) in E. miletus, leading to significant variations in the expression of leptin (Gong et al., 2021). Our research discovered variations in the intestinal microorganisms of E. miletus across different regions of the Hengduan mountains, such as Dali, Jianchuan, Lijiang, Deqin, and Xianggelila (Yan et al., 2022). Dali (DL) and Xianggelila (XGLL), the southernmost and northernmost points of the Hengduan Mountains in Yunnan Province, exhibit distinctive environmental conditions, making them ideal study sites to effectively showcase the adaptation of E. miletus to the Hengduan Mountain region. Based on previous research, the present study was conducted to study the variation in the influence that high-fat food has on the gut microorganisms and body mass adjustment of E. miletus between two regions with different altitudes, DL (low altitude region) and XGLL (high altitude region) in winter, and to ultimately elucidate the relationship between the gut microorganisms and the body mass regulation.



2 Materials and methods


2.1 Collection of experimental animals

Eothenomys miletus from DL and XGLL were collected in the winter of 2022, respectively. The experimental animals were all non-breeding healthy adult individuals. The positions, climates, and sample data of the sampling sites are shown in Table 1.



TABLE 1 Detailed information on the sampling sites in Eothenomys miletus.
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2.2 Experimental designs

Eothenomys miletus were captured from two sites and brought to Yunnan Normal University for rearing in the animal breeding room through sterilization and flea killing. After 4 days of acclimatization in the laboratory, specimens of E. miletus from DL and XGLL with different altitudes were chosen for the experiment. The experiment involved high-fat foods and different regions as variables, with E. miletus specimens from each region being categorized into a control group (Con, 0 day of execution), high-fat group (HF, provided with high-fat food for 1 week), and high-fat re-feeding group (Re, given high-fat food for 1 week followed by a return to standard food for 2 weeks). These groups were designated as DLC, XGC, DLHF, XGHF, DLRe, and XGRe, respectively. The experiment was conducted for a period of 3 weeks at a room temperature of 25 ± 1°C and an environmental photoperiod condition of 12 L:12D (light: dark). During the experimental period, E. miletus had free access to food and water and were fed standard diets and high-fat diets produced by Kunming Medical University (Table 2). Body mass, food intake, and RMR were measured on days 0, 7, and 21, respectively, measurement methods as described by Steelman et al. (2012) and Zhu et al. (2012). Finally, E. miletus was euthanized, which was reported in accordance with ARRIVE guidelines (Zhu et al., 2008); then, serum was taken, and rectal feces were obtained.



TABLE 2 Food ingredients.
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2.3 Measurement of physiological indices

At the end of the experiment for each group, blood was collected, allowed to stand for 1 h in the refrigerator at 4°C, and was centrifuged at 4°C (4,000 r/min, 30 min), taking up serum in a centrifuge tube, stored in the refrigerator (−80°C), and set aside. Measurements of leptin, glucose (Glu), triglyceride (Tg), total cholesterol (Tc), SCFAs, LPS, fasting-induced adipocyte factor (FIAF), and TNF-α were measured by the serum using an enzyme-linked immunosorbent assay (ELISA). After the experimental animals were executed, brown adipose tissue (BAT) was carefully removed, weighed and put into centrifuge tubes, and stored in a refrigerator (−80°C) for storage. The content of uncoupling protein 1 (UCP1) was determined using ELISA. The assay was conducted following the instruction manual, and the product numbers of the assay kits are listed in Table 3.



TABLE 3 Kit numbers.
[image: Table3]



2.4 Measurement of digestive tract morphology

After separating the organs and removing other tissues, weigh after draining the surface liquid using filter paper (accurate to 0.001 g). Remove the digestive tract, to separate the stomach, small intestine, large intestine, and cecum, remove carefully the mesentery and connective tissue and fat of each organ, and then weigh and measure the length.



2.5 DNA extraction and 16S rRNA gene sequencing

Rectal feces were collected, and the total DNA was enriched on the filter membrane using a centrifugal column-based soil genome extraction kit (DNeasy®PowerSoil®Kit, Germany). The purified DNA samples were subjected to sequencing on the Illumina MiSeq platform (Illumina, San Diego, CA, United States), which was operated by Beijing Novozymes Co.



2.6 Bioinformatics analysis

By QIIME software, the raw data were processed, using Flash software to clear low-quality sequences, and then removing the chimeras in the sequences by Usearch 7.0 software. The OTU sequences with more than 97% recognition were clustered using the Uclust algorithm, and the representative OTU sequences were analyzed and identified based on the Ribosomal Database Project, finally, the sequences of all samples were normalized by the “Daisychopper” script code (Zhu L. et al., 2011; Percie du Sert et al., 2020). Finally, we standardized the sequences of all the samples by using the code “Daisychopper,” and the standard of each sample was 5,437 sequences.



2.7 Data analysis


2.7.1 Microbiology-related analyses

Two diversity indices, Chao1 and Shannon diversity, were employed for the evaluation of α diversity; β diversity was assessed through the utilization of unweighted and weighted UniFrac distance matrices. Graphical representations of the pertinent metrics have been generated using Origin 2018. Venn diagrams were drawn using Venn 2.1 to describe common and gap flora between groups.1 To analyze the enriched flora of each group, one-way analysis of variance (ANOVA) method was used. Heat maps of dominant bacteria and correlation of physiological and serum biochemical indices were obtained using Pearson analysis with SPSS 21 and R3.6.2. Canoco 5.0 was used to assess the correlation between dominant genera and physicochemical factors using redundancy analysis (RDA). These results were further analyzed using R3.6.2 and Gephiv.0.9.2 software to generate network analyses (p < 0.05, |r| > 0.4).



2.7.2 Physiological indicator analysis

To analyze the data, SPSS 26.0 software (SPSS Inc., Chicago, IL, United States) was used. Differences in measurement indicators between the different sexes in E. miletus were not significant, so all data were combined and counted. Moreover, two-way ANOVA or two-way ANCOVA was used to analyze the variability of the different indicators between the two regions with body mass as a covariate. It is expressed as mean ± standard error (mean ± SE), where p < 0.05 is considered as significant difference.





3 Results

In the present study, a total of 39 samples were collected to extract the DNA and amplify the PCR products, which were normalized to 8,296 sequences per sample after eliminating low-quality sequences, chimeras, monomers, and chloroplasts.


3.1 Microbial community composition

On the level of phylum, Firmicutes, Bacteroidetes, and Spirochaetes were the dominant fecal microbial phylum in two different elevation areas of E. miletus, with mean relative abundances within all groups of 76.94%, 21.39%, and 0.92%, respectively. It had a higher proportion of Bacteroidetes in the DLRe group than in the other two groups, and a higher proportion of Firmicutes/Bacteroidetes in the DLHF group compared to the other two groups. Spirochaetes had higher proportions in the control and Re groups than in the HF group, and the proportion of Firmicutes was relatively higher in the HF group than in the other two groups in both two regions (Figure 1). The major genera of Hologeometricum, Clostridiales (UG), and S24-7(UG) were the dominant genera of fecal microorganisms of E. miletus at the genus level, with mean relative abundances within all groups of 36.39%, 19.52%, and 12.96%, respectively. Halogeometricum was relatively higher in the HF group than in the control and Re groups, and S24-7(UG) was lower in the HF group relative to the other two groups (Figure 2).

[image: Figure 1]

FIGURE 1
 Community composition at the microbial phylum level. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.


[image: Figure 2]

FIGURE 2
 Community composition at the genus level of microorganisms. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.




3.2 Microbial community alpha diversity analysis

Chao1 diversity was found to be not significantly different between two different altitudes (p > 0.05). The Shannon diversity of fecal microorganisms in E. miletus of the XGRe group was significantly different from the DLHF and XGHF groups, which was lower than that of the DLHF and XGHF groups (p < 0.05, Figure 3).

[image: Figure 3]

FIGURE 3
 Microbial α-diversity in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group. Different letters indicate significant differences between groups.




3.3 Microbial community β diversity analysis

There was no significant trend of aggregation of fecal microbial β diversity on PCoA plots in two regions of the HF group in E. miletus (Figure 4). However, the overall distribution of fecal microbial β diversity (weighted and unweighted matrices) was found to be significantly different (p < 0.05) in different regions of the HF group according to the PERMANOVA test (Table 4). Additional PERMANOVA indicated that there was no statistically significant variation (p > 0.05) in the fecal microbial β diversity among regions within the same timeframe. However, there were notable alterations (p < 0.05) in β diversity over time within the same region. Specifically, there were significant shifts in microbial community composition observed from the control group to the high-fat (HF) group and from the HF group to the Re group.

[image: Figure 4]

FIGURE 4
 Microbial β-diversity in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.




TABLE 4 Microbiological PERMANOVA test for feces of Eothenomys miletus feces.
[image: Table4]



3.4 Distribution of common and unique microorganisms in different altitudes and periods

In DL, the total number of microorganisms in the feces of E. miletus was 81 genera. The fecal microorganisms of the DLC and the DLHF groups contained more unique genera than those of the DLRe group. The number of common genera of fecal microorganisms in the XGLL region was 84, which was lower in the XGHF group than in the other two groups. Among the fecal microorganisms from different regions and food conditions, 71 genera were found in the feces of E. miletus. DLHF group had a higher number of unique genera than the XGHF group, but the DLC and the DLHF groups had a lower number of unique genera than the XGC group and the XGHF group, with the XGC group had the highest number of unique genera (Figure 5).

[image: Figure 5]

FIGURE 5
 Venn diagrams of microorganisms in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.




3.5 Analysis of microbial enrichment differences in different altitudes and periods

The relative abundance of microorganisms differed between DL and XGLL as shown in Figure 6. Microbial genera enriched in the DLC group included Clostridium, Oscillospira, and Butyricimonas (p < 0.05). Microbial genera enriched in the DLHF group included Lactobacillus and Hylemonella (p < 0.05). Genera such as Parabacteroides and Prevotella were significantly enriched in the feces of the DLRe group compared to the DLC and DLHF groups (p < 0.05). The XGC group showed a significantly different enrichment distribution from the XGHF and the XGRe groups, with the enrichment of Anaerostipes, Desulfovibrio, Candidatus Arthromitus, Anaeroplasma, and Butyricimomas. Anaerostipes and Desulfovibrio enriched significantly (p < 0.05) in the XGRe group as compared to the XGHF and XGC groups (Figure 6).
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FIGURE 6
 Analysis of microbial differences in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.




3.6 Effects of high-fat foods and altitudes on physiological indicators

It found that high-fat food had a significant effect on body mass, food calories, and WAT mass of E. miletus (body mass: F = 10.493, p < 0.001; food calorie: F = 3.487, p < 0.05; WAT mass: F = 12.269, p < 0.001), and the body mass and WAT mass in the HF group were significantly higher than that in the other two groups (Table 5). Tg and leptin were significantly higher in the HF group than in the other groups (Tg: F = 6.960, p = 0.003; leptin: F = 28.657, p < 0.001; Table 6). Further analyses revealed that heart mass in the XGLL region differed significantly between the HF and Re groups, with lower heart mass in the HF group (Table 5). In XGLL, TNF-α was significantly affected by high-fat food, which was significantly higher in the HF group than in the other groups; meanwhile, Tc was significantly affected by high-fat food in DL (Table 6).



TABLE 5 Physiologic indices in Eothenomys miletus as affected by high-fat food and different altitude.
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TABLE 6 Serum physiological indices in Eothenomys miletus as affected by high-fat food and different altitudes.
[image: Table6]

It was found that the body mass, food intake, food calories, RMR, liver mass, cecum length, WAT mass, and BAT mass of E. miletus were significantly different between the two regions (body mass: F = 45.590, p < 0.001; food intake: F = 31.353, p < 0.001; food calories: F = 32.123, p < 0.001; RMR: F = 25.574, p < 0.001; liver mass: F = 20.373, p < 0.001; cecum length: F = 22.114, p < 0.001; WAT mass: F = 12.404, p = 0.001; BAT weight: F = 18.926, p < 0.001), and other indexes except body mass and WAT mass were significantly higher in DL than in XGLL (Table 5). Tg and leptin were significantly higher in DL than in XGLL (Tg: F = 30.008, p < 0.001, leptin: F = 164.165, p < 0.001; Table 6). The SCFAs and UCP1 were significantly affected by different altitudes (SCFAs: F = 5.582, p = 0.024, UCP1: F = 19.276, p < 0.001), and both were significantly more abundant in XGLL than in DL (Table 6). Further analyses revealed significant differences in Tc in the HF groups in both regions (Table 6). Moreover, the interaction of high-fat food and region was significantly affected by WAT mass and leptin in E. miletus (WAT mass: F = 5.215, p = 0.011; leptin: F = 4.221, p = 0.024).



3.7 Relationship between physiological indicators and microorganisms in different altitudes and periods

In DL, it revealed that lung mass correlated significantly and positively with the abundance of Actinomyces (p < 0.05; Figure 7A). Leptin was positively related to the abundance of Hologeometricum and Lachnospiraceae (UG) and negatively related to the abundance of Bacteroidaceae (UG; p < 0.05). Moreover, Tc positively related to the abundance of Hologeometricum and negatively related to S27-4 (UG) and Paraprevotellaceae (UG; p < 0.05; Figure 7B).
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FIGURE 7
 Heat map of physiological indicators associated with dominant microorganisms in different regions. (A) Indicators of physiology in Dali. (B) Indicators of serum physiology in Dali. (C) Indicators of physiology in Xianggelila. (D) Indicators of serum physiology in Xianggelila. Glu, glucose; Tg, triglyceride; Tc, total cholesterol; SCFAs, short-chain fatty acids; LPS, lipopolysaccharide, FIAF, fasting-induced adipocyte factor; TNF-α, tumor necrosis factor-α. *Means significant impact, **Means highly significant impact.


In XGLL, it was found the BAT mass and Lachnospiraceae (UG) abundance correlated positively (p < 0.05); lung weight and WAT mass related dramatically and negatively to Paraprevotellaceae (UG) abundance (p < 0.05; Figure 7C). Hologeometricum abundance was significantly positively correlated with Tg and Leptin (p < 0.05); a significant positive correlation was found between Lachnospiraceae (UG) and UCP1 (p < 0.05); and a significant negative correlation was found between Bacteroidaceae (UG) and TNF-α (p < 0.05, Figure 7D).

The analysis of the relevance of physiological indicators to microbial dominance OTUs in DL and XGLL of E. miletus showed positive associations among Tg, Tc, leptin, TNF-α, and denovo624899 abundance. Positive correlations were found between small intestine length and denovo465996, denovo112642, and denovo206196. There were positive correlations between UCP1 and denovo197961, denovo352370, denovo316475, and denovo355694. The length of the cecum, LBP, and FIAF was positively correlated with denovo 387,376 and denovo 557,186 (Figure 8).
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FIGURE 8
 Redundancy analysis of correlations between physiological indicators and dominant microbial communities.




3.8 The fecal microbial co-occurrence network

This network analysis included the top 200 OTUs with a relative abundance and constructed a network with 200 nodes and 1,198 edges, with 1,198 positive edges and 0 negative edges, which showed that the dominant OTU co-occurrence network has a cooperative relationship dominated by microorganisms (Figure 9).
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FIGURE 9
 All group advantage OTU co-occurrence network.





4 Discussion


4.1 Gut microorganism composition

A higher Firmicutes/Bacteroidetes (F/B) ratio has been found to facilitate the digestion of indigestible cellulose and hemicellulose in phytophagous animals such as horses and rabbits (Edgar et al., 2011). Research indicates that Clostridiales aids in the breakdown of cellulose and hemicellulose, while S24-7 is linked to complex carbohydrates and can enhance carbohydrate utilization in animals (Van Dyke and McCarthy, 2002; Ormerod et al., 2016). In the current study, the gut microbiota of E. miletus at the phylum level was predominantly composed of Firmicutes and Bacteroidetes, with the most prevalent genera being Hologeometricum of Euryarchaeota, S24-7 of Bacteroidetes, and Firmicutes of Clostridiales. This composition suggested that the gut microbiota of E. miletus is well suited for phytophagy, consistent with previous research (Yan et al., 2022). The F/B ratio was lower in the HF group compared to the control and Re groups, possibly due to the lower fiber content in high-fat diets, which may not necessitate a higher F/B ratio (Zhang and Yang, 2016).



4.2 Effect of high-fat food and different altitudes on gut microorganisms and physiological indices

High-fat diets are commonly utilized to induce obesity, and E. miletus subjected to a high-fat diet for 1 week exhibited a notable increase in body mass, which subsequently returned to control levels following re-feeding, indicating a high degree of adaptability. The consumption of high-fat foods led to elevated body weight and food calories as well as a decrease in RMR. Additionally, the ingestion of high-fat foods resulted in an augmentation of WAT, BAT masses, and Tg content, mirroring the changes observed in body mass. The metabolism of the high-fat diet group primarily relied on lipid-based processes, as evidenced by a significant rise in leptin levels within the high-fat diet group, suggesting heightened lipid metabolism in response to high-fat foods. While mice on high-fat diets often experience disruptions in blood glucose and lipid levels, notably, blood glucose and cholesterol levels did not exhibit significant alterations in this study, potentially due to the duration of high-fat food consumption, necessitating further investigation in subsequent studies (Neyrinck et al., 2016). It is noteworthy that the cecum of E. miletus from DL was shortened after the high-fat diet. Studies have shown that the cecum is a fermentation site for cellulose that can respond to changes in food quality, so the cecum of E. miletus from DL showed more sensitivity to high-fat food (Liu and Wang, 2007).

The stability and metabolic capacity of the host are influenced by the diversity of gut microbes, with a greater diversity indicating a heightened ability to utilize various metabolic pathways (Fändriks, 2017). The richness and diversity of the gut microflora can be assessed through the analysis of gut microbial α diversity. In the present investigation, while there was no notable distinction in the Chao index across all groups, the Shannon index in the XGRe group exhibited lower values compared to the DLHF and XGHF groups, potentially due to adaptation to a high-fat diet. Results from the PERMANOVA indicated significant disparities in the gut microbial community structure between the control and high-fat diet groups, as well as between the high-fat diet and resistant starch groups within the same region, suggesting that consumption of high-fat food can modify the gut microbial community structure in E. miletus. Previous research has demonstrated that high-fat diets can impact the diversity of intestinal flora, a finding that aligns with the outcomes of our study and that distinct dietary components may lead to specific microbial diversity patterns (Daniel et al., 2014).

The specificity of gut microorganisms in the host was linked to an increase in food nutrients, leading to the depletion or reorganization of bacteria (Kremer et al., 2013). For instance, E. miletus of the control group in DL exhibited an enrichment of microbial genera such as Clostridium, Oscillospira, and Butyricimonas. Clostridium is known to possess genes encoding fibrous and vegetative hemicellulases crucial for breaking down plant polysaccharides in ruminal animals (Dai et al., 2015). Butyricimonas are beneficial bacteria that produce butyric acid, along with various enzymes and nutrients that impact host metabolic conditions, inhibit harmful bacteria, and promote the growth of beneficial bacteria (Duan et al., 2019). In the XGC group, Anaerostipes, Anaeroplasma, Desulfovibrio, Candidatus Arthromitus, and Butyricimomas were found to be enriched. Anaerostipes have the ability to ferment and metabolize indigestible plant polysaccharides to provide cellular energy, while Anaeroplasma is primarily involved in cellulose digestion and reducing inflammation-related factors (Javier et al., 2016; Liang et al., 2018). Desulfovibrio can produce LPS, influencing probiotic colonization, and high levels of Desulfovibrio may harm intestinal epithelial cells and the intestinal barrier (Chen et al., 2018). Candidatus Arthromitus and Butyricimomas are probiotic bacteria associated with immune system functions and metabolism (Bolotin et al., 2014). In the DLHF group, Lactobacillus and Hylemonella were predominantly enriched. Lactobacillus has been shown to regulate the expression of receptors linked to fat absorption and plays a significant role in reducing blood lipids and glucose levels (Gan et al., 2020; Lv et al., 2021). The DLRe group exhibited enrichment in Parabacteroides and Prevotella, which support host metabolism, increase adipose tissue thermogenesis, reduce inflammation, and combat insulin resistance. Prevotella is positively correlated with Clostridium abundance and is associated with cellulose digestion and catabolism (Dai et al., 2015; Wu et al., 2019). XGRe was mainly enriched in Anaerostipes and Desulfovibrio. These findings suggested that E. miletus in the control group harbored flora involved in the breakdown of plant polysaccharides and cellulose, with a shift in intestinal flora toward aiding lipid metabolism to supply energy post high-fat-diet consumption. Following re-feeding, the intestinal flora transitions back to a predominantly fiber-digesting flora, with the presence of probiotics promoting lipolysis and assisting in regulating obesity induced by high-fat diets, counteracting the inflammatory response triggered by such dietary habits.

The association between physiological markers and microorganisms revealed a negative correlation between Bacteroidaceae and leptin in DL, as well as TNF-α in XGLL. Research has indicated that Bacteroides aids in the digestion of carbohydrates within the host and produces primarily SCFAs (Turnbaugh et al., 2006). It has been observed that a diet high in fat can decrease the presence of Bacteroides in the body and that obese individuals tend to harbor gut microbes that are more efficient at extracting energy from their diet compared to lean individuals (Wexler, 2007). Additionally, some studies have shown an increase in Bacteroides levels following weight loss in obese individuals (Turnbaugh et al., 2006; Wexler, 2007). Leptin plays a role in regulating the body’s energy balance by reducing food intake, increasing energy expenditure, and inhibiting fat synthesis (González Jiménez et al., 2010). It is suggested that a decrease in leptin levels may be compensated for by an increase in Bacteroidaceae during the re-feeding process after a high-fat diet in E. miletus, thus achieving a balance in energy capacity (González Jiménez et al., 2010). Bacteroides fragilis within the Bacteroides genus can modulate inflammatory factors, stimulate T-cell immunity, and potentially regulate the inflammatory response induced by high-fat diets in E. miletus (Weiss, 2002). Lachnospiraceae exhibited a positive correlation with leptin in DL and BAT mass in XGLL. Studies have shown that Lachnospiraceae ferment plant polysaccharides into SCFAs, thereby regulating energy supply and immunity and it is hypothesized that Lachnospiraceae help the E. miletus digest food for energy (Pascale et al., 2018). Cholesterol and S27-4(UG) displayed a negative correlation with Paraprevotellaceae in E. miletus in DL, while WAT mass was negatively associated with Paraprevotellaceae in XGLL. Studies have indicated that S27-4(UG) breaks down plant fiber and Paraprevotellaceae selectively absorbs SCFAs, providing increased energy to the host (Ormerod et al., 2016; Abbas et al., 2020). As high-fat diets lead to an increase in WAT mass and cholesterol, the abundance of S27-4(UG) and Paraprevotellaceae may decline, suggesting that E. miletus can regulate gut microbe populations to extract energy from various foods and maintain energy balance. Halogeometricum exhibited a positive correlation with leptin and cholesterol in DL, as well as leptin and triglycerides in XGLL. Although Halogeometricum is commonly found in mammalian gut microbes, it is typically present in low quantities. The current findings suggest that Halogeometricum may assist the body in extracting more energy from consumed food. Tg, Tc, leptin, and TNF-α were positively correlated with denovo624899 abundance, indicating that denovo624899 in E. miletus may have a preference for high-fat foods, potentially contributing to obesity under conditions of high-fat food consumption. The study results suggested that specific gut microbial flora may play a role in regulating energy metabolism and immunity in response to high-fat diets, thereby influencing the adaptation of E. miletus to varying altitudes.



4.3 Regional differences in body mass regulation under the influence of high-fat food

The study observed no increase in food intake in DL and XGLL of E. miletus when acclimated to high-fat diets, but the increase in food calories in the high-fat groups suggested that the increase of body mass may be related to the increase in energy intake. The species appeared to adjust its metabolism in response to improved food and environmental conditions. Higher levels of leptin, a hormone that suppresses appetite, and a decrease in Bacteroidetes, a type of gut bacteria associated with reduced food intake, were noted (González Jiménez et al., 2010; Mack et al., 2016). Leptin levels were higher in DL compared to XGLL, correlating with the significantly greater body mass in DL. Additionally, leptin levels were significantly elevated in the high-fat group compared to other groups, while this group exhibited a lower proportion of Bacteroidetes, potentially explaining the lack of increased food intake. These findings suggest regional variations in the physiological regulation of E. miletus between the two regions.

Previous research has demonstrated that variations in gut microbiota in E. miletus can be linked to dietary resources. This current experimental investigation revealed that the impact of a high-fat diet on the gut microbiota of E. miletus from different regions varied. The Venn diagram results indicated that in the control group, DL exhibited fewer intestinal microbial genera compared to XGLL. However, after being subjected to a high-fat diet, DL showed an increase in microbial genera while XGLL exhibited a decrease. Following a period of re-feeding, DL once again displayed fewer microbial genera than XGLL. The interplay between environmental factors and host gut microbiota is closely associated with dietary patterns. It is postulated that varying food availability and composition influence the energy intake of E. miletus, consequently impacting the composition of gut flora. As food diversity increases, the diversity of bacteria and functional genera in the host gut microbiota also increases (Yan and Zhu, 2023). Compared with the E. miletus in DL, XGLL has a higher altitude and a lower temperature in winter. Studies have shown that food diversity was higher in XGLL than in DL and that gut microbial diversity correlates with food diversity so that XGLL has more genera of gut microbes in order to assist E. miletus in obtaining more energy and improve its adaptation in winter (Yan and Zhu, 2023). Analysis of co-occurrence networks suggested that gut microbes in E. miletus exhibit cooperative relationships, with positive cooperativity facilitating the adaptation of E. miletus to diverse environmental challenges (Li et al., 2019).




5 Conclusion

The current research was the first to examine the effects of a high-fat diet on the intestinal microbiota of E. miletus across different altitudes. The findings revealed that high-fat foods led to alterations in gut microbiota diversity and specific microbial abundance in E. miletus, with both commonalities and differences observed in the changes of gut microbial organisms between the two regions. Parameters related to energy regulation such as body mass, BAT mass, WAT mass, leptin, and Tg were influenced by a high-fat diet and showed correlations with the abundance of Halogeometricum, Lachnospiraceae (UG), Paraprevotellaceae (UG), and Bacteroidaceae (UG) in E. miletus. The interaction between gut microbes and physiological indices of E. miletus on a high-fat diet played a role in digestion and the regulation of energy metabolism and immunity through signaling molecules and metabolites. The adaptability of the gut microbiota composition in E. miletus, along with a diverse metabolic pool of microorganisms, facilitated a swift transition to a new dietary ecological niche.
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Min pigs exhibit remarkable cold tolerance, where vitamin B1 synthesis by gut microbiota is crucial for the host's energy metabolism. However, the role of this synthesis in cold adaptation of Min pigs are not yet fully understood. This study utilized 16S rRNA amplicon and metagenomic sequencing to examine seasonal variations in the gut microbiota of Min pigs. Results indicated a significant rise in microbial diversity in winter, with the Bacteroidetes group being the most notably increased. The vitamin B1 biosynthetic pathway was significantly enriched during winter, with six significantly upregulated genes (ThiC, ThiD, ThiE, ThiG, ThiH, and ThiL) showing strong evidence of purifying selection. Among the six vitamin B1 synthesis genes significantly upregulated during winter, the increase was mainly due to a marked elevation in several sequences from specific microbial species. Binding energy analysis revealed that, except for ThiL, the average substrate binding energy of the top 10 sequences with the largest seasonal differences was significantly lower than those of the 10 sequences with the smallest differences. Furthermore, most of these sequences were uniquely prevalent in Min pigs and were not found in the homologous sequences of Duroc pigs. Bacteroidetes and Bacteroidales were identified as the primary contributors to these gene sequences. This research provides valuable insights for developing innovative cold-resistant feed and probiotics.
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GRAPHICAL ABSTRACT
 This study investigated the seasonal effects on the gut microbiota of Min pigs, focusing on Vitamin B1 synthesis. Results revealed a significant increase during winter in Bacteroidota and upregulation of six Vitamin B1 synthesis genes (ThiC, ThiD, ThiE, ThiG, ThiH, ThiL). The ThiE gene had the highest Ka/Ks ratio, indicating potential relaxation of purifying selection. Upregulated sequences showed better substrate binding affinity.


Introduction

Cold acclimatization confers on organisms the capacity to sustain homeostatic physiological functions under low temperature conditions (Teng et al., 2023). Animals adapt to cold stress mainly through behavioral and physiological changes (Islam et al., 2021). Recent studies have highlighted the crucial role of gut microbiota in the resistance to cold in animals such as mice and pigs (Chevalier et al., 2015; Zhang et al., 2022). Animals inhabiting cold environments undergo adaptive evolution, enhancing their cold tolerance (Wang M. S. et al., 2020). This evolutionary process involves not only changes in the host's genetic regulation, morphological structures, and physiological processes but also extends to alterations in the symbiotic gut microbiota (Patil et al., 2020).

Domestic pigs are one of the most successfully domesticated livestock by humans, providing a rich source of protein. During their long-term domestication, diverse pig breeds have emerged, each with distinct characteristics such as rapid growth, varied meat quality, cold tolerance, and resilience (Zhao et al., 2023). Most breeds, however, are sensitive to low temperatures, leading to increased morbidity, mortality, and significant economic losses in the breeding industry. However, certain pig breeds living in high-altitude or high-latitude regions, such as the Tibetan pig in Tibet and the Min pig in Northeast China, have significantly improved their ability to adapt to extreme cold through long-term natural and artificial selection (Lin et al., 2017). Min pigs from Northeast China exhibit remarkable cold endurance (Teng et al., 2023). Located at China's highest latitude, the Northeast region lies within a mid-altitude area characterized by long and bitterly cold winters. This region is flanked by Eastern Siberia to the north and the Mongolian Plateau to the west, the latter rising over a thousand meters above sea level. Consequently, winter temperatures here are typically lower than in other continental regions at similar latitudes. The Min pig, which has been domesticated in this harsh climate for hundreds of years, has markedly adapted to these extreme conditions. Research indicated that Yorkshire pigs experienced significant damage under chronic cold stress, affecting their small intestines (Sun et al., 2022), lungs (Teng et al., 2022), and hearts (Sun et al., 2023). Conversely, Min pigs showed minimal adverse effects (Teng et al., 2023). Under prolonged low-temperature exposure, Min pigs had a substantially lower mortality rate and reduced incidence of ear tissue frostbite and shivering compared to Large White pigs (Liu et al., 2017). Previous studies have shown that Min pigs and Tibetan pigs shared similar mechanisms for cold resistance (Lin et al., 2017). Therefore, gaining a deeper insight into the biological mechanisms that enable Min pigs to adapt to cold is vital for understanding the cold tolerance of pig breeds in high-altitude regions and for improving the health and productivity of pig farming.

Recent studies have revealed that pigs prioritize glucose for thermogenesis in cold environments (Teng et al., 2023). This process converts sugars into energy, depending on B vitamins, especially vitamin B1 (thiamine). Thiamine serves as a vital coenzyme in several key enzyme complexes, enhancing the effective use of sugar reserves in animals (Hrubsa et al., 2022). Beyond glucose breakdown, cold-adapted pigs, such as Tibetan pigs and Min pigs, generate heat through UCP3-mediated uncoupling in beige adipocytes (Lin et al., 2017). Vitamin B1 is also essential for the thermogenesis in heat-producing adipose tissue (Arianti et al., 2023). Therefore, vitamin B1 is crucial in thermogenic metabolism, assisting organism in maintaining physiological balance and a stable body temperature in cold conditions.

Previous studies have shown that animals lack the ability to independently produce vitamin B1 and therefore rely on dietary sources and gut microbiota for the acquisition of this vital nutrient (Jurgenson et al., 2009; Du et al., 2011; Yoshii et al., 2019; Hrubsa et al., 2022). The genomes of many gut microbiota contain the complete set of genes necessary for vitamin B1 synthesis (Magnúsdóttir et al., 2015; Uebanso et al., 2020). However, some gut microbiota possess only a subset of these genes, suggesting that full vitamin B1 synthesis frequently necessitates inter-species microbial cooperation (Magnúsdóttir et al., 2015; Sharma et al., 2019). Thus, identifying gut microbiota capable of vitamin B1 synthesis could enable targeted probiotic interventions to elevate vitamin B1 levels, thereby boosting host cold resilience. However, previous research primarily focused on the role of metabolites of gut microbiota such as bile acids (Zietak et al., 2016) and short chain fatty acids (Wang D. et al., 2020), neglecting the importance of vitamin B1. The goal of this study was to investigate the influence of the gut microbiota in Min pigs on their capacity to adapt to cold environments by synthesizing vitamin B1 through microbial metabolic processes. We conducted a comparative analysis of the variations in gut microbiota composition and key genes involved in the synthesis of vitamin B1 in Min pigs across two distinct seasons. This research could offer novel breeding strategies for agricultural production, particularly in the livestock industry of colder regions.



Materials and methods


Subjects and sample collection

Sample collection was carried out at the Lanxi Min Pig National Conservation Farm, located in Heilongjiang Province, China (126°16'E, 46°15'N). Within the conservation farm, the pig experienced the lowest temperatures during the non-heating period in October. The average highest temperature observed was 12°C, while the average lowest temperature dropped to 0°C. Optimal temperature conditions were recorded in June, characterized by an average yearly maximum of 28°C and a minimum of 17°C. Our experiment subjects was divided into two groups, including a winter group and a summer group. To reduce the potential impact of gender variations, a total of 20 female Min pigs were selected as study subjects. Each pig was 150 days old and weighed ~95 kg. These same 20 female pigs were used for studies in summer and winter. From each pig, a single 200 mg fecal sample was collected per season. Fecal samples were collected in June and October to facilitate a comprehensive analysis of seasonal variations in the gut microbiota. During the experimental period, all growth conditions, including food and water, were kept consistent for the pigs. The collected fecal samples were pooled, with samples from every four individuals combined to create a single composite sample. Pooling is a common method that saves costs while increasing the number of samples analyzed. Since our primary research objective was to identify major shifts in the gut microbiota composition due to seasonal changes, rather than analyzing individual variability, pooling samples was suitable for our research goal. Each group thus produced five pooled samples, which were then subjected to 16S rRNA sequencing. Three samples with the highest consistency from each group were used for metagenomic sequencing based on the 16S rRNA sequencing. The fecal samples were immediately frozen in liquid nitrogen upon collection and subsequently stored at −80°C. The samples were then transported on dry ice to Shanghai Personal Biotechnology Co., Ltd for sequencing.



16S rRNA sequencing

Total DNA was extracted from the fecal samples collected from Min pigs (n = 10) using the OMEGA Fecal DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer's protocol. DNA concentration and quality were assessed using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. The 338F (55′-ACTCCTACGGGAGGCAGCA-33′) and 806R (55′-GGACTACHVGGGTWTCTAAT-33′) primers were subsequently used to amplify the V3–V4 region of 16S rRNA gene (Caporaso et al., 2011). The PCR conditions consisted of an initial denaturation at 98°C for 5 min followed by 25 cycles of denaturation at 98°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for 45 s, and a final step of 72°C for 5 min. PCR amplicons were purified using Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Pair-end 2 × 250 bp sequencing was performed on the Illumina NovaSeq platform (Illumina, San Diego, CA, USA) according to the manufacturer's instructions.

Raw reads were filtered using FASTP (version 0.18.0) (Chen et al., 2018) to remove low-quality reads. Barcodes and primer sequences were trimmed, and low-quality reads were further filtered out based on the following criteria: sequences with an average Phred score < 20, those containing ambiguous bases, or those with mononucleotide repeats ≥10 bp. Read pairs with a fragment longer than 15 bp and a mismatch error rate of < 1% were then merged using FLASH (v1.2.11) (Magoč and Salzberg, 2011). High-quality sequences were clustered into operational taxonomic units (OTU) at the 97% sequence similarity using UPARSE (version 9.2.64) (Edgar, 2013). Chimeric sequences were removed using UCHIME (v4.2.40) (Edgar et al., 2011) based on the reference database gold database (v20110519). OTU representative sequences were taxonomically identified by alignment against the SILVA_database (version 138) (Quast et al., 2013).



Shotgun metagenomic sequencing

Metagenomic sequencing libraries were generated with an insert size of 350 base pairs (bp) for six fecal DNA samples following the manufacturer's instructions. The libraries for metagenomic analysis were sequenced on an Illumina NovaSeq platform. The raw reads were treated to remove reads with low qualities, trim the read sequences and remove adaptors using SoapAligner software (Gu et al., 2013). Subsequently, pig genomic DNA sequences were removed by SoapAligner.

Denovo assembly of the high-quality reads was performed using Megahit (v1.2.9) (Li et al., 2016). Scaftigs shorter than 500 bp were removed. The remaining scaftigs were then used to predict open reading frames (ORFs) with MetaGeneMark (v2.10) software (Karl et al., 2022), and sequences shorter than 100 bp were filtered out. CD-HIT software (v4.5.8) (Li and Godzik, 2006) was used to exclude the redundant genes from all predicted ORFs to construct a preliminary nonredundant gene catalog. Subsequently, clean reads of each sample were compared to the preliminary nonredundant gene catalog using Bowtie2 with the default parameters (Langmead and Salzberg, 2012). The number of reads was compared for each gene that could be calculated. The genes with a read number ≤ 2 were removed to obtain a final nonredundant gene catalog. The genes in the final nonredundant gene catalog were called unigenes. The abundance of a gene was calculated based on the number of reads that aligned to the gene, normalizing by the gene length and the total number of reads aligned to the unigenes. Subsequently, we used DIAMOND software (V0.7.9) (Buchfink et al., 2015) to compare the unigenes with the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene database to obtain KO annotation information and metabolic pathway information. We generated raw metagenomic datasets (SRR27494660 to SRR27494665) and amplicon sequencing data (SRR27488203 to SRR27488212) for this study. These datasets are available in the NCBI Sequence Read Archive (SRA) for further research and validation.



Gut microbiota diversity analysis

Four indices of alpha diversity (i.e., Shannon, Simpson, Chao1 and Richness) were calculated from amplicon sequencing data using the microeco package to assess seasonal variations in microbial diversity between winter and summer (Liu et al., 2021). Furthermore, the hilldiv package (Alberdi and Gilbert, 2019) was employed for the generation of rarefaction extrapolation curves to evaluate gamma diversity of gut microbiota across the winter and summer seasons.



Microbial community composition analysis

Principal Coordinates Analysis (PCoA) and Venn diagram analyses were performed using the microeco package (Liu et al., 2021) for microbial community structure assessment with amplicon sequencing data. The vegan package was utilized to conduct Analysis of Similarities (ANOSIM) for determining the statistical significance of differences between groups. Welch's t-test in the STAMP software (Parks et al., 2014) was applied to analyze seasonal differences in relative abundance of gut microbiota at different taxonomic levels. Lastly, based on the taxonomic profiles of non-redundant genes of metagenomic data, Linear discriminant analysis effect size (LEfSe) was performed to detect differentially abundant taxa across groups using the default parameters.



Functional profiling of gut microbiota

Functional genes identified through metagenomic sequencing were subjected to KEGG pathway enrichment analysis. KEGG Level 1 pathways were analyzed for seasonal differences using Welch's t-test, revealing a significant seasonal variation in “metabolic” pathways, with heightened activity during winter compared to summer. Subsequently, KEGG Level 2 pathways under “metabolic” pathways were selected for differential significance testing. Owing to the extensive number of KEGG Level 3 pathways, the top 30 pathways exhibiting the greatest abundance disparity between seasons were selected for further analysis. Heat maps were generated to visualize these pathways, and random forest analysis was applied to these 30 pathways to identify those most significantly contributing to seasonal differences. Data analysis was conducted using the Majorbio Cloud Platform (https://cloud.majorbio.com/page/tools/) (Ren et al., 2022). For the detection of abundance differences in gut microbial functional genes between seasons, a generalized linear model via edgeR was utilized. Subsequently, genes identified with significantly higher abundance in winter were subjected to KEGG pathway enrichment analysis to elucidate the metabolic pathways in which these genes are involved.



Bacterial sources and gut microbes involved in vitamin B1 synthesis

Specific gut microbes were identified as the sources for thiamine (vitamin B1) biosynthesis genes. Sankey diagrams were used to visualize the distribution of these genes across their respective gut microbes. Pearson correlation analysis was applied to calculate the correlation between the microbiota and vitamin B1 synthesis genes. Correlation heatmap was presented using Cytoscape V3.9.0 (Shannon et al., 2003) and corrplot V0.84.



Analysis of selection pressure on vitamin B1 synthetic genes

Duroc pigs, known for their poor cold adaptability, were selected as a control group to analyze the selection pressure on gut microbial functional genes in comparison with Min pigs. Clean reads for six Duroc pig samples [Duroc-JY2 (CNS0178532), Duroc-JY3 (CNS0178533), Duroc-JY10 (CNS0178540), Duroc-JY13 (CNS0178543), Duroc-JY15 (CNS0178545), and Duroc-JY16 (CNS0178546)] were obtained from the National Genomic Data Center (CNGBdb) Life Big Data Platform (Chen et al., 2021). CDS sequences from Min pigs' metagenomic sequencing and the downloaded CDS sequences from the Duroc samples served as databases for pairwise sequence alignment of orthologs. Alignments with coverage and identity exceeding 80% were identified using NCBI BLAST 2.11.0, with parameters set to -e 1e-5. Homologous gene pairs between the two datasets, totaling 161,858 pairs, were determined by intersecting these alignments. Selection pressure on these gene pairs was analyzed using the Simple Ka/Ks Calculator plugin in TBtools (Chen et al., 2020), which facilitated the calculation of nonsynonymous (Ka) and synonymous (Ks) substitution rates, and their ratio (Ka/Ks).



Protein structure prediction and molecular docking

For each of the six vitamin B1 synthetic genes upregulated in winter, the top 10 sequences with the largest differential abundance between winter and summer, and the bottom 10 sequences with the least differential abundance were selected. These sequences were used for protein structure prediction and molecular docking analysis. The aim was to predict the binding energy between these enzymes and their substrates, and to assess whether sequences with significant winter abundance increase demonstrated enhanced substrate binding capabilities compared to those exhibiting minimal seasonal variation. Protein 3D structures were predicted using ColabFold v1.5.3 (Mirdita et al., 2022). Subsequent molecular docking and binding energy calculations were performed through structure-based blind docking with CB-Dock2 (Liu et al., 2022). The substrate ligand files in SDF format (C00082, C04556, C04752, C04327, C20247, C03373, C15809, C11437, C01081) for molecular docking were sourced from the PubChem database. Visualization of the protein 3D structures was conducted using the EzMol 2.1 website (Reynolds et al., 2018). For the six vitamin B1 synthesis genes, phylogenetic trees were constructed individually for each gene using all available sequences in the MEGA 11 software. Multiple sequence alignment was performed with Muscle, followed by sequence trimming using triAI. Optimal models for the genes were then determined. Phylogenetic analysis employed the Maximum Likelihood (ML) method, utilizing a Bootstrap value of 1,000. These trees were based on the coding sequences (CDS) from metagenome of Min pigs, specifically focusing on ThiC, ThiD, ThiE, ThiG, ThiH, and ThiL genes in the gut microbiome.




Results


Changes in gut microbiome diversity in cold environments

In the analysis of 10 samples using amplicon sequencing, sequence counts varied between 18,087 and 35,274. To standardize for comparability, all samples were rarefied to 18,087 sequences. A total of 2,644 OTUs were identified, including 22 phyla. A significant increase in gut microbial diversity was observed during winter (Figures 1A, B). There were 1,376 OTUs unique to winter, in contrast to 469 unique OTUs in summer, indicating a substantially higher number of unique OTUs in the winter than in summer (Figure 1E). Diversity analysis showed that the α diversity indices were significantly higher in winter than in summer (Chao1: t = −3.29, P = 0.01; Richness: t = −5.65, P = 0.001, Figure 1A). Rarefaction-extrapolation curves also demonstrated a higher γ diversity of the gut microbiota during winter (Figure 1B).
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FIGURE 1
 Seasonal variation in gut microbiota diversity and composition in Min Pigs. (A) Alpha diversity with significance denoted by asterisks (*P < 0.05, **P < 0.01). (B) Gamma diversity assessed using neutral Hill numbers (q = 1) with rarefaction (solid line) and extrapolation (dashed line) curves. (C) Beta diversity illustrated by Principal Coordinates Analysis (PCoA) plots, highlighting distinct microbial communities in winter and summer. (D) Comparison of the top 10 gut microbiota at the phylum level based on relative sequence abundance. (E) Venn diagram of operational taxonomic units (OTUs) showing shared and unique microbial species between winter and summer. (F) Comparison of the top 10 gut microbiota at the genus level based on relative sequence abundance.




Changes in the gut microbial composition in cold environments

PCoA and ANOSIM revealed significant seasonal differences in the species composition of the gut microbiota (r = 0.52, P = 0.006; Figure 1C). Firmicutes and Bacteroidetes were the predominant bacterial phyla in the Min pigs' gut microbiota across both seasons. The abundance of Firmicutes sequences decreased from 82% in summer to 77% in winter, while Bacteroidetes increased from 13% to 19% over the same period (Figure 1D). Using amplicon data, a marked increase in the Bacteroidales_BS11_gut_group at the genus level was observed during winter, as depicted in Figure 1F. Furthermore, LEfSe analysis of metagenomic data revealed a significant increase in the abundance of the Bacteroidetes phylum and Bacteroidales order during winter, establishing them as the dominant microbiota with the most pronounced seasonal fluctuations (Supplementary Figure S1). Beyond Bacteroidetes, we used amplicon data to analyze seasonal variations in microbial community composition at different taxonomic levels. We observed significant increases in various taxa within the gut microbiome during winter, including four phyla (Desulfobacterota, Acidobacteriota, Chloroflexi, Fibrobacterota), 11 orders (Desulfovibrionales, Rhizobiales, Bradymonadales, Clostridiales, Fibrobacterales, etc.), and 14 families (Desulfovibrionaceae, Rhizobiaceae, Bradymonadaceae, Sutterellaceae, Xanthobacteraceae, Clostridiaceae, Fibrobacteraceae, Gemellaceae, etc.), as shown in Figures 2A–C and Supplementary Table S1. At the genus level, 30 genera, including Clostridium sensu stricto 1, Roseburia, and Fibrobacter, and so on, also exhibited notable increases during the winter (see Figure 1F and Supplementary Table S1). At the OTU level, the most significant seasonal abundance differences were observed in Clostridium sensu stricto 1 and Bacteroidales BS11 gut group (Supplementary Table S1).


[image: Figure 2]
FIGURE 2
 Seasonal variation in gut microbial composition. (A) Phylum-level mean proportions (%) in winter and summer. (B) Order-level variations shown in boxplots. (C) Family-level mean proportions (%) across seasons, indicating significant variation with 95% CIs and P-values.




Changes in gut microbiota functional profiling and enrichment of vitamin B1 metabolic pathways in cold environments

Metagenomic sequencing identified 1,983,499 genes in Min pigs' gut microbiota, suggesting notable seasonal variations in functional profiles. Specifically, 22,845 genes showed significant variation (P < 0.001), with 4,027 unique to summer and 4,877 to winter (Supplementary Figure S2). PCoA further confirmed these seasonal differences in functional profiles (Supplementary Figure S3). Using Welch's t-test to assess differences in KEGG Level 1 pathways, we found a significant increase in the “Metabolism” category in the winter season compared to the summer period (P < 0.05, Supplementary Figure S4A). Further analysis at KEGG Level 2 showed a significant rise in the “Metabolism of cofactors and vitamins” pathway during winter (P < 0.05, Supplementary Figure S4B). In a detailed analysis of the “Metabolism” category, we ranked the seasonal differences in KEGG Level 3 pathways by absolute values and focused on the top 30 with the most significant variations. This analysis identified seven pathways particularly enriched in winter, including Thiamine, O-Antigen nucleotide sugar, Arginine and Proline, Folate, Lipopolysaccharide, Pantothenate and CoA, and Riboflavin metabolism. These pathways were chiefly involved in the metabolism of B-group vitamins (B1, B2, B5, and B9), as shown in Figure 3A and Supplementary Table S2.
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FIGURE 3
 Seasonal changes in metabolic pathways of gut microbiota. (A) Heatmap shows the 30 pathways with the most significant seasonal variation, colored from red (high abundance) to green (low abundance). Yellow circles indicate statistical significance (*P < 0.05). (B) Importance of each pathway is determined by random forest analysis, with blue for winter and red for summer. (C) Bubble plot displays the top 10 pathways enriched for genes upregulated in winter, with rich factor (proportion of upregulated genes) and bubble size for gene count, and color for P-value significance. Asterisks highlight pathways with significant differences (*P < 0.05).


Random forest analysis revealed that, among the metabolic pathways with significant differences, the thiamine metabolism pathway exhibited the highest contribution to seasonal variations in Min pigs (Figure 3B). We also identified genes with differential abundance between winter and summer. KEGG pathway analysis indicated that, among the top 10 enriched pathways for genes upregulated in winter, five were related to B-group vitamin metabolism, notably vitamin B1, B2, B5, B9, and B7, with B1 being the most prominently represented (Figure 3C, Supplementary Table S3). In the vitamin B1 metabolic pathway, 10 out of 13 synthesis-related genes were more abundant in winter, with six (ThiC, ThiD, ThiE, ThiG, ThiH, and ThiL) showing significant differences (P < 0.05, Figure 4, Supplementary Table S4).
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FIGURE 4
 Seasonal variation in thiamine biosynthesis genes. This figure compares the abundance of genes involved in the thiamine biosynthesis pathway within microbial communities, using metagenomic data from winter (blue) and summer (red). The bars, marked a-u, show the genes involved in forming thiamine and their derivatives. Dashed lines suggest an alternative biosynthetic pathway. Asterisks mark statistically significant differences in gene abundance (*P < 0.05, **P < 0.01, ***P < 0.001).




Analysis of selective pressure on vitamin B1 biosynthesis genes

We screened orthologous genes between Min and Duroc pigs to calculate their nonsynonymous (Ka) to synonymous (Ks) substitution rates. Specifically, for the winter, we identified six vitamin B1 synthesis genes significantly upregulated and ranked their sequences by relative abundance. From each gene, the top 20 sequences were selected to calculate their mean Ka/Ks ratio, as detailed in Supplementary Table S5. The average Ka/Ks ratio for these sequences across all genes was below 1, suggesting strong purifying selection. Remarkably, ThiE was observed to have the highest Ka/Ks ratio, with an average value of 0.14. This ratio was significantly higher than that of ThiC (P < 0.01) and ThiG (P = 0.00044; Figures 5A, C). Despite the lack of significant differences in the Ka values among the six genes (Figure 5B), the Ks value for ThiE was substantially lower compared to both ThiC and ThiG (P < 0.05 for both). This pattern indicated that the elevated Ka/Ks ratio in ThiE was predominantly attributed to a reduced rate of synonymous mutations, as shown in Figures 5C, D. Such findings suggested a potential relaxation of purifying selection in ThiE during the evolutionary domestication process of Min pigs, compared to earlier stages.
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FIGURE 5
 Analysis of selective pressure on vitamin B1 biosynthesis genes. (A) The distribution of nonsynonymous to synonymous substitution ratios (Ka/Ks). (B) The nonsynonymous substitution rate (Ka) per gene, with each dot representing an individual comparison. (C) The Ka/Ks ratio variations across the genes. (D) The synonymous substitution rates (Ks). Asterisks mark statistically significant differences (*P < 0.05, **P < 0.01, ***P < 0.001).




Protein modeling and molecular docking for vitamin B1 biosynthesis genes

We analyzed the abundance of each gene's sequences across winter and summer and calculated the difference in sequence counts between these seasons. The sequences were then ranked based on the magnitude of their seasonal variation. Our analysis revealed that the sequences with the largest difference in abundance between winter and summer also exhibited the highest total abundance across both seasons. The notable increase in gene abundance during winter was primarily attributable to a few sequences that exhibited the greatest seasonal variation. ThiE stood out among the six genes due to its unique selection pressure results, highest sequence diversity, and the broadest range of source microorganisms, as shown in Supplementary Table S6. We therefore chose ThiE for molecular docking simulations to estimate the binding energies with its three substrates, focusing on sequences with the most pronounced seasonal variations. This simulation aimed to predict the binding energy of the ThiE protein with its three substrates. We specifically selected the top 10 ThiE sequences exhibiting the largest and smallest differences in winter-summer abundance for this analysis. Molecular docking was performed for each of these sequences against the three substrates. Our findings, as detailed in Figure 6C and Supplementary Table S7, revealed that the average binding energy of the 10 sequences with the greatest winter-summer differences was significantly lower compared to those with the smallest differences. This pattern, except for ThiL which exhibited no significant variation, was consistent across the remaining five genes (Supplementary Figures S5–S9, Supplementary Table S7). Significantly, among the top 10 ThiE sequences exhibiting the largest seasonal variations, the majority were exclusive to Min pigs. Specifically, for these sequences, corresponding homologous sequences were not identified in the gut metagenomic datasets of Duroc pigs (six out of 10 sequences; Figures 6A, B). Moreover, for each of the other five genes studied, the sequence displaying the greatest difference in abundance between winter and summer was also uniquely found in Min pigs, indicating a similar trend of species-specific variation.


[image: Figure 6]
FIGURE 6
 Seasonal variation in ThiE gene sequences and protein binding efficiency. (A) Phylogenetic tree of ThiE sequences with orthologous gene pairs between Min pigs and Duroc pigs indicated in the inner circle. Unique sequences to Min pigs are marked in red, shared sequences in white. Sequence abundance across samples is represented in the outer circle, with the top 10 sequences with the largest (red dot) and smallest (blue dot) winter-summer abundance disparities highlighted in the outermost bands. (B) The top 10 sequences with the largest and smallest seasonal abundance changes, showing their abundance in winter (W-1, W-2, W-3) and summer (S-1, S-2, S-3) samples. (C) Structural models and molecular docking simulations of the top 10 sequences with the largest and smallest seasonal variation. On the left side, proteins with the highest binding affinities are shown. On the right side, proteins with the lowest affinities are displayed. Asterisks mark statistically significant differences (**P < 0.01, ***P < 0.001).




Characterization of gut microbiota involved in vitamin B1 synthesis

In our study, we found that among the six vitamin B1 synthesis genes upregulated in winter, sequences for five of these genes (ThiC, ThiD, ThiE, ThiG, and ThiL, excluding ThiH) showed the most significant seasonal fluctuations in abundance and originated from the phylum Bacteroidetes (Figure 7A, Supplementary Table S6). Analysis of the top 20 sequences with the greatest seasonal differences across all six genes revealed a significant presence from both Bacteroidetes and Bacteroidales, with Bacteroidetes representing 75% in ThiL, 60% in ThiE, and 55% each in ThiD and ThiG (Figure 7C). This trend was consistent for Bacteroidales (Figure 7D), underscoring their crucial role in vitamin B1 synthesis in Min pigs. Moreover, microbial sources for these genes extended to species from the phyla Firmicutes, Fibrobacteres, Proteobacteria, Actinobacteria, Verrucomicrobia, and Spirochaetes, and orders including Bacteroidales, Clostridiales, Desulfovibrionales, and others contributing to vitamin B1 synthesis (Figure 7A, Supplementary Table S8).
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FIGURE 7
 Sources of vitamin B1 biosynthesis genes in gut microbiota. (A) A Sankey diagram showing the microbial sources of six genes involved in vitamin B1 synthesis. (B) A correlation network displaying the relationship between these genes and the 20 most abundant bacterial orders. The heatmap illustrates the correlation strength (Pearson's r), and the lines represent significance according to Mantel's test. (C) Phylum-level source bacteria proportions for the 20 sequences with the largest abundance fluctuations between winter and summer for these genes. (D) Order-level source bacteria proportions for these sequences.


Correlation analysis was conducted between the top 20 bacterial orders in abundance and the six vitamin B1 synthesis genes. The results indicated that the abundance of all six genes was significantly positively correlated with the abundance of Flavobacteriales, Burkholderiales, Coriobacteriales, and Enterobacterales. Five genes exhibited a significant positive correlation with the abundance of Erysipelotrichales, four genes were positively correlated with Clostridiales, and three genes showed a significant positive correlation with Spirochaetales (Figure 7B, Supplementary Table S9). These findings suggested that these intestinal microbes may collaborate synergistically in the biosynthesis of vitamin B1.




Discussion

Previous research showed that Min pigs adapted to low temperatures primarily through enhanced glucose metabolism for thermogenesis (Teng et al., 2023). Compared to Yorkshire pigs, Min pigs demonstrated superior cold adaptability, attributed to their more efficient glucose absorption, gluconeogenesis, and overall metabolic efficiency during cold exposure (Teng et al., 2023). Glucose metabolism relied on vitamin B1 (thiamine) as an essential coenzyme. This vitamin was exclusively obtainable through dietary sources or gut microbiota biosynthesis, highlighting the critical role of gut microbiota. Our research uncovered a notable winter-specific enhancement in thiamine biosynthetic pathways within the gut microbiota of Min pigs. This finding suggested an elevated microbial synthesis of thiamine during colder months. Thiamine pyrophosphate (TPP), the active form of thiamine, was particularly vital for the pyruvate dehydrogenase complex (PDHC), α-ketoglutarate dehydrogenase complex (KGDHC), and transketolase (TK) reactions. These enzymes were central to effective glucose utilization for ATP production and facilitated the gluconeogenic pathway (Lonsdale, 2006). Beyond glucose metabolism, fat metabolism serves as a crucial pathway for thermogenesis, playing a key role in heat production and energy metabolism in animals. A study by Arianti et al. (2023) highlighted the critical role of thiamine in activating thermogenic functions in human brown and beige adipocytes. They found that, in the human neck region, adipocytes under cAMP induction express high levels of the thiamine transporter ThTr2, leading to substantial thiamine consumption. Inhibition of ThTr2 resulted in reduced thiamine uptake and decreased thermogenic activity in these cells. Furthermore, thiamine supplementation was shown to enhance the expression of genes associated with adipocyte thermogenesis (Arianti et al., 2023). These findings underscore the importance of adequate thiamine levels for the activation of thermogenic functions in human adipocytes. In this context, gut microbiota synthesis of vitamin B1 in Min pigs plays a pivotal role in supporting host glycolysis and fat-induced thermogenesis, thereby contributing significantly to the pigs'cold adaptability.

Our study identified significant upregulation of six key genes in the vitamin B1 synthesis pathway during winter, namely ThiC, ThiD, ThiE, ThiG, ThiH, and ThiL. Thiamine synthesis comprises two distinct parts: the formation of thiazole and pyrimidine moieties. For the pyrimidine moiety, ThiC converts 5-aminoimidazole ribonucleotide (AIR) into 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate (HMP-P), which is then phosphorylated by ThiD to HMP-PP (Jurgenson et al., 2009). Thiazole moiety synthesis involves several steps: 1-deoxy-D-xylulose 5-phosphate synthase (Dxs) synthesizes 1-deoxy-D-xylulose 5-phosphate (DXP) from glyceraldehyde 3-phosphate and pyruvate; ThiF adenylates the sulfur carrier protein ThiS, producing a thiocarboxylate; ThiO or ThiH converts glycine or tyrosine into dehydroglycine, which then reacts with DXP and ThiS's thiocarboxylate under ThiG's catalysis to form an isomeric thiazole phosphate carboxylate. Subsequently, TenI aromatizes it to form thiazole phosphate carboxylate ester, and finally, ThiE couples THZ-P with HMP-PP to form thiamine monophosphate (ThMP). Finally, ThiL phosphorylates ThMP to the active Thiamine diphosphate (ThDP) (Jurgenson et al., 2009). These enzymatic steps, significantly enhanced in winter, are crucial in the thiamine biosynthesis process.

Metagenomic sequencing, involving multiple microorganisms, revealed that each gene's sequence consisted of various heterogeneous sequences from different microbes, showing significant homologous variation. Selection pressure analysis showed that for the top 20 most abundant sequences of each gene, the average Ka/Ks ratio was significantly below 1, indicating strong purifying selection. However, the higher Ka/Ks ratio of ThiE, mainly due to its lower Ks value, suggested a relaxation in purifying selection during the domestication of Min pigs. We hypothesized that in the prolonged cold environment of Northeast China, these vitamin B1 synthesis genes had undergone intense purifying selection. ThiE, owing to its critical role, might have adapted to the local conditions earlier, leading to a subsequent relaxation in selection pressure. Notably, ThiE also displayed the highest sequence diversity among the six genes, reflecting its origin from a diverse range of microbial species. This finding, along with the distinct selection pressure outcomes for ThiE, led us to focus our in-depth investigation on its sequence variations. In our study, we observed a significant winter-specific increase in the abundance of certain sequences within the ThiE gene, compared to summer. Notably, the most increased sequences were also the most abundant overall, suggesting their heightened importance in winter. Similar trends were noted in the analysis of the other five genes. Molecular docking simulations revealed that these abundant ThiE sequences exhibited enhanced binding affinity to their substrates, indicating increased enzymatic activity during winter. This finding implied that Min pigs adapted to cold environments may have more efficient vitamin B1 synthesis genotypes and gut microbiota, facilitating a more effective synthesis of substantial amounts of vitamin B1 in the winter season.

We analyzed the bacterial origins of the sequences with the greatest seasonal variations in abundance for six vitamin B1 synthesis genes. The results showed that the sequences of ThiC, ThiD, ThiE, ThiG, and ThiL with the most significant seasonal variations predominantly originated from the phylum Bacteroidetes. Except for ThiL, the sequences of the remaining five genes were all classified under the order Bacteroidales. We found a pronounced winter increase in both the Bacteroidetes phylum and the Bacteroidales order, marking them as the most significantly elevated taxa in the Min pigs' winter gut microbiome. This elevation suggested that they were distinctive markers of the winter gut microbiota and underscores the role of the gut microbiota in enhancing vitamin B1 synthesis during winter in Min pigs. Magnúsdóttir et al. (2015) conducted a bioinformatics-based systematic genomic assessment of various gut microbes, identifying Bacteroidetes and Fusobacteria as principal phyla in thiamine pyrophosphate (TPP) synthesis (Magnúsdóttir et al., 2015). Similarly, Pan et al. (2017) reported a positive correlation between thiamine concentration in bovine rumen and Bacteroidetes abundance. Therefore, our research findings were consistent with both bioinformatics analysis and experimental data. In summary, the Bacteroidetes phylum and the Bacteroidales order play a key role in synthesizing vitamin B1, offering both theoretical and practical benefits for health management and dietary supplementation. In probiotics research, exploiting Bacteroidetes and Bacteroidales for vitamin B1 synthesis opens avenues for crafting more effective probiotic formulas. Such innovations could enhance vitamin B1 production, improving overall health. This strategy is particularly vital for those at risk of vitamin B1 deficiency due to dietary imbalances or specific health conditions.

We observed a significant enhancement in the metabolic pathways of other B-group vitamins, including B2, B5, B7, and B9, during winter. This suggests a synergistic and interdependent role of these vitamins in substance metabolism and energy generation. In alignment with our results, Park et al. (2022) reported that Faecalibacterium prausnitzii converted pyruvate to acetyl-CoA using pyruvate:ferredoxin oxidoreductase during butyrate synthesis, with vitamins B1 and B2 serving as essential coenzymes, directly influencing butyrate production. This role of B2 was further confirmed by Liu et al. (2023), who found that vitamin B2 supplementation in healthy mice significantly increased the abundance of Faecalibacterium prausnitzii and butyrate production. Additionally, Wan et al. (2022) demonstrated the involvement of vitamins B1 and B5 in the tricarboxylic acid cycle, crucial for energy release and thermoregulation. These findings highlight the collective role of multiple B vitamins in thermogenesis and energy metabolism (Kurowska et al., 2023).

The potential of B-vitamin supplementation to enhance cold tolerance in domestic animals and humans represents a fascinating field of study. This extends beyond theoretical research, as its practical implications in formulating human nutritional supplements and animal feed are significant. However, the current development of probiotic resources is relatively delayed, and the discovery of novel probiotic strains remains insufficient, thereby constraining the healthy growth of related industries. Our results indicated that various specific microbes within the phylum Bacteroidetes and the order Bacteroidales can served as excellent candidates for developing a new generation of probiotics aimed at enhancing host cold tolerance. Additionally, it is proposed that using a combination of multiple B vitamins could enhance the host's cold tolerance more effectively.

Our research underscored the ecological significance of understanding animal survival in harsh, cold environments, such as those at high altitudes and latitudes. High-altitude areas presented unique challenges to livestock due to decreased oxygen levels and lower temperatures, which significantly impacted metabolic pathways and microbial diversity. Our findings elucidated potential adaptive strategies that Min pigs might have employed to mitigate cold stress. Notably, the upregulation of thiamine synthesis pathways during the winter months enhanced metabolic efficiency and thermogenesis, which was crucial for surviving in the extreme cold of high-altitude and latitude environments. This adaptability was crucial not only for effective livestock management and breeding strategies in these regions but also highlighted the challenges traditional livestock breeds faced. Consequently, our study deepened the understanding of adaptability within the gut microbiota and emphasized the potential to develop probiotics or nutritional interventions that could bolster livestock resilience under the severe conditions prevalent at high altitudes and latitudes.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository and accession numbers can be found in the article.



Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee of Northeast Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

YC: Conceptualization, Data curation, Funding acquisition, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. ZZ: Formal analysis, Software, Validation, Visualization, Writing – review & editing. JC: Investigation, Resources, Writing – review & editing. CW: Investigation, Resources, Writing – review & editing. DL: Writing – review & editing. ZL: Writing – review & editing. CX: Funding acquisition, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Fundation of China under Grant (number 32302709), Heilongjiang Provincial Key R&D Program under Grant (number 2022ZX02B10-2), and Heilongjiang Provincial Natural Science Foundation under Grant (number LH2023C013).



Acknowledgments

The authors are grateful for the use of illustrations that significantly enhanced the quality of our graphical abstract. We acknowledge Servier Medical Art by Servier, available under a Creative Commons Attribution 3.0 Unported License (CC-BY 3.0), accessed via Smart Servier. Our thanks also go to the Database Center for Life Science (DBCLS) for imagery under a Creative Commons Attribution 4.0 International License (CC-BY 4.0), found at DBCLS TogoTV. Additionally, we appreciate G. Bauer Negrini's contribution of the “DNA strand” illustration through SciDraw, hosted on Zenodo (doi: 10.5281/zenodo.3926245, 2020). The support from these sources via the bioicons and SciDraw websites has been invaluable to our project.



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.2024.1448090/full#supplementary-material



References

 Alberdi, A., and Gilbert, M. T. P. (2019). Hilldiv: an R package for the integral analysis of diversity based on Hill numbers. bioRXiv. doi: 10.1101/545665

 Arianti, R., Vinnai, B., Gyory, F., Guba, A., Csosz, É., Kristóf, E., et al. (2023). Availability of abundant thiamine determines efficiency of thermogenic activation in human neck area derived adipocytes. J. Nutr. Biochem. 119:109385. doi: 10.1016/j.jnutbio.2023.109385

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

 Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA. 108, 4516–4522. doi: 10.1073/pnas.1000080107

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chen, C., Zhou, Y., Fu, H., Xiong, X., Fang, S., Jiang, H., et al. (2021). Expanded catalog of microbial genes and metagenome-assembled genomes from the pig gut microbiome. Nat. Commun. 12:1106. doi: 10.1038/s41467-021-21295-0

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

 Chevalier, C., Stojanovic, O., Colin, D. J., Suarez-Zamorano, N., Tarallo, V., Veyrat-Durebex, C., et al. (2015). Gut microbiota orchestrates energy homeostasis during cold. Cell 163, 1360–1374. doi: 10.1016/j.cell.2015.11.004

 Du, Q., Wang, H., and Xie, J. (2011). Thiamin (vitamin B1) biosynthesis and regulation: a rich source of antimicrobial drug targets? Int. J. Biol. Sci. 7, 41–52. doi: 10.7150/ijbs.7.41

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

 Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 10.1093/bioinformatics/btr381

 Gu, S., Fang, L., and Xu, X. (2013). Using SOAPaligner for short reads alignment. Curr. Protoc. Bioinformatics 44, 11–17. doi: 10.1002/0471250953.bi1111s44

 Hrubsa, M., Siatka, T., Nejmanová, I., Voprsalová, M., Krcmová, L. K., Matousová, K., et al. (2022). Biological properties of vitamins of the B-complex, part 1: vitamins B1, B2, B3, and B5. Nutrients 14:484. doi: 10.3390/nu14030484

 Islam, M. J., Kunzmann, A., and Slater, M. J. (2021). Extreme winter cold-induced osmoregulatory, metabolic, and physiological responses in European seabass (Dicentrarchus labrax) acclimatized at different salinities. Sci. Total Environ. 771:145202. doi: 10.1016/j.scitotenv.2021.145202

 Jurgenson, C. T., Begley, T. P., and Ealick, S. E. (2009). The structural and biochemical foundations of thiamin biosynthesis. Annu. Rev. Biochem. 78, 569–603. doi: 10.1146/annurev.biochem.78.072407.102340

 Karl, G., Alexandre, L., and Mark, B. (2022). MetaGeneMark-2: improved gene prediction in metagenomes. bioRXiv. doi: 10.1101/2022.07.25.500264

 Kurowska, K., Kobylinska, M., and Antosik, K. (2023). Folic acid - importance for human health and its role in COVID-19 therapy. Rocz. Panstw. Zakl. Hig. 74, 131–141. doi: 10.32394/rpzh.2023.0252

 Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

 Li, D., Luo, R., Liu, C. M., Leung, C. M., Ting, H. F., Sadakane, K., et al. (2016). MEGAHIT v1.0: a fast and scalable metagenome assembler driven by advanced methodologies and community practices. Methods 102, 3–11. doi: 10.1016/j.ymeth.2016.02.020

 Li, W., and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 22, 1658–1659. doi: 10.1093/bioinformatics/btl158

 Lin, J., Cao, C., Tao, C., Ye, R., Dong, M., Zheng, Q., et al. (2017). Cold adaptation in pigs depends on UCP3 in beige adipocytes. J. Mol. Cell Biol. 9, 364–375. doi: 10.1093/jmcb/mjx018

 Liu, C., Cui, Y., Li, X., and Yao, M. (2021). Microeco: an R package for data mining in microbial community ecology. FEMS Microbiol. Ecol. 97. doi: 10.1093/femsec/fiaa255

 Liu, L., Sadaghian Sadabad, M., Gabarrini, G., Lisotto, P., von Martels, J. Z. H., Wardill, H. R., et al. (2023). Riboflavin supplementation promotes butyrate production in the absence of gross compositional changes in the gut microbiota. Antioxid. Redox Signal. 38, 282–297. doi: 10.1089/ars.2022.0033

 Liu, Y., Yang, X., Gan, J., Chen, S., Xiao, Z.-X., Cao, Y., et al. (2022). CB-Dock2: improved protein–ligand blind docking by integrating cavity detection, docking and homologous template fitting. Nucleic Acids Res. 50, W159–W164. doi: 10.1093/nar/gkac394

 Liu, Z. G., Zhang, D. J., Wang, W. T., He, X. M., Peng, F. G., Wang, L., et al. (2017). A comparative study of the effects of long-term cold exposure, and cold resistance in Min Pigs and Large White Pigs. Acta Agric. Scand. A Anim. Sci. 67, 34–39. doi: 10.1080/09064702.2018.1431306

 Lonsdale, D. (2006). A review of the biochemistry, metabolism and clinical benefits of thiamin (e) and its derivatives. Evid. Based Complement. Alternat. Med. 3, 49–59. doi: 10.1093/ecam/nek009

 Magnúsdóttir, S., Ravcheev, D., de Crécy-Lagard, V., and Thiele, I. (2015). Systematic genome assessment of B-vitamin biosynthesis suggests co-operation among gut microbes. Front. Genet. 6:148. doi: 10.3389/fgene.2015.00148

 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

 Mirdita, M., Schütze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S., Steinegger, M., et al. (2022). ColabFold: making protein folding accessible to all. Nat. Methods 19, 679–682. doi: 10.1038/s41592-022-01488-1

 Pan, X., Xue, F., Nan, X., Tang, Z., Wang, K., Beckers, Y., et al. (2017). Illumina sequencing approach to characterize thiamine metabolism related bacteria and the impacts of thiamine supplementation on ruminal microbiota in dairy cows fed high-grain diets. Front. Microbiol. 8:1818. doi: 10.3389/fmicb.2017.01818

 Park, J., Hosomi, K., Kawashima, H., Chen, Y. A., Mohsen, A., Ohno, H., et al. (2022). Dietary vitamin B1 intake influences gut microbial community and the consequent production of short-chain fatty acids. Nutrients 14:2078. doi: 10.3390/nu14102078

 Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494

 Patil, Y., Gooneratne, R., and Ju, X. H. (2020). Interactions between host and gut microbiota in domestic pigs: a review. Gut Microbes 11, 310–334. doi: 10.1080/19490976.2019.1690363

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41(Database issue), D590–D596. doi: 10.1093/nar/gks1219

 Ren, Y., Yu, G., Shi, C., Liu, L., Guo, Q., Han, C., et al. (2022). Majorbio cloud: a one-stop, comprehensive bioinformatic platform for multiomics analyses. iMeta 1:e12. doi: 10.1002/imt2.12

 Reynolds, C. R., Islam, S. A., and Sternberg, M. J. E. (2018). EzMol: a web server wizard for the rapid visualization and image production of protein and nucleic acid structures. J. Mol. Biol. 430, 2244–2248. doi: 10.1016/j.jmb.2018.01.013

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

 Sharma, V., Rodionov, D. A., Leyn, S. A., Tran, D., Iablokov, S. N., Ding, H., et al. (2019). B-Vitamin sharing promotes stability of gut microbial communities. Front. Microbiol. 10:1485. doi: 10.3389/fmicb.2019.01485

 Sun, G., Song, X., Zou, Y., Teng, T., Jiang, L., Shi, B., et al. (2022). Dietary glucose ameliorates impaired intestinal development and immune homeostasis disorders induced by chronic cold stress in pig model. Int. J. Mol. Sci. 23:7730. doi: 10.3390/ijms23147730

 Sun, G. D., Su, W., Bao, J. X., Teng, T., Song, X., Wang, J. W., et al. (2023). Dietary full-fat rice bran prevents the risk of heart ferroptosis and imbalance of energy metabolism induced by prolonged cold stimulation. Food Funct. 14, 1530–1544. doi: 10.1039/D2FO03673H

 Teng, T., Sun, G., Ding, H., Song, X., Bai, G., Shi, B., et al. (2023). Characteristics of glucose and lipid metabolism and the interaction between gut microbiota and colonic mucosal immunity in pigs during cold exposure. J. Anim. Sci. Biotechnol. 14:84. doi: 10.1186/s40104-023-00886-5

 Teng, T., Yang, H., Xu, T. Q., Sun, G. D., Song, X., Bai, G. D., et al. (2022). Activation of inflammatory networks in the lungs caused by chronic cold stress is moderately attenuated by glucose supplementation. Int. J. Mol. Sci. 23:10697. doi: 10.3390/ijms231810697

 Uebanso, T., Shimohata, T., Mawatari, K., and Takahashi, A. (2020). Functional roles of B-vitamins in the gut and gut microbiome. Mol. Nutr. Food Res. 64:e2000426. doi: 10.1002/mnfr.202000426

 Wan, Z., Zheng, J., Zhu, Z., Sang, L., Zhu, J., Luo, S., et al. (2022). Intermediate role of gut microbiota in vitamin B nutrition and its influences on human health. Front. Nutr. 9:1031502. doi: 10.3389/fnut.2022.1031502

 Wang, D., Liu, C. D., Li, H. F., Tian, M. L., Pan, J. Q., Shu, G., et al. (2020). LSD1 mediates microbial metabolite butyrate-induced thermogenesis in brown and white adipose tissue. Metab. Clin. Exp. 102, 154011. doi: 10.1016/j.metabol.2019.154011

 Wang, M. S., Wang, S., Li, Y., Jhala, Y., Thakur, M., Otecko, N. O., et al. (2020). Ancient hybridization with an unknown population facilitated high-altitude adaptation of canids. Mol. Biol. Evol. 37, 2616–2629. doi: 10.1093/molbev/msaa113

 Yoshii, K., Hosomi, K., Sawane, K., and Kunisawa, J. (2019). Metabolism of dietary and microbial vitamin B family in the regulation of host immunity. Front. Nutr. 6:48. doi: 10.3389/fnut.2019.00048

 Zhang, Y., Sun, L., Zhu, R., Zhang, S., Liu, S., Wang, Y., et al. (2022). Porcine gut microbiota in mediating host metabolic adaptation to cold stress. NPJ Biofilms Microbiomes. 8:18. doi: 10.1038/s41522-022-00283-2

 Zhao, X., Jia, W., Wang, J., Wang, S., Zheng, Q., Shan, T., et al. (2023). Identification of a candidate gene regulating intramuscular fat content in pigs through the integrative analysis of transcriptomics and proteomics data. J. Agric. Food Chem. 71, 19154–19164. doi: 10.1021/acs.jafc.3c05806

 Zietak, M., Kovatcheva-Datchary, P., Markiewicz, L. H., Ståhlman, M., Kozak, L. P., Bäckhed, F., et al. (2016). Altered microbiota contributes to reduced diet-induced obesity upon cold exposure. Cell Metab. 23, 1216–1223. doi: 10.1016/j.cmet.2016.05.001

Copyright
 © 2024 Chang, Zhang, Cai, Wang, Liu, Liu and Xu. 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.









 


	
	
ORIGINAL RESEARCH
published: 09 October 2024
doi: 10.3389/fmicb.2024.1471732








[image: image2]

Unique rumen micromorphology and microbiota–metabolite interactions: features and strategies for Tibetan sheep adaptation to the plateau

Qianling Chen1, Yuzhu Sha1, Xiu Liu1*, Yanyu He2, Xiaowei Chen1, Wenxin Yang1, Min Gao1, Wei Huang1, Jiqing Wang1, Jianwen He3 and Lei Wang1,4*


1College of Animal Science and Technology, Gansu Agricultural University, Lanzhou, China

2School of Fundamental Sciences, Massey University, Palmerston North, New Zealand

3College of Animal Husbandry and Veterinary Science and Technology, Gansu Vocational College of Agricultural, Lanzhou, China

4Zhangye City Livestock Breeding and Improvement Workstation, Zhangye, China

Edited by
 Lin Zhang, Hubei University of Chinese Medicine, China

Reviewed by
 Shaofeng Su, Inner Mongolia Academy of Agriculture and Husbandry Science, China
 Zhengrong Yuan, Beijing Forestry University, China

*Correspondence
 Xiu Liu, liuxiu@gsau.edu.cn 
 Lei Wang, wangl@st.gsau.edu.cn

Received 29 July 2024
 Accepted 24 September 2024
 Published 09 October 2024

Citation
 Chen Q, Sha Y, Liu X, He Y, Chen X, Yang W, Gao M, Huang W, Wang J, He J and Wang L (2024) Unique rumen micromorphology and microbiota–metabolite interactions: features and strategies for Tibetan sheep adaptation to the plateau. Front. Microbiol. 15:1471732. doi: 10.3389/fmicb.2024.1471732
 

The rumen microbiota—a symbiont to its host and consists of critical functional substances—plays a vital role in the animal body and represents a new perspective in the study of adaptive evolution in animals. This study used Slide Viewer slicing analysis system, gas chromatography, RT-qPCR and other technologies, as well as 16S and metabolomics determination methods, to measure and analyze the microstructure of rumen epithelium, rumen fermentation parameters, rumen transport genes, rumen microbiota and metabolites in Tibetan sheep and Hu sheep. The results indicate that the rumen nipple height and cuticle thickness of Tibetan sheep are significantly greater than those of Hu sheep (p < 0.01) and that the digestion and absorption of forage are greater. The levels of carbohydrate metabolism, lipid metabolism, and protein turnover were increased in Tibetan sheep, which enabled them to ferment efficiently, utilize forage, and absorb metabolic volatile fatty acids (VFAs). Tibetan sheep rumen metabolites are related to immune function and energy metabolism, which regulate rumen growth and development and gastrointestinal homeostasis. Thus, compared with Hu sheep, Tibetan sheep have more rumen papilla and cuticle corneum, and the synergistic effect of the microbiota and its metabolites is a characteristic and strategy for adapting to high-altitude environments.
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1 Introduction

Tibetan sheep constitute one of the three major rough-wooled sheep breeds in China (the others include Kazakh sheep and Mongolian sheep), are distributed mainly in the alpine areas of Tibet and Qinghai on the Tibetan Plateau at altitudes of more than 2,000 m, are important livestock germplasm resources on the Tibetan Plateau, and have low oxygen, rough feeding, and disease resistance, In high-altitude environments, Tibetan sheep have developed particular biological habits and digestive, and metabolic mechanisms adapted to the alpine climate, demonstrating strong environmental adaptability. The rumen, a unique digestive organ in ruminants, is a complex ecosystem that plays a vital role in the metabolism, immune system, and health of the host (Lin et al., 2019). The rumen is inhabited by a wide variety of microorganisms, including bacteria, fungi, and protozoa These microorganisms make up a large microbiota that converts the ingested feed and other nutrients into microbial proteins and volatile fatty acids (VFAs) and synthesizes amino acids and proteins that cannot be synthesized by the animal itself, thus increasing the metabolic reservoirs of the host (Hess et al., 2011; Muegge et al., 2011). Therefore, rumen microorganisms play a vital role in the performance and health of ruminants. VFAs, as significant metabolites of rumen microorganisms, can provide approximately 75% of the energy requirements of ruminants (Bergman, 1990). They are also signaling molecules that regulate rumen epithelial cell proliferation and immune responses (Hosseinkhani et al., 2021; Li et al., 2021). Therefore, understanding the factors that affect the rumen microbiota and its metabolite composition will help reveal the biological mechanisms by which microorganisms and metabolites alter the body’s adaptability and elucidate the mechanisms of host–microbiota–metabolite interactions, thereby providing new coping strategies and methods.

Interactions between the gut microbiota and between the gut microbiota and the host are an essential part of the dynamic equilibrium of the gut microbiota, and changes in metabolites are closely related to changes in the gut microbiota. Factors that influence microbial composition and function include temperature, host species, diet, exercise, age, and geographic location (Wang et al., 2019). Still, these effects account for only 10 ~ 20% of microbial diversity, and the vast majority of microbial diversity between individuals remains unexplained. Therefore, the study of interactions between the integrated host genome, transcriptome, metabolome, and microbiome has received increasing attention. The gut microbiota and host coevolution coregulate host phenotypes. Under the same environmental feeding conditions, the composition of the gut microbiota of different species of Hydra varies widely. The composition of the gut microbiome of each of the two species of Hydra in the wild is very similar to that of the same species under laboratory conditions in that the host selectively determines the gut microbiome (Fraune and Bosch, 2007). Host genetic and environmental factors combine to influence the gut microbiota; In a study of two family lines of chickens with high and low body weights, the host genetic background has an essential influence on the composition and abundance of gut microorganisms. Some gut microbiota showed significant heritability and genetic correlation (Meng et al., 2014). In addition, there is evidence that host factors (such as breed, genetic variation, etc.) influence the composition and function of the bovine rumen microbiome (Zang et al., 2022). For example, the abundance of the rumen microbiota associated with CH4 emissions in dairy cows is influenced by host genotype to some extent (Difford et al., 2018; Zhang et al., 2020). Host genetic factors also influence rumen microbiota formation in beef cattle (Abbas et al., 2020). In recent years, elucidating the mechanisms related to host biological indicators and phenotypic traits via multiomics has become a research hotspot (Wang et al., 2019). Zhang et al. reported that yaks and Tibetan sheep can adapt to extreme environments through coevolution of the rumen microbiota and host genes (Zhang et al., 2016). The regulatory mechanisms by which the rumen epithelial genome of Tibetan sheep interacts with the microbiota and its metabolites to adapt to the plateau cold season have been investigated previously via RNA sequencing (RNA-Seq) and microbiome analyses (Liu et al., 2022). All these studies indicate that microorganisms metabolically regulate the host phenotype. In addition, Tibetan sheep live at high altitudes throughout the year and have a strong adaptive ability to extreme plateau environments. In contrast, Hu sheep live at low altitudes throughout the year and have the advantages of high fertility, early sexual maturity, roughage tolerance, environmental adaptability (EEr et al., 2020; Li et al., 2022), and good adaptability to semiarid and semidesert areas, and they have been widely introduced in Northern China and high-altitude regions (Guo et al., 2023). However, only a few studies have been performed on rumen microbial–host interactions regulating plateau adaptation in Tibetan sheep and Hu sheep. Therefore, in this study, we compared the morphology of the rumen epithelium and fermentation function with microorganisms and their metabolites by using Tibetan sheep and Hu sheep reared in the same plateau environment to analyze and explore the phenotypic and genetic differences in plateau adaptation between Tibetan sheep and Hu sheep, to reveal the mechanisms by which the Tibetan sheep rumen microbiota and metabolites on rumen fermentation function and host interactions, and providing a basis for the study of plateau adaptation in Tibetan sheep.



2 Materials and methods


2.1 Experimental animals and sample collection

The experimental samples were selected from the same herder’s flock in Hezuo City, Gannan Tibetan Autonomous Prefecture, Gansu Province (103°E, 35°N), which has an altitude of 3,000 m, a humid and high-altitude climate, and a relatively fragile ecological environment. Six Tibetan sheep and 6 Hu sheep weighing 34 kg (± 0.5 kg) and aged 1 year (± 1 month) were selected for the experiment. The experimental sheep exhibited regular feeding and rumination, shiny fur, good physical condition, oval-shaped feces, and adherence to each other after landing, indicating good health. They were all in the local area’s traditional natural grazing management state. The types of forage mainly included Poa poophagorum Bor, Poaceae, Carex coninux, Argentina anserina, and Geranium platyanthum Duthie, without any supplementary feeding. The nutritional components of forage are shown in Supplementary Table S1. The test sheep were slaughtered at Xinling Livestock Product Development Co., Ltd. in Hezuo City, Gannan Tibetan Autonomous Prefecture, Gansu Province, and the rumen contents and tissues were collected. Before grazing in the morning, the rumen fluid was collected via a sheep gastric tube-type rumen sampler. Three tubes were collected from each sheep, and the collected rumen fluid was quickly put into a liquid nitrogen tank for freezing, then returned to the laboratory for preservation at −80°C and subsequent 16S rRNA analysis and metabolite identification. Immediately after the jugular vein was bled to death, the rumen was isolated, and a block of rumen vesicle tissue (1 cm2) was collected, lightly rinsed with saline to remove the contents, and fixed in 4% paraformaldehyde for histomorphological analysis. At the same time, a small piece of the rumen vesicle was clipped, and the contents were rinsed off rapidly with precooled saline at 4°C and PBS buffer, after which the epithelial tissues were separated with blunt scissors and rapidly placed in liquid nitrogen for subsequent total RNA extraction.



2.2 Morphological analysis

Rumen ventral sac tissues were fixed in 4% paraformaldehyde for 24 h. The fixed tissue samples were immersed in dehydrating agents in the following order: (1) 50% alcohol for 2 h; (2) 75% alcohol for 2 h, or could overnight; (3) 85% alcohol for 2 h; and (4) 95% alcohol for 1 h. The dehydrated tissue samples were washed with alcohol and then quickly transferred to xylene for clearing, and the tissue was transparent after approximately 15 min. After 15 min, the tissue was transparent. The transparent samples were transferred to melted paraffin, allowing the paraffin to contact and immerse the tissue fully, and then embedded in a wax block after 2 h. The wax block was fixed in a sectioning folder. After the wax block in the sectioning folder was fixed, the tissues were sectioned at a thickness of 3 μm, and the sections were spread and mounted in distilled water at 45°C and dried by baking at 60°C. The paraffin sections were stained in the following order: (1) Xylene I dewaxing, 10 ~ 15 min; (2) xylene II dewaxing, 1 ~ 2 min; (3) xylene: Anhydrous ethanol = 1:1 mixture, 1 ~ 2 min; (4) anhydrous ethanol, 1 ~ 2 min; (5) downward-gradient alcohol hydration: 95, 85, 75, and 50% alcohol, 1 ~ 2 min each; (6) gentle washing with distilled water, 1 ~ 2 min; (7) hematoxylin staining, 10 ~ 15 min; (8) gentle washing with distilled water to remove excess dye; (9) alcohol separation in hydrochloric acid, 30 ~ 60 s; (10) rinsing with tap water for bluing, 15 ~ 20 min; (11) gentle washing with distilled water, 1 ~ 2 min; (12) dehydration in upward-graded alcohols: 1 ~ 2 min each in 50%, 75, and 85% alcohols; (13) eosin staining, 2 ~ 3 min; (14) upward gradient alcohol dehydration: 75, 85, 95% alcohol, and anhydrous ethanol dehydration, 1 ~ 2 min each; and (15) xylene I, xylene II transparent, 15 min. Finally, neutral gum sealing, drying, observation under the microscope, and imaging were performed. Rumen muscle layer thickness, nipple height, nipple width, cuticle thickness, granular layer thickness, spinous layer thickness, and basal layer thickness were determined via Slide Viewer.



2.3 16S ribosomal RNA (rRNA) sequencing analysis of rumen microorganisms

Microbiome DNA was extracted from the rumen fluid of Tibetan sheep and Hu sheep using the MN NucleoSpin 96 Soi bacterial DNA extraction kit (Omega, Shanghai, China). Polymerase chain reaction (PCR) amplification of the V3–V4 region of the highly variable region of the 16S rRNA gene was performed using universal primers (forward primer 338F: 5’-ACTCCTACGGGGAGGCAGCA-3’ and reverse primer 806R: 5’-GGACTACHVGGGTWTCTAAT-3’). For library sequencing, small fragment libraries were constructed using a two-step library construction method with double-end sequencing, the amplified products were analyzed by library sequencing on the Illumina MiSeq 2,500 platform (Illumina, San Diego, CA, USA), and bioinformatics analysis was performed using BMKCloud1 (accessed on 01 June 2024). To evaluate the quality of the raw data obtained from sequencing, paired-end splicing (FLASH version 1.2.7), filtering (Trimmomatic version 0.33), and chimeras (UCHIME version 4.2) were removed to obtain optimized sequences (Tags). The operational taxonomic units (OTUs) were obtained using USEARCH software. OTU classification and annotation were analyzed using the Silva (Bacteria) taxonomy database for further taxonomic analysis, and the community structure at different taxonomic levels (phylum, class, order, family, genus, and species) was obtained. The species diversity was analyzed via α-diversity, the α-diversity indices Ace, Chao1, Shannon, and Simpson were obtained, and a sample rarefaction curve was drawn. Furthermore, β-diversity analysis was used to obtain principal coordinates components (principal coordinate analysis [PCoA]) and boxplots based on multiple distances according to the distance matrix (Anosim). Line discriminant analysis effect size (LEfSe) analysis was used to find biomarkers with significant differences between groups. Metastats was used to conduct t-tests on species abundance data between groups. The species that caused the difference in the composition of the two groups of samples according to the q value were screened out, and 16S gene function analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Clusters of Orthologous Groups of proteins (COG) (Sha et al., 2022).



2.4 Metabolomic analysis of rumen microorganisms

Microbial metabolic profiling of rumen fluid from Tibetan sheep and Hu sheep (n = 12) was performed using a liquid chromatography–mass spectrometry (LC–MS) platform. After the samples were thawed at room temperature, 100 μL of each sample was weighed, and 500 μL of the extraction solution (methanol/acetonitrile volume ratio of 1:1, internal standard concentration of 2 mg/L) containing the internal standard (1,000:2) was added and vortexed for 30 s. The samples were then sonicated in an ice–water bath for 10 min, stood at −20°C for 1 h, and then centrifuged at 4°C at 12,000 rpm for 15 min. Then, 500 μL of the supernatant was placed in an EP tube, and the extract was dried in a vacuum concentrator, 150 μL of extract (acetonitrile−water volume ratio of 1:1) was added to the dried metabolite for redissolution, vortexing was continued for 30 s, sonication was performed for 10 min in an ice–water bath, and centrifugation was performed for 15 min at 12,000 rpm at 4°C. Finally, 120 μL of the supernatant was removed from a 2-ml injection bottle, and 10 μL of each sample was mixed with a QC sample for testing. The LC–MS system for metabolomics analysis was composed of a Waters Acquity I-Class PLUS Ultra High-Performance Liquid Tandem Waters Xevo G2-XS QToF High-Resolution Mass Spectrometer, and the column used here was purchased from a Waters Acquity UPLC HSS T3 column (1.8 μm 2.1 × 100 mm). The samples were eluted using positive (ESI+) and negative (ESI−) mobile phases consisting of water and 5% acetonitrile, 0.1% formic acid as solvent A and acetonitrile and 0.1% formic acid as solvent B at flow rates of 0.35 mL/min and 400 μL/min, respectively. The subsequent mobile phase (A:B) elution gradient was 0–0.25 min 98–2%, 10.0–13.0 min 2–98%, and 13.1–15.0 min 98–2%, followed by an ion source temperature of 150°C and a desolvation temperature of 500°C. The flow rates of the reverse gases and desolvent gas were 50 and 800 L/h, respectively. The raw data collected via MassLynx (version 4.2) were processed via Progenesis QI software. The Progenesis QI software, online databases such as METLIN and the self-built databases of BMG were used for metabolite identification according to sample type. BMKCloud was used to conduct a subsequent bioinformatics analysis of the identified metabolites. The screening criteria for differentially abundant metabolites were FC > 1, p < 0.05, and VIP > 1, and the differentially abundant metabolites were analyzed by KEGG functional annotation and enrichment.



2.5 Measurement of rumen VFAs

Thaw rumen fluid samples at room temperature, centrifuge at 15,000 rpm for 15 min at 4°C, aspirate 1 mL supernatant into a 1.5 mL centrifuge tube, add 0.2 mL of 25% metaphosphoric acid solution containing internal standard 2 EB, mix well and leave on ice for more than 30 min. Centrifuge at 15,000 rpm for 15 min, aspirate the supernatant with a 2 mL syringe and filter the supernatant with a 0.22-μm filter tip. The supernatant was aspirated with a 2-ml syringe and filtered with a 0.22-μm filter tip, and the resulting filtrate was transferred to a new collection tube for testing.

An Agilent 7890B gas chromatograph was used for the determination. The chromatographic column was an AT-FFAP capillary column (30 m × 0.32 mm × 0.50 μm), the temperature of the inlet (SSL): 250°C; the temperature of the detector (flame ionization detector [FID]): 250°C; the carrier gas was high-purity nitrogen (99.999%), the total pressure was 100 kPa, and the splitting ratio was 5:1; the gas flow rate was as follows: air: 400 mL·min−1, H2: 35 mL·min−1, and N2: 40 mL·min−1; injection volume was 1 μL; and the heating procedure was as follows: 120°C held for 3 min, 10°C·min−1 heating to 180°C, held for 1 min.



2.6 Measurement of rumen VFA transporter-related gene expression

Total RNA was extracted from the rumen tissues of Tibetan sheep and Hu sheep using the TRIzol reagent method (DP762-T1C; Life Technologies, CA, USA). The RNA concentration and purity were determined using an ultramicro spectrophotometer (Therm Nano Drop-2000; Thermo Scientific, MA, USA), and the OD260:OD280 ranged 1.8–2.1, indicating that the purity of the extracted RNA was good. The integrity of the extracted RNA was examined using an agarose gel electrophoresis instrument (Agient2100, LabChip GX), and three single and well-defined bands were visualized using an agarose gel imaging system (Ready Agarose, Bio-Rad, Hercules, CA, USA), indicating that the integrity of the extracted RNA was good. cDNA synthesis was performed using a reverse transcription kit (HiScript® II Q RT SuperMix for qPCR; Nanjing, China). The primers for anion exchanger 2 (AE2), downregulated in adenoma (DRA), monocarboxylic acid transporter protein1 (MCT1), monocarboxylic acid transporter protein (MCT4), Na+/H+ exchanger1 (NHE1) and Na+/H+ exchanger2 (NHE2) genes were designed using Primer5.0 software (β-actin was used as an internal reference gene; see Supplementary Table S2 for detailed primer information). The relative expression of genes involved in the transport of VFAs in the rumen tissues of Tibetan sheep and Hu sheep was investigated using an Applied Biosystems Q6 real-time fluorescence quantitative PCR instrument. Real-time quantitative PCR (RT-qPCR) was performed using a 20-μl reaction system with the following reaction conditions: predenaturation at 95°C for 30 s; cycling at 95°C for 10 s and 60°C for 30 s for 40 cycles; and lysis curve (95°C for 15 s, 60°C for 60 s, and 95°C for 15 s). The relative gene expression was calculated by correcting for β-actin as an internal reference gene, and the data were analyzed by the 2−∆∆CT method.



2.7 Statistical analysis of the data

The experimental data were initially organized using Excel 2016, and the analyzed data were expressed as “mean ± standard error” with a statistical significance level of p < 0.05. Then the data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 24.0 software. The content of VFAs was analyzed using an independent samples t-test, and the relative expression of transporter genes was analyzed using the 2−∆∆CT method. Correlation analyses were performed using Spearman’s correlation test with a screening criterion of p < 0.05.




3 Results


3.1 Morphological structure of the rumen epithelium in Tibetan sheep and Hu sheep

As shown in Table 1, the nipple height of the rumen epithelium of Tibetan sheep is significantly greater than that of Hu sheep (p < 0.01), and the nipple width of Hu sheep is significantly greater than that of Tibetan sheep (p < 0.05). The sheep rumen epithelial layer is divided from outside to inside into the cuticle (a), granular layer (b), sphenoid layer (c), and basal layer (d) (Figures 1B,E). As shown in Figure 1, the differences in the rumen epithelial layer between Tibetan sheep and Hu sheep included a significantly greater thickness of the granular layer and sphenoid layer in Hu sheep than in Tibetan sheep (p < 0.01), a significantly greater thickness of the cuticle layer in Tibetan sheep than in Hu sheep (p < 0.01), and a non-significant difference in the thickness of the basal layer (p > 0.05). In addition, the differences in the morphology of the muscular layer of the rumen wall between Tibetan sheep and Hu sheep, in which the thickness of the muscular layer is significantly greater than that of Tibetan sheep (p < 0.01), and the number of connective tissues in the muscular layer of the Hu sheep is greater than that of the Tibetan sheep (Figures 1A,C,D,F).



TABLE 1 Morphological analysis of rumen epithelium of Tibetan sheep and Hu sheep.
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FIGURE 1
 Morphology of rumen epithelial tissue of Tibetan sheep and Hu sheep. (A–C) The morphology of rumen epithelial tissue of Tibetan sheep at 1×, 10×, and 2× magnifications, respectively; (D–F) The morphology of rumen epithelial tissue of Hu sheep at 1×, 10×, and 2× magnifications, respectively. a: Cuticle; b: Granular layer; c: Spinous layer; d: Basal layer.




3.2 Sheep rumen 16S measurement

16S rRNA sequencing of the rumen fluid from Tibetan sheep and Hu sheep (n = 12) and PCoA reveal that there are significant differences in the rumen microbes between Tibetan sheep and Hu sheep, with good within-group reproducibility (Figure 2A). A total of 16,334 OTUs are obtained, including 7,246 OTUs in Tibetan sheep and 8,386 OTUs in Hu sheep (Figure 2B). The number of OTUs specific to Hu sheep is significantly greater than that specific to Tibetan sheep (p < 0.05). Dilution curves are used to verify that the amount of sequencing data is sufficient to reflect the diversity of species in the samples and the abundance of species in the samples. As shown in Figure 2C, the curve flattens at 40,000 Reads, indicating that the amount of sequencing data is sufficient. To compare their differences more systematically, the rumen microbial compositions are analyzed. α-Diversity analysis reveals that the ACE, Chao1, and Shannon indices in the rumen microorganisms of Hu sheep are significantly greater than those in the rumen microorganisms of Tibetan sheep (p < 0.05), and the difference in the Simpson index is not significant (p > 0.05) (Figures 2D–G). The microbial diversity index of Hu sheep is significantly higher than that of Tibetan sheep. The higher the α-diversity is, the more complex and stable the composition of the gut microbiota, indicating that Hu sheep are more resistant and adaptable to external interference, which is beneficial for host health.
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FIGURE 2
 Analysis of microbial diversity in Tibetan sheep and Hu sheep. (A) Scatter plot of principal coordinates components (PCoA)-score showing similarity of the microbiological composition of Tibetan sheep and Hu sheep based on UniFrac distance, principal coordinates (PCs) 1 and 2 explained 14.51 and 12.37% of the variance, respectively. (B) OTU Venn diagram. (C) Sample dilution curve. (D–G) Microbial diversity indicators—(D): ACE index; (E): Chao1 index; (F): Shannon index; and (G): Simpson index.


At the phylum level, Firmicutes, Bacteroidetes, Patescibacteria, Spirochaetota, and Verrucomicrobiota are the dominant phyla (Figure 3A). The abundances of Firmicutes and Patescibacteria are significantly greater (p < 0.05) in the Hu sheep than in the Tibetan sheep. In contrast, the abundance of Bacteroidetes is considerably greater (p < 0.05) in the Tibetan sheep than in the Hu sheep (Figure 3B). At the genus level, uncultured_rumen_bacterium, Prevotella, Rikenellaceae_RC9_gut_group, unclassified_F082, and Succiniclasticum are the dominant genera (Figure 3C), and in Tibetan sheep Prevotella and Rikenellaceae_RC9_gut_group abundance is significantly greater than that of Hu sheep (p < 0.05) (Figure 3D).

[image: Figure 3]

FIGURE 3
 Analysis of the microbiological composition of Tibetan sheep and Hu sheep. (A,C) Microbial composition at the level of phylum and genus. (B,D) Analysis of species differences at phylum and genus level.


Ruminal differential microbial KEGG functional enrichment reveals that Membrane transport, Translation, Replication, and repair are significantly greater in Hu sheep compared to Tibetan sheep, while carbohydrate metabolism, glycan biosynthesis and metabolism, biosynthesis of other secondary metabolites, lipid metabolism, and signal transduction are significantly higher in Tibetan sheep than in Hu sheep (Figure 4A). COG functional analysis reveals that posttranslational modification, protein turnover, chaperones, and cell wall/membrane/envelope biogenesis functions were all significantly higher in Tibetan sheep than in Hu sheep, whereas in the rumen of Hu sheep, the ribosomal structure and biogenesis and amino acid transport and metabolism functions are greater in Hu sheep than in Tibetan sheep (Figure 4B).
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FIGURE 4
 Intestinal microbial function analysis of Tibetan sheep and Hu sheep. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) functional analysis. (B) Clusters of Orthologous Groups of proteins (COG) functional analysis.




3.3 Rumen microbial metabolomics assay

Analysis of rumen microbiota metabolites in Tibetan sheep and Hu sheep yielded a total of 959,773 pairs of reads. After double-ended reads quality control and splicing, a total of 877,838 clean reads are generated, with at least 72,663 clean reads produced per sample and an average of 73,153 clean reads produced. A total of 3,982 metabolites are identified. Principal component analysis (PCA) can reduce high-dimensional data to two-dimensional or three-dimensional space, making it easier to visualize and analyze the data. It can also identify the most representative information in the data, providing a visual understanding of its distribution characteristics and differences. The PCA results of this study reveal significant differences in the rumen microbial species composition between the Tibetan sheep and Hu sheep groups, with good intragroup reproducibility (Figure 5A). Orthogonal projections to late structures discriminant analysis (OPLS-DA) can be used to screen differentially abundant metabolites effectively in metabolomics analysis. OPLS-DA can be used to obtain intergroup differential information better by establishing a model between metabolite expression levels and grouping relationships and screening differentially abundant metabolites that contribute significantly to distinguishing different groups. OPLS-DA reveals that the R2X, R2Y, and Q2 values are all close to 1, with Q2 > 0.9, further validating the reliability of the OPLS-DA model (Figure 5B). Further cluster analysis is conducted to obtain the number of OTUs in each sample. At the taxonomic level, a total of 26 phyla, 58 classes, 124 orders, 210 families, 368 genera, and 450 species are detected. Differentially abundant metabolites are analyzed using FC > 1, p < 0.05, and VIP > 1 as the screening criteria, and a total of 1,802 differentially abundant metabolites are identified, of which 948 are upregulated and 854 are downregulated (Figure 5C). Further screening of the top 10 up- and downregulated metabolites with multiplicative differences reveal that phalloidin, hexahydro-4-methylphthalic anhydride, 12,15-epoxy-13,14-dimethyleicosa-12,14,16-trienoic acid, 2-methoxynaphthalene, 18-fluoro-octadecanoic acid, 6”-O-carbamoylkanamycin A, and Temurin are significantly upregulated in the rumen of Tibetan sheep and very low in Hu sheep, these metabolites play an important role in lipid metabolism, and can also promote bile secretion, inhibit cancer cell proliferation, and participate in immune regulation. Tabersonine, N-lauroyl arginine, epidermin, glucoconvallasaponin B, miltefosine, N-oleoyl phenylalanine, and ajmalicine are significantly upregulated in the rumen of Hu sheep, which are involved in the regulation of inflammation to ensure normal growth and development of Hu sheep (Figure 5D).
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FIGURE 5
 Quality control diagram of rumen microbial metabolome data of Tibetan sheep and Hu sheep. (A) Scatter plot of principal component analysis (PCA)-score showing the similarity of the rumen metabolites of Tibetan sheep and Hu sheep based on UniFrac distance, principal components (PCs) 1 and 2 explained 43.59 and 24.61% of the variance, respectively. (B) Orthogonal projections to late structures discriminant analysis (OPLS-DA) based on operational taxonomic units (OTUs) of rumen metabolites in Hu sheep and Tibetan sheep. (C) Volcanic maps of differential metabolites in Tibetan sheep and Hu sheep. (D) Column chart of positive ion difference multiples.


The results of KEGG functional annotation and enrichment of different metabolites in the rumens of Tibetan sheep and Hu sheep are shown in Figure 6, and the different metabolites are enriched mainly in the lipid metabolism, digestive system, nucleotide metabolism, and amino acid metabolism pathways. Among them, the upregulated differentially abundant metabolites are enriched mainly in the caffeine metabolism and lysine degradation pathways, and the downregulated differentially abundant metabolites are enriched in a total of 18 metabolic pathways, with significant enrichment in the purine metabolism, amino sugar, and nucleotide sugar metabolism, folate biosynthesis, fatty acid biosynthesis, and mineral absorption pathways.
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FIGURE 6
 The Kyoto Encyclopedia of Genes and Genomes (KEGG) functional analysis diagram of differential metabolites in rumen microbiomes of Tibetan sheep and Hu sheep. (A) Differential metabolite KEGG pathway classification annotation. (B) Differential metabolite differential abundance score diagram.




3.4 Rumen VFAs concentration and transporter gene expression

As shown in Table 2, there is a significant difference in the concentration of rumen VFAs between Tibetan sheep and Hu sheep, in which the total rumen VFAs concentration of Hu sheep is significantly greater than that of Tibetan sheep (p < 0.05). The concentrations of acetate, propionate, butyrate, and valerate in the Hu sheep rumen are greater, and the differences are significant (p < 0.05) for acetate, propionate, and valerate. The concentrations of isobutyrate and isovalerate acids are significantly greater (p < 0.05) in Tibetan sheep than in Hu sheep, and the Acetate/Propionate (A/P) values are significantly greater (p < 0.05) in Tibetan sheep than in Hu sheep. The results of the relative expression measurements of rumen VFAs transporter genes (AE2, DRA, MCT1, MCT4, NHE1, and NHE2) are shown in Figure 7. The expression levels of AE2, DRA, NHE1, and NHE2 are significantly greater in Tibetan sheep than in Hu sheep (p < 0.05), whereas the expression levels of MCT1 and MCT4 are significantly greater in Hu sheep than in Tibetan sheep (p < 0.05).



TABLE 2 Contents of volatile fatty acids (VFAs) in the rumen of Tibetan sheep and Hu sheep.
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FIGURE 7
 Rumen volatile fatty acids (VFAs) transport gene expression results of Tibetan sheep and Hu sheep. **Indicates highly significant difference (p < 0.01).




3.5 Analysis of rumen microbe–metabolite interactions

Analysis of rumen microbiota and its metabolites reveals a certain correlation between the two (Supplementary Figure S3). Further correlation analysis was conducted, and the heatmap of microbiota and metabolites at the phylum level (Figure 8A) revealed that microorganisms are correlated with 12 metabolite modules, of which Bacteroidota and Synergistota are highly significantly positively correlated with three metabolite modules, MEturquoise, MEmagenta, and MEpurple (p < 0.01); Firmicutes is highly significantly positively correlated with MEbrown and MEyellow; two modules are highly significantly positively correlated (p < 0.01); and Patescibacteria is highly significantly positively correlated (p < 0.01) with the MEbrown and MEgreen modules, whereas Bacteroidetes and Synergistota are highly significantly negatively correlated (p < 0.01) with the MEbrown, MEyellow and MEgreen modules. Further correlation and chord plots of microorganisms and metabolites at the genus level revealed that rumen microorganisms and metabolites are also inextricably linked. Fretibacterium is significantly negatively correlated (p < 0.05) with Glutamine glutamate aspartate, Aldoxorubicin, Gyrocyanin, and α-Fluoromethylhistamine, whereas Pediococcus is significantly positively correlated (p < 0.01) with glutamine, glutamate, and aspartate (p < 0.01). Acetitomaculum and Pediococcus are strongly positively correlated with Aldoxorubicin, Gyrocyanin, and α-Fluoromethylhistamine (p < 0.01) (Figure 8B).

[image: Figure 8]

FIGURE 8
 Correlation analysis of rumen microbiomes and metabolites in Tibetan sheep and Hu sheep. (A) Microbiomes and metabolites correlation heat map. (B) Microbiomes and metabolites correlation chord diagram. *p < 0.05, **p < 0.01, ***p < 0.001.




3.6 Analysis of rumen microbe-VFAs and transporter gene–epithelial morphology interactions

Interaction analysis of the top 10 rumen microorganisms at the genus level with VFAs and their transporter genes and rumen epithelial morphology reveals that Rikenellaceae_RC9_gut_group is significantly positively correlated (p < 0.05) with nipple height and the AE2 gene and negatively correlated (p < 0.05) with the MCT1 and MCT4 genes and nipple width, Succiniclasticum and Saccharofermentans are strongly positively correlated with propionate, butyrate, valerate, and MCT4 genes, as well as with nipple width, granular layer thickness, and sphenoid layer thickness (p < 0.01) and Succiniclasticum is also highly significantly positively correlated with acetate and MCT1 genes (p < 0.01), and highly significantly negatively correlated with the AE2, DRA, NHE1, and NHE2 genes, as well as with nipple height and cuticle thickness, which are highly significantly negatively correlated (p < 0.01), (Figures 9A,B). Spearman correlation analysis of rumen VFAs, transporter genes, and their rumen epithelial micromorphology in Tibetan sheep and Hu sheep. As shown in Figure 9C, the AE2, DRA, and NHE2 genes are significantly and positively correlated (p < 0.05) with the contents of acetate and total acids, and the DRA and NHE1 genes and their rumen epithelial cuticle thickness are significantly and positively correlated (p < 0.05) with the contents of propionic acid and valerates. The AE2 and NHE1 genes and the nipple height are significantly positively correlated with the butyrate content (p < 0.05), whereas the MCT1 and MCT4 genes and the nipple width are significantly negatively correlated with the butyrate content (p < 0.05). These findings suggest that rumen transporter genes and the rumen epithelial structure are inextricably linked to the production and transporter uptake of VFAs.

[image: Figure 9]

FIGURE 9
 Correlation heat map between Tibetan sheep and Hu sheep. (A) Heat map of correlation between horizontal rumen microbiomes and VFAs and transport genes. (B) Heat map of morphological correlation between rumen microbiomes and rumen epithelium. (C) Heat map of correlation between rumen VFAs and transport genes.




3.7 Weighted correlation network analysis (WGCNA) of rumen microbial metabolite-VFAs transporter genes

Based on the results of the rumen microbial metabolomics analysis, further WGCNA of 1,802 differentially abundant metabolites reveal that 10 modules are differentially correlated with rumen epithelial morphology and transporter genes related to VFAs in Tibetan sheep and Hu sheep (Figure 10). There is a strong correlation between the five modules, MEgreen, MEbrown, MEyellow, MEblack, and MEturquoise, and rumen epithelial morphology and VFAs-related transporter genes. The MEgreen, MEbrown, and MEyellow modules are significantly and positively correlated with the MCT1 and MCT4 genes and the thicknesses of the granular and sphenoid layers. The MEblack and MEturquoise modules are positively associated with the AE2, DRA, NHE1, and NHE2 genes, nipple height, and cuticle thickness, whereas they are negatively correlated with the MCT1 and MCT4 genes. Further analysis of the metabolites with the top 10 kME values in the five modules revealed that the metabolites in the MEgreen, MEbrown, and MEyellow modules are enriched in the biosynthesis of unsaturated fatty acids and Fructose and mannose metabolisms such as downregulated metabolites such as alginic acid and linoleic acid; In contrast, in the MEblack and MEturquoise modules, some upregulated metabolites, such as 3α7α,12α-trihydroxy-5β-cholestanoate, 5-hydroxyectoine, and dihydrotestosterone, which are found in Tibetan sheep, were significantly more abundant than those in Hu sheep and are enriched mainly in the pathways of primary bile acid biosynthesis, glycine, serine and threonine metabolism, and steroid hormone biosynthesis.
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FIGURE 10
 The results of WGCNA. (A) Cluster dendrogram of rumen metabolites in Tibetan sheep and Hu sheep. Each branch in the figure represents one metabolite, and each color represents one coexpression module. (B) Correlation between the rumen metabolite modules, transport genes and rumen epithelial morphology in Tibetan sheep and Hu sheep.





4 Discussion

This study aimed to analyze the breed differences in the rumen epithelial micromorphology, microbiome, metabolome, and expression levels of VFAs and their transporter genes between Tibetan sheep and Hu sheep under the same feeding conditions and to investigate the mechanism of plateau adaptation in Tibetan sheep on the basis of the rumen microbiome and its metabolome. The rumen is one of the most important sites for digestion, metabolism, and nutrient absorption in ruminants, and previous studies have shown that nutrient absorption across the rumen epithelium is mainly dependent on the degree of keratinization of the cuticle cells (Baldwin and Jesse, 1992). In this study, the thickness of the rumen nipple and cuticle is greater in Tibetan sheep than in Hu sheep because of their greater digestibility of alpine forage of coarse quality and high fiber content, which require strong rumen contraction and diastole to achieve mechanical digestion. The sphenoid layer is the leading site of VFA metabolism in rumen epithelial tissue. Compared with Tibetan sheep, Hu sheep need to metabolize more VFAs for energy to adapt to the plateau environment. The lower thickness of the rumen sphenoid layer in Tibetan sheep indicates that Tibetan sheep inhibit further metabolism of VFAs, and store them for their energy supply under conditions of hypoxia and severe nutritional deficiency. The height of the rumen nipple in Tibetan sheep is greater than that in Hu sheep when stimulated by plateau-wilting grasses. Therefore, a higher rumen nipple is a trait and strategy for the digestion and utilization of alpine pastures in Tibetan sheep and their adaptation to the plateau environment.

Rumen microorganisms play an important role in the digestive metabolism of proteins, sugars, and fats in ruminants. In this study, Firmicutes and Patescibacteria are more abundant in the rumen of Hu sheep at the phylum level, and Firmicutes promote fiber degradation, growth, and development (Lin et al., 2018). In contrast, the abundance of Bacteroidetes is greater in Tibetan sheep and has been observed to be much lower than Firmicutes in the rumen microbiota of low-altitude ruminants (Kim et al., 2011) and goats from semiarid regions (Cunha et al., 2011). Bacteroidetes can efficiently catabolize dietary proteins and carbohydrates into VFAs (Huo et al., 2014) and promote increased rumen growth and volume. The large number of bacteria in Bacteroidetes in plateau ruminants highlights the vital role of these bacteria, which may be beneficial in providing nutrients to the host by degrading the limited resources in the Qinghai-Tibet Plateau (QTP) (Liu et al., 2020). Furthermore, Bacteroidetes play an important role in nutrient uptake and utilization and host disease immunity (Zhang et al., 2018), thus playing a more important role than Firmicutes in the adaptation of animals to high-altitude environments. These findings suggest that Tibetan sheep have a stable energy utilization mechanism when the pasture supply is insufficient at high altitudes, which is important for maintaining homeostasis in the rumen and adapting to harsh environments (Jami et al., 2014). At the genus level, Rikenellaceae_RC9_gut_group, which degrades polysaccharides of plant origin (Peng et al., 2015), is significantly more abundant (p < 0.05) in the rumen of Tibetan sheep than in that of Hu sheep. In addition, Prevotella is also a dominant genus in Tibetan sheep, and Prevotella plays a role in the degradation and utilization of plant non-cellulosic polysaccharides, proteins, starches, and xylans (Liu et al., 2019). A high abundance of Prevotella promotes forage fermentation, resulting in high concentrations of VFAs (Shi et al., 2014), which facilitate the ability of rumen-fermented forage to provide more energy to the organism. Furthermore, KEGG functional enrichment analysis reveals that Carbohydrate metabolism, Glycan biosynthesis and metabolism, and Lipid metabolism are significantly enhanced in Tibetan sheep, which are able to satisfy their energy needs in the alpine hypoxic environment (Fan et al., 2021), whereas functions such as Membrane transport, which can mediate interactions between the intestinal microbiota and host cells (Konishi et al., 2015), are significantly elevated in the rumen of Hu sheep. The COG results also reveal that posttranslational modification, protein turnover, chaperones, and cell wall/membrane/envelope biogenesis are increased in Tibetan sheep. Protein turnover breaks down proteins into amino acids during food digestion for growth and development and is also involved in cellular signaling to adapt to environmental changes (Gonzalez and Cullen, 2022). The above results suggest that, compared with Hu sheep under the same feeding conditions, Tibetan sheep may have more powerful energy metabolism mechanisms to adapt to the Tibetan Plateau environment than do Hu sheep because their genetic factors lead to increased abundances of Bacteroidetes and Prevotella, effective fermentation and utilization of forage, and further enhancement of carbohydrate and lipid metabolism.

Metabolomics plays an important role in understanding the physiological and biochemical state of animals (Xue et al., 2020).In the present study, some differences in rumen are detected metabolites between Tibetan sheep and Hu sheep. Tabersonine, Epidermin, and Glucoconvallasaponin B levels are increased in Hu sheep, whereas metabolites such as phalloidin and 12,15-epoxy-13,14-dimethyleicosa-12,14,16-trienoic acid are increased in the rumens of Tibetan sheep. Phalloidin promotes bile secretion(Rahman and Coleman, 1986), facilitates fat digestion, and inhibits bacterial proliferation, and 12,15-epoxy-13,14-dimethyleicosa-12,14,16-trienoic acid is a furan fatty acid derivative that has been shown to inhibit cancer cell proliferation and block cell recovery. These results suggest that differentially abundant metabolites play important roles in fatty acid catabolism and the intestinal immune barrier in Tibetan sheep, but the specific regulatory mechanisms need to be further verified. Further analysis of the KEGG functional enrichment of the differentially abundant metabolites reveals that the differentially abundant metabolites of Tibetan sheep and Hu sheep are enriched mainly in the Lipid metabolism, Digestive system, nucleotide metabolism, and amino acid metabolism pathways. Among them, lipid metabolism plays an important role in energy metabolism as well as in various aspects of biofilm structure, signaling and other functions, and disorders of lipid metabolism can lead to a variety of diseases (Petrenko et al., 2023), and its enrich metabolites, such as cholesterol, the expression of which is upregulated in the rumen of Tibetan sheep, are precursors for the synthesis of a variety of hormones, such as steroid hormones and glucocorticosteroids, which are related to immunity and energy metabolism (Cortes et al., 2014). In addition, caffeine metabolism and Lysine degradation are upregulated in Tibetan sheep, and its upregulated metabolites, Theophylline and Xanthine, are associated with the regulation of inflammation (Rabe and Dent, 1998; Yagi et al., 2022). Pyruvate and alanine produced by Lysine degradation can further participate in energy metabolism and amino acid metabolism processes. Purine metabolism, amino sugar and nucleotide sugar metabolism, and fatty acid biosynthesis are significantly enriched in Hu sheep and participate in various biological processes to ensure normal growth and development. The above analyses reveal significant differences in rumen microbial metabolites and their enrichment pathways between Tibetan sheep and Hu sheep under the same feeding environment, which is due mainly to breed differences, with Tibetan sheep producing more metabolites related to organismal energy provisioning and immunomodulation than Hu sheep do.

Under the regulation of rumen microorganisms and their metabolites, VFAs also change accordingly. Energy supply is the most important role of VFAs in ruminants, and the rumen acetate content accounts for 70 ~ 75% of the total VFA content. Increasing the level of acetate in the rumen not only alters the fermentation pattern in the rumen, improving the efficiency of energy metabolism and reducing energy losses in ruminants, but also improves the utilization of nitrogen. Propionate is largely converted to glucose, and in sheep, the glucose produced from propionate provides 30 ~ 50% of the requirement. The concentrations of both acetate and propionate in the rumen of Hu sheep are significantly higher than those in the rumen of Tibetan sheep, indicating that the rumen of Hu sheep has a greater fermentation capacity for forage than that of Tibetan sheep. Most of the butyrate in the rumen is converted by rumen epithelial cells into ketones or CO2, which are byproducts of fatty acid oxidation (McGarry and Foster, 1980). The A/p value is related to the efficiency of forage energy utilization; the lower the ratio is, the greater the energy utilization efficiency of the organism (Liu et al., 2019). The A/p value of Hu sheep is significantly lower than that of Tibetan sheep, which indicates that Hu sheep have a higher utilization rate of forage and can produce more VFAs; however, in plateau environments, the metabolism of energy substances in Tibetan sheep is greater than that in Hu sheep. VFAs, as important products of rumen fermentation, are absorbed and transported in the rumen epithelium by passive diffusion and anion exchange (del Bianco Benedeti et al., 2018), and the substances that play these roles are mainly transporter genes, such as the AE2, DRA, NHE, and MCT genes. Both AE2 and DRA encode anion-exchange proteins that exchange VFA− for HCO3− and play important roles in regulating the stability of the internal environment. Zhang et al. reported that AE2 may be involved in maintaining the intracellular pH balance during the transport of VFAs (Zhang et al., 2023), which indirectly affects the transport and metabolism of VFAs, and high expression of AE2 may indicate that the cellular capacity for bicarbonate transport is increased, which contributes to maintaining the stability of the intracellular environment and supports the further metabolism of VFAs. Bilk et al. (2005) reported that the rumen epithelium exchanges HCO3− and Cl− via AE2, DRA, and PAT1 and is associated with the uptake and transport of VFAs in this process. NHE is a membrane transporter of Na+ and H+ that transports VFAs mainly by passive diffusion (Müller et al., 2002), and it has been demonstrated that NHE1 and NHE2, among others, are expressed in the rumen epithelium and that their activities can influence the uptake of VFAs by the rumen epithelium. Yang et al. (2012) reported that the expression and activity of rumen epithelial NHEs were increased when goats were fed highly fermented diets, and in the present study, the expression of the above four genes in the rumen of Tibetan sheep was significantly greater than that in the rumen of Hu sheep, indicating that the absorption and metabolism of VFAs by Tibetan sheep in the plateau environment is stronger than that of Hu sheep and that the content of VFAs is lower than that of Hu sheep. Monocarboxylic acid transporter (MCT) proteins, which are distributed at the plasma membrane surface of cells in the basal layer of the rumen epithelium, are involved in regulating the efflux of H+ lactate and ketone bodies and maintaining intercellular pH homeostasis (Kirat et al., 2006). The results of the present study revealed that the expression of MCT1 and MCT4 in the rumen epithelium of Hu sheep was significantly greater than that in the rumen epithelium of Tibetan sheep. Pérez de Heredia et al. (2010) reported that hypoxia can upregulate the expression of MCT1 and MCT4 in human adipocytes and that the impression of MCT4, similar to other enzymes involved in glucose catabolism, is increased upregulated under hypoxic stimulation through the regulatory mechanism of HIF-1α, and its upregulated expression enables the rapid efflux of lactic acid from the cell due to sugar catabolism during hypoxia, which is in line with the results of the present study. Therefore, efficient uptake and metabolism of VFAs constitute another characteristic and effective strategy for Tibetan sheep to cope with the harsh alpine environment.

On the basis of the above analyses, we identified a certain synergistic relationship between the rumen microbiome and metabolome and their fermentation functions. In this study, the modules that are significantly positively correlated with Bacteroidetes are mainly related to immune-related metabolites such as Nylidrin, Physalin E acetate, and syringic acid. Among them, syringic acid, which has a structural unit similar to that of lignin, acts as an antioxidant to reduce oxidative stress and exerts antioxidant and anti-inflammatory effects (Ferah Okkay et al., 2022). Bacteroidota, a dominant genus of bacteria in Tibetan sheep, has been reported to be associated with microbial dysbiosis and chronic intestinal inflammation (Parker et al., 2020), suggesting that Bacteroidota and these metabolites are collectively involved in the regulation of intestinal immunity in Tibetan sheep, thus ensuring their health. Pediococcus spp. strains have the potential to inhibit mycotoxin-producing molds as producers of potent antifungal metabolites (Fugaban et al., 2022), which are significantly and positively correlated with metabolites such as Glutamine glutamate aspartate, which is a major metabolic fuel for the small intestine and can improve hepatic energy metabolism (Qi et al., 2020). In addition, there was an association between the rumen microbiota flora, rumen epithelial micromorphology, and VFAs in Tibetan sheep. Rikenellaceae_RC9_gut_group is significantly and positively correlated with nipple height and the AE2 gene (p < 0.05), while Rikenellaceae_RC9_gut_group may promote the digestion and absorption of carbohydrates in the intestinal tract (Berry et al., 2015) and inhibit the production of proinflammatory cytokines and other damaging factors (Bian et al., 2019), and Rikenellaceae_RC9_gut_group and Succiniclasticum may be involved in methane formation and VFAs production. In this study, Rikenellaceae_RC9_gut_group and Succiniclasticum as the dominant genera, increased the content of VFAs, indicating that Tibetan sheep regulate the digestion and absorption of VFAs through the upregulation of genes, such as Rikenellaceae_RC9_gut_group, to promote the growth of the rumen nipple and AE2. This, in turn, enhances energy metabolism and immune regulation in Tibetan sheep to ensure their growth and development. Therefore, rumen microbes and their metabolites synergistically regulate VFAs and rumen epithelial morphology to improve energy metabolism and reduce oxidative stress in Tibetan sheep in the same feeding environment.

Furthermore, WGCNA of rumen metabolites reveals that metabolite modules associated with highly expressed VFAs transporter genes and rumen epithelial micromorphology act mainly through saturated and unsaturated fatty acid biosynthesis and Fructose and mannose metabolism pathways to maintain normal physiological activities in Hu sheep. Several metabolites related to energy metabolism and immune barriers have been identified in Tibetan sheep, among which 3α,7α,12α-trihydroxy-5α-cholestanoate is an important precursor for bile acid synthesis(Mihalik et al., 2002). Bile acid promotes both the digestion and absorption of dietary lipids and acts as a hormone that activates specific receptors. The activation of these receptors can alter gene expression in a wide range of tissues, leading to changes not only in bile acid metabolism but also in glucose homeostasis, lipid and lipoprotein metabolism, energy expenditure, intestinal motility, and bacterial growth, and inflammation (de Aguiar et al., 2013). 5-Hydroxyectoine can bind to some 5-hydroxyectoine receptors on the surface of immune cells to regulate the immune system and participate in immune metabolism. In addition, many metabolites related to amino acids, such as Gly, Ser, and Thr, are involved in immune function, anti-inflammatory processes, and antioxidant responses, in addition to meeting the normal developmental and amino acid requirements of Tibetan sheep (Imenshahidi and Hossenzadeh, 2022). The interactions between the above metabolites and VFAs and epithelial morphology further provide insight into plateau adaptation in Tibetan sheep (Figure 11).
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FIGURE 11
 Modeling of rumen microorganisms and their fermentative metabolism in Tibetan sheep and Hu sheep.




5 Conclusion

In the case of rough grass quality on the plateau, the high rumen nipple and thick cuticle of Tibetan sheep are the main differences in their adaptation to high-altitude environments compared to Hu sheep, Second, the rumen microbiota of Tibetan sheep has increased abundances of Bacteroidetes, Prevotella and Rikenellaceae_RC9_gut_group, which efficiently ferment and utilize forage and absorb the metabolize VFAs, promote the expression of VFAs transporter genes, and improve carbohydrate, amino acid and lipid metabolism, thus giving Tibetan sheep a more powerful energy metabolism mechanism to adapt to the environment. In addition, Tibetan sheep can produce more metabolites related to the organismal energy supply and immune regulation, and these differential metabolites are associated with purine metabolism, amino sugar, and nucleotide sugar metabolism, Fatty acid biosynthesis, and mineral absorption pathways, which are involved in the regulation of rumen growth and development and gastrointestinal homeostasis. Correlation analysis revealed that Tibetan sheep rumen microbes and their metabolites synergistically regulated VFAs and epithelial morphology, enhanced their energy metabolism, and reduced oxidative stress.
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Introduction: Marmots are recognized as host animals for plague caused by Yersinia pestis infection. It is unclear that why plague prevalent in marmot rather than other rodents like pikas in the same habitats. This study aims to analyze the differences of the soil characteristics around marmots and pikas burrows to explore the soils factors impacting on different epidemic intensities of Yersinia pestis in these two rodents.

Methods: Soil samples were collected from within and around marmot and pika burrows, as well as from the nearby areas not inhabited by them and Chinese baseline soil properties as control groups, in the Qilian Mountains of Gansu Province, China. The physicochemical properties and the bacterial 16S rRNA were measured to analyze the characteristics of soils from different groups. Subsequently, the data were analyzed using R studio.

Results: The analysis revealed that marmot habitats exhibited distinct soil characteristics, including lower organic matter and alkaline hydrolyzed nitrogen, but higher electrical conductivity and total soluble salts. And soil in marmot areas tended to have higher concentrations of nickel, chromium, and iron, also lower levels of zinc and selenium. Additionally, the alpha diversity of soil microorganisms in marmot habitats was significantly low. Simultaneously, redundancy analysis was conducted, which showed that the low alpha diversity of marmot-soil was influenced by its physicochemical properties. The alpha diversity of the soil was positively correlated with EC, TSS, Na, and Cr, etc., while it was negatively correlated with AHN, OM, Se, Zn, and Fe, etc.

Conclusion: These characteristics in marmot habitats, including low levels of organic matter, alkaline hydrolyzed nitrogen, zinc, selenium, and bacterial alpha diversity, as well as high levels of electrical conductivity, total soluble salts, iron, and nickel, played a crucial role in the spread of plague. It was discovered that the unique characteristics of marmot-soils provided essential elements necessary for the survival of Yersinia pestis, including high levels of Fe and Ca, or facilitated the spread of plague. Thus, the transmission of the plague was facilitated.
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Introduction

Plague, a severe infectious disease caused by Yersinia pestis. And its transmission is primarily through flea bites, direct contact with infected animals or humans, and airborne modes (Abdel et al., 2023; Pechous et al., 2016). Historically, several plague pandemics have occurred in different regions around the world (Spyrou et al., 2016). Based on this, it is inferred that the disease may have originated in Central Asia, subsequently spreading throughout Africa and Europe (Sabour et al., 2022). Yersinia pestis primarily resides in burrowing wild rodents, such as marmots (Dubyanskiy and Yeszhanov, 2016). Fleas acting as vectors, transmit the bacterium to others by feeding on the blood of these infected hosts (Davis and Isberg, 2014). Regions where these wild rodents live are identified as natural plague foci, provided Yersinia pestis can sustain itself in the local natural environment (Andrianaivoarimanana et al., 2013). Such areas are widespread, spanning parts of Asia, the Americas, and Africa. Natural plague outbreaks often occur in regions characterized by continental climates and dry grasslands, which undergo significant weather fluctuations and support large rodent populations. Changes in temperature and precipitation levels can lead to plague outbreaks within these animal populations (Du et al., 2017; Lotfy, 2015). Notably, in northwest China, a large area of natural plague foci exists where human activities intersect with these habitats, and this overlap presents opportunities for the spread of plague (Gao et al., 2010).

The prevalence of plague, particularly within natural plague foci, is influenced by numerous factors, notably the host animals and their parasitic vectors (Nguyen et al., 2018). Marmots, serving as primary hosts for Yersinia pestis, are predominantly found in China's plateau regions, making their habitats critical areas for plague monitoring (Xu et al., 2023). Interestingly, some animals frequent in these foci without spreading the disease. The question of why plague is prevalent among marmots, but not other rodent species like pikas, such as pikas, leads to two main perspectives: (1) Parasitic vectors and host susceptibility (Dean et al., 2018). A study indicated that host animals of natural plague foci often harbored more parasitic vectors, and Yersinia pestis capable of surviving a period of time in parasitic vectors, facilitating transmission to other animals (Sariyeva et al., 2019). Another study showed that most marmots carried A. phagocytophilum, making them more susceptible to Yersinia pestis (Duan et al., 2022). However, pikas, which share habitats with marmots and also carry many parasitic vectors, show a negligible presence of Yersinia pestis (Brinkerhoff et al., 2020). This discrepancy suggests other factors at play in the bacterium's host preference. (2) Another viewpoint is the soil. Globally, studies on the relationship between soil and the plague have been conducted (Markman, 2019). There is a view that the epidemic of plague was related to the natural changes in ecological conditions and the natural preservation of Yersinia pestis in the soil. As early as the Third Plague Pandemic, there has been speculation and debate over the possibility of Yersinia pestis existing in soil, thus influencing plague spread (Lynteris, 2017). The interaction between soil and rodents is dual: the physicochemical properties of soil may vary based on rodent habitat selection, and rodent activity can alter these soil properties. Specific soil characteristics may affect the survival rate and longevity of Yersinia pestis in the environment (Fleming et al., 2014).

In recent years, the shifting global climate and human activities have led to the identification of new plague host animals and vectors, such as Spermophilus alashanicus and Ochotona daurica, and vectors like Neopsylla abagaitui and Citellophilus tesquorum mongolicus, across various regions (Dubyanskiy and Yeszhanov, 2016). Human intrusion into natural plague foci can inadvertently facilitate the spread and outbreak of the disease (Ge et al., 2015). Despite numerous studies on marmot habitats, there is a lack of research examining why the plague predominates in marmots over other rodent species within these foci. The role of habitat factors, particularly soil factors selected by marmots and other rodent species, in influencing plague prevalence remains unclear. Therefore, this study involved measuring the physicochemical properties and microorganisms present in the soil to evaluate whether soil characteristics influencing plague prevalent in marmots than pikas.



Materials and methods


Samples collection

Field surveys and sample collections were conducted in a natural plague focus in the Qilian Mountains, where the collection sites were located in alpine grassland ecosystems at the altitude of 2,500 to 3,000 meters. Soil samples included soil from inside and surrounding the burrows of pikas and marmots. Additionally, soil samples of control groups were collected from non-rodent habitats within the natural plague focus, which shared similar ecological environments including altitude, climate, and vegetation, but lacked rodent burrows. During the collection process, impurities such as vegetation, weeds, and stones were removed from the soil as much as possible. Using a shovel, approximately 100 grams of soil from approximately 10 centimeters below the surface was collected inside each marmot and pika burrow. Similarly, soil samples were collected within a 1-meter radius around the burrows. Each soil collection point was at least 20 meters apart from the next to ensure spatial independence. The collected soil samples were individually placed in sealed bags, labeled with corresponding numbers, and relevant information such as the sampling location. The collected soil samples were air-dried in a shaded area, and during the drying process, they were intermittently stirred and impurities were removed. After 1 week, the dried soil samples were ground and sequentially sieved through 2 mm, 10 mesh, and 100 mesh screens. From the collected samples, 30 specimens were ultimately selected for soil testing and analysis: 6 samples from inside marmot burrows (MI), 6 samples from the surrounding area of marmot burrows (MO), 6 samples from inside pika burrows (PI), 6 samples from the surrounding area of pika burrows (PO), and 6 control samples from non-rodent inhabited areas (C).



Physicochemical properties and microbial detection of soil samples

Soil particle size was measured using a laser particle size analyzer. According to different particle sizes, soil particle sizes could be classified into different types: clay (< 2 μm), silt (2~50 μm), fine sand (50~250 μm), and coarse sand (250~2,000 μm). The physicochemical properties of soil were measured using the following methods: soil pH was determined utilizing the electrode method (NYT 1377-2007, China), while soil electrical conductivity (EC) was assessed by the platinum electrode method (HJ802-2016, China). Total soluble salt (TSS) content in the soil was measured utilizing the weight method (NY/T1121.16-2018, China), and organic matter (OM) content in the soil was determined using the potassium dichromate heating method (LYT1237-1999, China). The soil alkaline hydrolysis nitrogen (AHN) content and available phosphorus (AP) content were analyzed using the Kjeldahl method (LYT128-2015, China) and molybdenum antimony anti-colorimetry (LY_T1232-2015, China), respectively. Flame photometry (LY/T1234-2015, China) was utilized for measuring soil available potassium (AK) content, while ICP-AES (GB15618-2018, China) was used for analyzing 9 metal elements in soil: calcium (Ca), iron (Fe), magnesium (Mg), sodium (Na), zinc (Zn), chromium (Cr), copper (Cu), nickel (Ni), and lead (Pb). Soil metalloid elements, including selenium (Se), arsenic (As), and mercury (Hg), were quantified through atomic fluorescence spectrometry (GB/T22105, China).

High-throughput sequencing of 16S RNA was used for soil microorganisms detection. Total DNA was extracted from the soil samples using the E.Z.N.A™ Mag-Bind Soil DNA Kit. Subsequently, the target gene was amplified using universal bacterial primers, with the primer names and sequences being 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT). The PCR amplification process comprised two distinct cycling stages, executed under the following conditions: Initially, a denaturation step was conducted at 94°C for 3 min. Then followed by 5 cycles of denaturation at 95°C for 30 seconds, annealing at 45°C for 30 seconds, and extension at 72°C for 30 seconds. Subsequently, 20 cycles of denaturation at 95°C for 30 seconds, annealing at a higher specificity temperature of 55°C for 30 seconds, and extension at 72°C for 30 seconds were performed. And a final extension at 72°C for 5 min. The PCR products were then analyzed using 2% agarose gel electrophoresis to assess the library size. Furthermore, the DNA concentration of each PCR product was determined using the Qubit® 4.0 Green dsDNA Assay Kit, and a bioanalyzer (Agilent 2100, USA) was utilized for quality control. Free primers and primer dimers were purified from the amplicon products using Hieff NGS™ DNA selection beads (Yeasen, 10105ES03, China). Sequencing was conducted on the Illumina MiSeq platform (Illumina MiSeq, USA) to obtain the original bacterial sequences. After sequencing, two short Illumina reads were merged, and then the primer sequences from the merged sequences were removed using Vsearch software (version 2.8.1). Effective tags were clustered into Operational Taxonomic Units (OTUs) with a similarity threshold of ≥97%. Chimeric sequences and singleton OTUs (with only one read) were excluded. The remaining sequences were then assigned to each sample based on OTUs. Taxonomic annotation was carried out using a bacterial taxonomy database to identify the microbial community composition.



Statistical analysis

Alpha diversity was assessed using the Simpson and Shannon indices, while beta diversity was evaluated based on Bray–Curtis distances and visualized through a principal coordinate analysis (PCoA) plot. Redundancy analysis was also used to determine the relationship between soil physicochemical properties and bacterial abundance. Values were expressed as the mean ± standard error of the mean (SEM). Comparison of data between different groups were performed using t-test, and p-value of < 0.05 was considered statistically significant. Data analysis and plotting were performed using R software (version 4.3.3).




Results


Differences in physicochemical properties of soil between different groups

This study presented the average values of various physicochemical properties of soil from 5 distinct groups (Table 1). Due to the extensive range of soil physicochemical properties indicators, the data were divided into two sections for analysis. Initially, wave charts and percentage charts were utilized to analyze the first 8 indicators (Figure 1). It was found that there was no significant difference among the groups for values of the pH and AK indicators (Figures 1A, B). The OM in the soil of marmot habitats exhibited the same trend as AHN, with the levels of soil OM and AHN in the marmot group being approximately twice as low as those in the other groups (Figure 1C). Simultaneously, the TSS and EC values in marmot habitats, particularly within burrows, were slightly lower than those in the control group but significantly higher than in pika-soils (Figure 1D), with the difference being as much as even 10 times. The coarse sand content was highest in marmot burrows, being about 3 times that of the soil outside marmot burrows and pika-soils, while the control soil contained almost no coarse sand (Figure 1E). The contents of AP in marmot habitat soils were similar to those in the control group, both of which were lower than those in pika-soils (Figure 1F).


TABLE 1 Physicochemical properties of samples across different groups.
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FIGURE 1
 Effects of different rodent species on soil physicochemical properties. (A) Differences in soil pH among 5 groups; (B) differences in soil available potassium across 5 groups; (C) analysis of variations in soil organic matter and alkali hydrolyzable nitrogen among 5 groups; (D) analysis of variations in soil electrical conductivity and soil total soluble salts across 5 groups; (F) percentage of different soil particle size contents among 5 groups; (E) comparison of soil available phosphorus among different groups.


The t-test was utilized to evaluate the differences between every 2 groups for each of the 12 elements presented in a histogram, and a bubble chart displayed the relative values of these 12 elements across different groups (Figure 2), with reference to the Chinese baseline soil values (Xiaohuan et al., 2021). The Chinese baseline soil values in this article were derived from the arithmetic mean of soil samples from regions in China with minimal human impact (Those samples include minimal human impact and human impact). These data were collected by the China Geological Survey between 1999 and 2013 over an area of 1.5 million square kilometers. According to the results, it was found that the elements with the highest content were Fe and Ca (Figure 2A). Significant differences (p < 0.05) were observed in the soil elements of Ca, Fe, Cr, Ni, Se, and Hg between the marmot-soils and the control group soils (Figure 2A). Specifically, marmot-soils had elevated levels of Fe, Cr, Ni, and Hg compared to the control soil, while showing lower levels of Ca and Se (Figure 2A). The differences between these values are generally around 20%. Additionally, notable variations in element concentrations were detected between marmot-soils and pika-soils. In detail, the marmot-soils had higher concentrations of Na, Cr, and Ni than pika-soils, both inside and outside of burrows, while Zn and Se showed the opposite trend (Figure 2A). The bubble chart revealed that the levels of elements Ca, Mg, and Fe in the epidemic foci areas were significantly higher than the background values (Figure 2B). Furthermore, the differences were quite significant, as the values of these indicators in rodent habitats were typically more than 1 time higher than the Chinese baseline soil values. The marmot group had obviously higher levels of Cr and Ni compared to other groups, whereas Se and Zn exhibited an opposite trend (Figure 2B).
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FIGURE 2
 (A) The t-test (*p < 0.05) was utilized to examine the differences for each individual indicator among 12 elements in histogram. To enhance the clarity and intuitiveness of the figures, the order of the bar chart groups was rearranged to facilitate comparisons between adjacent pairs. Additionally, to investigate the unique soil properties of the marmot groups, only the differences among 3 specific pairs (PI and MI; PO and MO; MO and C) were compared; (B) The bubble chart was used to display the relative value of 12 element values in different groups, the B, C, M, and P groups correspond to Chinese baseline soil properties, control group soil, marmot group soil, and pika group soil, respectively.




Differences in microorganism of soil between different groups

The results of the alpha diversity analysis and principal coordinate analysis (PCoA) for 30 soil samples were presented (Figure 3). According to this, significant differences (p < 0.05) were observed between soil samples from the marmot groups and the pika groups in 3 indices: OUT count, Shannon index, and Simpson index (Figure 3A). Specifically, compared to the pika group, these indices were significantly lower in the marmot group, with the OTU count being approximately 1,000 lower than the control group and around 2,000 lower than the pika group (Figure 3A). These indices indicate that the soil within marmot habitats had the lowest alpha diversity. It was discovered that there existed a certain degree of difference in bacterial communities between the soils inside and outside marmot burrows, with a marmot outside burrow group and a control group featured unique bacterial communities (Figure 3B). The bacterial communities in marmot groups displayed dichotomy, with one segment closely resembled the bacterial community structure of the pika groups and another showed significant dissimilarity from the bacterial communities of other groups (Figure 3B). Conversely, the pika groups' soil bacterial community structure appeared more homogeneous, while the control group presented a broader variability in their soil bacterial community structure (Figure 3B).
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FIGURE 3
 (A) Analysis results of soil bacterial alpha diversity among different groups, a total of 3 indices were calculated here: OTU count, Shannon index and Simpson index (t-test, *p < 0.05); (B) principal coordinate analysis (PCoA) based on Bray-Curtis distance was used to visualize the differences in bacterial community structures among different groups.


The dendrograms to the left of the stacked charts illustrated the similarity among different groups' bacterial abundances and communities, while the bar plots on the right provide detailed information on the relatively dominant bacterial taxa in each group. In the analysis of 16S rRNA amplicon sequencing results, it was found that the inside and outside burrows groups of marmots and pikas exhibited similar bacterial relative abundances, clustering relatively closely (Figure 4). In the taxonomic profile, a total of 33 phyla were identified based on the selection criteria mentioned above, with Actinobacteria (34.4% ± 2.3%), Proteobacteria (26.2% ± 1.5%), and Acidobacteria (12.9% ± 0.7%) had the highest relative abundance percentages, making them the dominant phylum of all soil groups. Additionally, a total of 479 genera were identified, with Sphingomonas (14.97% ± 0.96%), Nocardioides (7.45% ± 1.16%), and Arthrobacter (7.30% ± 1.45%) had the highest relative abundance percentages, making them the dominant genera of all soil groups. However, it was observed that there were some distinctive soil bacterial structures in marmot habitats, such as the MO4 group, which contained more Proteobacteria (phylum) and Coxiella (genus), respectively, while the MI4 and MO5 groups harbored higher abundances of Bacteroidetes or Salinimicrobium and Gillisia, respectively (Figure 4). At the phylum level, the contents of Actinobacteria, Bacteroidetes, and Firmicutes in the soil of marmot habitats were all higher than those in other groups, with relatively obvious differences (Figure 4A). At the genus level, the contents of Arthrobacter and Coxiella in the soil of marmot habitats were higher than those in other groups, while the contents of Iamia and Solirubrobacter were lower than those in other groups (Figure 4B).
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FIGURE 4
 (A) The stacked bar charts were constructed based on the relative abundance of bacterial phyla; (B) the stacked bar charts were constructed based on the relative abundance of bacterial genera. Due to the large number of bacterial genera, only the top 50 genera with higher relative abundances were presented here, while the remaining genera are collectively represented as “Others.”




The influence of soil physicochemical properties on microorganisms

The structure of the microbial community was significantly influenced by environmental factors. The results of the Redundancy Analysis (RDA) could reflect the relationship between community structure and environmental variables, thereby revealing important environmental drivers affecting the distribution of microorganisms (Figure 5). The cumulative explanation of 79.37% of the variation in soil microbial alpha diversity by the first and second ordination axes was caused by changes in the content of the first 8 soil physicochemical properties. The results indicated that EP, OM, and AHN had a positive impact on soil microbial alpha diversity, whereas EC and TSS had an opposite effect (Figure 5A). Similarly, the cumulative explanation of 69.77% of the variation in soil microbial alpha diversity by the first and second ordination axes was caused by changes in soil element content. The study's findings showed that Fe, Cu, Zn, Hg, Se, and As exerted a positive influence on soil microbial alpha diversity, whereas Pb, Cr, Na, and Ni had a contrasting effect (Figure 5B).
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FIGURE 5
 (A) Redundancy analysis between soil microbial community and soil first 8 physicochemical properties; (B) redundancy analysis between soil microbial community and soil elements.





Discussion

This study comprehensively investigated soil characteristics within the habitats of two plateau animals living in adjacent regions of the Qilian Mountains, using local rodent-free areas and Chinese baseline soil values as controls. It was found that the physicochemical properties and microorganisms of the soil in the marmot habitats exhibited significant differences compared to other groups. In this study, the soil pH values in the region were generally above 8, a condition attributed to the influence of the local climate and geographical factors. Generally speaking, they tended to alkalize the shallow soil (0–10 cm) and alpine grassland soil (Sun et al., 2023). Data revealed that TSS and EC in the soil of marmot habitats were significantly higher than those in pika habitats, with values differing by up to 10-fold, and both were lower than TSS and EC in the control group soil. This indicated that these soil characteristics were specific to the marmot habitats. A study in the United States analyzed a dataset and concluded that plague epidemics were significantly correlated with high soil salinity (electrical conductivity > 4,000 us/cm) and an aridity index < 0.5, which are typical of arid or semi-arid regions (Barbieri et al., 2020). Similarly, in the plague-endemic area of the Qilian Mountains investigated in this study, the soil in the marmot habitats, rather than the pika habitats, exhibited these characteristics. This suggested that TSS and EC might be a clue that plague prevalent in marmot.

In this study, the OM exhibited the same trend as AHN, with soil in marmot habitats presented lower values 2 times than those found in both pika habitats and the control group. Existing studies demonstrated that, compared to control areas, the OM and AHN values in the soil surrounding marmot burrows were lower (Whitesides, 2015). In contrast, it was found that the OM and AHN values of the soil around the pika burrows were similar those of the control group. A study had explained that the digging activities of pikas rarely resulted in a decrease in vegetation biomass. Concurrently, these digging activities brought deep soil containing OM and AHN to the surface, thus having little impact on the OM and AHN values in the soil inside and outside of the pika burrows (Qin et al., 2021). In contrast, marmot digging activities transported soil with a higher proportion of sand or gravel, which contained less organic matter, from deeper layers to the finer-textured surface soil. This increased the soil particle size and subsequently reduced the levels of OM and AHN (Whitesides and Butler, 2016; Yoshihara et al., 2010). Soil with a suitable proportion of large particles exhibited excellent porosity, which ensured good air circulation within the burrows and contributed to the formation of a stable support structure. As a result, the soil inside marmot burrows contained the highest proportion of coarse sand (Warren et al., 2017).

Redundancy analysis indicated that soil OM and AHN values were positively correlated with soil alpha diversity, while EC and TSS showed the opposite trend. This coincidence was indicated that soil OM and AHN might have played a role similar to that of soil alpha diversity in influencing the prevalence of plague. Relevant studies had demonstrated that soil bacterial alpha diversity could influence the prevalence of plague (Abdel et al., 2023). Generally, the diversity of soil microorganisms in the natural plague foci was low, and Yersinia pestis could coexist with other microorganisms in soils with low abundance of total microbial species. In this study, soil OM, AHN values, and bacterial alpha diversity were found to be the lowest in marmot habitats compared to other groups. This specificity suggested that these conditions were conducive to the survival of Yersinia pestis.

There appeared to be a connection between the natural plague foci and certain metal elements, many of which were crucial for key physiological activities of bacteria, such as increased pathogenicity and biofilm formation (Perry et al., 2015). In the plague foci of marmots, the levels of Ca, Fe, Mg, and Na were the highest, all surpassing Chinese baseline soil values. This suggested that these 4 elements might be closely associated with the plague. Experts from the Chinese Academy of Sciences found that plague origins were often linked to soil rich in Ca and Fe (Wei et al., 2006). In marmot habitats, Ca and Fe in the environment were essential for the Yersinia pestis and were closely related to its virulence and growth (Fetherston et al., 2010; Schneewind, 2016). The ability of Yersinia pestis to survive in high-salt environments might have contributed to a certain degree of host selection, as the Na content within pika habitats was lower.

In the last century, it had been discovered that soil could harbor bacteria and transmit diseases, with the incidence and severity of diseases influenced by the characteristics and components of the soil (Weinberg, 1987). In this paper, compared to other groups, the marmot habitats soil contained the lowest levels of Se and Zn, while the content of Cr and Ni were the highest. The amount of minerals in soil had the capacity to inhibit or enhance host defenses, and Se and Zn had been shown to play a role in animals' defense mechanisms to against certain diseases. Consequently, the decreased levels of Se and Zn could potentially elevated the risk of plague outbreaks among marmots (Kosoy and Biggins, 2022). An increase in the Ni content in soil had been shown to favor the infection of Yersinia pestis (Malek et al., 2017). The redundancy analysis between soil elements and alpha diversity revealed that the elements Zn and Se were positively correlated with alpha diversity, whereas there was a negative correlation with Ni. Previously, we discussed that low alpha diversity in soil could facilitated the infection of Yersinia pestis, and here, the soil environments with low levels of Zn and Se and high levels of Ni were found to have the same direction of impact on the survival of Yersinia pestis as the aforementioned alpha diversity. Their relationship indirectly supported our view, rather than a conflict, they exhibited synergy.

Analysis of different groups within the natural plague foci revealed significant differences in soil microorganisms, including soil inside and outside marmot burrows. This suggested that soil microorganisms would show obvious differences when influenced by different types of rodents, and the influence of marmots on soil also manifested great differences. The soil in marmot habitats was abundant in Actinobacteria, Bacteroidetes, and Firmicutes, with their abundances obviously higher than those in the control group and the pikas group. Studies had indicated that the fleas within the plague foci exhibit relatively high abundances of Actinobacteria, Bacteroidetes, and Firmicutes (Jones et al., 2015). Although these 3 dominate bacterial groups had been proven to be prevalent in the bacterial communities of other vectors, and the bacterial composition of soil was also dominated by these 3 groups (Andreotti et al., 2011; Colman et al., 2012). However, the coincidence that the main microbial groups in both the soil and fleas from the natural plague foci include these 3 bacterial groups might indicate some relationship between soil microbial colonies, flea microbiomes, and the prevalence of plague, which needed future study. An infection experiment was conducted on fleas using Yersinia pestis and compared the bacterial communities of fleas before and after infection (Jones et al., 2013). It was discovered that the bacterial communities within infected fleas underwent notable changes, with a marked decrease in Firmicutes abundance and a near-complete disappearance of Bacteroidetes in control fleas, indicating that Yersinia pestis could alter the flea-associated bacterial community in an unknown manner (Jones et al., 2013). Therefore, Bacteroidetes and Firmicutes in the soil might played a relevant role in the survival of Yersinia pestis in the soil and in the process of flea infection with plague. Some form of inhibition or exclusion might have existed between them, but further research was needed to uncover their potential roles in plague transmission.

In this study, the soil samples outside a marmot burrow group and a control group were found to contain a diverse range of bacteria belonging to the Coxiella, exhibiting relatively high abundances. These bacteria, capable of transmitting Q fever, had been proven to survive in soil and propagate among rodents (Lu et al., 2022; van der Hoek et al., 2011). This finding indicated that Coxiella survival could present in the soil of plague foci, or certain organisms associated with marmots might have been hosts for Coxiella, as no studies reported the isolation of Coxiella from marmots. Additionally, a significant quantity and variety of Rickettsia, including Rickettsia felis, were detected in the same control group samples, also indicating contamination by relevant vector organisms (Kuo et al., 2012).



Conclusion

This study revealed the distinctive soil characteristics of plateau animal marmot habitats, and found an association between the transmission of plague and these characteristics. These results emphasized the distinctive features of marmot-soils in relation to the survival and infection of Yersinia pestis, as well as their roles in these processes. These findings contributed to understanding the important role of soil in plague dynamics and provided a new perspective for analyzing the reason of plague prevalent. Further research was needed to strengthen and confirm the relationship between plague prevalence and soil characteristics.
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High-altitude environments enhance the ability of Eothenomys miletus to regulate body mass during food limitation, with a focus on gut microorganisms and physiological markers
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Animals’ digestion, energy metabolism, and immunity are significantly influenced by interactions between the gut microbiota and the intestinal environment of the host. Previous studies have shown that gut microbiota of Eothenomys miletus can respond to environmental changes, high fiber or fat foods. But how E. miletus in high-altitude adapt to their environment through gut microbiota and physiological changes during winter food shortages period was unclear. In the present study, we evaluated the altitude differences in gut microbiota and their interactions with physiology in terms of body mass regulation in order to study the adaptation of the gut microbiota and physiological indicators of the E. miletus under food restriction settings. E. miletus were collected for this study from Jingdong County (JD, low-altitude) and Xianggelila County (XGLL, high-altitude) in Yunnan Province, China, and split into three groups: control group, food-restricted feeding group for 7 days, and re-feeding group was offered a standard diet for 14 days. 16S rRNA gene sequencing and physiological methods were used to analyze the abundance and community structure of gut microbiota, as well as physiological indicators of each group in E. miletus. The results showed that while the RMR changed more during the period of food restriction, the body mass and major organ masses of E. miletus from high-altitude changed less. After food restriction, RMR in XGLL decreased by 25.25%, while that of in JD decreased by 16.54%. E. miletus from the XGLL had gut bacteria that were more abundant in Firmicutes and had fewer OTUs, and the microbiota had a closer interaction with physiological indicators. Moreover, the gut microbiota adapted to the food shortage environment by enhancing the genera of Bacterroides, Ruminococcus, Turicibacter, and Treponema to improve the utilization of nutrient resources. The interactions between microbial species and the equilibrium of energy homeostasis were further impacted by alterations in physiological indicators and microbial community structure. These variations were important for E. miletus to adapt to the fluctuations and changes of food resources in high-altitude region, which also expand our knowledge of organismal adaptations and the mechanisms behind the interactions between gut bacteria and host physiology.
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1 Introduction

Animal host’s gut often contains a range of distinct bacterial communities, each of which serves an essential purpose (Koch et al., 2012). Interaction between host’s intestinal environment and the gut microbiota influence their thermogenesis, immunity, and metabolism (Zhou et al., 2023). The gut community may alter as a result of high-altitude environmental factors (Wang et al., 2022). For example, mammals and humans who were exposed to high altitudes for extended periods showed a higher proportion and relative abundance of Firmicutes and Bacteroidetes (Geng et al., 2023). By comparing fecal samples from mice living at high and low altitudes, it discovered substantial differences in the number of genera linked with inflammation, gastrointestinal illnesses in the gut microbiota of individuals from high altitudes (Zhang et al., 2018). There are also studies that showed spatial–temporal change in gut microbial function was more profound in the low-altitude macaques than in the high-altitude population (Li et al., 2023).

Selection pressures in high-altitude environments drive adaptations in organismal phenotypes (Hao et al., 2019). According to studies, yaks’ hearts and lungs in high-altitude were comparatively larger than those of their close relatives who reside at low-altitude (Guan et al., 2017). Bactrian camels living in higher altitude had a faster respiratory rate and lower blood glucose levels (Lamo et al., 2020), and plateau pikas living at high altitude had a higher resting metabolic rate (RMR) relative to individuals living at low altitude (Zhu et al., 2022). These results suggested that the animals had evolved a special physiological adaptation strategy for living at high altitudes for an extended period of time.

Food amount affects the diversity and community structure of an animal’s gut microbiota, and different animals’ gut microbiota experienced distinct alterations in response to food constraint (Li et al., 2024; Zha et al., 2018). Research showed that food restriction can alter the abundance of Staphylococcus, Aerococcus, and Jeotgalicoccus in Brandt’s voles (Dai et al., 2023). Furthermore, food restriction significantly altered the physiological characteristics of rodents. Rodents under conditions of food restriction exhibited reducing of energy expenditure, and changed metabolic processes of carbohydrates, proteins or lipids, along with corresponding enzyme activity (Liang and Zhang, 2003). Body mass of Phodopus sungorus and other hamsters dropped dramatically when food was scarce. However, upon refeeding, both body mass and body fat returned to the control level, demonstrating obvious plasticity (Keen-Rhinehart and Bartness, 2008; Del Valle et al., 2006). Energy metabolism of E. miletus was also influenced by food resource changes. Food affected the it’s regulation to adapt to different survival situations by controlling its internal organ body mass, digestive tract shape, and thermogenic capability (Zhu et al., 2009; Zhu et al., 2011; Mu et al., 2014).

The Hengduan Mountains, a unique alpine valley region in China that is at the intersection of the Eastern Oceanic and Palaearctic zones, are one of the world’s hotspots for biodiversity (Gong et al., 2001). Significant height disparities, temperature fluctuations, evident seasonal changes in vegetation availability, and discernible differences in the physiological and ecological traits of small mammals at various elevations are all present (Zhu et al., 2010). E. miletus belongs to the genus Eothenomys, Rodentia, which is endemic to China and inherent to the Hengduan Mountains (Chen et al., 2022). It generally eats carbohydrate and sucrose and feeds on the fresh sap of plants and grass roots (Gong et al., 2021). Mammals’ gut microbiota composition and functional selection were strongly impacted by altitude. For instance, the diversity of gut microbiota in high-altitude habitats has changed significantly in animals like wild sable, pika, and rhesus macaques (Su et al., 2021; Li et al., 2018; Wu et al., 2020). According to our previous researches, alterations in the structure and diversity of the gut bacterial community in E. miletus favorably correlated with environmental changes (Yan et al., 2022). Furthermore, changes in gut community composition and diversity under high-fiber diets can provide a significant safeguard for adapting in winter (Zhang et al., 2023). However, it is unclear how E. miletus in higher-altitude adjust to the environment by modifying alterations in gut community and physiological indicators when faced with food restriction in winter. Thus, by employing 16S rRNA gene sequencing technology to examine the adaptation of E. miletus’s gut microbiota and physiological markers in various altitude zones under food restriction. It clarified the survival adaption mechanisms of high-altitude E. miletus in the face of food scarcity by comparing the variations in gut microbiota with altitude and their interactions with physiology in terms of body mass regulation. We hypothesized that food shortage will affect the composition and diversity of gut microbiota as well as physiological indices of E. miletus at high altitude.



2 Materials and methods


2.1 Collection of experimental animals

Eothenomys miletus were collected from Jingdong County (JD) and Xianggelila County (XGLL) in winter of 2023, respectively. Experimental animals were all non-breeding healthy adult individuals. The habitat characteristics of the sampling sites were shown in Table 1.



TABLE 1 Detailed information on the sampling sites of E. miletus.
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2.2 Experimental designs

Eothenomys miletus that were captured in two separate locations were sterilized to remove fleas, brought back to the animal breeding room at Yunnan Normal University, and put in separate rat cages (260 × 160 × 150 mm). After 4 days of acclimatization, E. miletus were divided into three groups using a two-factor (region × food restriction) experimental design: a 0 d control group, a 7 days food-restricted group, and a 14 days re-feeding group after food restriction (Figure 1). The restricted-food group fed 80% of the control group’s food intake (Yang et al., 2013), while the control group had free access to food and water. That is, JD control group (CJD, n = 7), JD restricted food group (FRJD, n = 7), JD re-feeding group (FR-ReJD, n = 7), XGLL control group (CXGLL, n = 7), XGLL restricted food group (FRXGLL, n = 7), XGLL re-feeding group (FR-ReXGLL, n = 6). Room temperature was controlled at 25 ± 1°C with a photoperiod of 12 L:12D (Light: Dark). The trial period lasted 21 days, during which the animals were fed standard rat chow (from Kunming Medical University, Kunming, China). Body mass, food intake, RMR and feces were measured simultaneously when the test was carried out on day 0, 7, and 21. Body mass was measured with an LT502 electronic balance (accurate to 0.01 g), food intake was measured with the food balance method, and RMR was measured with a portable respirometer (Gong et al., 2022). They were carried out under carbon dioxide anesthesia following the identification of the pertinent markers, and serum and rectal feces were collected.
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FIGURE 1
 Experimental design.




2.3 Measurement of physiological indices

At the end of the experiment, blood was collected, allowed to stand for 1 h in the refrigerator at 4°C, and was centrifuged at 4°C (4,000 r/min, 30 min), taking up serum in a centrifuge tube, stored in the refrigerator (−80°C), and set aside. Measurements of leptin, glucose (Glu), triglyceride (Tg), total cholesterol (Tc), SCFAs, LPS, fasting-induced adipocyte factor (FIAF), and TNF-α were measured the serum using an enzyme-linked immunosorbent assay (ELISA). After the experimental animals were executed, brown adipose tissue (BAT) was carefully removed, weighed and put into centrifuge tubes, and stored in a low-temperature refrigerator for storage. The content and activity of uncoupling protein 1 (UCP1) were determined using ELISA. The assay was conducted following the instruction manual, and the product numbers of the assay kits were leptin Assay Kit (JM-11498 M1), Glu Assay Kit(S0104F-1), Tg Assay Kit (S0104F-1) Tg Assay Kit (S0140O-1), Tc Assay Kit (S05042-1), SCFAs Assay Kit (JM-11498 M1), LBP Assay Kit (JM-12488 M1), FIAF Assay Kit (JM-12613 M1), TNF-α AssayKit(JM-02415 M1).



2.4 Measurement of digestive tract morphology

Organs and other tissues are separated and then weighted after draining the surface liquid with a filter, (accurate to 0.001 g). After removing the digestive tract, carefully remove the mesentery, connective tissue, and fat from the stomach, small intestine, colon, and cecum. Then, weigh and measure the length of each organ.



2.5 DNA extraction and 16S rRNA gene sequencing

A centrifugal column-based soil genome extraction kit (DNeasy®PowerSoil®Kit, Germany) was used to collect the rectal feces and enrich the total DNA on the filter membrane. The concentration of purified PCR products was determined using a Nanodrop 2000 spectrophotometer, and valid samples were defined as having a nucleic acid concentration greater than 10 ng/uL and a purity (A260/A180) greater than 1.8. Purified DNA samples were mixed at equimolar concentrations and sequenced using the Illumina Miseq platform (Illumina, San Diego, CA, USA).



2.6 Bioinformatics analysis

The 2 × 250 bp double end sequences were obtained by sequencing on the Illumina Miseq platform (Illumina, San Diego, CA, USA) and these raw data were processed and analyzed using the QIIME platform (version 1.8). The double-end sequences were first spliced using Flash software (version 1.2.111) and then matched to a unique barcode label for each sample. Low quality sequences (sequence length less than 300 or base mass fraction less than 30) were removed during the splicing process. By QIIME software, the raw data was processed, using Flash software to clear low-quality sequences, and then removing the chimeras in the sequences by Usearch 7.0 software. The OTU sequences with more than 97% recognition were clustered using the Uclust algorithm, and the representative OTU sequences were analyzed and identified based on the Ribosomal Database Project, and finally, the sequences of all samples were normalized by the “Daisychopper” script code. Finally, we standardized the sequences of all the samples by using the code “Daisychopper.”



2.7 Data analysis


2.7.1 Microbial community composition

A percentage stacked bar chart was created using origin 2018 to describe the bacterial community.



2.7.2 α and β diversity

α diversity was estimated by 2 diversity indicators: Chao1 and Shannon diversity and described by creating box plots using Origin 2018, and Kruskal-Wallis H-test was used in SPSS 21 to analyze if differences in diversity between the two groups. The reason we chose the non-parametric test here was that these two indicators did not conform to the homogeneity of variance.

β diversity: community structure was described using QIIME and Origin 2018. Based on unweighted and weighted UniFrac distance matrices, PERMANOVA (Permutational multivariate analysis of variance) was used to calculate the difference among the groups. The unweighted UniFrac distance depends on phylogenetic relationships and OTU species abundance, while species absence/presence and phylogenetic relationships are considered by the weighted UniFrac distance. Then principal co-ordinates analysis (PCoA) was used to visualize the β diversity of all samples.



2.7.3 Venn diagram

Common and unique parameters between groups were analyzed via Venn diagrams implemented online in Venn 2.1.



2.7.4 Enrichment analysis

We used one-way of variance analysis to compare the distribution differences of microbial abundance among groups, and the variable was different treatment group. The genera of microorganisms with significant differences in distribution between groups were screened out, and the heatmap was drawn by R packages “vegan,” “permute,” and “gplots” for visualization. The prefixes “o” and “f” represented the order and family level of unidentified genera, respectively.



2.7.5 Heat map of the correlation between environmental physicochemical properties and dominant microorganisms in the feces of Eothenomys miletus in different regions

Pearson analysis using SPSS 21 and R3.6.2 were used to obtain the correlation heat map.



2.7.6 RDA analysis

Redundancy analysis (RDA) was used to assess the correlation between dominant genera (top 9) and physicochemical factors using Canoco 5.0.



2.7.7 Network analysis

Use R3.6.2 and Gephiv.0.9.2 software to further analyze these results to generate network analysis (p < 0.05, |r| > 0.4). R was used to calculate the correlation between these microorganisms, and the network analysis diagram was drawn based on the correlation matrix. With the help of Gephi, we further calculated the topological characteristics (namely modularity) of the network.



2.7.8 Physiological indicators analysis

The data was analyzed using SPSS 26.0 software, and the differences in various indicators between the two regions were analyzed using two-way ANOVA or two-way ANCOVA (Region × Diet), with body mass as the covariate. The results were expressed as mean ± SE, with p < 0.05 indicating significant differences.





3 Results

In the present study, a total of 39 samples were collected to extract the DNA and amplify the PCR products, and each sample was normalized to 6,982 sequences after removing low-quality sequences, chimeras, monomers, and chloroplasts.


3.1 Effects of food restriction on physiological indicators

Body mass of E. miletus was significantly affected by area and time (Region: F = 35.751, p < 0.01; Time: F = 7.895, p < 0.05). Region and time significantly affected RMR of E. miletus (Region: F = 15.928, p < 0.01; Time: F = 17.141, p < 0.01). The interaction of region and time significantly affected liver weight in E. miletus (Region: F = 32.960, p < 0.01; Time: F = 8.225, p < 0.01; Interaction: F = 12.614, p < 0.01). Region significantly affected kidney weight and lung weight in the E. miletus (Region: F = 14.679, p < 0.05; Time: F = 12.245, p < 0.05). Cecum length was significantly affected by region and time (Region: F = 21.508, p < 0.01; Time: F = 3.321, p < 0.05). Time significantly affected WAT weight (F = 4.744, p < 0.05) and the interaction of region and time significantly affected BAT weight (Region: F = 32.618, p < 0.01; Time: F = 7.154, p < 0.05; and Interaction: F = 10.955, p < 0.01) in E. miletus (Figure 2). Region significantly affected the Leptin content of the E. miletus (F = 18.688, p < 0.01) (Figure 3). Region and time did not significantly affect other indices of E. miletus in XGLL (Table 2). E. miletus in XGLL had smaller changes in leptin, larger changes in RMR, greater weight loss in main organs, and larger changes in cecum.
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FIGURE 2
 Effects of different regions and food restriction on physiological indices of E. miletus. Control, Control group; FR7d, Restricted food for 7 days group; FR-Re21d, 14 days re-feeding group after food restriction.
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FIGURE 3
 Effect of different regions and food restriction on serum indices of E. miletus. Control, Control group; FR7d, Restricted food for 7 days group; FR-Re21d, 14 days re-feeding group after food restriction. Data were mean ± standard deviation. Different letters indicated significant differences between treatments in the same region, xy indicates JD region and ab indicates XGLL region. *p < 0.05, **p < 0.01, JD and XGLL were compared on the same day.




TABLE 2 Effects of area and food restriction on other physiological indices of E. miletus.
[image: Table2]

Data were mean ± standard deviation. Different letters indicated significant differences between treatments in the same region, xy indicates JD region and ab indicates XGLL region. *p < 0.05, **p < 0.01, JD and XGLL were compared on the same day.



3.2 Microbial community composition

Firmicutes, Bacteroidetes, and Spirochaetes were the fecal microbial dominant phylum of E. miletus (Figure 4), with mean relative abundances of 80.71, 9.22, and 8.66%, respectively. The relative abundance of Firmicutes, the predominant phylum of fecal microbes in E. miletus, did not differ significantly between the two regions of JD and XGLL, similar to the relative abundance of Bacteroidetes did not change between the regions at different treatment periods. Conversely, the dominant phylum Spirochaetes’ average relative abundance in XGLL exhibited a tendency of decline followed by an increase, while the shift was less noticeable in JD.
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FIGURE 4
 Microbial phylum level community composition. CJD0, JD control group; FRJD7, JD restricted food group; FR-ReJD21, JD re-feeding group; CXGLL, XGLL control group; FRXGLL7, XGLL restricted food group; FR-ReXGLL21, XGLL re-feeding group.


At the genus level, the main dominant genera of fecal microorganisms in the E. miletus were Lactobacillus, Treponema, and S24-7 (UG), with average relative abundances of 73.72, 8.63, and 6.68% in all groups (Figure 5). Lactobacillus did not exhibit a significant variation in mean relative abundance over time or place in E. miletus. In XGLL, the dominating genus Treponema’s average relative abundance first trended downward before rising.

[image: Figure 5]

FIGURE 5
 Microbial composition at the genus level. CJD0, JD control group; FRJD7, JD restricted food group; FR-ReJD21, JD re-feeding group; CXGLL, XGLL control group; FRXGLL7, XGLL restricted food group; FR-ReXGLL21, XGLL re-feeding group.




3.3 Microbial community α and β diversity analysis

Food restriction did not significantly affect the α-diversity (Chao1 and Shannon diversity) of E. miletus (Figure 6). The PCoA plot showed that the β-diversity of E. miletus in the various food-restricted group regions was dispersed, without any discernible tendency of aggregation (Figure. 7), which implied that the fecal microbial β-diversity of E. miletus was not significantly affected by the food-restricted treatment.
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FIGURE 6
 Microbial α-diversity of fecal microorganisms of E. miletus in different regions and time periods. CJD0, JD control group; FRJD7, JD restricted food group; FR-ReJD21, JD re-feeding group; CXGLL, XGLL control group; FRXGLL7, XGLL restricted food group; FR-ReXGLL21, XGLL re-feeding group.
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FIGURE 7
 β-diversity of fecal microorganisms of E. miletus in different regions and periods in the food-restricted group. CJD0, JD control group; FRJD7, JD restricted food group; FR-ReJD21, JD re-feeding group; CXGLL, XGLL control group; FRXGLL7, XGLL restricted food group; FR-ReXGLL21, XGLL re-feeding group.


Subsequent PERMANOVA testing revealed that the overall distribution of fecal microbial β-diversity (weighted and unweighted matrices) in E. miletus was not significantly affected by treatment or location (Table 3).



TABLE 3 PERMANOVA test for fecal microorganisms in different regions and periods of time of E. miletus.
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3.4 Distribution of common and unique microorganisms in different regions and periods

There were 67 genera of fecal microorganisms in the food-restricted group of E. miletus in the JD (Figure 8). Among them, 18 genera were unique to CJD0 group, 27 genera were unique to the FRJD7 group, and 21 genera were unique to FR-ReJD21 group. The food-restricted group of E. miletus at XGLL had 60 genera of fecal bacteria. In XGLL, there were 31 genera that were particular to the CXGLL0 group, 15 genera that were specific to FRXGLL7 group, and 26 genera that were exclusive to FR-ReXGLL21 group. It showed that the common and endemic bacteria in XGLL and JD were almost identical.
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FIGURE 8
 Venn diagram of fecal microorganisms of E. miletus feces at different time periods. CJD0, Jingdong control group; FRJD7, Jingdong restricted food group; FR-ReJD21, Jingdong re-feeding group; CXGLL, Xianggelia control group; FRXGLL7, Xianggelila restricted food group; FR-ReXGLL21, Xianggelila re-feeding group.


There were 56 genera of fecal bacteria in various places and periods as Figure 9 demonstrated. Among them, 44 genera were exclusive to CJD0 group, 62 genera were exclusive to FRJD7 group, and 53 genera were exclusive to the FR-ReJD21 group. In XGLL, there were 50 genera were exclusive to CXGLL0 group, 32 genera were exclusive to FRXGLL7 group, and 52 genera were exclusive to FR-ReXGLL21 group.
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FIGURE 9
 Venn diagram of fecal microorganisms of E. miletus in different regions and time periods. CJD0, JD control group; FRJD7, JD restricted food group; FR-ReJD21, JD re-feeding group; CXGLL, XGLL control group; FRXGLL7, XGLL restricted food group; FR-ReXGLL21, XGLL re-feeding group.




3.5 Analysis of microbial enrichment differences in different regions and periods

The relative abundance of microorganisms differed in the feces of JD and XGLL E. miletus as shown in Figure 10. Denovo61049 (f_S24-7) was most enriched in JD control group (p < 0.05). The majority of microbial OTUs, including denovo17865 (g_Lactobacillus), denovo20621 (g_SMB53), denovo34950 (f_S24-7), denovo45512 (g_Jeotgalicoccus), etc., were higher enriched in the FRJD7 group (p < 0.05). Compared to the CJD0 and FRJD7 groups, denovo56247 (g_Lactobacillus) was significantly enriched in FR-ReJD21 groups (p < 0.05).
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FIGURE 10
 Differential microbial analysis of the feces of E. miletus in the food-restricted groups in Jindong and Xianggelila at different periods of time. CJD0, JD control group; FRJD7, JD restricted food group; FR-ReJD21, JD re-feeding group; CXGLL, XGLL control group; FRXGLL7, XGLL restricted food group; FR-ReXGLL21, XGLL re-feeding group.


In XGLL, OTUs enriched in the CXGLL0 group included denovo8828 (g_Lactobacillus) and denovo41044 (f_Lachnospiraceae). Comparing the CXGLL0 and FRXGLL7 groups, denovo190 (f_Erysipelotrichaceae), denovo20731 (f_[Mogibacteriaceae]), and denovo24790 (f_S24-7) were significantly enriched (p < 0.05) in FR-ReXGLL21 groups. Similarly to JD, microbial OTUs were more enriched in the 7-day group, such as denovo31484 (g_AJDercreutzia), denovo34950 (f_S24-7), denovo43527 (g_AJDercreutzia), and denovo46811 (g_ Lactobacillus), etc.



3.6 Relationship between physiological indicators and microorganisms in different regions and periods in Eothenomys miletus

The correlation between physiological indicators and the dominant genera (top ten relative abundance of all samples) in the feces of E. miletus in JD was shown in Figure 11. It was found between various physiological indicators and some of the main genera found in the feces of E. miletus in JD. For instance, there was a significant negative relationship between liver weight and AJDercreutzia abundance (p < 0.05), a significant negative correlation between BAT mass and Bacteroides and [Ruminococcus] abundance (p < 0.05), and a significant negative correlation between WAT mass and Turicibacter abundance (p < 0.05).
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FIGURE 11
 Heat map of physiological indicators related to the dominant microorganisms in the feces of E. miletus in JD.


In JD, it illustrated the relationship between detection markers and fecal dominating genera (top ten relative abundance of all samples) of E. miletus (Figure 12). There was a substantial and positive correlation (p < 0.05) between Tc and the abundance of S24-7 (UG); conversely, there was a significant and negative correlation (p < 0.01) between Glu and Turicibacter.
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FIGURE 12
 Heat map of the correlation between the detection indicators and the dominant microorganisms in the feces of E. miletus in JD.


Figure 13 displayed the relationship between physiological markers and fecal dominating genera (the top ten relative abundances of all samples) for E. miletus in XGLL. In comparison to the JD, XGLL had more physiological indications linked to the fecal dominating genus of E. miletus. Among them, Lactobacillus abundance was significantly negatively correlated (p < 0.05) with the majority of the physiological indicators (body mass, heart weight, liver weight, spleen weight, kidney weight, lung weight, WAT mass), whereas in contrast, Treponema abundance was significantly positively correlated (p < 0.05) with most of the physiological indicators (body mass, food intake, heart weight, liver weight, spleen weight, kidney weight, lung weight, WAT mass); BAT mass was significantly positively correlated (p < 0.05) with the abundance of Lachnospiraceae (UG), Clostridiales (UG), Bacteroides, and [Ruminococcus]. The abundance of AJDercreutzia was significantly negatively correlated (p < 0.05) with body mass, heart weight, and liver weight, and the abundance of Rikenellaceae (UG) was positively correlated (p < 0.05) with the abundance of food intake, liver weight, spleen weight, and lung weight. Furthermore, it showed a substantial positive correlation (p < 0.05) between lung weight and the majority of prominent species, including Treponema, Lachnospiraceae (UG), Clostridiales (UG), Rikenellaceae (UG), Turicibacter, and [Ruminococcus].
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FIGURE 13
 Heat map of physiological indicators related to the dominant microorganisms in the feces of E. miletus in XGLL.


Figure 14 illustrated the relationship between the detection indexes and the dominating genera (top ten relative abundance of all samples) in E. miletus in XGLL. TNF-α was significantly negatively correlated (p < 0.05) with S24-7 (UG) abundance; Glu and Tc were significantly positively correlated (p < 0.05) with Treponema and Rikenellaceae (UG) abundance; Tg was significantly and positively correlated (p < 0.05) with the abundance of Lachnospiraceae (UG), Clostridiales (UG), and Bacteroides; Leptin was significantly and negatively correlated (p < 0.05) with the abundance of Lactobacillus and significantly and positively correlated with the abundance of Treponema.
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FIGURE 14
 Heat map of the correlation between detected indicators and the dominant microorganisms in the feces of E. miletus in XGLL.


Figure 15 illustrated the relationship between various regional physiological markers and the fecal dominance OTUs in E. miletus. For instance, the abundance of denovo35645 (g_Lactobacillus) was negatively linked with food intake, lung weight, and BAT mass. The denovo52794 (g_Treponema) abundance showed a positive correlation with heart weight, liver weight, kidney weight, and lung weight, while the denovo14407 (g_Lactobacillus) abundance showed a negative correlation. Lung weight and BAT mass were positively correlated with denovo33406 (g_Turicibacter) abundance.
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FIGURE 15
 Redundancy analysis (RDA) of correlations between physiological indicators and dominant microbial communities. Blue arrows represent gut microbiota genera, yellow arrows represent physiological markers. The length of the physiological markers arrow can represent the influence of the factor on the gut microbiota. The angles between the arrows represent positive and negative correlations.




3.7 The fecal microbial co-occurrence network of Eothenomys miletus

The correlation network of the dominant OTUs found in the feces of E. miletus from various regions as shown in Figure 16. In this network, the top 200 OTUs by relative abundance were included. Gephi 0.9.2 was used to create a network with 200 nodes and 502 edges, of which 501 were positive and 1 was negative, suggesting that the microorganisms in the co-occurring network of this dominant OTU primarily interact cooperatively.
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FIGURE 16
 Dominant OTU co-occurrence network of feces of E. miletus in all regions. The size of each node is proportional to the number of connections, each module is presented as a specific color.





4 Discussion


4.1 Eothenomys miletus in high-altitude had smaller body weights, higher RMR, longer cecums, greater BAT weights, and lower leptin levels under restricted food conditions

Eothenomys miletus in JD and XGLL had drastically different body mass, RMR, cecum length, BAT weight, and leptin level in the control group. XGLL had a higher elevation compared to JD, and smaller body mass of E. miletus may suggest that it has some degree of size adaption in high-altitude regions. Since body size affects practically all physiological, behavioral, and ecological feature of mammals, changes in body size are typically a crucial approach for adapting to rapidly changing environmental situations (Searing et al., 2023). Rats’ larger lung-to-body-weight ratio might help maintaining respiratory efficiency in an oxygen-sparse high-altitude environment by improving the body’s capacity to absorb, transport, and diffuse oxygen (Shao et al., 2010). Furthermore, higher RMR indicated that rats use more energy to sustain body temperature, perform vital functions, and cope with food scarcity in the high-altitude setting. For small and winter-active rats to survive in high-elevation environments, sustained aerobic thermogenesis is necessary (Storz et al., 2019). The cecum contains fiber hydrolase (Frias et al., 2023), and a longer cecum may indicate that E. miletus consume more cellulose at high elevations, which calls for longer cecums to facilitate the digestion of cellulose. The larger BAT weight suggested that E. miletus need more calories to stay warm while at high altitudes. Lower levels of the hormone leptin, which controls hunger and energy metabolism and is mostly produced by adipocytes (Perakakis et al., 2021), and lower levels of leptin may indicate E. miletus had an increased appetite at high altitude and need to consume more food to satisfy their energy requirements. After re-feeding, larger changes in body mass, RMR and liver weight were observed in JD than in XGLL, which may be related to their larger body mass. We suggesting that different physiological adaptation may be used by E. miletus living in the XGLL to cope with food restriction. These strategies could include improving energy use pathways and lowering activity levels to avoid needless energy consumption.



4.2 Reduced α diversity of gut microorganisms and number of OTUs in high altitude Eothenomys miletus under restricted food conditions

In this experiment, the dominant phyla in E. miletus from different regions were the Firmicutes, Bacteroidetes and Spirochaetes. The Chao1 index was used to assess the community’s richness, and the larger the value, the higher the species richness (Wang et al., 2020). A steady and nutrient-rich environment supplied by the host is also necessary for the survival and reproduction of gut microbes (Bäckhed et al., 2004). The gut microbiota of E. miletus in XGLL abundance declined following food restriction, according to α diversity analysis. This could be explained by the fact that there was less food available at higher altitudes, which led the organisms to respond by reducing the number of certain microorganisms in order to conserve energy. Higher Shannon index has been found to correlate with better bacterial community stabilization and increased disease resistance (Liu et al., 2023). The results of the food restriction treatment indicated that food reduction may result in a decrease in the stability of the bacterial community in the intestinal tract, which weakens their resistance to disease. Shannon index of E. miletus was lower in XGLL than that of in JD, that is contrary to previous studies on the intestinal microbiota of goats (Zhang et al., 2024). We speculated that this phenomenon occurs because of differences in physiology, digestive systems, and behavior between E. miletus and goats, which influence their reliance on and selection of gut microbiota. E. miletus may be more dependent on specific microbes to cope with high altitude environments, whereas goats’ digestive systems may be more inclined to promote microbial diversity. Moreover, there is a non-significant decreasing trend in Shannon’s index in E. miletus in both JD and XGLL.

The animals exhibit broader diversity of gut community as the altitude increases, which is consistent with the adaptation of rhesus monkey and plateau pika gut microbes to high-altitude environments (Li et al., 2018; Wu et al., 2020). A comparison of the JD and XGLL control groups revealed that the gut community richness of E. miletus was greater at higher altitudes. Animals that live at high altitudes have a variety of environmental obstacles, including low temperatures, reduced oxygen levels, and higher UV radiation (Liu, 2020). To adapt to these changes, their gut microbiota has undergone adaptive alterations. The animal gut microbiota is more adaptive due to the increased community diversity, and it can aid the host in surviving and thriving in the relatively harsh environment of high altitude. Important ecological traits of gut community include stability, resistance, and resilience (Lozupone et al., 2012). It showed that the β diversity of gut microbiota in E. miletus was not significantly affected by food restriction treatments or different regions, which was inconsistent with the results of previous studies of gut microbiota in wild pikas. Plateau pika (Ochotona curzoniae) is an important high-altitude model animal, the β-diversity of their gut microbiota increased with elevation (Li et al., 2019), but for E. miletus, their diet was relatively monotonous, indicating that the gut microbial community of E. miletus was relatively stable and resistant to some degree of external interference.

In the present study, there were less OTUs in XGLL than in JD. Rhesus monkeys and bumblebees both showed a decline in the OTUs of gut bacteria with an increase in altitude, reflecting that the gut community has adapted to the high-altitude environment (Wu et al., 2020; Zhang et al., 2023). We speculated that only microorganisms adapted to this more extreme environment may survive at high altitude, as a result of a natural selection pressure exerted by the comparatively harsh environment of high altitude on animal gut microbiota. In the JD and XGLL regions, there was little difference between endemic and shared microorganisms. Animal gut microbial communities are frequently greatly impacted by their host species (Wang et al., 2022). Research has demonstrated that at varying elevations, the variety and quantity of gut microbiota in striped strong-ribbed lizards are similar (Montoya-Ciriaco et al., 2020). There is minimal diversity in the gut microbial species of the same animal species since their physiological traits and metabolic processes are comparable throughout geographic regions. Furthermore, individual gut microbiota abundance is more stable over time, and the effects of environmental differences across different places may not be significant (Chen et al., 2021). Animal gut microbiota may therefore stay essentially unchanged in a variety of settings.

The genera of gut microbes enriched in E. miletus in JD and XGLL can be divided into Bacteroidetes and Firmicutes, as the enrichment analysis graph illustrated. In contrast to the Bacteroidetes in JD, the microorganisms in the control groups were richer in Firmicutes in XGLL due to its higher elevation, less plant growth, and food scarcity. Bacteriophages can break down proteins and carbohydrates, while Firmicutes can break down a greater variety of organic materials and fibers (Waite and Taylor, 2014; He et al., 2023). Because Firmicutes was physiologically well-adapted and breaks down fiber more forcefully, E. miletus may be more dependent on them for energy at higher elevations. Firmicutes, which contain genes involved in energy metabolism, showed a notable enrichment in the food restriction groups in both locations (Kaakoush, 2015), and Bacteroidetes, which breaks down polysaccharides (McKee et al., 2021). E. miletus may be altering their energy intake and metabolism mechanisms to gather energy more efficiently, as evidenced by the phenomenon’s occurrence after food limitation. Further, it can be shown that AJDercreutzia was enriched in XGLL but not in JD when comparing the genera enriched in the food restriction group in both locations. By producing isoflavones through metabolism, AJDercreutzia can have anti-inflammatory properties (Galipeau et al., 2021). Isoflavones possess anti-inflammatory, anti-oxidant, immunomodulatory, and antifibrotic qualities (Alipour and Karimi-Sales, 2020). Furthermore, it has the potential to mitigate irritable bowel syndrome and improve intestinal community (Huang et al., 2022). Thus, we speculated that in a high-altitude, food-limited environment, the gut microbiota of E. miletus experienced distinct adaptive modifications in response to potential inflammatory reactions.



4.3 Most of the gut microbes were significantly correlated with physiological indicators, and gut microbes were adapted to the high-altitude environment by enriching for fat metabolism-promoting and cellulose-degrading bacterial genera

Figure 11 demonstrated the significant and negative correlation between BAT mass and the presence of Bacteroides and Ruminococcus, as well as the strong and negative correlation between WAT mass and the abundance of Turicibacter. Small mammals’ BAT, which uses energy to generate heat (Ghesmati et al., 2024). Following a food restriction, BAT’s weight decreased in E. miletus. Because of its potent ability to use polysaccharides, Bacteroides can nourish other bacteria and promote the symbiotic relationship of the gut community (Rakoff-Nahoum et al., 2016). Reduced food intake brought on by an increase in altitude may result in an increase in Bacteroides abundance, which would facilitate the organism’s adaptation to a food shortfall. This will improve how well food sugars are absorbed and used. Studies have indicated that a notable proportion of rumen bacteria are called Ruminococcus, and that diets high in fiber often lead to an increase in Ruminococcus abundance (Morrison and Miron, 2000). Our results were consistent, and one possible reason was that when food intake was restricted at high altitude and the food’s fiber content was contained, Ruminococcus becomes more numerous, making better use of the limited nutritional resources. When one consumes less food, their body breaks down WAT to replenish lost energy from daily metabolism. WAT functions as an energy reserve, an endocrine organ that regulates whole-body metabolism, and a source of fatty acids for other tissues through lipolysis as needed (Qian et al., 2022). In rodent and human studies, the relative abundance of Turicibacter is usually negatively correlated with dietary fat (Lynch et al., 2023). The fact that Turicibacter abundance increased following the dietary restriction treatment is likewise in line with our findings. Thus, WAT mass showed a significant negative correlation with Turicibacter abundance.

The majority of the physiological parameters of E. miletus in XGLL corresponded with the predominant genus of gut microorganisms. A significant negative association was seen between the abundance of Lactobacillus and most physiological indices, such as body mass, liver weight, heart weight. Lactobacillus abundance was significantly increased in both animal and human obesity studies (Drissi et al., 2017), which is closely related to the physiological functions of Lactobacillus. Lactobacillus can affect the balance of the intestinal community (Walter, 2008), producing lactic acid and short chain fatty acids that lower the pH of the intestinal tract and regulating the adaptation of other bacteria (Slattery et al., 2019). These acids can aid in weight control by improving lipolysis and oxidation and reducing the formation and accumulation of fat. They can also regulate energy and fat metabolism. At low pH values and in bile, lactobacillus can survive (Lynch et al., 2023). Additionally, by promoting the release of host antimicrobial peptides, acetic acid and propionic acid, which are generated by metabolism, can function as antimicrobials (Fukuda et al., 2011), which helps to maintain intestinal health. Furthermore, by producing short-chain fatty acids, Lactobacillus can induce the body to release the tyrosyl peptide PYY and glucagon-like peptide 1 (GLP-1) (Psichas et al., 2015). PYY controls intestinal motility, improves satiety, and decreases food intake, which lowers body mass; SCFAs suppress appetite and energy intake by encouraging the synthesis and secretion of PYY and GLP-1 by intestinal epithelial gland cells; and GLP-1 increases insulin secretion and sensitivity in the body, which prevents stomach emptying and encourages intestinal peristalsis (Delzenne et al., 2005; Byrne et al., 2015; Chambers et al., 2015). In our study, it showed that there had a positive correlation between Tc and S24-7(UG) abundance. It has been demonstrated that diabetic-sensitive animals given a high-fat diet have an increase in S24-7 abundance (Serino et al., 2012). This supports our findings that the body speeds up lipid metabolism to provide energy for daily tasks when food intake is restricted. It also restricted the amount of dietary cholesterol that is available and the liver’s rate of synthesis. It has been proven that Turicibacter influences bile acids and lipids in the host, which can lower adipose tissue mass and serum cholesterol (Lynch et al., 2023). Following food limitation, blood levels of glu drop, and Turicibacter may supply energy by increasing the abundance of the bacteria that break down fat and cholesterol. Adipose tissue secretes the hormone leptin, and the amount of this hormone in the serum varies with the size of the animal’s adipose tissue (Friedman and Halaas, 1998). In adipose tissue, Lactobacillus stimulates oxidative phosphorylation, which increases energy expenditure (Yoon et al., 2020). Therefore, there was a negative correlation between leptin and Lactobacillus quantity.

It showed that Treponema and Bacteroides, the two predominant bacteria of E. miletus in XGLL, helped E. miletus adapt to the high-altitude habitat. It has been shown that Treponema is associated with cellulose degradation (Baniel et al., 2021). Cellulose, a major component of plant cell walls, was also frequently present in plant-based diets that E. miletus may eat. Therefore, when there was a shortage of food, Treponema may help the body use dietary resources more effectively for energy and nutrients by breaking down polysaccharides. It has been demonstrated that Bacteroides stimulate the bile acid-TGR5-PPAR-α axis to activate fat oxidation in adipose tissue (Yang et al., 2017). Tg and Bacteroides abundance showed a positive correlation, which may indicate that Bacteroides promoted fatty acid oxidative degradation, which increased the host body’s energy source and helps E. miletus survive and proliferate in high-altitude environments.

RAD analysis showed that the physiological parameters of E. miletus responded differently to the relative abundance of distinct dominating bacteria in its intestine. The interactions within the intestinal population of E. miletus could be the cause of the occurrence. Figure 14 demonstrated the positive and negative correlations, respectively, between the abundance of Lactobacillus and Turicibacter and BAT mass. BAT mass was an important effector tissue for adaptive thermogenesis in humans and rodents (Greenhill, 2024), and was also linked to energy metabolism and body mass regulation (Liu et al., 2020). Turicibacter can modify lipid and bile acid metabolism, which impacts host lipid metabolism (Lynch et al., 2023). Therefore, by affecting bile acid and lipid metabolism, Turicibacter may indirectly alter BAT, however, more research is required to identify the precise mechanisms and effects. In the gut, Lactobacillus is a probiotic that controls key elements of the microbial community (Shi et al., 2024; Mani-López et al., 2022). Hence, we postulated that Lactobacillus might affect host energy balance and lipid metabolism via altering the composition of the gut microbial community. Network analysis is frequently used to infer the microbiome under theories of symbiosis, parasitism, and competition (Weiss et al., 2016). The co-occurrence network analysis reveals that microbes mostly cooperate with one another to support the stability and well-being of the gut environment.




5 Conclusion

The present study revealed the complex changes in gut community and physiological characteristics triggered by changes in the amount of food fed after food restriction in E. miletus captured at different altitudes. In this study, we discovered that while gut microbiota in E. miletus facilitates adaptation to high altitude, dietary limitation alters the composition of gut microbiota. Gut microbes cooperated to regulate metabolism and immunity during food shortage at high altitude. Smaller body mass, higher RMR, longer cecum, larger BAT weight, and lower leptin level were seen in E. miletus that survived at high altitudes. Changes in gut microbiota and physiological characteristics affecting flora species interactions and energetic homeostasis were significant in the adaptation of E. miletus to high altitude food fluctuations, providing a theoretical basis for future research on the mechanisms of high-altitude animal adaptation to the environment. Moreover, there is a connection between gut microbiota and physiological functions, but further research is required as a result of the current study’s inability to determine the precise mechanisms of this interaction.
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Altitude shapes gut microbiome composition accounting for diet, thyroid hormone levels, and host genetics in a subterranean blind mole rat
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The animal gut microbiome acts as a crucial link between the host and its environment, playing a vital role in digestion, metabolism, physiology, and fitness. Using 16S rRNA metabarcoding, we investigated the effect of altitude on the microbiome composition of Anatolian Blind Mole Rats (Nannospalax xanthodon) across six locations and three altitudinal groups. We also factored in the host diet, as well as host microsatellite genotypes and thyroid hormone levels. The altitude had a major effect on microbiome composition, with notable differences in the relative abundance of several bacterial taxa across elevations. Contrary to prior research, we found no significant difference in strictly anaerobic bacteria abundance among altitudinal groups, though facultatively anaerobic bacteria were more prevalent at higher altitudes. Microbiome alpha diversity peaked at mid-altitude, comprising elements from both low and high elevations. The beta diversity showed significant association with the altitude. Altitude had a significant effect on the diet composition but not on its alpha diversity. No distinct altitude-related genetic structure was evident among the host populations, and no correlation was revealed between the host genetic relatedness and microbiome composition nor between the host microbiome and the diet. Free thyroxine (FT4) levels increased almost linearly with the altitude but none of the bacterial ASVs were found to be specifically associated with hormone levels. Total thyroxine (TT4) levels correlated positively with microbiome diversity. Although we detected correlation between certain components of the thyroid hormone levels and the microbiome beta diversity, the pattern of their relationship remains inconclusive.
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1 Introduction

The animal microbiome, which constitutes the microbial community within the gastrointestinal system, profoundly influences diverse aspects of the host, encompassing digestion, development, immunity, and energetics (Lindsay et al., 2020; McFall-Ngai et al., 2013; Suzuki, 2017). It also has the potential to enhance the host’s evolutionary capacity and fitness by shaping its phenotype (Alberdi et al., 2021; Henry et al., 2019; Suzuki, 2017; Henry et al., 2021). Humans, laboratory animals, and domestic mammals often serve as valuable models to study the microbiome’s importance in host ecology, evolution, health, and disease (Lin and Zhang, 2017; Lynch and Pedersen, 2016; Thursby and Juge, 2017; Wang et al., 2019; Bäckhed et al., 2007). While studying captive animals and humans is convenient, this approach has limitations, including the effect of controlled captivity conditions on the microbiome (Rogers et al., 2014; Roeselers et al., 2011; Van Leeuwen et al., 2020; Belheouane et al., 2020), lack or loss of heterogeneity in model (or held in captivity) hosts and their microbiome (Wang et al., 2014; Kohl et al., 2014), lack of environmental pressure (Chong-Neto et al., 2022), and variation in lifestyles and diets in humans (De Filippo et al., 2010) make it challenging to extrapolate the significance of findings to natural environments. Thus, employing natural models in research becomes not just a choice but a necessity whenever feasible to reveal the implication of host-microbiota interactions in ecological and evolutionary processes (Hird, 2017; Greyson-Gaito et al., 2020).

The microbiome is influenced by various factors, such as habitat variation (Amato et al., 2013), lifestyle (McKenzie et al., 2017), host diet (Pellizzon and Ricci, 2018; De Filippo et al., 2010; Kuang et al., 2022), host phylogeny (Ley et al., 2008), reproductive status of host (Nuriel-Ohayon et al., 2016), social interactions (Li et al., 2016c; Grieneisen et al., 2017) and environment (Rothschild et al., 2018; Chong-Neto et al., 2022; Ahn and Hayes, 2021). Among these factors, the environment holds significant importance as it can impact the physiology and immune responses of the host, while also playing a pivotal role in shaping dietary preferences and the selection process of the diverse pool of microbes in the surrounding environment. The microbiome can also help the host to adapt to new environments by modulating gene expression associated with nutrient metabolism, enhancing immune function, and providing essential nutrients (Bisschop et al., 2022; Petersen et al., 2023; Henry et al., 2021). In addition, microbiome diversity correlated positively with metabolic rate in a few studies, e.g., in wild and captive giant pandas (Zhu et al., 2011) and in hibernating brown bears (Sommer et al., 2016).

Highland environments are characterized by decreased atmospheric oxygen levels and colder temperatures, which poses various challenges to animals. Specifically, hypoxia tolerance and energy-efficient metabolism among species living at high altitude is the most common adaptation mechanisms (Storz and Moriyama, 2008; Storz et al., 2019; Cheviron et al., 2014; Schippers et al., 2012). Interestingly, the high-altitude adaptations do not seem costly, for example, humans living at high altitude have longer lifespans (Midha et al., 2023; Rogers et al., 2023). Recently, gut microbiome (hereafter GM) with specific diversity, composition, and function have been proposed as an additional factor that could contribute to high-altitude adaptation. For example, strong positive correlation has been demonstrated between the elevation and the proportion of anaerobic bacteria in the GM of wild house mice (Mus musculus) (Suzuki et al., 2018), which suggests that microbiota might contribute to the adaptation to hypoxia by helping to cope with low oxygen levels. Studies on wild pika (Ochotonidae) have demonstrated that an increase in altitude positively affects the diversity of gut microbial community, both at the host individual (alpha-diversity) and the population (beta-diversity) level (Li et al., 2019). Several species of wild ungulates on the Tibetan plateau have more diverse microbiomes, suggesting specific microbiome changes associated with high altitudes that facilitate extracting more energy from the plant diet (Ma et al., 2019).

Despite the growing body of research on the variation of microbiota with the altitude, it is not easy to disentangle which components of this variation represent genuine adaptations to high altitude environments. Apart from the environmental factors that systematically change with the altitude (e.g., oxygen level or temperature), there are multiple other modulators of gut microbiota that can co-vary with the altitude. One of them is host genetics, (Tabrett and Horton, 2020; Dąbrowska and Witkiewicz, 2016), which is a basis of evolutionary adapation (Suzuki et al., 2019). Because host species colonization history often follows the altitudinal gradient, the genome-wide population differentiation is expected to vary with altitude. The change in altitude also affects the composition of the ecological communities (Gale, 2004; Di Musciano et al., 2021; Lee et al., 2021), which in turn shape the diet of animals (De Filippo et al., 2010; Kuang et al., 2022). The diet stands as one of the primary factors affecting the microbiome composition. Finally, seasonal variaion might also affect the microbiome diversity and composition (Guo et al., 2021; Hu et al., 2018; Jiang et al., 2021; Fan et al., 2022).

Some study systems might be more suitable for disentangling the direct drivers of gut microbiota composition and diversity from those that simply co-vary with the altitude. Subterranean rodents, particularly Nannospalax xanthodon (Anatolian Blind Mole Rat, hereafter ABMR) possesses a unique combination of several traits that could offer an opportunity to disentangle such effects. The AMBR is an obligate subterranean rodent species (Arslan et al., 2016), setting it apart from many of its terrestrial and social rodent counterparts. This distinct ecological niche is likely to have profound implications for the composition and dynamics of its gut microbiota. Unlike social rodents that live in close-knit communities, ABMRs are solitary, each constructing an intricate network of underground tunnels and aggressively defending them from conspecifics, except for mating and raising young (Sözen, 2005; Nevo, 1979, 2007). In contrast to social rodents, this solitary lifestyle limits direct individual interactions, and thus slows down the exchange of microbial communities within the population. The subterranean environment, characterized by more stable temperature and humidity, can also be severely hypoxic when compared to the ambient atmospheric O2 levels. This effect could be exacerbated by the high altitude hypoxia, putting pressure on the aerobic microbes and favoring the anaerobic ones (Suzuki et al., 2018). Another potential factor relevant for gut bacteria is the increased concentration of carbon dioxide inside the AMBR tunnel networks, since some gut bacteria may compete for CO2 as a substrate (Nollet and Verstraete, 1996).

AMBR inhabits various regions of Turkey, from the warm Mediterranean coast of the Aegean Sea to the cold alpine climates of the Taurus Mountains and Eastern Anatolia. At the same time, its dispersing ability is expected to be quite limited compared to above-ground rodents. Slow dispersal, combined with small population size, is expected to allow ample time for the various types of environmental adaptation, which may include changes in microbiome composition, to manifest into notable differences between neighboring populations. Finally, the AMBR feeds on a wide range of plant species, predominantly those with nutrient-rich root parts, yet with a high fibre content (Sözen, 2005; Heth et al., 1989; Ülgen and Tavşanoğlu, 2024). This factor alone is expected to contribute to a high diversity of GM, offering a rich material for exploring the roles of the various factors listed above. To date, only three studies addressed the microbiome composition of the representatives of the Nannospalax genus (Sibai et al., 2020; Solak et al., 2023; Kuang et al., 2022), and just two of them were set in a natural environment (Kuang et al., 2022; Solak et al., 2023).

Notably, the ABMR is in fact a taxonomic complex of multiple, cytogenetically distinct, and potentially genetically isolated geographic populations (Arslan et al., 2016). At the same time, many (cyto) genetically uniform populations have continuous distributions occupying a range of diverse habitats. In this study, we focused on one the most striking example from the Central Taurus (Bolkar) mountains, where a single chromosomal race of ABMR (“cilicicus”) with a diploid chromosome number 2n = 58 occurs at the elevations from ca 1,000 m to 3,000 m above sea level (Sözen et al., 2006). Employing a culture-independent, advanced high-throughput metabarcode amplicon sequencing approach, we investigated: (i) the gut microbiota of ABMR using the 16S rRNA, (ii) its diet composition using 18S rRNA, (iii) thyroid hormone levels as an indirect proxy of the metabolic rate and (iv) the host genetic structure using microsatellite markers. The primary aim was to determine whether and how the altitude in conjunction with other factors influences the composition of the GM of ABMR.



2 Methods


2.1 Study setup and sampling

Our sampling site is located in the Central Taurus Mountains in Türkiye, encompassing an altitudinal gradient ranging between 1,000 m asl and 3,000 m asl (Figure 1). The annual mean temperature and mean precipitation at the highest sampling location are 0.16°C and 744.6 mm, respectively, while they are 11°C and 344.7 mm at the lowest sampling location. Partial snow cover is present until June at high altitudes and may limit digging activities and access to water for these animals.

[image: Figure 1]

FIGURE 1
 The sampling area in the Central Taurus mountains, Türkiye. The insert on the right shows the geographic location within the Anatolian peninsula.


The sampling was conducted at three different altitude categories, each represented by two locations. The study area is about 460 km2, the distance between farther most localities (Eregli and Kiziltepe) is about 68 kilometers and the average distance between localities (except Eregli) is 8.5 kilometers. To minimize the influence of seasonal variation, the sampling was carried out during the same 2 months (late June to mid-July) in 2019 and 2021. From each locality, at least eight samples were collected, resulting in a total of 65 individuals. However, some samples failed during the PCR step of 16S and 18S rRNA library preparation. Sampling details are shown in Figure 1 and Table 1.



TABLE 1 Number of samples used in each analysis.
[image: Table1]

Animals were live-captured by opening the burrow passageways at specific sections and blocking retreat when the animal mended the tunnel (Wertheim and Nevo, 1971). After recording body mass and sex, animals were euthanized and dissected. Approximately 1 ml of whole blood was taken from the heart, kept overnight at ~4\u00B0C, and centrifuged at 7 RPM to separate the serum. The serum samples and entire digestive tracts were placed on dry ice and kept frozen until transferred to a − 80°C freezer within several days. Additionally, a ~ 5 g caecum sample (both the content and the caecum wall) was stored in ethanol immediately upon dissection. The procedure was approved by the Animal Ethics Committee of Bülent Ecevit University (#91330202).



2.2 Genotyping of gut microbiome and diet content

A small (~5 g) piece from the terminal end of the caecum was collected and ~ 0.25 g of the tissue with its content was used for DNA extraction using the DNEasy PowerSoil Kit (Qiagen, Cat No: 47014) following the manufacturer’s protocol.

For the microbiome genotyping we used 17 individuals from low altitude, 15 individuals from middle altitude, and 19 individuals from high altitude, with a minimum of 7 samples per locality, on a total of 51 samples (Table 1). For the diet genotyping we used 12 individuals from low altitude, 14 individuals from middle altitude, and 12 individuals from high altitude, with a minimum of 2 samples per locality, on a total of 38 samples. On diet genotyping, 13 samples failed during the PCR amplification stage.

To amplify the V3-V4 variable region of the bacterial 16S rRNA gene, the universal primers S-D-Bact-0341-b-S-17(5’-CCTACGGGNGGCWGCAG-3′) and S-D-Bact-0785-a-A-21 (5’-GACTACHVGGGTATCTAATCC-3′) (Klindworth et al., 2013) were utilized. The 5′ ends of the primers were extended with inline barcodes to increase the multiplexing capacity (Supplementary Table S1). PCR reactions done in 10 μL volume, with 1x KAPA HIFI Hot Start Ready Mix (Kapa Biosystems, United States) and each primer at 0.2 μM and 4.6 μL of DNA template with the following cycling conditions: initial denaturation at 98°C for 5 min, followed by 30 cycles of 98°C (15 s), 55°C (20 s), and 72°C (40 s), and a final extension at 72°C for 5 min. The dual-indexed Nextera sequencing adapters were ligated during the second PCR, which is the same cycling conditions except it was performed in 20 μL volume, the concentration of each primer was 1 μM, 1.5 μL of the first PCR product diluted × 12.5 was used as a template and the number of PCR cycles was 12. The quantity and the expected length of the PCR products were evaluated by running them on a 1.5% agarose gel and successfully amplified bands were pooled equimolarly, and purified with SpriSelect beads (Beckman Coulter, United States). The resulting pool was subjected to size selection using the Pippin Prep automatic size selection system (Sage Science), targeting an amplicon size window of 520–750 bp. The pool of libraries was sequenced using MiSeq (Illumina, United States) and v3 chemistry (i.e., 2 × 300-bp paired-end reads) at the CEITEC Genomics Core Facility (Brno, Czech Republic).

To amplify 110–150 bp of eukaryotic 18S rRNA, a similar two-step PCR protocol was employed. We modified the primers from (Guardiola et al., 2015). F primer appended with 4–5 bp inline barcode to increase multiplexing possibilities and both primers appended with the “tail sequence” for priming the second PCR (Supplementary Table S2). Two elongation blockers were added to the first PCR to prevent amplification of (1) the mole rat DNA (Rodent_blckr: +G + T + C + C + C + C + C + A + A + C + T/3SpC3/; plus sign stands for LNA modification; 3SpC3 is C3 spacer at the 3′ end) and (2) the intestinal nematode common in rodents, Syphacia spp. (Syphacia_blckr: +T + G + T + C + T + G + A + A + A + T + A + C + T/SpcC3/). The final sequence of primers are: Guard_18S_F_longer: GATYTGTCTGGTTVATTCCGand Guard_18S_R_longer: CATCACAGACCTGTTATYGC. First PCR was performed in 10 ul reaction (1x KAPA HIFI Hot Start Ready Mix, 0.3 μM of each primer, 1uM of Rodent_blckr, 2 uM of Syphacia_blckr and 1.4 ul of caecal DNA), with 3 min at 95°C and 34 cycles of 98°C (20 s), 56.5°C (15 s) and 70°C (15 s), and a final extension at 70°C (30 s). The second PCR was performed in 15 uL (1x KAPA HIFI Hot Start Ready Mix, 0.5 uM of each indexed primer, and 1 uL of the first-PCR product as template), with 3 min at 95°C and 12 cycles of 98°C (20 s), 55°C (15 s) and 72°C (15 s), and a final extension at 72°C (3 min). Each PCR was performed in a technical duplicate. PCRs were quantified using 2% agarose gel electrophoresis and pooled equimolarly. Fragments between 240 and 360 bp were extracted using PippinPrep and sequenced with Illumina Nextseq, 150 bpPE reads at the CEITEC Genomics Core Facility (Brno, Czech Republic).

To account for possible amplification stochasticity, each sample was amplified and genotyped twice. In the subsequent analyses, the data from the duplicates were treated as individual samples.



2.3 Individual genotyping of the host

For the host genotyping, we used 23 individuals from low altitude, 15 individuals from middle altitude, and 27 individuals from high altitude, with a minimum of 5 samples per locality, on a total of 65 samples (Table 1).

The genotyping protocol utilized a combination of seven microsatellite markers sourced from (Popa et al., 2014) and six additional microsatellite markers from (Karanth et al., 2004). Consequently, a total of 13 variable microsatellite markers were employed for the genotyping analysis (see Supplementary Table S3). Multiplex PCR was performed with FAM and HEX fluorescent-labeled primers, using a QIAGEN Multiplex PCR Kit (QIAGEN, Cat. No: 206143). This enabled the amplification of multiple targets within a single reaction. Fragments were differentiated by the respective fluorescent labels as well as by their expected sizes.

PCR reactions were performed in PCR plates in 7 μL reaction volumes (3 μL of Multiplex PCR Buffer, 0.6 μL of Q-solution, 1.5 μl of DNA, 0.5 to 1 μl of primer, and distilled water). Notably, the HEX-labeled primers required higher concentrations (10 picomoles) compared to FAM markers (5 picomoles) for optimal performance.

The PCR temperature profile consisted of an initial denaturation step at 95°C for 15 min, followed by 10 cycles of denaturation at 93°C for 40 s, annealing at 60°C for 40 s (with a decrease of 0.4°C per cycle), and extension at 72°C for 80 s. This was followed by 20 cycles of denaturation at 93°C for 30 s, annealing at 56°C for 40 s, extension at 72°C for 80 s, and concluded with a final extension step at 60°C for 30 min.

For fragment analysis, we employed the GeneScan™ 500 LIZ™ dye Size Standard (Applied Biosystems™, Cat. No: 4322682). Initially, the size standard was diluted with Hi-Di™ Formamide (Cat. no. 4311320) at a ratio of 40 size standard to 1,000 formamide. Subsequently, 10 μL of the diluted standard was added to each well, followed by the addition of 2–3 μL of PCR product. The plate was subjected to a thermal cycler at 95°C for 3 min, followed by immediate chilling. Fragment analysis was performed using the 3130XL Genetic Analyzer (Applied Biosystems™), with allele identification carried out using Gene Mapper Software (version: 5.0).



2.4 Thyroxine levels quantification assays

Using the serum from four localities among 3 altitude groups (Table 1), we measured free fractions of thyroxine and triiodothyronine (fT4 and fT3) as well as total thyroxine and triiodothyronine (TT4 and TT3) using commercial ELISA kits according to manufacturer’s instructions (DRG Diagnostics, Marburg, Germany: FT4 - EIA 2386; FT3 - EIA 2385; TT4 - EIA 4568; TT3 - EIA 4569).



2.5 Bioinformatic analyses

Following demultiplexing and trimming of the raw 16 s rRNA and 18 s rRNA sequencing data using Skewer (Jiang et al., 2014) reads with low quality were eliminated by setting the expected error rate per paired-end read >1 (Jiang et al., 2014).

The quality-filtered reads were denoised with DADA2 software (Callahan et al., 2016), resulting in an abundance matrix containing the number of reads for each amplicon sequence variant (ASV) in each sample. The UCHIME software (Edgar et al., 2011) was employed to identify and remove sequence chimeras, with gold.fna database1 serving as a reference for chimera filtering. For 16S rRNA bacterial ASV annotation in the DADA2 software, the Silva database version 138.1 (updated in March 2021; Quast et al., 2013) was used as a reference. For the 18S rRNA dataset, for each ASV, the top 200 Blastn hits were downloaded from the NCBI nucleotide database (Camacho et al., 2023) and used to construct the custom reference database. The ASV taxonomy was then assigned using the RDP classifier as previously described (Quast et al., 2013). Finally, the phyloseq (McMurdie and Holmes, 2013) package was utilized to construct a comprehensive database containing the Amplicon Sequence Variants (ASVs) table, ASV sequences, taxonomic annotations at phylum and family and genus level (when possible), and phylogeny for both datasets.



2.6 Microbiome and diet

The microbiome database comprised 1,103,094 high-quality sequences grouped in 4841 non-chimeric ASVs. The number of sequences in the microbiome database per sample varied between 8,936 and 30,237. The diet database comprised 2,392,247 high-quality sequences grouped in 140 non-chimeric ASVs. The number of sequences in the diet database per sample varied between 515 and 205,099. For the rarefaction of the ASV table, “phyloseq_mult_raref_avg” function from the metagMisc package was used with 100 iterations, which provides robustness by applying repeated subsampling. Using the minimal sequencing depth as the rarefaction threshold, we ensured even sequencing depth per sample and utilized the down-sampled dataset for further analysis unless otherwise stated. All the statistical analyses were done in R version 4.2.2.2

The procrustes test (Procrustes Rotation of Two Configurations in vegan pack (Oksanen et al., 2024)) was used to compare duplicates and for both datasets procrustes test showed the composition was consistent across all duplicates (number of permutations = 999, procrustes sum of squares (m12 squared) = 0.00414, Correlation in a symmetric Procrustes rotation = 0.9979, p-value = 0.001).

We employed the exact observed number of ASVs, Shannon, and Simpson indices to estimate alpha diversity using the “estimate_richness” function in the phyloseq package (McMurdie and Holmes, 2013). To compare alpha diversities between altitudinal groups, we used the “wilcox.test” function (hereafter WT, stats package) (Bauer, 1972). Per-sample Shannon and Simpson diversity indices were used as response variables in the Generalized Linear Mixed Models with Gaussian distribution (hereafter GLMM, glmmTMB package; Brooks et al., 2017), with the altitude category (low, middle, and high) included as a fixed variable and sampling location included as a random variable.

As a measure of beta diversity, we employed the Bray–Curtis dissimilarity index, which focuses on relative abundances using the “distance” function with a specified “bray” method (phyloseq package). We visualized the between-sample divergence pattern using Principal Coordinate Analysis (PCoA). Furthermore, we applied PERMANOVA (Permutational Multivariate Analysis of Variance Using Distance Matrices, “adonis2” function from the vegan package) to test for differences in the gut microbiota composition between altitudes. Additionally, to take account of the possible effect of the sampling localities, we used the first two principal components of the Bray-Curtis PCoA as response variables in the GLMM analysis, with altitude category (low, middle, and high) included as a fixed variable and sampling location included as a random variable. Furthermore, the effect of fixed variables was tested using likelihood ratio tests (“anova” function, stats package). Finally, we employed the MDMR (Multivariate Distance Matrix Regression, mdmr package (McArtor et al., 2017)) with the Bray-Curtis distance matrix as a response variable, altitude category as a fixed variable, and sampling location as a random variable. Then, for both alpha and beta diversity measures, we tested the effects of sex, sampling year, and body mass using the same statistical approach. We checked for the possible correlation between microbiome and diet composition. First, the samples not present in both datasets were excluded. Then the Mantel Test (ape package; (Mantel, 1967; Paradis and Schliep, 2019)) was employed to check the correlation between diet and microbiome composition.

We used the “DA.kru” function in the DAtest package for calculating Kruskal-Wallis analysis (Russel88/DAtest on GitHub (Russel et al., 2018)) to compare the differential abundances of bacterial phyla and families among different altitudes. The p-values from “DA.kru” function were adjusted by “FDR” method (Benjamini and Hochberg, 1995) as default. To explore the relative abundances of ASVs that significantly differ among altitudinal groups or sampling localities, we used the DESeq2 package (Anders and Huber, 2010). Additionally, we specifically focused on ASVs that exhibit higher abundance in one location or a select few, while being nearly or entirely absent in others. To do that, we employed “estimateSizeFactors” function in the DESeq2 package with LTR test parameter (Likelihood ratio test (chi-square test) for GLMs).

Finally, we predicted high-level bacterial characteristics using BugBase4 (Ward et al., 2017) based on 16S rRNA data, following the online instructions. These phenotypes included Gram Positive, Gram Negative, Biofilm Forming, Pathogenic Potential, Mobile Element Containing, Oxygen Utilizing, Oxidative Stress Tolerant, and Facultatively Anaerobic bacteria. The relative frequencies of predicted phenotypes were then tested for altitudinal difference using Kruskal-Wallis Test (“kruskal.test” in stats package (Hollander et al., 2013)) and the p-values were corrected using “p.adjust” function in stats package with the FDR method.



2.7 Host genetics

The individual genotypes were handled in adegenet package (Jombart, 2008) as a “genind” object. We calculated Nei’s pairwise Fst (Nei, 1973) between all pairs of populations by “pairwise.neifst” function hierfstat package, (Goudet, 2005). Then, we calculated the mean proportions of shared alleles by using the “propShared” function (adegenet package), averaged per respective sampling localities. Then, allelic richness for each altitudinal group was calculated using “allelic.richness” function (hierfstat package) and compared with “t-test” function (stats package). Finally, we run AMOVA (Analysis of Molecular Variance) for altitudinal groups and sampling localities “using poppr.amova” function in poppr package (Kamvar et al., 2014), and generated the p-values using “randtest” function in ade4 package.

STRUCTURE software (V2.3.4, (Pritchard et al., 2000)) was used to reveal the population genetic structure using the Admixture Model with 5,000 burnin, 50,000 MCMC replicates after burnin, 5 iterations, and correlated allele frequencies. The analyses run with and without sampling locality as prior, and a number of inferred genetic clusters (K) is set to a range between 1 to 6. The resulting output is reviewed on the Structure Harvester website (v.0.6.94, (Earl and vonHoldt, 2012)).

Using the “coancestry” function (related package; Pew et al., 2015), we calculated the empirical relatedness between same-population individuals according to Li et al. (1993) to seek for possible correlation between kinship and microbiome composition. Only those samples present in both datasets were included. The pairwise matrix of genetic distances (measured as 1-relatedness) was computed using the “mat_gen_dist” function, utilizing the “PCA” method (graph4lg package; Savary et al., 2021). Subsequently, Euclidean distance matrices were generated for each population. The Bray–Curtis dissimilarity distance matrices were constructed on the individual microbiome data, and the Mantel Test (ape package; Mantel, 1967; Paradis and Schliep, 2019) was employed to check for the correlation between host kinship and microbiome composition. Additionally, “grouprel” function (related package) is employed to calculate average within-group relatedness to compare with expected relatedness in simulated populations with 100 iterations (ie. 100 parent-offspring, 100 full siblings, 100 half siblings, and 100 unrelated).



2.8 Thyroid hormone levels

Concentrations of fT4, TT4, fT3, and TT3 were analyzed with multiple linear regression models with altitude, sex, and weight as explanatory variables. All data were tested for normal distribution using three normality tests (Anderson-Darling, D’Agostino-Pearson omnibus, and Shapiro Wilk). Since fT4 concentrations were not normally distributed, fT4 concentrations were log-transformed before analyses. We first calculated one model with main effects (model 1) and one model with two-way interactions (model 2) to identify the best-fitting model. The Akaike information criterion (AIC) was used to estimate model fit. Based on the best-fitting model, explanatory variables with significant effects on hormone concentrations were identified. These analyses were conducted using GraphPad Prism (vers. 9.3.1, San Diego, CA, United States).

Effect of altitude on hormone levels was tested using ANOVA. Since this approach did not take into account the random effect of sampling altitude, we used GLMMs and MDMRs with alpha diversity metrics as response variables, hormone measurements as fixed, and sampling locality as a random variable. For the beta diversity, we employed GLMMs and MDMRs using two principal components of the Bray-Curtis PCoA as response variables, and hormone levels as fixed variables, and the sampling locality and altitude as a random effect. Finally, we use the DA.test package to see if there is correlation between hormone levels and differential abundance of a bacterial taxa.




3 Results


3.1 Gut microbiome

We successfully genotyped the 16S rRNA amplicons of a total of 52 ABMR caecum samples in duplicates. For subsequent analyses, the data from duplicates were merged based on the consistent coverage of ASVs between duplicates, meaning that only the ASVs found in both duplicates were retained.

The microbiome database was dominated by Firmicutes (53% of all reads), Bacteroidota (36%), and Desulfobacterota (0,7%). Another 9 phyla detected were: Patescibacteria, Cyanobacteria, Elusimicrobiota, Campylobacterota, Proteobacteria, Actinobacteriota, Synergistota, Halobacterota, and Thermoplasmatota had low abundances (<1% reads, Supplementary Figure S1). At the family level, the data was dominated by Muribaculaceae (35%), Lacnospiraceae (28%), Christensenellaceae (~5%), Ruminococcaceae (~5%), Desulfovibrionaceae (~5%), Oscillospiraceae (~5%) and 29 other bacterial families with less than 1% abundance (Supplementary Figure S1). The relative abundances of bacterial phyla were visualized for each sample, sampling location, and altitudinal group (Figures 2A,B) and individual microbiome variability shown in Supplementary Figure S2.
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FIGURE 2
 (A) The relative abundance of dominant bacterial phyla among the sampling localities and (B) altitudinal groups (X-axis represents % of the abundance of all reads). (C) Variation in the GM diversity (number of observed ASVs, Shannon, and Simpson diversity indices) across altitudes (p-values are given from WT analysis). (D) PCoA plot on Bray–Curtis dissimilarity metric showing the divergence between gut microbiota from altitudinal groups.




3.2 The Alpha and Beta diversity of microbiome

The alpha diversity of the gut microbiota in ABMR exhibited variations across different sampling locations and altitudinal groups. Specifically, the animals inhabiting the middle altitude demonstrated a more diverse composition of the microbiome compared to those at low and high altitudes (Figure 2C).

In the case of all three alpha diversity metrics (number of observed ASVs, Shannon and Simpson diversity indices), the WT analysis revealed that samples from the middle altitude group exhibited significantly higher levels of among-sample diversity compared to the other altitudinal groups. Moreover, the WT analysis indicated a significant difference between the middle and high altitudes, except for the Simpson diversity index (p-values for each test are shown in Figure 2C). GLMM analyses revealed that the likelihood ratio test comparing the two models was not significant for the Shannon index (ΔD.F = 2, χ2 = 4.6772, p-value = 0.09), and Simpson index (ΔD.F = 2, χ2 = 2.4964, p-value = 0.28), but significant for the number of observed ASVs (ΔD.F = 2, χ2 = 10.571, p-value = 0.005). While WT analyses revealed significantly higher bacterial diversity at middle altitudes using all three alpha diversity metrics, GLMM showed significance only for the number of observed ASVs. It is important to note that, unlike GLMM, WT analyses do not account for the effect of sampling locality.

The PERMANOVA results demonstrated significant differences between the altitudinal groups in terms of Bray-Curtis dissimilarities (F-value = 4.6839, df = 2, p-value = 0.001, and R2 = 0.16). Furthermore, we employed the first two axes of the Bray-Curtis-based PCoA as response variables in a GLMM analysis to assess the altitude’s effect. The first PCoA axis mostly corresponded to the elevation gradient, separating the three altitude categories. A notable exception to this trend was the high-altitude site of Kiziltepe, as indicated by the data points in the top right corner of Figure 2D, which clustered far apart from all other data points. At the same time, the second PCoA axis represented the elevation gradient more clearly, with data points at the bottom of Figure 2D corresponding to low-altitude samples and those at the top corresponding to high-altitude samples. In the GLMM analyses, the likelihood ratio test comparing the two models for the first PCoA axis was not significant (χ2 = 1.6172, df = 2, p = 0.44) which is most probably due to the Kiziltepe samples which clustered far from the rest, especially along the first axis. However, the comparison for the second PCoA axis indicated that the categorical model significantly enhanced the explanation of variation in the ABMR gut microbiota (χ2 = 9.9051, df = 2, p = 0.007). Finally, the results from MDMR analyses also showed a significant effect of altitude (df = 2, p-value =0.0006). All of the above patterns remained significant when the data collected in each year were analysed separately, but at the same time, the sampling year was itself a significant factor in models considering altitude and sampling localities as random variables (GLMM: χ2 = 10.423, df = 1, p-value = 0.001; MDMR: df = 1, p-value =0.00001). Neither GLMM for sex and Shannon diversity considering sampling locality and altitude as random variables (χ2 = 1.6125, df = 1, p-value = 0.20) nor GLMM for sex and beta diversity (i.e., the first PCoA axis; χ2 = 0.0132, df = 1, p-value = 0.90) were significant. Similarly, GLMM for host body mass and Shannon diversity considering altitude and sampling localities as random variables (Z-value = 0.542, SE = 0.00091, p-value = 0.55) and GLMM for host body mass and beta diversity (i.e., the first PCoA axis; χ2 = 1.581, df = 1, p-value = 0.21) found to be insignificant.



3.3 Differential ASV abundance testing

Anayses within the DA.test package revealed a significant effect of the altitude on the relative abundance of bacterial phyla and families. Specifically, the relative abundance of Bacteroidota increased with altitude, whereas Firmicutes and Desulfobacterota were significantly more abundant at low altitudes, and Verrucomicrobiota was only found at low altitudes (Table 2; Figure 2A).



TABLE 2 Comparison of differential abundances of bacterial phyla between altitudes.
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At the bacterial family level, we observed that the relative abundances of Muribaculaceae, and Unclassified Bacteroidales, increased with altitude, while the relative abundances of Lacnospiraceae, and Ruminococcaceae decreased. Additionally, Christensenellaceae was significantly more abundant at high altitude but less abundant at middle altitude, and Akkermansiaceae was only found at low altitude in both localities (Table 3).



TABLE 3 Comparison of differential abundances of bacterial families between the altitudes.
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The DESeq2 analysis revealed a significant effect of the sampling locality on the relative abundances of 51 ASVs (Table 4; Supplementary Figure S3). Twenty four of them were overabundant in one or in a few localities but significantly underrepresented in all the other localities (Table 4). Among these, Kiziltepe exhibited the highest number of ASVs with significant differential abundance (n = 12), while both high-altitude localities collectively harbored 19 significant ASVs. Intriguingly, no such ASVs were detected in the middle altitude localities. These DESeq2 results correspond to alpha diversity analyses, which also suggest that the middle altitude samples comprise a blend of two other altitudinal groups.



TABLE 4 Number of ASVs with significant abundance difference across sampling localities.
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3.4 Bacterial characteristics prediction

We used BugBase, a tool for measuring high-level phenotypes in the microbiome, to assess changes in bacterial phenotypes across different altitudinal groups (Figure 3). The ‘Facultatively Anaerobic’ phenotype was the only one that displayed a significant difference (Kruskal-Wallis fdr adjusted p-value = 0.049), attributed to its prevalence at the high altitude. Note that almost all ASVs that contributed to this phenotype belonged to the bacterial phylum Firmicutes, which itself was more abundant at the high altitude (Figure 2A).
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FIGURE 3
 Variation of predicted bacterial phenotypes among the altitudinal groups. Values in the y-axis represent the BugBase bacterial phenotype prediction.




3.5 Diet composition

We successfully genotyped the 18S rRNA amplicons from 38 ABMR caecum samples (12 low, 14 middle, and 12 high altitude) in duplicates. Similar to the 16S results, the data from duplicates were merged based on the same coverage of ASVs between duplicates, and the data from duplicates were treated as individual samples.

The raw dataset was clustered in four phyla: Arthropoda, Basidiomycota, Chordata, and Streptophyta. However, considering the ABMRs are herbivorous rodents (Sözen, 2005), the database was filtered by excluding the host genome and other possible contamination-caused sequences from non-plant phyla, retaining only those belonging to plants (Streptophyta). This resulted in approximately two-thirds of the reads being retained for further analysis. At the order level, the data was dominated by Asterales (42.7%) and Brassicales (21%), Apiales (15.21%), Fabales (10.37%), Asparagales (7.92%), Rosales (6.61%), and as well as 12 other plant orders with less than 5% relative abundance. Due to the relatively short sequence lengths of our 18S rRNA libraries which become increasingly unreliable when assigning low-level taxa and lack of complete reference database focused on plant 18S rRNA, we only resolved the diet taxonomy down to the order level.

The relative abundances of plant orders across altitudinal groups and sampling locations are illustrated in Figures 4A,B. Asterales and Fabales were prevalent across all groups, whereas Apiales were exclusively observed at low and middle altitudes, with significantly higher abundance at the middle altitude (Kruskal-Wallis fdr adjusted p-value = 0.05). In contrast, Asparagales were observed exclusively at the high altitude, consistent with the DA.test results (Kruskal-Wallis fdr adjusted p-value <0.0001).

[image: Figure 4]

FIGURE 4
 (A) The relative abundance of dominant plant orders among the sampling localities and (B) altitudinal groups (X-axis represents % of the abundance of all reads). (C) Box-plot showing variation in diet diversity (number of observed ASVs, Shannon, and Simpson diversity indices) between altitudes. Both WT and GLMM showed no significant difference between altitudes. (D) PCoA of Bray–Curtis dissimilarity in diet composition among the individuals, altitudes, and localities.




3.6 The Alpha and Beta diversity of diet

The observed number of ASVs, Shannon, and Simpson diversity measures did not significantly differ by altitude (Figure 4C). This result was supported by both WT and GLMMs (both p-values >0.05). Nevertheless, all three indices displayed the widest observable range at the middle altitude (Figure 4). After examining the variation in Bray–Curtis dissimilarity index of the diet composition with PCoA, PERMANOVA (p-value = 0.001, R2 = 0.14, and F-value = 2.8517), the GLMM for the first PCoA axis (χ2 = 7.6772, df = 2, p = 0.021), and MDMR for PCoA axes (df = 2, p-value = 0.00001) showed a significant effect of the altitude (Figure 4D). In the PCoA, the high-altitude animals clustered separately, while the low and the middle altitudes overlapped to some extent. There was no significant effect of the sex, body mass, and sampling year on the diet of ABMR. The Mantel Test indicated no significant correlation between the diet and the microbiome composition (p-value = 0.20, r = 0.03).



3.7 Host genetics

A total of 65 samples were genotyped at the six loci reported in (Karanth et al., 2004), with 6.81% missing data, but only the samples collected in 2019 were genotyped for the seven loci reported in (Popa et al., 2014), with 25% missing data. The mean allelic richness values calculated in low, middle, and high altitude groups were 1.636348, 1.735554, and 1.603827, respectively. There was no significant difference in mean allelic richness among the altitudinal groups (t-test p-values >0.05). The mean allelic richness at the sampling locality level ranged between 1.352573 (Kiziltepe) and 1.721504 (Madenkoy), and the only significant difference was observed between Eregli and Kiziltepe (t-test p-value = 0.01). The pairwise Fst and proportion of shared alleles between populations are shown in Table 5.



TABLE 5 Genetic differentiation among the sampling localities.
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Table 4 presents the mean proportions of shared alleles and the pairwise Fst among populations. The shared alleles proportions ranged from 38% (Eregli and Kiziltepe) to 52% (Madenkoy and Darbogaz), while the Fst varied from 0.025 (Karagol and Madenkoy) to 0.25 (Karagol and Darbogaz). Notably, the Fst between Uluskisla and Madenkoy was negative (−0.025), likely due to the high proportion of missing data in the Madenkoy samples. Altitudinal genetic differences in Fst were 0.04 (low to middle), 0.06 (middle to high), and 0.11 (low to high). Notably, the confidence intervals for the Fst estimates were very wide, spanning zero in all cases except for four values: Darboğaz-Eregli = 0.056 (0.014–0.095), Karagol-Eregli = 0.112 (0.047–0.199), Karagol-Darbogaz = 0.233 (0.020–0.445), Kiziltepe-Karagol = 0.118 (0.042–0.188).

The MANOVA revealed the only significant variation between the sampling localities at the level of 11.3% (p-value = 0.01), but the variation among altitudes (6%, p-value = 0.49), and among samples within the same altitude (1%, p-value = 0.76) were non-significant. Finally, the two runs of STRUCTURE (with and without the prior) both indicated the best model at K = 2 with the Delta K values of 44.840244 and 121.992245, respectively. These results suggest that while our dataset could potentially represent an admixture of two genetically distinct clusters (see Supplementary Table S4; Supplementary Figure S5), this weak genetic structure does not reflect the altitudinal variation.

Our analysis of genetic relatedness at the individual level using related (Pew et al., 2015) revealed that the average observed within-group relatedness across all localities was significantly higher compared to the expected values (p-value = 0.01). At the level of locality, Eregli, Darbogaz, and Kiziltepe showed higher than expected relatedness, while Ulukisla, Madenkoy, and Karagol showed lower than expected relatedness (Supplementary Figure S6). The Mantel tests between the microbiome composition and the individual genetic relatedness in each sampling locality showed no significant correlation (r < 0.09, p-values >0.05).



3.8 Thyroxine hormone levels

To assess the effects of altitude on thyroid hormone levels and to account for additional factors known to influence thyroid hormone concentrations, we constructed multiple linear regression models with altitude, sex, and the body mass as explanatory variables. Altitude as a main effect exerted a significant effect on fT4 concentrations (F = 6.38, p-value = 0.021), while the sex had no effect (F = 0.0001, p-value = 0.98) and the body mass only had a marginal effect (F = 4.06, p-value = 0.059) on fT4. In contrast, none of the given factors had a significant effect on fT3. The main effects did not affect TT4 and TT3 concentrations, but the interaction of sex and altitude exerted a statistically significant effect on total hormone concentrations (Supplementary Table S5). Furthermore, the fT4/TT4 ratio was significantly lower in animals living at low altitudes compared to middle altitudes and showed a trend toward a significantly lower ratio compared to high altitudes (p-value = 0.09, Figure 5).
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FIGURE 5
 Thyroid hormone levels among altitudinal groups. (A) fT4 levels and (B) fT4/TT4 ratio.


ANOVA and GLMMs revealed that there is a marginally significant effect of TT4 hormone levels on the Shannon and Simpson alpha diversity metrics. Specifically, TT4 levels showed negative correlation with alpha diversity metrics. The PERMANOVA performed on the Bray-Curtis distance matrix and GLMMs applied to the first axis of PCoA revealed that there is a significant effect of the FT4/TT4 levels on the microbiome beta diversity. However, while the correlation of the Bray-Curtis distance matrix correlated with the FT4/TT4 ratio positively, the PCoA axis showed negative correlation (Table 6; see Supplementary Table S6). Finally, the DA.test results revealed no significant correlation with the relative abundance of bacterial taxa and the levels of thyroid hormones.



TABLE 6 Summary of the tests conducted on the hormone levels and microbiome data.
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4 Discussion

Our study is the first to address the multiple aspects of altitude adaptation in the subterranean Blind Mole Rat (Nannospalax xanthodon) - a biomedically and evolutionarily important model organism. We found that altitude is indeed a key factor shaping the variation observed in (i) microbiome, (ii) diet, and (iii) thyroid hormone levels, whereas (iv) its population genetic structure reflects a fine-scale geographic pattern rather than the elevation gradient. We could not determine statistically whether the biological aspects (i-iv) also interact in a meaningful way among themselves, or if (i-iii) simply co-vary with the altitude. Below, we take advantage of the existing knowledge of the complex nature of the microbiome functioning and mammalian adaptation to high altitudes, in order to hypothesize on the possible mechanisms behind our findings.


4.1 Changes in bacterial taxa and phenotypes among the altitudinal groups

The ratio of Firmicutes/Bacteroidota (F/B) is linked to various host health, disease traits, and also linked with altitude according to most studies (Indiani et al., 2018; Jasirwan et al., 2021; Koliada et al., 2017; Mariat et al., 2009; An et al., 2023). A study on Rhesus macaques indicated that animals inhabiting high altitudes exhibit a higher abundance of Bacteroidota and a lower abundance of Firmicutes compared to those at lower altitudes (Wu et al., 2020). Another study examining the composition of the oral microbiome in Tibetans living at high (2800–3,650 m) and ultra-high (3650–4,500 m) altitudes reported a low F/B ratio in the populations at the highest altitude (Liu et al., 2021). This observation was speculated to be an adaptation to maintain normal blood pressure in hosts, considering the decrease in ambient oxygen and maximal oxygen consumption (VO2max) of the human body with altitude (Squires and Buskirk, 1982), and lower F/B ratio has been associated with a lower VO2max in another study (Durk et al., 2019). We observed the same pattern in AMBR (see Table 2; Figure 2A), which could suggest a role of the low F/B ratio in blood pressure maintenance. At the same time, the extreme specialization of the AMBR to subterranean lifestyle may create a very different context compared to the above listed examples. The ABMR responds to the hypoxia caused by low levels of O2 inside the tunnels rather than to its ambient atmospheric concentration, with the additional factors such as tunnel depth, soil type and permeability, animal own activity, etc. (see the respiratory stress hypothesis in (Arieli, 1979; Darden, 1972)) playing a role. Importantly, some studies have presented conflicting results regarding the link between the F/B ratio and altitude (ie., Li and Zhao, 2015; Zeng et al., 2017).

An increase in the abundance of strictly anaerobic bacteria at higher altitudes is a well-known phenomenon, for example in wild house mice (Suzuki et al., 2018) and humans (Lan et al., 2017), although such effects were mostly observed at much greater elevations (i.e., up to 4,500 m a.s.l.) compared to our study (the highest location was at 2900 m a.s.l.). The previously mentioned factors specific to the subterranean environment and AMBR lifestyle may also explain the lack of significant difference in the abundance of strictly anaerobic bacteria among our altitudinal groups. Even more striking is the complete absence from our 16S rRNA dataset of the anaerobic bacterial genus Prevotella, which was previously found to be strongly associated with increasing altitude in wild house mice (Suzuki et al., 2019), wild pikas (Li et al., 2016b), high altitude yaks, in Tibetan sheep (Zhang et al., 2016), and in humans (Li et al., 2016d; Lan et al., 2017), but see (Li and Zhao, 2015). The Prevotella is also present at ~3.5% in subterranean plateau zokors - another member of the family Spalacidae living at high altitudes (Hu et al., 2023). Our results as well as the previous studies suggest that the absence of Prevotella in Blind Mole Rats GM may actually be a common feature of the wild populations of these rodents: i.e. it was detected neither in the wild-caught N. xanthodon [(Kuang et al., 2022; Solak et al., 2023), nor in N. ehrenbergi (Kuang et al., 2022; Solak et al., 2023)], but Sibai et al. (2020) reported the first appearance of Prevotella in the fecal microbiomes on the AMBR only after they spent a month in captivity. Therefore, the importance of this bacterial taxon in the adaptation to high altitude does not seem to apply to our research system.

We showed that unlike the strictly anaerobic bacteria, the facultatively anaerobic ones were still significantly more abundant at high altitudes (Figure 3, Supplementary Figure S4). This functional group has a unique ability to grow in the presence or in the absence of oxygen and is thus well-adapted to changing environments (André et al., 2021). It is possible that extreme fluctuation of temperature and precipitation regime (including dense snow cover in winter) at high altitude also translates into a wide range of the ambient O2 concentrations experienced by the AMBR, and thus favors the facultatively anaerobic microbial elements.

The Ruminococcaceae bacterial family was found to be more prevalent during periods of limited energy availability in black howler monkeys, potentially compensating for reduced energy intake (Amato et al., 2015). This finding was further supported by (Wu et al., 2020), who reported an increased abundance of Ruminococcaceae in rhesus macaques inhabiting cold, high-altitude environments, suggesting a role in energy-saving. Interstingly, our results revealed not an increase but a decline in the relative abundance of Ruminococcaceae with increasing altitude (Table 3; Figure 2). This result could be attributed to the specifics of biology of the AMBR, in particular to its reduced tolerance of the heat stress (Šumbera et al., 2023). During the summer season when all our samples were collected, the animals at the low altitudes have to deal with much hotter and drier environment compared to the milder and wetter conditions at the higher elevation. This would likely cause a greater cumulative stress, causing the animals to reduce their activity and so exploit any available opportunity for greater energy efficiency, including the adjustment in the microbiome.

Muribaculaceae was reported to be linked with immune function (Sha et al., 2022; Huang et al., 2022) and to be more abundant in hypobaric hypoxic rats (Ma et al., 2023). A study on the plateau pikas found that Muribaculaceae is more abundant in the warm season and at high altitudes (Tang et al., 2023). Similarly, we observed a significant increase in the abundance of Muribaculaceae with increasing altitude, while all our samples were collected during the warmest time of the year. Previously, we showed that the high-altitude ABMRs from the same study area possess a greater innate immune response (Solak et al., 2020). We hypothesize that the higher abundance of Muribaculaceae could have contributed to a stronger immune function in high-altitude ABMRs. We note that apart from Muribaculaceae, the Akkermansiaceae (any many other bacteria) family has also been linked with immunoregulation and we only found it at low altitudes (Portincasa et al., 2024; Cani et al., 2022; Grenda et al., 2022). However, different bacterial species can stimulate different immune responses by activating different immune cells and pathways (Acosta and Alonzo, 2023; Zheng et al., 2020).



4.2 The effect of altitude on microbiome diversity and composition

In the context of laboratory rodent studies simulating high-altitude conditions, the relationship between GM diversity and altitude has yielded inconsistent results. A study on rats by (Tian et al., 2018) reported significantly higher GM alpha diversity at high altitudes, whereas (Zhang et al., 2018) observed slightly lower diversity (albeit not statistically significant). Higher GM alpha diversity at high altitudes was found in wild pikas (Li et al., 2019) and rhesus macaques (Wu et al., 2020; Zhao et al., 2018, 2023). Another study on wild mice ranging from sea level to 4,000 meters asl. Found a slight increase in diversity at high altitudes, although not statistically significant (Suzuki et al., 2018). It should be noted that none of these studies (except Suzuki et al., 2018) were conducted in continuous transects, i.e., the effect of latitude over altitude is unknown. The effect of altitude on the microbiome in the wild animal system thus remains understudied. Consequently, each study was only able to draw conclusions based on the specific biology of the host species and the characteristics of the study system.

In contrast to the above examples, our study design aimed at reducing the possible effect of the local geography and seasonal variation in the AMBR system within its natural habitat. We detected a very strong but non-linear effect of the altitude: the highest alpha-diversity was observed in both populations from the middle altitude group, while the low and high altitudes did not differ significantly (Figure 2C). The reason behind this is that the middle altitude in fact combines all the specific (i.e., significantly over-abundant) ASVs from both low and high altitudes (Table 4). A straightforward interpretation for such a pattern would be the existence of two polarized assemblies of the microbial taxa, at low and high elevations respectively, with the middle altitude serving as a bridge between them. Recall that the obligate subterranean lifestyle of the AMBR implies very slow and gradual dispersal (Rado et al., 1992). If we then assume that the transfer of the GM elements co-occurs with the host, the direct exchange between the low and the high altitudes would seem difficult: i.e. there is no direct pathway for the lowland bacteria to reach highland habitats (and vice versa) without first passing through the middle altitude. In addition, the middle altitude belt is expected to have relatively mild environmental conditions (i.e., less extreme fluctuation in temperature and humidity), which could also favor the higher microbiome diversity at the individual level. Verification of this intriguing hypothesis will require collecting additional data, accounting for multiple potential ecological factors that could act to ‘polarize’ the high and low GM communities.

The altitude is known to exert significant effect on microbial composition at the population level (beta diversity), as reported in previous studies on rodents (Li et al., 2019; Li et al., 2016a; Li et al., 2016b; Suzuki et al., 2018) and humans (Zeng et al., 2020; Lan et al., 2017; Li and Zhao, 2015). Most studies explained this effect as an indirect result of other altitude-related processes, such as variation in the host diet, and in host genotypes. In most cases it was difficult to eliminate the effect of geography / spatial variation while testing for the effect of the altitude. In our study, we attempted to minimize the effect of geography by collecting samples within a small area featuring a steep elevation gradient. A very strong altitude effect on the GM composition revealed was mostly caused by a single high-altitude locality (Kiziltepe) clustering far from the rest of the data (i.e., PCoA plot on Figure 2D). Further analysis using DESeq2 revealed that this particular population harbored the highest number (n = 15) of significantly overrepresented ASVs - at least three times that of the second high-altitude locality Karagöl (n = 4), which is only a few hundred meters lower in terms of absolute elevation (Table 1). The population residing at Kiziltepe had the lowest genetic diversity, but the host genetics is an unlikely factor to explain the microbiome difference there, given the overall lack of correlation between the GM and population genetic structure. Neither could we find any significant difference in diet composition between Kiziltepe and Karagöl, which undermines the role of diet on the microbiome composition, at least in the case of AMBR. In addition, we note that Kiziltepe is situated next to an open mining area active since 1825, primarily extracting minerals such as iron, lead, silver, and gold (Kahya, 2018; Anatolia, 2023). Previous studies have indicated a significant impact of heavy metals on the gut microbiota of mice (Breton et al., 2013). In the absence of other clues, we can suggest that the distinct composition of the gut microbiota observed in Kiziltepe could potentially be attributed to the influence of heavy metal exposure as well as the adaptation to high altitude.



4.3 The effect of diet and host genetics on microbiome composition

The relationship between microbiome and host diet is discussed in several studies (Scott et al., 2013; Conlon and Bird, 2014; Beam et al., 2021; Leeming et al., 2021) with majority of authors finding significant effect of diet in GM. Even though we found significant changes in microbiome (Figure 2) and diet composition (Figure 4) among the altitudes, we did not find any correlation between the GM at the level of ABMR sampling localities and their respective diet composition. Despite the fact that we found no significant link between the altitude and the plant taxonomic diversity in the ABMR diet, the composition of the latter was still affected by the altitude. This is generally expected, given a major effect of the altitude on vegetation. Seasonal, geographical or even cultural variation in the diet has been shown to have a strong influence on microbiome (Amato et al., 2015; Guo et al., 2021); (De Filippo et al., 2010), and we attempted to minimize such effects by performing sampling during the same season and within the same mountain range. Notably, the plant order Asparagales, which includes species with characteristic bulbous high-nutrient content roots, was only present in the AMBR diet at high-altitude localities (Figures 4A,B). The ABMRs are known to prefer the bulbous rhizomes and collect them for storage in their tunnels (Sözen, 2005). It is possible that the ABMRs, being food generalists, also possess a ‘generalist’ gut microbiota equally suitable to help with the digestion of different plant species.

A review on effect of host genetic control over microbiome reported that over 110 different genetic loci were found to be associated with the abundance of specific gut microbes (Bubier et al., 2021) and other studies found significant link between certain genes and the abundance of bacterial taxa in the gut (Org et al., 2015; Zhernakova et al., 2024). In addition, the microbiomes usually remain species-specific despite similar diets and shared habitat (Kaneko et al., 2023). We found no systematic effect of altitude on genetic differentiation, i.e., two distant populations at low altitude differed much more than any populations across the elevation gradient. This result may suggest a relatively recent colonization of the higher elevations in our study area. It was reported that within the same population, the family members or the ones with closer social network often share similar microbiota compared to unrelated individuals (Lee et al., 2011; Yatsunenko et al., 2012; Tims et al., 2013; Raulo et al., 2021). Another study found differences in specific microbial taxa between the social and solitary hyena species (Münger et al., 2018). Unlike in the highly social animals, the direct horizontal transmission of bacteria in the BMR is expected to be more difficult due to their solitary lifestyle. In line with this expectation, no correlation was observed between the host relatedness and microbiome in our data.

Several animal and human studies have found that sex significantly affects GM diversity and composition, though this pattern is not always consistent (Kim et al., 2020). We did not observe any significant differences in GM diversity and composition between female and male animals. This inconsistency extends to the diversity and composition of the diet. Previous studies have discussed the relative strength of sex’s impact compared to other factors, such as host genetic background, age, and diet, with sex generally found to have lower influence on shaping the GM (Kovacs et al., 2011; Elderman et al., 2018; Org et al., 2016). Our findings support the notion that the effect of sex on GM is not universal and environmental factors, host diet and genetics have a stronger effect on GM.



4.4 Thyroid hormone levels

Previously it has been reported that thyroid hormone levels in Middle East blind mole-rats are influenced by climatic conditions (Avivi et al., 2014). Other thyroid hormone parameters were found to be correlated with microbiome diversity in humans (Zheng et al., 2020; Virili et al., 2024). We found that the free thyroxine (fT4) levels increased significantly with altitude after correcting for sex and weight (Figure 5; Supplementary Table S5), while the fT4/TT4 ratio decreased in animals at low altitude. These findings suggest that in the animals living at lower elevations, a lower proportion of total T4 resources is recruited into the biologically-active free fraction. As thyroid hormones are positive regulators of thermogenesis, lower recruitment of T4 into the free form in animals living at lower altitudes might be linked to warmer ambient temperatures (Yau and Yen, 2020; Gerhardt et al., 2023), which reduces thermoregulatory constraints. Overall, these results point toward higher metabolic rate at high altitudes (Supplementary Table S5). As an indicator of metabolic rate, the fT4 levels might also explain the higher abundance of facultatively anaerobic bacteria at high altitudes (see above).

The microbiota can affect thyroid hormone levels by regulating iodine uptake, influencing the availability of essential micronutrients like selenium and zinc, and impacting the absorption of thyroid medications and overall thyroid function (Fröhlich and Wahl, 2019); (Knezevic et al., 2020). We did not find any correlation between the thyroid hormone levels and the relative abundance of bacterial taxa. At the same time, all of the alpha diversity metrics were found to correlate with TT4 levels (Table 6). Specifically, there was negative correlation with TT4 and a positive correlation with fT4/TT4, suggesting that the recruitment of T4 into its biologically-active form might contribute to an increase in the alpha diversity metrics. This is also in line with the negative correlation between TT4 levels and alpha diversity metrics, because circulating fT4 suppresses thyroid hormone synthesis and secretion via a negative feedback loop (Ortiga-Carvalho et al., 2016). Furthermore, PERMANOVA and GLMM on the first principle component of PCoA of Bray-Curtis similarities were found to be positively associated with fT4/TT4 (Table 6), similar to alpha diversity metrics. At this stage, it is not possible to establish whether there is a causal relationship between thyroid hormones and microbiome composition, or if both respond to the altitude in an independent manner. The relationship between metabolism and the GM is well-established (Martin et al., 2019), in particular between the metabolic rate and thyroid hormones (Mullur et al., 2014). In the case of ABMR, facilitating the nutrient breakdown could be necessary to fuel the thyroid hormone-driven thermogenesis - which in turn would put direct selective pressure on the GM landscape at higher altitudes.




5 Conclusion

This study explored the effect of altitude on the gut microbiome composition of ABMRs, across six localities and three altitudinal categories, considering the factors such as diet, thyroid hormone levels, and host genetics. Notable differences in the relative abundance of a number of bacterial taxa at different altitudes may reflect the specific roles these bacteria play in the complex adaptation of the host to the challenging mountain environment. The fact that the abundance of strictly anaerobic bacteria was unaffected by the altitude may reflect the relatively narrow range of absolute elevations in our study (1000–3,000 m a.s.l.), or it may be a specific feature of the host: the latter possibility is partly supported by the fact that the previously identified high altitude-linked genus Prevotella was absent from our data, in line with the previous studies done on the BMR. At the same time, the facultatively anaerobic bacteria were more prevalent in the high-altitude host specimens. We showed that the microbiome alpha-diversity reached its peak at the middle altitude, and that it incorporated elements from both lower and higher elevations. The beta-diversity correlated positively with the altitude. The altitude also affected the host diet composition, but not its alpha-diversity. These observations are unlikely to be caused by the host genetics, since we detected no clear association between the population genetic structure and the altitude, nor there was any correlation between the host relatedness and the microbiome composition nor diet. Thyroid hormone levels, specifically free thyroxine (FT4), increased almost linearly with altitude; however, no specific associations were found between bacterial ASVs and hormone levels. At the same time, the total thyroxine (TT4) levels did show a positive correlation with microbiome diversity. While some correlations between thyroid hormone components and microbiome beta diversity were identified, the nature of these relationships remains unclear.


5.1 Perspectives

Several properties of our study design could have unavoidably acted as caveats of the results presented. In particular, we tried to reduce the effect of seasonal variation on microbiome by sampling in late June to mid-July during both years when the fieldwork was performed. At this time of year, the high altitudes experience humid and colder conditions, but also feature a lusher vegetation compared to the low altitudes, which are both drier and hotter. The effect of season on the microbiome composition and diversity is well-known (Davenport et al., 2014; Hu et al., 2018; Jiang et al., 2021; Fan et al., 2022). While the results presented here offer a comprehensive snapshot of the microbiome, diet and thyroid hormones levels variation during the summer months, we cannot exclude a very different pattern if the samples were collected during other seasons. For example, the conditions at the lower elevation in the Taurus mountains during early spring resemble those found in mid-summer at high altitudes, which may profoundly influence the AMBR activity pattern as well as diet - which in turn may cause a major shift in the data collected across the entire elevation gradient. In the future, it would be preferable to have samples from other seasons in order to gain better insight into the microbiome and physiological dynamics in this system.

Rather than exclusively concentrating on microbial diversity and composition, future studies could also explore the functional profiling of bacterial ASVs specific to each altitude category using high-resolution metabarcoding data (i.e., full 16S rRNA sequencing), or full microbial genomes. Field experiments to measure the in situ metabolic rate of the animals might also help to reveal the interplay between microbiome and host physiology. Additionally, considering the distinct microbiome composition we found at Kiziltepe, further investigation could involve comparing the soil microbiome with the host microbiome to understand potential correlations. For dietary composition analysis, more specific genetic markers that focus on plants (e.g., rbcL, trnL, ITS) could offer higher taxonomic assignment resolution. High-resolution genomic data (e.g., ddRAD-seq or WGS) might unveil more subtle genetic divergence and relatedness patterms among the sampling localities and altitudes. Lastly, it would be extremely interesting to check if the patterns we found in AMBR will also be observed in other terrestrial animal species residing at different elevations in the Taurus mountains of Anatolia.
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Comparative analysis of oral saliva microbiomes and metabolites in Han population at different altitudes
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Objective: This study investigated the differences in oral saliva microbiota composition and metabolic products among Han Chinese populations living at different altitudes, as well as their correlations.

Method: The analysis was conducted using the 16S rRNA gene sequencing method and untargeted metabolomics.

Results: 16S gene sequencing results showed significant differences in bacterial diversity and composition between HH (High altitude Han) group and LH (Low altitude Han) group. LEfSe analysis showed that Selenomonas, Leptotrichia, Veillonella, Prevotella relatively abundant are higher in HH group, Haemophilus, Neisseria, Actinobacillus, Aggregatibacter are higher in LH group (p<0.05). Furthermore, as depicted in the phylogenetic tree, there are differences observed between the two groups at all taxonomic levels: 4 phyla, 6 classes, 6 orders, 9 families, 9 genera and 8 species (p<0.05). After conducting PICRUSt functional prediction analysis, we identified 11 significantly different KEGG categories (level 2) between the two groups. These categories primarily encompass energy metabolism, amino acid metabolism, and carbohydrate metabolism. Furthermore, non-targeted metabolomics analysis revealed a total of 997 distinct metabolites in the two groups. These differentiated metabolites can be classified into 13 Class I categories including amino acids and their metabolites, benzene and its derivatives, organic acids and their derivatives, heterocyclic compounds, aldehydes, ketones and esters, nucleotides and their metabolites among others. Additionally, fatty acyl compounds, alcohols and amines as well as glycerophospholipids are present along with carbohydrates and other physiologically active components such as hormones. Finally, Pearson correlation analysis of the top 20 differential metabolites with microorganisms demonstrated an interaction between them; however further experimental verification is required to elucidate the specific mechanism of action.

Conclusion: Therefore, this study revealed the effect of altitude on oral saliva microbes and metabolites, as well as their correlations.
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1 Introduction

Due to the characteristics of low oxygen, low atmospheric pressure, high altitude and high ultraviolet radiation, high-altitude areas are considered to be one of the most extreme environments on Earth, and also one of the places which are not suitable for human survival (Zhou et al., 2023). Compared with low-altitude areas, animals and plants in high-altitude extreme environments, including human metabolism, have significant changes in their physiology and phenotypes, which can also have a significant impact on individual health (AlShahrani et al., 2020). Oral micro-environment is very important for long-term oral health, and it is very easy to be affected by the external environment. At extremely high-altitude areas, changes in ultraviolet rays, atmospheric pressure, temperature, and oxygen content may have a great impact on the oral micro-environment, which in turn affects oral health (Liu et al., 2021). According to the survey, the incidence of oral caries and periodontal disease in extremely high-altitude areas is significantly higher than that in low-altitude areas (Dalmády et al., 2020; Guan et al., 2020). This may be closely related to the changes in the oral micro-environment.

In addition, research has confirmed that local people who have lived at extremely high-altitudes for generations have some changes in their genes to combat the effects of the environment, making them more resistant to hypoxia and the effects of all kinds of harsh environments on their bodies (Dong et al., 2021). But their average life expectancy is still lower than at lower altitudes (Lorenzo et al., 2014). Therefore, it is necessary to study the effects of extreme environments on living organisms.

Due to its rich contents, saliva plays a very positive role in the health of the body and the oral cavity. The changes of its content and structure also indirectly reflect the health of the mouth and the whole body (Czesnikiewicz-Guzik and Górska, 2020). Previous studies have found that hypoxia, strong ultraviolet radiation and cold can affect the structure of gut and skin microbiota in high-altitude people (Liu et al., 2021). It is well known that the structure of oral microbial flora has an important impact on oral health, and the imbalance of oral microbial structure may cause oral diseases (Bourgeois et al., 2019). A few studies have found changes in the structure of microbes in the oral cavity as oxygen content gradually decreases with elevation (Xiao et al., 2020). After excluding the influence of genetic factors, what are the changes in oral microbial structure and salivary metabolites of individuals at extremely high altitude compared with those at low altitude? Are all characteristic metabolites present? Is there any effect on the development and progression of systemic and oral diseases? What are the links between the oral micro-environment and saliva metabolism? This study focuses on these issues.

Microbes produce metabolites through metabolic activities, and metabolites can influence microbial growth and metabolic processes (Kuramitsu et al., 2007). Salivary metabolites are involved in multiple cellular functions, such as direct regulation of gene expression, as well as effectors of molecular events leading to disease (Nielsen, 2017). The main source of salivary metabolites is the products of the oral metabolic pathway and also contains salivary metabolites produced by microorganisms (Gardner et al., 2018; Gardner et al., 2019). This study by detecting high-altitude populations of oral saliva microbial structure and the change of the metabolites of saliva, comparative analysis and ordinary high-altitude difference between oral microenvironment and saliva metabolism, and analyze the individual baseline of saliva and metabolites of microorganisms and the relationship between environment and metabolism. In addition, through this study, some characteristic metabolites and microbial changes in saliva metabolism at extremely high-altitude were screened, which provided basic data for subsequent scholars.



2 Materials and methods


2.1 Ethical statement

In accordance with the ethical guidelines of the Declaration of Helsinki, the Ethics Committee of Xi’an Jiaotong University Stomatological Hospital and Ali District People’s Hospital approved the experimental protocol, and the written informed consent was obtained, and the privacy of the participants was always protected.



2.2 Sample collection

Nine long-term Han residents (more than 20 years, non-generational residence) at extremely high-altitude in Ali, Tibet, and ten long-term Han residents at low-altitude were included in this study. All participants signed informed consent. No antibiotics were used within 1 month before sampling, and fasting was started 10 h before sampling. The saliva is accumulated in the oral cavity during the resting state and subsequently spitting into the sterile centrifuge tube, resulting in a total volume of 5 mL. After centrifugation, the saliva was stored in a 2 mL cryogenic tube and stored at−80°C.

The exclusion criteria encompass individuals who have undergone dental treatment in the past 6 months, those with severe oral diseases (such as periodontitis, oral mucosal diseases, and oral cancer), systemic diseases, pregnant or lactating women, changes in diet, and a history of smoking more than 100 cigarettes (Yu et al., 2017).



2.3 DNA extraction, polymerase chain reaction (PCR), and Illumina NovaSeq sequencing

Saliva samples were sent to Wuhan Maiwei Metabolism Biotechnology Co., Ltd. (Wuhan, China), and microbial DNA was extracted, amplified and sequenced according to standard procedures. The V4-V5 region of 16S rRNA was amplified with forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR products were tested by electrophoresis using 2% agarose gel; the qualified PCR products were purified by magnetic beads, quantified by the PCR product, 2% agarose gel to detect the PCR products, and the glue recovery kit provided by Qiagen, co td. Library construction was performed using the TruSeq® DNA PCR-Free Sample Preparation Kit library building kit, and the constructed libraries were quantified by Qubit and Q-PCR, before computer sequencing using NovaSeq6000.



2.4 Non-targeted metabolomics study


2.4.1 Sample extraction

The sample stored at −80°C refrigerator was thawed on ice and vortexed for 10 s. A 150 μL extract solution (ACN: Methanol = 1:4, V/V) containing internal standard was added into 50 μL sample. Then the sample was vortex for 3 min and centrifuged at 12000 rpm for 10 min (4°C). A 150 μL aliquots of the supernatant was colleted and placed in −20°C for 30 min, and then centrifuged at 12000 rpm for 3 min (4°C). 120 μL aliquots of supernatant were transferred for LC–MS (Liquid chromatography-mass spectrometry) analysis.



2.4.2 Acquisition conditions for chromatmass spectrum


2.4.2.1 C18 chromatographic conditions

(1) Chroma column: Waters ACQUITY UPLC BEH C18 1.8 μm, 2.1 mm × 100 mm. (2) Mobile phase A: ultrapure water (0.1% formic acid); mobile phase B: acetonitrile (0.1% formic acid) (3) Column temperature of the instrument: 40°C; flow rate: 0.40 mL/min; sample quantity: 2uL.



2.4.2.2 Agilent 6,545 QTOF mass spectrum conditions

Agilent 6545 QTOF, mass spectrum conditions (Table 1)



TABLE 1 Agilent 6,545 QTOF, mass spectrum conditions.
[image: Table1]





2.5 Data processing


2.5.1 16S sequencing data processing

Each sample data was split from the lower machine data based on the Barcode sequence and the PCR amplification primer sequence, and the Barcode and primer sequences were amputated. The raw reads were filtered using fastp to obtain high quality reads by: automatically detect and remove adaptor sequence; remove reads with 15 or more N bases; remove reads (mass ≤ 20) over 50%; delete reads with average mass below 20 in the 4-base window; remove polyG in the tail; remove reads longer than 150 bp. High-quality double-end reads were then stitched together using FLASH to obtain high-quality Tags data. Tags sequences were detected by alignment of vsearch to the species annotation database, and the chimera sequences were finally removed to obtain the final valid data.



2.5.2 Preprocessing of metabolomics data

The original data file acquisited by LC–MS was converted into mzML format by ProteoWizard software. Peak extraction, peak alignment and retention time correction were, respectively, performed by XCMS program. The “SVR” (Support Vector Regression) method was used to correct the peak area. The peaks with detetion rate lower than 50% in each group of samples were discarded. After that, metabolic identification information was obtained by searching the laboratory’s self-built database, integrated public database, AI database and metDNA.





3 Results


3.1 Taxonomic analysis

Deblur algorithm was used for denoising analysis, by comparing the Hamming distances between sequences within a sample and between samples with the upper error curve. Combined with greedy algorithm, it obtains Amplicon Sequence Variants (ASVs) as variants of amplification sub-sequences, enabling the analysis of shared and unique ASVs between two groups of samples, and generating a Venn diagram (Figure 1a). The Venn diagram displayed the composition of species: 14,120 ASVs were detected in the HH group, 15,395 ASVs were detected in the LH group, with an overlap of 2,984 ASVs. Based on species annotation results, the top 10 abundant species at Phylum, Class, Order, Family, Genus and Species levels were selected in each sample to generate a stacked bar plot showing their relative abundances (Figure 1b).
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FIGURE 1
 (a) Venn graph. LH, Low altitude Han population; HH, High altitude Han population. (b) Genus level Histogram of relative abundance of species. The horizontal coordinate is the sample name, the vertical coordinate is the relative abundance, and the top 10 genera with the highest abundance in both groups are: unidentified Prevotellaceae, Streptococcus, Neisseria, Haemophilus, Veillonella, Prevotella, Porphyromonas, Actinobacillus, Leptotrichia and Rothia.




3.2 Beta diversity analysis

There was no significant difference in alpha diversity between the two groups, however, beta diversity analysis revealed a noticeable difference between LH group and HH group (p<0.05). We conducted Principal Coordinate Analysis (PCoA) based on Weighted Unifrac distance to further investigate whether there are differences in the salivary microbiota structure between the HH group and LH group (Figure 2). The distribution of the two groups overlapped partially, but there were also obvious separations. PC1 explained 12.52% of the variation observed. PC2 and PC3 explained 3.63 and 4.85% of the variation, respectively.

[image: Figure 2]

FIGURE 2
 PCoA 3Dplot. Principal Coordinate Analysis (PCoA) based on Weighted Unifrac distance.




3.3 Significant differential microflora analysis by LEfSe

To further clarify the differences in saliva microbiota between HH and LH, we performed linear discriminant analysis LDA and effect size analysis (LEfSe) at the genus level. As shown in Figure 3a, the bar chart of the LDA value distribution displays the species with LDA Score greater than the set point (defaulted to 4) and significant abundance differences between the two groups. Species relatively abundant in high-altitude areas include Selenomonas, Leptotrichia, Veillonella, Prevotella (p<0.05). On the other hand, species relatively abundant in low-altitude areas include Haemophilus, Neisseria, Actinobacillus, Aggregatibacter (p<0.05). Furthermore, as depicted in the phylogenetic tree (Figure 3b), there are differences observed between the two groups at all taxonomic levels: 4 phyla, 6 classes, 6 orders, 9 families, 9 genera and 8 species (p<0.05).
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FIGURE 3
 (a) The LDA value bar chart. LefSe showed a list of specific saliva microbiota that enable discrimination between the LH and HH group. Taxa enriched in LH group are indicated with a positive LDA score (green), and taxa enriched in HH group have a negative score (red). Only taxa meeting an LDA significant threshold of 4 are shown. For taxa, which were defined as unclassified or Incertae-Sedis, the name of a higher taxon level was added before its taxon abbreviation. p, phylum; c, class; o, order; f, family; g, genus; s, species. (b) The dominant taxa between LH group and HH group were analyzed using LEfSe. Visualization of differential taxa on a phylogenetic tree from phylum to genus level. In an evolutionary cladistic diagram, the concentric circles represent taxonomic levels ranging from phylum to genus (or species). Each small circle at a specific classification level signifies a classification within that level, with the diameter of the circle being proportional to its relative abundance. Color coding principle: Uniform yellow color is assigned to species with no significant differences. Red nodes denote important microbial groups in HH group, whereas green nodes indicate important microbial groups in LH group.




3.4 PICRUSt function prediction analysis

We performed metagenomic sequencing analysis of the HH and LH groups to explore whether there were functional differences in the oral saliva microbiota between the two groups. According to the abundance of the database functional annotation in all samples, the top 35 functions and their abundance information in each sample were selected to draw the heatmap, and the heatmap. There are seven categories at the KEGG level 1, including Cellular Processes, Genetic Information Processing, Organismal Systems, Metabolism, Human Diseases, Brite Hierarchies, and Environmental Information Processes (Figure 4a). In order to further clarify which specific function led to the altitude difference between bacteria, we studied 35 KEGG categories (level 2), found 11 KEGG categories between two groups (Figure 4b), these can be divided into three categories: “energy metabolism,” “amino acid metabolism” and “carbohydrate metabolism.”
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FIGURE 4
 (a) KEGG1 level 1 clustering heat map. (b) KEGG level 2 clustering heat map. The horizontal axis represents the sample, while the vertical axis represents the function. The grid indicates the relative abundance, with higher values depicted in red and lower values in blue. (a) KEGG level 1; (b) KEGG level 2.




3.5 Analysis of the differential metabolites

In order to investigate the metabolic differences between the HH group and LH group, a non-targeted metabolomics analysis was conducted, followed by orthogonal partial least squares discriminant analysis (OPLS-DA) to generate the OPLS-DA score plot (Figure 5a) and S-plot plot of OPLS-DA (Figure 5b). A total of 997 metabolites were found to exhibit significant differences between the two groups (p < 0.05). These metabolites were primarily classified into 13 categories according to Class I classification, including amino acids and their derivatives, benzene and its derivatives, organic acids and their derivatives, heterocyclic compounds, aldehydes, ketones, ester compounds, etc. Additionally identified were nucleotides and their derivatives, fatty acyl compounds, alcohols and amines as well as glycerol phospholipids. Carbohydrates and their derivatives along with hormones/hormone-related compounds constituted another category while alkaloids represented an additional group. Furthermore, unclassified compounds were also observed. Subsequently employing the ComplexHeatmap package in R software facilitated generation of a cluster heat map (Figure 5c), which revealed significantly higher levels of metabolite content in the HH group compared to that in the LH group thereby indicating heightened metabolic activity among individuals residing at high altitudes.
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FIGURE 5
 (a) OPLS-DA scorePlot. The horizontal axis represents the difference between groups, while the vertical axis represents the difference within groups. The results indicate a significant difference between the two groups (p < 0.01). (b) OPLS-DA S-plot. The horizontal axis represents the covariance between principal components and metabolites, while the vertical axis represents the correlation coefficient between principal components and metabolites. Metabolites closer to the top right corner or bottom left corner indicate more significant differences. The red dots indicate metabolites with VIP values greater than 1, while green dots represent metabolites with VIP values less than or equal to 1. Generally, metabolites with VIP > 1 are considered significantly different. (c) Cluster heat map of differential metabolites. The horizontal axis represents sample information, while the vertical axis represents differential metabolite information. Different colors are used to represent standardized values of relative contents: red indicating high content and green indicating low content.




3.6 Pearson correlation analysis of differential microorganisms and differential metabolites

After conducting correlation analysis, we calculated the Pearson correlation coefficient between differential microbiota and differential metabolites, and displayed the correlation between differentially abundant microbiota and metabolites at various taxonomic levels using a clustering heatmap (Figures 6a,b). We observed a positive correlation with significant higher abundance (p < 0.05) between 2′-deoxyadenosine and bacterial genera such as Veillonella, Prevotella, Clostridia in the HH group. It is worth noting that 2′-deoxyadenosine is involved in genetic information transfer in almost all biological cells and has an impact on protein synthesis and polysaccharide metabolism. This finding also suggests that populations living at high altitudes may have more active metabolic activities.
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FIGURE 6
 Hierarchical clustering heat map of Pearson correlations between differential microorganisms and differential metabolites in two groups. The metabolite numbers are shown below (see Supplementary Table 1), with the microorganisms indicated on the right. The evolutionary tree on the left represents hierarchical clustering results for microorganisms, while the tree above represents hierarchical clustering results for metabolites. Red indicates positive correlation, while green indicates negative correlation. Significance testing of correlation coefficients showed that p < 0.05 is considered significantly different and denoted by “*”, and p < 0.01 is considered highly significant and denoted by “**”. (b) Heatmap of Pearson correlation between TOP20 differential metabolites and differential microorganisms. Microbial communities are represented on the left, while metabolite profiles are displayed at the top. Positive correlations are depicted by red ovals, whereas negative correlations are indicated by blue ovals. The size of the ellipse reflects the magnitude of correlation, with smaller ellipses representing stronger associations. Blank spaces denote non-significant (p > 0.05). Refer to Supplementary Table 1 for column details.





4 Discussion


4.1 Analysis of microbial diversity in saliva

The factors affecting the structure of the oral microbiome include age, race, diet, oral hygiene habits, living environment, and cultural background, which can be broadly divided into genetic factors and external factors (Mason et al., 2014). There is currently no consensus on the extent and priority of the influence of these factors on the oral microbiome (Fiorillo, 2020). The oral cavity, as the starting point of the digestive tract and in communication with the outside environment, is significantly affected by external factors regarding the structure and composition of its microbiota and metabolites (Gilbert and Stephens, 2018). The extreme environment of high-altitude areas, along with unique dietary and oral hygiene habits, is a crucial reason for the distinctive structure of the oral microbiome in local populations. This study aims to analyze the impact of “altitude factor” on the structure of the oral microbiome and salivary metabolites in healthy Han Chinese populations.

The study found no statistically significant difference in α-diversity between the two groups, which differs from previous studies. We attribute this to the small sample size. However, β-diversity analysis showed significant differences. Principal Coordinates Analysis (PCoA) based on Weighted Unifrac distances revealed clear differences between the two groups, yet there were also similarities. Venn diagrams indicated an overlap of 2,984 ASVs between the two groups, suggesting similar species composition. Any part of the body can develop a higher frequency, abundance, and stability of microbiota over time, known as the “core microbiome (Hu et al., 2013) “. In our study, the abundance of Firmicutes was high in both groups, but higher in the HH group, consistent with the findings of Zhao et al. (2022). Some researchers (Hu et al., 2013) believe that Firmicutes can encode enzymes related to energy metabolism, producing various digestive enzymes to decompose different substances, thereby promoting metabolism. This also suggests a higher energy expenditure in high-altitude populations.

Among the top five phyla are Bacteroidetes, Proteobacteria, Fusobacteria, and Actinobacteria. Bacteroidetes, Fusobacteria, and Actinobacteria were more abundant in the HH group, while Proteobacteria were more abundant in the LH group. Lucking et al. found that a higher abundance of Bacteroidetes helps the host maintain normal blood pressure (Lucking et al., 2018). Human blood pressure increases with altitude, and studies have shown that microorganisms participate in blood pressure regulation (Stoltzfus et al., 2020), which confirms our findings. Additionally, it has been shown that the composition and metabolic activity of Bacteroidetes are regulated by diet and are associated with high fat and protein intake. Given that the high-altitude diet is primarily high in fat and low in carbohydrates, we suspect that the differences in Bacteroidetes between the two groups are related to altitude and dietary habits. Contrary to our results, Zhao et al. (2022) found a decrease in Bacteroidetes abundance in high-altitude areas, which they attributed to lower fruit intake (Wu et al., 2020). To address these discrepancies, subsequent studies with larger sample sizes are needed for further validation.

At the genus level, we found nine genera with differences between the two groups. Rothia, Capnocytophaga, Porphyromonas, Prevotella and Veillonella were more abundant in the HH group. In the LH group, Actinomyces, Haemophilus, Neisseria, and Streptococcus were more abundant. This result is similar to the findings of Das et al. (2018). Previous reports (Tian et al., 2018) indicated that both laboratory mice under simulated hypoxia and wild house mice in high-altitude areas showed an increase in Prevotella numbers. Zeng et al. (2020) found that Prevotella helps humans better adapt to the extreme environment of high altitudes. This is related to Prevotella ability to promote the conversion of substances into short-chain fatty acids, produce H2S, and increase cerebral blood flow, thereby regulating human blood pressure and pulmonary artery pressure to help the host adapt to low pressure and hypoxic environments (Mishra et al., 2020). The optimal growth temperature for Streptococcus is about 37°C, and previous studies have found (Zeng et al., 2020) that Streptococcus is very abundant in the intestines of animals and humans in low-altitude areas, consistent with our results.



4.2 PICRUSt

We used PICRUSt for functional prediction and found that the two groups exhibited similar microbial functional characteristics, which may be related to the core microbiome we mentioned earlier. The top-ranked KEGG level 2 functions for both groups were: amino acid metabolism, carbohydrate metabolism, protein signaling pathways, and cellular processes, indicating vigorous microbial metabolism. In high-altitude areas, high UV radiation and low oxygen levels can lead to DNA and protein damage, and the functions mentioned above can help reduce biomolecular damage, thus protecting the population living in high-altitude areas (Foll et al., 2014).



4.3 Differential metabolites

Salivary metabolites mainly originate from products of oral metabolic pathways, especially those produced by microorganisms (Gardner et al., 2018; Gardner et al., 2019). We conducted untargeted metabolomics analysis on saliva samples from both groups and identified 997 differential metabolites, with amino acids and their metabolites (small peptides) being the most numerous. Amino acids can perform the following functions through metabolism in the human body: (1) synthesize proteins and participate in biological functions; (2) convert into acids, hormones, antibodies, creatine, and other nitrogen-containing substances; (3) transform into carbohydrates and fats as energy storage substances; (4) oxidize into carbon dioxide, water, and urea, producing energy. Additionally, amino acids participate in the formation of enzymes, hormones, neurotransmitters, and some vitamins in the body (Paulusma et al., 2022). In our study, small peptide metabolites were significantly higher in the HH group than in the LH group. Cyclo (His-Pro) (CHP) is a cyclic dipeptide formed by proline and histidine through complementary peptide bonds. CHP is an endogenous cyclic dipeptide, a metabolic product of thyrotropin-releasing hormone hydrolyzed by pyroglutamyl aminopeptidase, widely distributed in mammalian gastrointestinal tract, blood, and other tissues and fluids (Wang et al., 2022). Studies have found (De Masi et al., 2023) that endogenous CHP exhibits neurotransmitter-like activity in animals and can regulate animal body temperature through a dopamine-like mechanism, potentially participating in central system temperature regulation to adapt to environmental changes. In our study, CHP was significantly higher in the HH group than in the LH group, closely related to the need for the body to adjust to the low-temperature environment of high altitudes.



4.4 Correlation analysis between differential metabolites and differential microorganisms

The hypoxic environment of high altitudes can lead to insufficient blood perfusion in periodontal tissues, affecting the integrity of periodontal tissues (Karl et al., 2018). Meanwhile, hypoxia can cause reduced saliva secretion, decreased self-cleaning ability, and accelerated growth of anaerobic periodontal bacteria, leading to periodontitis (Yang et al., 2019). Studies have found that the abundance of Prevotella is significantly higher in patients with dry mouth than in healthy individuals (Rusthen et al., 2019). In our study, the metabolite itaconic acid was more abundant in the HH group than in the LH group. Itaconic acid, a product of the tricarboxylic acid cycle, has been proven to have outstanding immunoregulatory functions (Li et al., 2020). Xin et al. (2022) found that cell-permeable itaconic acid derivatives can effectively control periodontal inflammation and alveolar bone loss. Pearson correlation analysis of differential metabolites and microorganisms between the HH and LH groups showed that itaconic acid positively correlated with Prevotella and other genera with higher abundance in the HH group. Therefore, we speculate that itaconic acid, as a metabolite, plays an active role in helping the body adapt to the hypoxic environment of high altitudes.

However, we did not conduct in-depth research on the mechanisms of interaction between specific metabolites and microorganisms. In the future, we need to increase the sample size, incorporate targeted studies, and further validate the interaction relationship between microorganisms and metabolites.

Our study has certain limitations. Firstly, the small sample size makes the study relatively one-sided. Based on these results, we believe that increasing the sample size is necessary. Secondly, we have preliminarily screened differential microorganisms and metabolites in the two groups, and their roles need further exploration.




5 Conclusion

In summary, our study based on microbial 16S and non-targeted metabolome detection analysis revealed significant differences in the structure of human oral saliva microbial communities and metabolite composition at varying altitudes. In the high- altitude Han population, we observed higher abundance of Rotella, Leptothrix, Porphyromonas, Prevotella, and Veyonia. Functional prediction analysis indicated that energy metabolism, amino acid metabolism, and carbohydrate metabolism were prominent characteristics distinguishing the two groups. Furthermore, we explored the correlation between differential metabolites and microbes to establish a relationship between them; however, further validation is required to elucidate the underlying mechanisms responsible for this association. We hope that these findings can provide valuable insights for enhancing oral health in high altitude regions.
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Introduction: Long-term domestication in high-altitude environments has led to unique changes in the gut microbiota of Tibetan Pigs. This study aims to investigate specific alterations in the intestinal flora of Tibetan Pigs compared to Yorkshire pigs.

Methods: We employed 16S rRNA and metagenomic sequencing technologies for comprehensive analysis of the gut microbiota. The data collected allowed us to assess microbial community structures and functional capabilities.

Results: Our analysis revealed that Tibetan Pigs raised under a “free-range + supplementary feeding” model exhibited increased abundance of microbial communities associated with short-chain fatty acid synthesis and the digestion of cellulose and hemicellulose. Notably, the characteristic bacterium Rhodococcus, commonly found in high-altitude environments, was enriched in the gut microbiota of Tibetan Pigs, facilitating the efficient utilization of natural compounds and degradation of toxic substances. Additionally, the increased abundance of probiotics in these pigs enhances their immunity, which may involve mechanisms such as disrupting the structure of pathogenic bacteria and detoxifying harmful metabolites.

Discussion: These findings underscore the advantages of Tibetan Pigs over common commercial breeds, highlighting their unique gut microbiota adaptations. Furthermore, they open new avenues for screening potential probiotics and developing genetic breeding strategies for improved livestock varieties.

Conclusion: Understanding the distinct gut microbiota of Tibetan Pigs provides valuable insights into their health benefits and resilience, contributing to future research on breed improvement and microbiome applications in agriculture.
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1 Introduction

The Tibet pig is a unique indigenous fatty-type breed in China, primarily found in the Tibet Autonomous Region, Sichuan Province, Yunnan Province, and Gansu Province. It is characterized by strong fat deposition capability, disease resistance, stress tolerance (Shang et al., 2022), adaptation to low-oxygen conditions (Ma et al., 2019; Yang et al., 2022), and resilience to roughage. The Yorkshire pig is a classic lean meat breed and ranks among the most widely raised pig breeds worldwide. It is celebrated for its rapid weight gain, efficient feed conversion, and notable yield of lean meat. In contrast to the large-scale intensive farming methods used for Yorkshire pigs, Tibetan pigs are typically raised using a blend of high-altitude grazing and confinement. This allows them to consume more high-fiber foods during feeding. The distinct living environment and husbandry practices contribute to Tibetan pigs’ enhanced disease resistance while also showcasing excellent fat deposition characteristics (Niu et al., 2022).

As a vital part of the gut microbiota, intestinal bacteria profoundly influence the host’s health and physiological functions. Primarily, they impact the host’s metabolism. In the human body, dietary fibers such as lignin, non-starch polysaccharides, resistant starch (RS), and oligosaccharides resist digestion by host enzymes, thereby impeding normal absorption and utilization (Anderson et al., 2009). However, gut microbiota possess a variety of enzymes that metabolize these diverse carbohydrates, breaking them down into short-chain fatty acids and small amounts of organic acids for absorption and utilization by the human body (Louis and Flint, 2009). Undigested proteins can also be degraded by extracellular bacterial proteases and peptidases into peptides, amino acids, and other metabolites. This process plays a crucial role in regulating the gut–brain axis and maintaining the host’s nitrogen balance (Adak and Khan, 2019). Furthermore, the gut microbiota regulates the immune system by interacting with immune cells in extraintestinal organs through various mechanisms. Gut microbiota directly influences immune cell function and activity by adhering to cell surfaces or being engulfed by phagocytic cells (Iimura et al., 2005). They can also activate immune cells by binding to receptors on the surfaces of intestinal epithelial cells and macrophages, thereby triggering immune responses and pro-inflammatory signals. This interaction further regulates the activity of immune cells (Ivanov et al., 2008). At the same time, the gut microbiota communicates with immune cells by producing metabolites such as short-chain fatty acids and other microbial molecules. These metabolites directly regulate the activity and function of immune cells, impacting their proliferation, differentiation, and production of effector molecules (Hubbard et al., 2015; Morrison and Preston, 2016). The gut microbiota is intricately linked to the onset of diseases. For instance, a decrease in bacteria belonging to the phylum Bacteroidetes and an increase in Firmicutes and Proteobacteria can result in excessive fat accumulation, thereby contributing to obesity (Torres-Fuentes et al., 2017; Duan et al., 2021). In addition, certain metabolites produced by the gut microbiota have been demonstrated to induce colorectal cancer and renal dysfunction (Iatcu et al., 2021; Bai et al., 2022).

Through adaptation to high-altitude environments, the gut microbiota of Tibetan pigs have undergone distinctive alterations. Research indicates that Tibetan pigs, compared to those raised at low altitudes, show a significantly higher abundance of Fibrobacteres in the gut, along with increased levels of carbohydrate utilization genes and α-diversity indices (Zeng et al., 2020). Building on previous studies, this research aimed to delve deeper into the distinct changes in composition and functional dynamics of the gut microbiota in Tibetan pigs.



2 Materials and methods


2.1 Sample and trait data collection

Fecal samples were collected from Tibetan pigs in Xiangcheng County, Ganzi Tibetan Autonomous Prefecture, Sichuan Province, and Yorkshire pigs in Fushun County, Zigong City, Sichuan Province. A total of six Tibetan pigs and six Yorkshire pigs were slaughtered for sampling. The Tibetan pigs were sourced from local farmers, while the Yorkshire pigs were selected from a breeding farm, ensuring that all animals were sexually mature and met the slaughter weight standards. Prior to slaughter, all pigs had free access to water and feed but were fasted for 24 h while still allowed to drink water. Fecal samples were collected within 10 min post-slaughter and immediately placed on dry ice before being transferred to a − 80°C freezer for storage.



2.2 16S rRNA and metagenomic sequencing of fecal microbiota DNA

The collected fecal samples were sent to Beijing NovogeneAIT Genomics Technology Co., Ltd. for total DNA extraction, DNA quality assessment, and library preparation for sequencing. Each fecal sample underwent sequencing of the 16S rRNA gene V3-V4 region and metagenomic sequencing. The Illumina NovaSeq platform (PE250) was used for 16S rRNA sequencing, while the Illumina platform was used for metagenomic sequencing (PE150).



2.3 Bioinformatic analysis of fecal 16S rRNA sequencing data

The 16S rRNA data were analyzed using Qiime2 (v2022.8.3) software and its integrated plugins. Initially, the qiime tools import plugin was used to import single-end 16S rRNA sequencing data. Subsequently, the qiime dada2 denoise-paired plugin and qiime feature-table filter-features plugin were used to denoise and filter the raw data. The filtered data were then used to construct a phylogenetic tree using the qiime phylogeny align-to-tree-mafft-fasttree plugin. For α-diversity and β-diversity analyses, the qiime diversity core-metrics plugin was utilized. Species annotation was performed using the qiime feature-classifier plugin. Finally, functional prediction of OTU abundance tables was carried out using PICRUSt2 (v2.5.2).



2.4 Bioinformatic analysis of fecal metagenomic sequencing data

Raw data obtained from the Illumina sequencing platform were processed using Trimmomatic (v0.39) software to obtain clean data. Subsequently, Bowtie2 software was used to align the clean data with the pig reference genome sequence (Sus11.1) to filter out reads possibly originating from the host (Karlsson et al., 2012, 2013; Scher et al., 2013). The clean data obtained from quality control were assembled into scaftigs using Megahit (v1.2.9) software (−-presets meta-large) for individual samples, removing host sequences, and filtering out fragments less than 500 bp in length (Li et al., 2014; Zeller et al., 2014; Sunagawa et al., 2015). These assemblies were used for subsequent gene prediction. MetaGeneMark (v3.42) software was used to predict open reading frames (ORFs) from the assembly results of each sample, filtering out results shorter than 100 bp. Subsequently, CD-HIT (v4.8.1) software was used to construct non-redundant gene sets (parameters: -c 0.95, −G 0, -aS 0.9, −g 1, −d 0). Finally, Bowtie2 (v2.5.1) was used to map clean data to the non-redundant gene sets to obtain reads count per gene in each sample, filtering out genes with reads count ≤2. The remaining unigenes were used for subsequent analyses (Oh et al., 2014; Qin et al., 2014). DIAMOND (v2.1.8) software was used to align unigenes with sequences extracted from the NCBI NR (Version: 2023.03) database, encompassing bacteria, fungi, archaea, and viruses, to obtain taxonomic annotation information. Unigenes were also compared with the KEGG database for functional annotation information. In cases where a unigene had multiple annotation results, alignments with an E-value ≤ Min E-value * 10 were selected for further analysis. In the LEfSe analysis for identifying differential bacterial communities, a threshold of |LDA score| > 2 and p-value <0.05 was chosen to broadly identify significant differences in bacterial populations (Qi-Xiang et al., 2022; Yu et al., 2022).




3 Results


3.1 Overview of trait statistics and data quality

After completing data preprocessing steps, including quality control, noise reduction, and alignment, over 90% of the metagenomic data remained available for subsequent analysis, averaging 99.71%. For the 16S rRNA data, following quality control and denoising, effective data retention rates ranged from 84.08 to 90.15% across all samples, with a mean of 87.76% (Supplementary Table S1). Furthermore, according to measurements of body weight and dimensions, adult Tibetan pigs demonstrate significantly lower body weight and smaller physique compared to Yorkshire pigs, highlighting a considerable contrast between these two breeds (Table 1).



TABLE 1 Statistical analysis and t-test results of weight and body size in Tibetan and Yorkshire pigs.
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3.2 Significant differences in gut microbiota diversity between Tibetan pigs and Yorkshire pigs

Based on 16S rRNA sequencing data, we analyzed the species diversity between two populations. The α-diversity results revealed that the Chao1 index, Shannon index, Simpson index, and observed OTUs of gut microbiota in Tibetan pigs were significantly higher than those in Yorkshire pigs (Figures 1A–D). β-diversity analysis using Bray–Curtis and Jaccard distances indicated distinct clustering of Tibetan pigs and Yorkshire pigs in the PCoA plot within the 99% confidence interval (Figures 1E,F). The diversity analysis of the 16S rRNA data demonstrated significant differences in species diversity and structural composition of intestinal flora between Tibetan pigs and Yorkshire pigs, with Tibetan pigs showing significantly higher species diversity in their intestinal flora.

[image: Figure 1]

FIGURE 1
 α- and-β diversity analysis results of 16S rRNA data between Tibetan Pigs and Yorkshire pigs: (A–D) α-diversity statistics of 16S rRNA data between Tibetan pigs and Yorkshire pigs, including Chao1 index, Shannon index, Simpson index, and number of observed OTUs and (E and F) β diversity PCoA results of 16S rRNA data between Tibetan Pigs and Yorkshire pigs, represented by PCoA plots based on Bray–Curtis distance and Jaccard distance.




3.3 Comparative analysis of gut microbiota structure and function between Tibetan pigs and Yorkshire pigs

Based on 16S rRNA data, species annotation and functional prediction analyses of OTUs obtained from Tibetan pigs and Yorkshire pigs were conducted. The species annotation results revealed that at the phylum level, Firmicutes (70.41% vs. 51.28%), Bacteroidota (18.68% vs. 29.09%), and Spirochaetota (3.75% vs. 17.67%) were the three predominant gut microbiota in Tibetan pigs and Yorkshire pigs (Figure 2A). At the genus level, the top three genera in Tibetan pigs and Yorkshire pigs were Christensenellaceae_R-7_group (10.22% vs. 13.11%), Treponema (3.75% vs. 17.66%), and Lactobacillus (8.32% vs. 2.34%) (Figure 2C). After LEfSe analysis (p < 0.05, |LDA| > 2), a total of 8 differential phyla (Figure 2B) and 53 differential genera (Figure 2D) were identified between the two populations. Tibetan pigs exhibited an increased abundance of Firmicutes and a decreased abundance of Bacteroidota and Spirochaetota at the phylum level. At the genus level, further analysis revealed significant reductions in Prevotellaceae, which plays a role in intestinal flora homeostasis (Zhou et al., 2021; Sánchez-Pérez et al., 2022), in Tibetan pigs. Conversely, genera such as Dorea, Eubacterium, Butyricicoccus, and Lachnospiraceae, known as potential intestinal probiotics, were significantly enriched in Tibetan pigs (Geirnaert et al., 2014; Mukherjee et al., 2020; Vacca et al., 2020; Xu et al., 2021). In addition, Rhodococcus (Kim et al., 2018; Alvarez et al., 2021), a genus characteristic of high-altitude environments, was also found to be significantly more abundant in Tibetan pigs.
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FIGURE 2
 Based on 16S rRNA data species annotation results: (A,B) species annotation and LEfSe analysis results of phylum level; (C,D) species annotation and LEfSe analysis results of genus level.


In the results of functional prediction using the KEGG database at level 1 and level 2 pathways, significant differences between Tibetan pigs and Yorkshire pigs were predominantly observed in metabolic pathways, including carbohydrate, lipid, and amino acid metabolism (Figure 3A). Furthermore, principal component analysis (PCA) indicated that the functional distinctions between Tibetan pigs and Yorkshire pigs were not pronounced, likely due to substantial intra-group variations among Tibetan pigs (Figure 3B). Based on differential analysis of EC-level pathways in the KEGG database, a total of 26 pathways showed significant differences (Figure 3C). The three pathways with the most pronounced distinctions were fliB: lysine-N-methylase pathway, purN: phosphoribosylglycinamide formyltransferase 1 pathway, and rfbA,rffH: glucose-1-phosphate thymidylyltransferase pathway (Figures 3D–F). Among them, fliB, influencing Salmonella colonization in the host’s intestinal tract (Horstmann et al., 2020), and purN, associated with Staphylococcus aureus antibiotic resistance (Peng et al., 2022), were found to be enriched in Tibetan pigs. In contrast, rfbA/rffH, involved in antibacterial compound synthesis (Sepúlveda-Correa et al., 2021), exhibited enrichment in Yorkshire pigs.

[image: Figure 3]

FIGURE 3
 Functional prediction based on 16S rRNA data: (A) KEGG pathway heatmaps at level 1 and level 2; (B) PCA results of functional pathway prediction for Tibetan pigs and Yorkshire pigs; (C) differential pathways between Tibetan pigs and Yorkshire pigs; and (D–F) grouped bar chart of top 3 differential pathways between Tibetan pigs and large white pigs.


In summary, despite Tibetan pigs displaying a higher abundance of probiotics in their intestines, which aids in maintaining intestinal stability, functional prediction results indicate that these alterations in the gut microflora might not effectively combat environmental bacterial invasions.



3.4 Exploring gut microbiome differences between Tibetan pigs and Yorkshire pigs based on metagenomic analysis

Based on metagenomic sequencing data, unigenes were constructed through quality control, assembly, and redundancy removal for subsequent analysis. A total of 175 annotated phyla were identified from the unigene. The dominant phyla in the gut microbiota of Tibetan pigs and Yorkshire pigs were Firmicutes (70.02% vs. 58.70%), Bacteroidetes (16.30% vs. 20.72%), and Proteobacteria (3.23% vs. 10.79%). Analysis of similarity (ANOSIM) and PCA further underscored significant differences in gut microbiota composition between Tibetan pigs and Yorkshire pigs (Figures 4A–C). LEfSe analysis revealed notable distinctions in the gut microbiota profiles of the two breeds (Figures 4D). Tibetan pigs exhibited significantly higher abundances of 9 phyla including Actinobacteria and Fibrobacteres, while Yorkshire pigs showed significantly higher abundances of 12 phyla including Spirochaetes and Bacteroidetes.
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FIGURE 4
 Species annotation at the phylum and genus levels and differential microbial community analysis between Tibetan pigs and Yorkshire pigs: The stacked species distribution diagram at phylum (A–D) and genus (E–H) levels, ANOSIM results, PCA results, and LEfSe analysis results for Tibetan pigs and Yorkshire pigs.


At the genus level, Clostridium (18.61% vs. 16.22%) was found to be predominant in both Tibetan pigs and Yorkshire pigs, followed by Prevotella (7.80% vs. 8.32%) and Ruminococcus (7.66% vs. 3.10%). ANOSIM and PCA confirmed significant differences in gut microbiota composition between Tibet pig and Yorkshire pig populations at the genus level (Figures 4E–G). LEfSe analysis highlighted specific differences in genus abundance between the Tibet pig and Yorkshire pig (Figure 4H). Tibetan pigs exhibited a significantly higher abundance of 172 genera including Bacteroides, Spirochaeta, and Pseudoflavonifractor. In contrast, Yorkshire pigs showed a significantly higher abundance of 30 genera including Prevotella, Phascolarctobacterium, and Megamonas than Tibetan pigs.

Overall, these findings highlight substantial differences in gut microbiota composition between Tibetan pigs and Yorkshire pigs, emphasizing the role of the breed in shaping microbial communities within the gut.



3.5 Consistency in functional predictions between metagenomics and 16S rRNA analysis

Similar to predictions based on 16S rRNA analysis, Tibetan pigs and Yorkshire pigs show notable differences in level 1 and level 2 pathways according to metagenomic analysis (Figures 5A,B). However, in contrast to the 16S rRNA predictions, the functional disparities identified through metagenomic analysis primarily center around pathways related to disease, such as cardiovascular disease, Drug resistance: antimicrobial pathways, the second is the metabolism pathway. It is noteworthy that the metabolic-related pathways predicted by metagenomic functional analysis align closely with the predictions from 16S rRNA analysis. These pathways include carbohydrate metabolism, energy metabolism, global and overview maps, and pathways related to glycan biosynthesis and metabolism. Further analysis of EC-level pathways revealed 15 pathways that differed significantly between Tibetan pigs and Yorkshire pigs (Figure 5C). The three pathways showing the most pronounced differences were the RimJ: alanine N-acetyltransferase pathway, MnmA,TrmU: tRNA-uridine 2-sulfurtransferase pathway, and dapA: 4-hydroxy-tetrahydrodipicolinate synthase pathway (Figures 5D–F). All three pathways were notably enriched in Tibetan pigs. Specifically, rimJ inhibits transcription in response to environmental stimuli in E. coli (White-Ziegler et al., 2002), mnmA and trmU are essential for synthesizing the broad-spectrum antiviral nucleoside analog 2-thiouridine (Kambampati and Lauhon, 2003), while dapA regulates bacterial adhesion (Soo et al., 2005). Similar to the functional predictions derived from 16S rRNA analysis, the metagenomic functional predictions also indicate that the gut microbiota of Tibetan pigs play a significant role in maintaining intestinal stability. However, they may exhibit deficiencies in functions related to resisting bacterial invasion and colonization.
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FIGURE 5
 Functional prediction based on metagenome data: (A) KEGG pathway heatmaps at level 1 and level 2; (B) PCA results of functional pathway prediction for Tibetan pigs and Yorkshire pigs; (C) differential pathways between Tibetan pigs and Yorkshire pigs; and (D–F) grouped bar chart of top 3 differential pathways between Tibetan pigs and large white pigs.





4 Discussion

As a unique local breed in China, Tibetan pigs exhibit excellent tolerance to coarse feed, along with superior capability for fat deposition compared to Yorkshire pigs, and stronger resilience to adversity. The gut microbiota composition in Tibetan pigs differs significantly from that in Yorkshire pigs, reflecting their distinct α and β diversity patterns. Tibetan pigs exhibit significantly higher α diversity, which aligns with previous research indicating the impact of their feeding practices on microbiota diversity and immune enhancement (Zeng et al., 2020). The 16S rRNA species annotation results indicated that Tibetan pigs exhibit an increased abundance of Firmicutes and a decreased abundance of Bacteroidetes and Spirochaetes. Studies on Min pigs (Zhao et al., 2022) suggested that decreased Firmicutes and Bacteroidetes, along with Spirochaetes, are characteristic of intestinal flora in pigs with colon cancer. These microbial changes are closely associated with inflammatory responses in the pig intestine. In Tibetan pigs, these alterations potentially contribute to maintaining intestinal stability and reducing inflammation occurrence. The characteristic genus Rhodococcus (Kim et al., 2018; Alvarez et al., 2021) is notably enriched in Tibetan pigs inhabiting high-altitude environments. These bacteria possess the ability to decompose and transform various natural compounds through diverse metabolic pathways. Moreover, they exhibit tolerance to toxic substrates and solvents, aiding Tibetan pigs in adapting to the challenging conditions of high altitudes. However, the functional prediction results indicate significant changes. In addition to an increase in pathways affecting Salmonella toxicity in Tibetan pigs, there is a decrease in pathways associated with Staphylococcus aureus resistance and antibacterial compound synthesis. Overall, these differential pathway results suggest that Tibetan pigs may be more susceptible to Salmonella, with diminished capacity to synthesize antibacterial substances. Considering the robust resistance of Tibetan pigs, it is hypothesized that their complex intestinal flora plays a crucial role in detoxification. This flora likely maintains homeostasis in the intestinal environment by either disrupting the integrity of the bacterial structure or degrading toxic compounds. Changes in the abundance of highly metabolically and degradative-capable bacteria, such as Rhodococcus, further support these speculations.

Previous studies have demonstrated that supplementing roughage in the diet enhances the populations of fiber-degrading bacteria and increases the production of short-chain fatty acids in Tibetan pigs. This dietary intervention plays a crucial role in strengthening their immune defenses (Gao et al., 2022). Metagenomic sequencing data analysis highlights significant differences in microbial genus between the two pig populations. Notably, the abundance of Oscillospira in Tibetan pigs is markedly higher, known for its role in maintaining immune stability across various growth stages (Zafar and Saier Jr, 2021). Other genera such as Pseudoflavonifractor, Parabacteroides, and Butyrivibrio, also identified with increased abundance in Tibetan pigs, contribute to short-chain fatty acid production essential for gut health and metabolic functions. Among these genera, Pseudoflavonifractor contributes to the production of short-chain fatty acids to maintain intestinal homeostasis (Borda-Molina et al., 2016). Parabacteroides, in addition to its physiological characteristics in carbohydrate metabolism and secretion of short-chain fatty acids (Cui et al., 2022), also plays a role in alleviating obesity and metabolic disorders (Wang et al., 2019). Butyrivibrio is one of the most common bacteria in the rumen microbiota of ruminants but is also found in the gastrogut microbiota of mammals (Rodríguez Hernáez et al., 2018). Its primary function involves the degradation of plant polysaccharides and the fermentation of released monosaccharides to produce short-chain fatty acids (Palevich et al., 2019; Zhu et al., 2022). The high abundance of Rhodococcus (Kim et al., 2018; Li et al., 2018) in Tibetan pigs suggests that they possess enhanced metabolic detoxification abilities, which help maintain intestinal homeostasis. On the other hand, Campylobacter, known as a pathogen causing intestinal diseases such as enteritis and diarrhea, shows a significantly reduced presence in Tibetan pigs, indicating a lower risk of diarrhea in this population (Moore et al., 2005). In the functional prediction results of the metagenome, consistent findings were observed compared to the 16S rRNA functional predictions. There was an increase in pathways associated with bacterial invasion and colonization within the Tibet pig population, while certain pathways linked to antibacterial or antiviral synthesis showed decreased abundance. In summary, the exceptional disease resistance of Tibetan pigs is attributed to their robust immunity. However, prolonged exposure to the natural environment while being fed may predominantly affect their ability to combat pathogens and metabolize harmful substances. Nevertheless, specific changes or effects require further investigation.



5 Conclusion

This study explored the differences in gut microbiota between Tibetan pigs and Yorkshire pigs using multi-omics approaches. It was found that under the “free-range + supplementary feeding” model, Tibetan pigs exhibited enhanced capabilities in short-chain fatty acid synthesis, as well as digestion of cellulose and hemicellulose. Moreover, unique gut genera such as Rhodococcus prevalent in high-altitude environments, contributed to Tibetan Pigs degrade a variety of natural compounds or metabolize toxic substances. In addition, the higher abundance of probiotics in the intestinal tract of Tibetan pigs likely plays a crucial role in maintaining intestinal homeostasis. These probiotics contribute to this balance through their potent bactericidal abilities and their capacity to metabolize toxic substances.
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To investigate the community structure and diversity of gut microflora and their function in body mass regulation, as well as the effects of various locations on gut microbiota and Cricetulus longicaudatus body mass regulation at various elevations. We examined the diversity, abundance, and community structure of the gut microbiota of long-tailed dwarf hamsters from eight regions in Shanxi province during summer using 16S rDNA sequencing technology and analyzed the relationships between these microbiota and environmental variables as well as morphological indicators. The results revealed Firmicutes and Bacteroidetes as the dominant phyla at the phylum level, with Lactobacillus emerging as the predominant genus. We observed differences of gut microflora between different areas, and this diversity is affected by altitude. The high-altitude areas individuals had lower β diversity of gut microbiota than the low-altitude area. Moreover, the body and skull indexes of long-tailed dwarf hamsters also changed with altitude. The result presented in this study indicated that the body size of long-tailed dwarf hamsters conforms to Bergmann's law. And Providencia had significant correlation with body size. Finally, functional analysis of the gut microbiota showed changes in metabolic function that depended on elevation, and collinear network analysis showed how the gut microbiota interacts with each other. All of these results suggest that long-tailed hamsters are different depending on their altitude, with altitude being the main factor affecting both the structure of microbes and the way their metabolism works. This study shows that altitude has a big effect on the gut microbiota and phenotypic traits of long-tailed hamsters. It also shows how well this species can adapt to changes in altitude.
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1 Introduction

The gut microflora is the densest microbial community of mammals and one of the most diverse (Carvalho et al., 2012). Mammalian gut microflora colonize the body from birth and develop into relatively stable microbial communities as the host grows, which are finely coordinated with the host's physiology and co-evolve with the host (Hooper et al., 2002; Bäckhed et al., 2004). The gut microflora plays an indispensable role in the host organism. Researchers have shown that gut microflora affects the immune systems of mammals by making certain chemicals, like short-chain fatty acids, that change how immune cells work. These metabolites support tissue growth and repair, strengthen defenses against external infections, and preserve the host's physiological health (Wang et al., 2010; Liu et al., 2012, 2021). Gut microbiota can help the host maintain vital physiological processes even in harsh conditions by improving food digestion and nutrient absorption efficiency, maximizing energy conversion rates within the host organism, and strengthening the host's natural resilience (Tsuchida et al., 2004). The gut microbiota of mammals is affected by many factors, with altitude being the primary determinant that can impact the composition and diversity of the gut microbiota (Hao et al., 2024). For example, previous research has demonstrated a significant influence of altitude variations on the composition of the gut microbiota in donkeys (Equus africanus asinus; Guo et al., 2022), European mouflon sheep (Ovis orientalis musimon), and blue sheep (Pseudois nayaur; Sun et al., 2019). Specifically, animals that live at lower elevations have significantly more diverse and rich gut microbial communities than animals that live at higher elevations. The diversity of gut microbiota and colonization patterns are significantly influenced by altitude, according to studies on Mus musculus (Suzuki et al., 2019), Ochotona curzoniae (Li et al., 2016), Chiroptera spp. (Phillips et al., 2012), and European Lampyridae (Sudakaran et al., 2012). In all of these studies, there was a significant correlation between differences in altitude and variations in gut microbial composition. The gut microbiota plays a crucial role in facilitating animals' adaptation to diverse altitudes, thereby enhancing our understanding of their altitude-specific adaptability. Consequently, investigating the impact of altitude factors on the gut microbiota remains an immensely significant study. Each study found a significant correlation between variations in the combination of gut microbes and altitude. In order to better understand animals' altitude-specific adaptability, the gut microbiota is essential in helping them adapt to a variety of altitudes. Thus, examining how altitude influences the gut microbiota is still a crucial research topic.

In addition to affecting the dynamics of animal gut microbiota, elevation variations have a significant effect on animal populations' adaptive strategies, resulting in the evolution of varied survival strategies within the same species at various elevations (Poblete et al., 2018). The gut microbiota is a major factor in the physiological, behavioral, and ecological adaptations that allow animals to survive at varying elevations. For instance, the respiratory and digestive systems of species that live on plateaus, such as the Tibetan antelope (Pantholops hodgsonii) and yak (Bos grunniens), have experienced significant evolutionary alterations (Ma et al., 2019; Ayalew et al., 2021; Gao et al., 2022). Gut microbiota evolve together with the host and are essential for immunity, digestion, and metabolism, which is why herbivores need effective systems for energy extraction and absorption. While migratory avifauna exhibit altitudinal migration patterns in response to shifting altitude conditions throughout various seasons (Williamson and Witt, 2021), the plateau pika (Ochotona curzoniae) uses gut microbiota regulation to lower metabolic rate and enter hibernation during the winter for energy conservation (Wang et al., 2006). Even among closely related species, behavioral, morphological, or physiological variations may be necessary adaptations for survival at varying elevations (Hoffmann and Sgrò, 2011). Studies have shown that changes in the composition of gut microbiota are connected with the physiological state of mice, including their appearance, and alter animal hair color via modulating nutrition absorption, metabolite synthesis, and immune system regulation (Jones, 2016; Li et al., 2022). Variations in altitude also affect mice' physical traits, such as body size and hair color. For example, Eothenomys miletus exhibits alterations in body size corresponding to changes in altitude environments (Ren et al., 2023). Investigations on chacarus, Ochotona curzoniae, and O. iliensis have revealed that hair pigmentation tends to be darker at higher altitudes compared to lower altitudes (Sumner and Swarth, 1924; Conley, 1970). Diverse altitudes may also induce variations in the types and quantities of food, thereby influencing changes in gut microbiota. Our previous research on the long-tailed dwarf hamsters has demonstrated that the feeding environment has a major effect on the diversity and community composition of gut microbiota, which is crucial for controlling animal nutrient absorption and preserving metabolic homeostasis (Cao et al., 2024). Although small mammals, especially rodents, are remarkably tolerant and adaptive, they have a difficult time surviving and reproducing in hostile environments, particularly when they experience altitude changes, and their reactions to environmental changes vary greatly (Guzzetta et al., 2017; Rabiee et al., 2018).

The long-tailed dwarf hamster, Cricetulus longicaudatus (Rodentia: Cricetidae), is the most common species in Shanxi Province's countryside and primarily occurs in eastern, central, and western China (Poplavskaya et al., 2018; Yang et al., 2021). Shanxi Province is a typical loess-covered mountain plain with unusually high and low topography and a variety of complex geomorphological kinds. The most emblematic of native animals in this area is the long-tailed dwarf hamster, which is distinguished by its wide range and exceptional adaptability. However, there are still questions about how habitat and altitude affect the gut microbiota composition of this species and how important gut bacteria are for adaptation to various altitudinal habitats. In this study, we examined the impact of varying altitudes on intestinal microbes and physiological morphological changes in long-tailed dwarf hamsters in Shanxi Province using 16S rDNA sequencing technology in conjunction with relevant morphological indicators. The results of this study provided important light on how the gut microbiota contributes to wild rodents' adaptive strategies at different elevations. We hypothesized that altitude might impact the gut microbial diversity of long-tailed dwarf hamsters. We hypothesized that their morphology might be influenced by the structure of their gut microbiota and that there would be variations in gut microbial diversity at different elevations.



2 Materials and methods


2.1 Animals and experimental design

The long-tailed dwarf hamster individuals were captured from Qin County (QQX, 112.66°E, 36.91°N), Zuoquan County (ZQQ, 113.29°E, 37.09°N), Shanyin County (SHY, 112.78°E, 39.54°N), Xi County (XIX, 112.78°E, 39.54°N), Loufan County (LOF, 111.79°E, 36.73°N), Linchuan County (LNC, 113.31°E, 35.79°N), Wuzhai County (WZA, 111.62°E, 38.93°N), and Kelan County (KEL, 111.77°E, 38.67°N) in Shanxi Province, during the summer of 2024. The information of the sample site is showed the Figure 1 and Table 1. The animals used in this study were all healthy adult male individuals at the non-breeding stage. We determined the morphological indicators after capture. The determination references were as follows (Yang et al., 2005; Xia et al., 2006): body weight (BW; accurate to 0.01 g), body length (BL), tail length, left forelimb length [FLL(left)], left hindlimb length [HLL(left)], cranial length (CL), cranial basal length (CBL), neurocranium width (NW), cranial height (CH), upper tooth row length on the left side [UTRL(left)], and lower tooth row length on the left side [LTRL(left)] (accurate to 0.01 cm). Samples of rectal feces were taken from long-tailed dwarf hamsters in the wild and then kept at −80°C until they were subjected to high-throughput 16S rDNA sequencing. The experimental protocols were carried out strictly in compliance with the People's Republic of China's Ministry of Science and Technology's Regulations on the Administration of Laboratory Animals (2017 revision).
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FIGURE 1
 Sampling information of Cricetulus longicaudatus used in this study.



TABLE 1 Geographical distribution and main environmental conditions in eight regions of the Cricetulus longicaudatus.
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2.2 16S rDNA sequencing of gut microbiota and data analyses

Fifty-four long-tailed dwarf hamster samples were subjected to DNA extraction using the E.Z.N.A™ Mag-Bind Soil DNA Kit, and PCR amplification was performed using universal primers. A Qubit 3.0 fluorescent quantitative analyzer was used to measure the library concentration, and 2% agarose gel electrophoresis was used to calculate the library size. All of the samples were then mixed together in a 1:1 ratio. Hieff NGSTM DNA Selection Beads were used to clean up the amplicon product's free primers and primer dimer species. Sangon BioTech received the samples and used a universal Illumina adapter and index to build a library. We used a Qubit® 4.0 Green double-stranded DNA assay to measure the DNA concentration of each PCR product prior to sequencing, and a bioanalyzer to ensure quality control. After sequencing, the RDP database was used to taxonomically classify the representative sequences of bacterial OTU.

We quantified the diversity indices, including the Chao1 and Shannon indices, using OTU richness. We used the ANOVA test for multiple group comparisons and the T test for within-sample (alpha) diversity calculation to assess the diversity of the sample's microbial population. Beta diversity is often used with dimensional reduction methods such as principal coordinate analysis (PCoA) or constrained principal component analysis (PCA) to make visual representations. We used the R vegan package (version 2.5-6) to show these analyses, culminating in a final display of scatterplots representing the inter-sample distances. We use LefSe (version 1.1.0) for difference comparison to identify characteristics whose abundances noticeably differ between groups.



2.3 Statistic analysis

We used the Mean ± standard deviation to represent the experimental outcomes. One-way ANOVA analysis was used with SPSS 26.0 software to determine the relative abundance, Alpha diversity, and morphological differences of samples between groups. The related dendrogram was created using the ape package, and the hierarchical cluster tree plot was created using R 3.2.6′s hclust function. The distance matrix was subjected to hierarchical clustering analysis in order to create the tree structure, which allowed for the visual inspection of interrelationships. To create a correlation heat map that shows the connections between environmental factors, morphological indicators, and gut microbiota, the Pearson analysis in SPSS 26.0 was utilized. Furthermore, Canoco 5.0 software conducted a redundancy analysis (RDA) to investigate the relationships between dominating genera, morphology, and environmental factors. The data were further examined and network analysis was produced using R 3.2.6 and Gephi v.0.9.2 software (p < 0.05, |R| > 0.6). *p < 0.05, **p < 0.01, ***p < 0.001 were considered statistically significant.




3 Results


3.1 Composition of gut microbiota at different elevations

In the present study, a total of 6,300,654 valid sequences were acquired from the collection of 54 fecal samples from long-tailed dwarf hamsters for 16S rDNA sequencing. After the sequences underwent cluster analysis, 13,769 operational taxonomic units (OTUs) were found, with a 97% similarity criterion. We analyzed the gut microbiota composition of long-tailed dwarf hamsters at the phylum and genus levels based on the OTU classification results. And the results shown that Bacteroidota and Firmicutes dominated all altitude regions at the phylum level (Figure 2A). At the genus level, Lactobacillus, norank_Muribaculaceae, and unclassified_Lactobacillaceae were the dominant genera in the gut microbiota of the long-tailed dwarf hamsters in the eight regions (Figure 2B).


[image: Figure 2]
FIGURE 2
 Composition of intestinal microbes in Cricetulus longicaudatus. (A) Phylum level. (B) Genus level.


Moreover, our results showed that there were significant variations in microbiota abundance among the eight regions, and these differences varied with altitude. First, the relative abundances of Firmicutes (p < 0.05), Proteobacteria (p < 0.05), Desulfobacterota (p < 0.05), and Spirochaetota (p < 0.05) were significantly higher in the long-tailed dwarf hamsters that lived at comparatively higher elevations. On the other hand, the relative abundance of Bacteroidota significantly decreased (p < 0.05). Actinobacteriota (p < 0.05) and Patescibacteria (p < 0.05), on the other hand, demonstrated a considerable rise in relative abundance at higher altitudes, followed by a discernible drop when the height surpassed 1,301 m (Figure 2A). Furthermore, compared to other regions, high altitude areas had considerably greater relative abundances of unclassified Lactobacillaceae (p < 0.05), Candidatus Saccharimonas (p < 0.05), Providencia (p < 0.001), and Desulfovibrio (p < 0.05). In contrast, there was a notable decline in the relative abundance of norank_Muribaculaceae (p < 0.05), norank_Clostridia_UCG-014 (p < 0.05), and Candidatus_Arthromitus (p < 0.05). Lactobacillus (p < 0.05) and Limosilactobacillus (P < 0.01) microbiota relative abundances increased considerably with altitude before dramatically decreasing at 1,301 m above sea level. However, as altitude went up, the relative abundance of Lachnospiraceae_NK4A136_group (p = 0.026) and norank_Lachnospiraceae in the microbiota went down a lot, but it went up a lot in WZA argion (Figure 2B).



3.2 Diversity of gut microbes at various elevations

For the gut microbiota of long-tailed dwarf hamsters at each altitude, Figure 3A presents the findings of alpha diversity analysis (Chao1 and Shannon). The Chao1 index only revealed a significant difference between ZQQ and KEL (p < 0.05), while no significant difference was found in the other locations (p > 0.05). According to the results, the gut microbial of ZQQ individuals was noticeably greater than that of the QQX, SHY, XIX, LOF, LNC, and WZA individuals. The KEL individuals, on the other hand, had a noticeably lower decrease in variety than these six groups. There was no significant variation in the gut microbiota's homogeneity throughout the eight locations, as indicated by the gut microbiota's Shannon index (p > 0.05). The unweighted unifrac PCoA results revealed no noticeable variations in the β-diversity of gut microbiota across groups (Figure 3B). Weighted unifrac PCoA analysis of the gut microbiota's β-diversity at various elevations revealed a significant difference between the KEL group and the other seven locations (p < 0.01, Figure 3B). The cluster analysis results similarly showed a clear separation of KEL animals from the other groups, which is in line with the weighted unifrac PCoA results (Figure 3C).
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FIGURE 3
 Effects of different altitudes on intestinal microbial diversity of Cricetulus longicaudatus. (A) Chao 1 and Shannon index for richness, *P < 0.05. (B) Principal coordinate analysis (PCoA) of the gut microbial compositions of the Cricetulus longicaudatus. (C) Cluster analysis of different elevations.


Significant differences in enriched microbial communities between various regions in comparison to KEL were shown by the Lefse analysis, which was used to examine the differential microbial composition between KEL and the other seven regions (Figure 4A). Compared with the KEL region, different regions had different colonies that were enriched significantly. The QQX group had a considerably higher concentration of Bifidobacterium, while the ZQQ group had a significantly higher concentration of Lachnospiraceae_NK4A136_group, unclassified_Lachnospiraceae, and Candidatus_Sacchairmonas. Bifidobacterium and Ileibacterium were highly abundant in the XIX group, while unclassified_Enterobacteriaceae and unclassified_Atopobiaceae were significantly enriched in the SHY group. Unclassified_Rickettsiales and Prevotellaceae_UCG-003 and norank_Clostridia_UCG-014 were among the bacteria that were considerably enriched in the LOF group, while Ruminococcus and Campylobacter were highly enriched in the LNC group. The WZA group had considerably higher levels of Corynebacterium, Butyrivibrio, Eubacterium_ruminantium_group, and Candidiatus_Sacchairmonas. The KEL group had a considerably higher abundance of microbial species, such as Providencia, unclassified_Lactobacillaceae, Myroides, Acinetobacter, Limosilactobacillus, Campylobacter, Ochrobacter, and Eubacterium_siraeum_group, than the other seven categories. The distribution and quantity of the gut microbiota bacteria within each category are directly displayed in the Venn diagram (Figure 4B). Further investigation showed that, among long-tailed dwarf hamsters, the ZQQ and LOF groups had the highest counts of intestinal bacteria, coming in at 1129 and 1167, respectively. The LNC, SHY, XIX, KEL, and QQX groups included 943, 682, 680, 602, and 588 species, whereas the WZA group contained 584 species.
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FIGURE 4
 Analysis of gut microbiome difference of Cricetulus longicaudatus at different altitudes. (A) At genus level, Lefse analysis of intestinal microorganisms in Cricetulus longicaudatus. (B) Venn diagram of fecal microbials of Cricetulus longicaudatus in different regions.




3.3 The relationship between environmental factors and gut microbes

Figure 5A shows the relationship between each bacterial community and environmental variables such as temperature, humidity, wind speed, longitude, altitude, and dimensionality. The results indicate the makeup of different bacterial communities is significantly influenced by environmental conditions. First, in accordance with the results displayed in Figure 5A, altitude exhibited a substantial negative connection with norank_Muribaculaceae (p < 0.05) and a positive correlation with Providencia (p < 0.001). On the other hand, there was a substantial negative connection (p < 0.01) between humidity and providencia. There was a substantial negative connection with norank_Muribaculaceae and norank_Clostridia_UCG-014 (p < 0.05) and a significant positive correlation with Lactobacillus (p < 0.05) with longitude. However, norank_Muribaculaceae and norank_Clostridia_UCG-014 showed a significant correlation with temperature (p < 0.05). Unclassified_Lactobacillaceae (p < 0.05), Providencia (p < 0.001), and Lactobacillus (p < 0.01) showed a substantial positive connection with wind_speed. Conversely, it showed a negative connection (p < 0.01) with norank_Clostridia_UCG-014 and norank_Muribaculaceae. Redundancy analysis, which looked at the connection between different environmental conditions and the dominating gut microbiota of long-tailed dwarf hamsters (Figure 5B), further highlighted the effect of altitude on the microbiota. The most significant environmental element influencing changes in the microbiota's composition was found to be altitude, which was followed by longitude and dimension. However, wind speed had little effect on these microbial differences.
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FIGURE 5
 Relationship between environmental factors at different altitudes and intestinal microorganisms in Cricetulus longicaudatus. (A) Association of environmental factors with gut microbiome Correlation Heatmap. (B) Redundancy analyses (RDA) of the correlation between environmental factors and dominant microbial communities. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant.




3.4 The relationship between environmental factors, morphological indices, and gut microbial at different altitudes

A one-way ANOVA (Figures 6A, B) revealed significant variations in body and cranium indices among long-tailed dwarf hamsters at varying elevations. The body weight and body length of KEL individuals were considerably greater than those of the QQX, ZQQ, LNC, and WZA individuals (F = 1.715, p < 0.05). Furthermore, compared to the other groups, the KEL individuals had a substantially greater cranial length (F = 2.192, p < 0.05) than the other groups, and had a larger lower tooth row length (left) than the WZA individuals (F = 4.848, p < 0.05), and its neurocranium breadth was significantly higher than the ZQQ, SHY, LOF, and LNC individuals (F = 4.254, p < 0.05). Additionally, the left fore and left hind limb length indexes in KEL individuals were substantially larger than those in the SHY group (F = 3.594, p < 0.05), and the tail length index in KEL individuals was significantly higher than that in the SHY and LNC groups (F = 3.492, p < 0.05). The KEL individuals' cranial height did not, however, differ significantly from those of the other groups. The phenotypic traits of long-tailed dwarf hamsters and their corresponding environmental conditions were shown to be significantly correlated, according to the correlation study between phenotype and environmental components (Figure 6C). First, there was a substantial positive correlation (p < 0.05) between altitude and both body weight and neurocranium breadth. Second, a significant negative correlation was found between humidity and body weight (p < 0.05), cranial height (p < 0.001), and neurocranial breadth (p < 0.05). Additionally, there was a substantial negative correlation between latitude and body weight (p < 0.05), cranial height (p < 0.001), and neurocranial breadth (p < 0.001). The lower tooth row length (left) also exhibited a positive correlation with temperature, as did the left forelimb length (p < 0.05), left hind limb length (p < 0.05), cranial height (p < 0.001), and neurocranial breadth (p < 0.05). Additionally, there were positive relationships between wind_speed and cranial length (p < 0.05), neurocranial breadth (p < 0.001), cranial base length (p < 0.05), and body weight (p < 0.01).
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FIGURE 6
 Relationship between phenotypic characteristics and environmental factors in Cricetulus longicaudatus. CL, cranial length; CBL, cranial basal length; NW, neurocranium width; CH, cranial height; UTRL (left), upper tooth length (left); LTRL (left), lower tooth row length (left); BL, body length; TL, tail length; FLL (left), left fore limb length; LHLL, left hind limb long; BW, body weight. (A) Stacking map of morphological traits of Cricetulus longicaudatus at different elevations. (B) Body weight of Cricetulus longicaudatus at different altitudes. (C) Association of environmental factors with phenotypic characteristics Correlation Heatmap. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant. Significant group differences were indicated by different alphabetic letters.


The morphological indicators of long-tailed dwarf hamsters and the relative abundance of dominant bacterial genera in the gut microbiota (the top 12 genera in relative abundance for all samples; Figure 7A) showed that Providencia was significantly positively correlated with the cranial length, cranial base length, neurocranial width, upper tooth length (left), tail length, and body weight of the hamsters (p < 0.01); Desulfovibrio was significantly positively correlated with both body length and tail length (p < 0.05); Norank_Muribaculaceae was significantly negatively correlated with the cranial height of long-tailed dwarf hamsters (p < 0.01); and Candidatus_Saccharimonas was significantly negatively correlated with the cranial base length, upper tooth length (left), and lower tooth row length (left) of the hamsters (p < 0.05). As shown in Figure 7B, Norank_Muribaculaceae and Lactobacillus had the most significant effects on the physical characteristics of long-tailed dwarf hamsters. Norank_Muribaculaceae exhibited negative relationships with cranial height, neurocranium width, body length, as well as upper tooth row length (left; p < 0.05), and positive correlations with cranial length, cranial basal length, and lower tooth row length (left; p < 0.05). Conversely, Lactobacillus exhibited negative correlations with cranial height, cranial length, cranial basal length, and lower tooth row length (left; p < 0.05), but positive correlations with neurocranium width, body length, and upper tooth row length (left; p < 0.05).
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FIGURE 7
 Relationship between phenotypic characteristics at different altitudes and gut microbiome in Cricetulus longicaudatus. (A) Association of phenotypic characteristics with gut microbiome Correlation Heatmap. (B) Redundancy analyses (RDA) of the correlation between phenotypic characteristics and dominant microbial communities. *p < 0.05, and **p < 0.01 were considered statistically significant.




3.5 Functional analysis of gut microbiota of long-tailed dwarf hamsters at various elevations

The metabolic role of gut microbiota in long-tailed dwarf hamsters at eight altitudes was predicted using PICRUSt2 (Figure 8). We acquired the Pathway and Module labeling information for the sequence based on the correlation between KO and Pathway and Module. The findings showed that cellular processes, metabolism, genetic information processing, and environmental information processing were all included in the modified metabolic pathways. Among these metabolic processes, which include vital metabolic pathways like glycolysis/gluconeogenesis and cysteine and methionine metabolism, the abundance rose with altitude but KEL animals fell in comparison to other places. Interestingly, across all eight altitudes, the relative abundance of ABC transporters was highest.
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FIGURE 8
 The KEGG pathway at eight altitudes was significantly different in the functional prediction of rumen microbiota.




3.6 Co-occurrence network of gut microbes in long-tailed dwarf hamsters at varying elevations

Using microbial interactions (OTU with r > 0.6, p < 0.05, and abundance > 0.001 for all samples), Figure 9 shows the correlation of dominant OTUs in the gut microbiota of long-tailed dwarf hamsters at various elevations. Microorganisms with r > 0.6 and p < 0.05 have a Spearman's rank correlation, which shows that they are positively correlated (purple edges) and negatively correlated (green edges). The network comprises 107 edges and 69 nodes, with an average of 1.551 edges per node. The modularity index (MD) is 0.736, the average path length (APL) is 3.438, and the average clustering coefficient (ACC) is 0.392. A value >0.4 indicates a modular structure in the network. We identified three bacterial phyla from the network's nodes, with Bacteroidetes and Firmicutes accounting for 98.55% of all nodes and exhibiting extensive spread.
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FIGURE 9
 Dominant OTU co-occurrence networks in Cricetulus longicaudatus.





4 Discussion

For more than 80 million years, the gut microbiota has co-evolved with its host, and because of its metabolic capacities, it has helped animals' ecological dispersal range (Zhang K. F. et al., 2023). Likewise, gut microbiota abundance and composition are influenced by the host's habitat environment. In this study, long-tailed dwarf hamsters' gut microbiomes showed consistent and notable changes as altitude increased. Long-tailed dwarf hamsters' guts continued to be dominated by Firmicutes and Bacteroidetes at the phylum level, which is in line with earlier research (Cao et al., 2024). Previous research has shown that variations in seasonal nutrition are linked to changes in the gut microbiota composition and F/B ratios in wild animals (Springer et al., 2017; Baniel et al., 2021). According to a study on wild geladas (Theropithecus gelada), their summer diet has more fiber (and lignin) than their winter diet (Baniel et al., 2021). Nonetheless, the observed decline in the F/B ratio among long-tailed dwarf hamsters that were caught in the summer suggests that these animals have species-specific adaptations to altitude changes. Firmicutes play a crucial role in aiding food absorption and energy conversion, as several studies have shown (Turnbaugh et al., 2006), while Bacteroidetes have roles in proteolysis and the breakdown of carbohydrates (Thomas et al., 2011). Additionally, as altitude increased, so did Proteobacteria, Desulfobacterota, and Spirochaetota. Lignin, cellulose, and metabolic processes may be catabolized by Proteobacteria, Desulfobacterota, and Spirochaetota (Sun et al., 2019; Gorbunov et al., 2022; Salgado et al., 2024). There were more Actinobacteriota and Patescibacteria at higher elevations than at lower elevations, which suggests that they may be involved in the metabolism and absorption of nutrients (Zhu et al., 2024). These findings are consistent with earlier research on yaks and mice (Fan et al., 2020; Chevalier et al., 2015) and suggest that long-tailed dwarf hamsters living in lower elevation areas may have improved food absorption, energy conversion, and adaptation. In the present study, the two most common genera of gut microbiota at the genus level were Lactobacillus and unclassified Lactobacillaceae. Notably, other studies have shown that Lactobacillus can boost animals' immunity at high elevations (Hao et al., 2024). Furthermore, Tang et al. (2023), found norank_Muribaculaceae at high elevations and closely linked it to a diet high in fat. A study by Tang et al. (2023) found that, contrary to what other studies had found, the number of Lactobacillus bacteria increased with height, while the number of norank_Muribaculaceae bacteria decreased with height. The study of gut microbiota and environmental factors at the same time also found a strong negative correlation between norank_Muribaculaceae and wind speed and altitude, but a strong positive correlation between norank_Muribaculaceae and temperature. We discovered that altitude had a greater impact on the abundance of norank_Muribaculaceae in long-tailed hamsters because there is less high-fat food available at higher elevations. However, there was no discernible change in the summertime temperatures. Notably, norank_Muribaculaceae also significantly influenced the phenotypic alterations of long-tailed dwarf hamsters. Gut microbiota exhibited a favorable cooperative relationship that efficiently assisted their adaptation to a variety of adverse conditions, according to the co-occurrence network analysis (Li et al., 2019). According to these findings, long-tailed dwarf hamsters may be able to regulate these genera to thrive at high elevations by utilizing their species-specific adaptations.

According to the alpha analysis of the gut microbiota in long-tailed dwarf hamsters, the KEL individuals' gut microbiota diversity index was noticeably lower than that of the other seven regions. The microbiological evenness of these eight locations did not, however, differ much, according to Shannon diversity analysis. The relatively high elevation and limited food supply in KEL may help explain this finding. This is because long-tailed dwarf hamsters that live there have the least variety of microbes in their guts (Zhang Z. Y. et al., 2023). In contrast to earlier findings (Yan et al., 2022), the weighted unifrac PCoA and hierarchical clustering analysis results in this study showed significant differences between KEL animals and the other regions, indicating that altitude affects the gut microbiota structure of long-tailed dwarf hamsters. The findings of the Venn diagram showed that WZA had the lowest abundance and ZQQ and LOF the maximum number of taxa, suggesting that changes in altitude can affect the microbial diversity of long-tailed hamsters. According to research, beneficial bifidobacteria numbers sharply decline at high elevations (Kleessen et al., 2005). In the present study, Bifidobacterium was significantly more common in the other seven regions in the present study than it was in the high-altitude KEL region. Additionally, the KEL individuals had a lot more Providencia, unidentified Lactobacillaceae, Myroides, and Acinetobacter. While unclassified Lactobacilllaceae has been found as a helpful bacterium (Tian et al., 2019), previous investigations have shown that Providencia and Myroides are pathogenic (O'Hara et al., 2000; Schröttner et al., 2014).

A healthy gut microbiota has been shown to have a positive effect on host metabolic homeostasis, and environmental influences can also affect the gut microbiota's composition and function (Dey et al., 2015). According to the present results, height and wind_speed significantly correlated positively with Providencia, whereas humidity significantly correlated negatively with Providencia. Furthermore, we observed a complex correlation between Providencia and phenotypic changes in long-tailed dwarf hamsters. This suggests that long-tailed hamsters change the bacteria that live in their guts to deal with the problems and potentially harmful bacteria that they face at high elevations. This shows how altitude and gut microbiota can affect how an animal survives. One of the most important questions in biology is the study of large-scale, systematic body size evolution. Understanding animal life history requires being able to recognize changes in animal body size in response to environmental variables such as temperature, altitude, and latitude (Lou et al., 2012). Animals will change the shape of their bodies and skulls to adapt to their surroundings (Yan et al., 2022). According to Bergmann's law (Freckleton et al., 2003), which states that body weight increases with altitude and decreases with temperature, the results of this study show a positive association between altitude and body weight in long-tailed dwarf hamsters. These findings align with earlier research on tiny rodents (Yom-Tov and Yom-Tov, 2004; Roycroft et al., 2020; Cui et al., 2022). Variations in body size can be reflected in the size of the skull, which serves as a constancy organ in animals. Apodemus draco and Niviventer confucianus had different cranial base lengths in different parts of the world, so Bergmann's rule wasn't always useful for them (Huang et al., 2012). This study discovered that when long-tailed dwarf hamsters adapted to a changing altitude environment, their cranial morphology increased as altitude climbed. Our research shows that long-tailed dwarf hamsters' cranial morphology increases with altitude, which is in line with a prior study on E. cansus, E. baileyi, E. rufescens, E. smithii, and E. fontanierii (Kang et al., 2021). This means that changes in elevation may have an effect on the availability of resources and the way that different species compete with each other, which may then have an effect on the shape of skulls. According to Allen's law, which is an extension of Bergmann's rule, endotherms' appendage dimensions (such as theirtailsl, limbs, and outer ears) have a positive association with latitude and a negative correlation with temperature and elevation (Allen, 1877). In this study, the long-tailed dwarf hamsters' tail length, left forelimb length, and left hindlimb length showed a significant positive connection with altitude. Furthermore, environmental variables including humidity and windspeed and also had an impact on the phenotypic traits of long-tailed dwarf hamsters.

According to this study, the long-tailed hamster's gut microbiota is also crucial in determining its phenotypic changes, and we found a favorable relationship between Providencia abundance and these modifications. It has been demonstrated that Providencia may be a gastrointestinal pathogen (O'Hara et al., 2000). Its impact on animal phenotypes is still unknown, though, and requires more research to confirm.

We used PICRUSt2 in this study to predict the metabolic activity of microbial populations in the guts of long-tailed dwarf hamsters. The findings showed that the long-tailed dwarf hamster's gut microbiome's metabolic activities changed a lot with altitude. As altitude rose, metabolic processes related to carbohydrates increased (Martin et al., 2010). This implies that long-tailed dwarf hamsters' gut microbiomes has improved energy production capacities with altitude, which promotes optimal nutrient utilization and effective breakdown of indigestible plant components like cellulose. This suggests that the long-tailed hamster's gut microbiota generates a substantial amount of energy as altitude rises, helping the host maximize food usage and digest indigestible plant materials like cellulose (Fuchs, 2011). It's interesting that ABC transporters directly help make ATP and are the most common way that membranes move things around (Hamana et al., 2012). According to this study, altitude increased the expression level of ABC transporters. Genes involved in replication and repair are necessary to counteract the biomolecular deficiencies caused by high-altitude circumstances, which can cause damage to proteins and DNA. Thus, this pathway might aid in the adaptation of long-tailed dwarf hamsters to high elevations. However, at a specific altitude (KEL region), these metabolic processes were reduced, indicating that the KEL hamster modified its survival strategy to lower energy expenditure in order to deal with the high altitude difficulty. It should be highlighted, nonetheless, that our results might not fully represent how the gut microbiota functions in long-tailed dwarf hamsters; hence, more research is required.



5 Conclusion

For the first time, we compared the gut microbiota of long-tailed dwarf hamsters in Shanxi Province at various elevations. Results showed that Firmicutes and Bacteroidetes were the most common phyla, and Lactobacillus was the most common genus. We found that gut microbiota varied by location and that altitude had impacted this diversity. People living in the high-altitude regions exhibited less β diversity in their gut microbiota than those living in low-altitude regions. Additionally, long-tailed dwarf hamsters' skeleton and skull indices varied with elevation. According to the study's findings, long-tailed dwarf hamsters' body sizes follow Bergmann's law. Additionally, there was a strong link between Providencia and body size. Finally, functional study of the gut microbiota revealed changes in metabolic function that were dependent on altitude, and collinear network analysis showed how the gut bacteria interacted with one another. Our results showed clear differences in the makeup of the gut microbiota between long-tailed dwarf hamsters at different elevations, with altitude being the main factor affecting the microbial structure and metabolic activity of these creatures. The study's conclusions shed important light on how the gut microbiota helps wild mice adapt to different elevations, which advances our knowledge of their physiological and ecological reactions.
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Introduction: Tibetan Awang sheep (Ovis aries), indigenous to the Qinghai-Tibet Plateau, are highly adapted to high-altitude environment. However, knowledge regarding their gut bacterial composition remains limited.

Methods: A comprehensive 16S rRNA highthroughput sequencing was performed on fecal samples from 15 Awang sheep under pure grazing, semi-captivity, and full captivity breeding models.

Results: Our results revealed that Firmicutes and Bacteroidetes were the most abundant bacterial phyla, while Christensenellaceae_R-7_group, Romboutsia, Rikenellaceae_RC9_gut_group, Ruminococcus, and Bacteroides were prevalent genera in the gut microbiota of Awang sheep. Meanwhile, the predominant presence of Bacteroides with increasing altitude of breeding locations indirectly demonstrates its crucial role in mediating energy acquisition among Awang sheep at high altitudes. Furthermore, PCoA and ANOSIM analysis exhibited significant differences in bacterial composition across all breeding models (r > 0.6, p < 0.001). Christensenellaceae_R-7_group, Romboutsia, and Ruminococcus were significantly abundant in the pure grazing breeding model, while Rikenellaceae_RC9_gut_group and Bacteroides were more abundant in the semi-captivity breeding model. An abnormally high abundance of Acinetobacter indicated a potential risk of Acinetobacter infection in the fully captive group. The environmental association analysis exhibited that meadows diet (R2 = 0.938, Pr[>r] = 0.001) and altitude (R2 = 0.892, Pr[>r] = 0.001) had significant effects on the dominant genera, explaining a substantial proportion of the total variation in community composition.

Discussion: Our study indicated that breeding conditions significantly impact the gut microbiota of Awang sheep. The environmental association analysis underscores the importance of diet and altitude in shaping the gut microbiota of Awang sheep. The present findings provide insights into the microbiota dynamics of Awang sheep and offer guidance for their scientific husbandry management.
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Highlights

• Microbiota Composition and Breeding Models: The gut microbiota of Tibetan Awang sheep varies significantly across pure grazing, semi-captivity, and full captivity models, with Firmicutes and Bacteroidetes as the most abundant phyla.

• Environmental and Dietary Influences: Meadow’s diet and altitude significantly impact the dominant genera in Awang sheep, explaining a substantial proportion of the total variation in community composition.

• Functional Predictions: PICRUSt predictions indicate potential functional differences among the microbiota, particularly in metabolic pathways, signal transduction, and transport systems, across different breeding models.



1 Introduction

The Tibetan Awang sheep (Ovis aries), a treasured breed native to the Qinghai-Tibet Plateau, thrives primarily in Gongjue County and the surrounding regions of Changdu city (Wang and Yang, 2016). This breed has evolved to adapt to the high-altitude environment, characterized by low temperatures, low oxygen pressure, and limited growing seasons for forage (Liang et al., 2023). The Awang sheep exhibit exceptional resilience, serving as a pure source of nutrition in alpine grasslands (Song et al., 2016). However, their adaptation to captive breeding conditions is compromised due to higher incidence of diseases (Liu L. et al., 2022).

Gut microbiota plays a crucial role in ruminant health by significantly influencing immune system development and function, nutrient absorption, and metabolism (Zhang Y. et al., 2021). As a branch of ruminants, Awang sheep exhibit a complex interplay between their gut microbiota and digestive physiology, overall well-being, as well as their susceptibility to various diseases. Recent genetic and phylogenetic investigations have underscored the unique position and vulnerabilities of Awang sheep, particularly their low genetic diversity stemming from a single haplogroup (A), which is predominantly observed in Asian sheep populations (Liu et al., 2020). This low genetic diversity may exacerbate extinction risks and the fragility of their gut microbiota ecosystem. The gut microbiota has evolved closely with the host, becoming an integral component of the organism. In a healthy state, the gut microbiota and host coexist harmoniously, maintaining microecological balance and organ health. However, environmental changes, particularly in breeding methods influenced by ecological, environmental, and anthropogenic factors (especially diet structure), can disrupt this balance, leading to disease development (Zhao et al., 2021).

Understanding the gut microbiota’s role in Awang sheep’s adaptability and health is essential for improving their production performance under different breeding models (Wang et al., 2023; Wanjala et al., 2023). Despite extensive research on the gut microbiota of Tibetan sheep in Qinghai, Yunnan, and Gansu provinces (Lv et al., 2021; Wang et al., 2022), studies on the gut microbiota structure of Tibetan Awang sheep are lacking. The effects of different feeding methods on their gut microbiota and associated environmental and dietary adaptability remain unclear. Therefore, there is an urgent need to conduct studies on the gut microbiota structure specific to Awang sheep.

Our project aims to study the gut microbiota dynamics of Awang sheep and their consequences for animal husbandry and science. In this study, 16S rRNA high-throughput sequencing was employed to elucidate the disparities in gut microbiota communities of Awang sheep across various breeding models, encompassing pure grazing, semi-captivity, and full captivity. This research will provide insights into the adaptive evolutionary mechanisms of Awang sheep during the transition from grazing to full captivity, from a microbial perspective, and offer guidance for their scientific husbandry management.



2 Methods


2.1 Sample collection

Fecal samplings were conducted on June 5th, 2023, with the assistance and approval of the Xizang Changdu Animal Husbandry Station, China, from three bases: Gongjue County (30°54’N, 98°52′E), Changdu Jueyong Breeding Farm (31°34’N, 97°93′E), and Gongjue Zangdong Biotechnology Co., Ltd. (30°89’N, 98°26′E). A total of 15 fecal samples were collected from healthy Awang sheep directly after defecation with sterilized 50 mL tube. The samples were snap-frozen using liquid nitrogen, and transported to the laboratory on dry ice. The samples were categorized into three breeding models: pure grazing (aw_fm), semi-captivity (aw_bs), and full captivity (aw_qs), each consisting of five male sheep aged 2 years. Pure grazing sheep weighed 25–30 kg and were fed on meadows, semi-captivity sheep weighed 28–33 kg and were fed meadows, hay, and Genkwa root, and full captivity sheep weighed 27–33 kg and were fed concentrates. All sheep were in a healthy condition. More details are summarized in Table 1.



TABLE 1 Details of sample collection.
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2.2 DNA extraction, library construction, and Illumina sequencing

The total genomic DNA from the samples was extracted using the QIAamp® PowerFecal® Pro DNA Kit (Qiagen Inc., German) according to the manufacturer’s instructions. DNA concentration and purity were monitored on 1% agarose gel. The hypervariable region V4 (83bp) of the 16S rRNA genes were amplified using primers 520F (5′- barcode + AYTGGGYDTAAAGNG-3) and 802R (5’-TACNVGGGTATCTAATCC-3′). The amplicon quality was visualized using gel electrophoresis. The PCR products were purified with Agencourt AMPure XP beads (Beckman Coulter, United States) and quantified using a Qubit dsDNA assay kit. Sequencing was performed on an Illumina NovaSeq6000 platform with two paired-end read cycles of 250 bases each (Illumina Inc., San Diego, CA; sequencing service provided by OE Biotech Company, Shanghai, China).



2.3 Bioinformatic analysis

After sequencing, the raw data were obtained in FASTQ format. Paired-end reads were then preprocessed using Cutadapt1 to detect and trim off the adapter sequences. After trimming, the paired-end reads were filtered for low-quality sequences, denoised, merged, and chimeras were detected and removed using DADA2,2 a tool for high-resolution amplicon sequence variant analysis, with the default parameters of QIIME2 (Version 1.7.0, http://qiime.org/index.html), a microbiome analysis platform. A similarity threshold of 100% is set, and sequences with similarity exceeding this threshold are grouped into a single ASV. Finally, the software outputs the representative reads and the ASV abundance table. The representative read for each ASV was selected using the QIIME2 package. All representative reads were annotated and blasted against the Silva database Version 138 (for 16S rDNA) using q2-feature-classifier3 with the default parameters. Functional predictions were employed by PICRUSt2.4



2.4 Statistical analysis and data visualization

Most of the subsequent statistical analysis was performed using Microsoft Excel (Microsoft Inc.), Python5 and R (package: ggplot2 and vegan).6 The cladogram with circular representations of taxonomic and phylogenetic trees was generated using GraPhlAn2.7 Indices of rumen bacterial richness (Chao1 index) and diversity (Shannon index) were calculated using software R (see text footnote 6) for alpha diversity analysis. The ANOVA (Analysis of Variance) method was employed to test for statistical differences among groups. For beta diversity, the principal coordinate analysis (PCoA) was performed based on the ASV-based Weighted Unifrac and Bray-Curtis distance matrices using R software (see text footnote 6) with the GUniFrac, ape and ggplot2 packages (Jiang et al., 2013). A one-way analysis of similarity (ANOSIM) (Li et al., 2017) was conducted to assess the differences in beta diversity among all the breeding model of Awang sheep. The specific species that had significant differences at each level were identified and visualized through LDA effect size (LEfSe) analysis performed online.8 Canoco59 was employed to conduct Redundancy Analysis (RDA). Mantel test was performed using R with dplyr, linkET and ggplot2 packages. Cytoscape (Version 3.6.1, http://cytoscape.org) was used to visualize the network displaying correlations between different genera, correlation coefficients were calculated using the Spearman method with RStudio.




3 Results


3.1 Overview of sequencing

In our sequencing, we successfully generated 871,682 high-quality reads. These reads were further classified into 4,141 distinct amplicon sequence variants (ASVs). The high density of the sequencing data, with 23.9% of the values being non-zero, reflects the richness and complexity of the gut microbiota community in the Awang sheep samples. A summary of the read counts per sample reveals that the minimum was 47,290 reads, the maximum was 63,605 reads, the median was 58,964 reads, and the mean was 58,112.133 reads, with a standard deviation of 3,636.515 reads. Meanwhile, the detailed read counts for each sample range from 47,290 to 63,605, further demonstrating the consistency in sequencing depth across the samples. The detailed sequencing data is shown in Supplementary Table S1. Besides, the rarefaction curves (Supplementary Figure S1) gradually became flat and reached a plateau with more data indicating that the number of ASVs for each sample was sufficient and reasonable. The rank abundance curves that reflected the evenness and abundance of species in fecal samples horizontally and vertically were demonstrated in Supplementary Figure S2.

Moreover, these 4,141 ASVs were mainly classified into 20 phyla, 37 classes, 99 orders, 165 families and 309 genera. Meanwhile, an overview phylogenetic tree of the taxa, of which average relative abundance higher than 1%, was generated by Graphlan.py and Graphlan_annot.py script to better exhibit the taxonomic relationships and diversity structure among the dominant microbial communities (Figure 1). It is obvious that Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteriota were the dominant phyla, while Christensenellaceae_R-7_group, Romboutsia, Ruminococcus, Clostridium, Turicibacter, Acinetobacter, Rikenellaceae_RC9_gut_group, and Bacteroides were the dominant genera in the gut microbiota of Awang sheep.
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FIGURE 1
 Overview phylogenetic circle plot of dominant taxa of Awang sheep and ASVs phylogenetic tree. The overview phylogenetic circle plot illustrates the taxonomic relationships and diversity structure among the dominant microbial communities, with the outer rings representing the higher taxonomic levels and the inner rings indicating the lower levels. Taxa with an average relative abundance higher than 1% are included in the plot, providing a clear visualization of the dominant microbial communities and their evolutionary relationships. The taxonomic level ranges from phylum to genus from inner to outer circles. The diameter of nodes indicates the abundance at different taxonomic levels, and different colors denote different taxonomic clades. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively.




3.2 Microbiome diversity analysis of Awang sheep breeding models reveals distinct clustering patterns

Initially, the diversity discrepancy of the gut microbiota of Awang sheep among the pure grazing, semi-captivity and full captivity breeding model was calculated based on Weighted UniFrac and Bray-Curtis distance matrices. The PCoA (Principal Coordinates Analysis) plots showed that each group tended to cluster within the respective group (Figure 2A). Each point in the plot represents a sample, and samples of the same color belong to the same group. Samples within the same group are close in distance and distinct from other groups, indicating a good clustering effect. This PCoA result was subsequently verified by ANOSIM, which indicated significant differences in the gut microbiota profiles among the breeding models (r > 0.6, p < 0.001) (Figure 2B). Based on the distance matrices obtained from the Weighted UniFrac and Bray-Curtis distance algorithms, the heatmap of hierarchical clustering visualized the proximity of our sample branches (Figures 2C,D).
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FIGURE 2
 Comprehensive analysis of gut microbiota diversity in Awang sheep under different breeding models. This figure comprehensively analyzes gut microbiome diversity in Awang sheep across pure grazing, semi-captivity, and full captivity breeding models. It includes four key components: (A) Principal Coordinates Analysis (PCoA) plot showing distinct clustering patterns among the breeding models, (B) ANOSIM plot verifying significant differences in gut microbiota profiles, (C) hierarchical clustering heatmap based on Weighted UniFrac distance matrix, and (D) hierarchical clustering heatmap based on Bray-Curtis distance matrix. These four visualizations demonstrate the diversity discrepancy among the breeding models. Note: In the heatmap, the bluer the color is, the closer the distance between samples is, and the higher the similarity is. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively.


Subsequently, we compared the alpha diversity of Awang sheep gut microbiota across the three breeding models: pure grazing (aw_fm), semi-captivity (aw_bs), and full captivity (aw_qs), using Chao1 (richness) and Shannon (evenness) indices (Figure 3). Specifically, the Chao1 index was 938.6 ± 150.2, 1055.3 ± 205.9, and 982.8 ± 43.9, respectively, for the pure grazing, semi-captivity, and full captivity models. Similarly, the Shannon index was 8.28 ± 0.21, 8.82 ± 0.15, and 8.13 ± 0.05, respectively. ANOVA analysis revealed no significant difference (p > 0.05) in the Chao1 index among the breeding models. However, for the Shannon index, a significant difference was observed between the pure grazing (aw_fm) and semi-captivity (aw_bs) models (p < 0.01), as well as between the semi-captivity (aw_bs) and full captivity (aw_qs) models (p < 0.001).
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FIGURE 3
 Boxplot of α diversity index (Chao1 and Shannon) of gut microbiota across all breeding models. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively.




3.3 Bacterial composition at phylum and genus level

Based on a comprehensive analysis of gut microbiota across different breeding models, we present a percentage stacked histogram of relative abundance and a Venn diagram to illustrate the composition and distribution of gut microbiota phyla and genera (Figure 4).
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FIGURE 4
 Composition and distribution of gut microbiota phyla and genera across different breeding model by percentage stacked histogram of relative abundance and Venn diagram. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively.


In the pure grazing model, 17 phyla, 26 classes, 63 orders, 105 families, 187 genera, and 261 species were detected from the gut of Awang sheep. Firmicutes was the most abundant phylum, accounting for 77.06% ± 1.59%, followed by Bacteroidetes (18.65% ± 1.27%) and Proteobacteria (0.42% ± 0.07%) (Figure 4). Meanwhile, Romboutsia (16.19% ± 1.17%) was the predominant genus followed by Christensenellaceae_R-7_group (15.23% ± 0.42%), Ruminococcus (11.93% ± 0.28%), and Bacteroides (4.41% ± 0.34%).

In the semi-captivity model, 16 phyla, 27 classes, 71 orders, 117 families, 215 genera, and 322 species were detected from the gut of Awang sheep. Firmicutes (65.68% ± 7.69%) was the most abundant phylum, followed by Bacteroidetes (28.05% ± 7.66%) and Proteobacteria (0.56% ± 0.20%) (Figure 4). Meanwhile, Christensenellaceae_R-7_group (10.97% ± 2.36%) was the predominant genus followed by Ruminococcus (9.81% ± 0.49%), Romboutsia (9.54% ± 4.33%), and Bacteroides (5.96% ± 0.42%).

In the full captivity model, 19 phyla, 30 classes, 83 orders, 134 families, 230 genera, and 355 species were detected from the gut of Awang sheep. Firmicutes (66.72% ± 1.15%) was the most abundant phylum followed by Proteobacteria (15.52% ± 0.57%) and Bacteroidetes (13.09% ± 0.64%) (Figure 4). Meanwhile, Acinetobacter (14.32% ± 0.37%) was the predominant genus followed by Christensenellaceae_R-7_group (8.80% ± 0.42%), Ruminococcus (7.69% ± 0.47%), Romboutsia (5.95% ± 0.24%), and Bacteroides (2.86% ± 0.13%).

Based on the comprehensive analysis of the Venn diagram (Figure 4), it is evident that 13 phyla, including Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteriota, Spirochaetota, Desulfobacterota and Fibrobacterota, as well as 128 genera such as Christensenellaceae_R-7_group, Romboutsia, Acinetobacter, Rikenellaceae_RC9_gut_group, and Bacteroides, were shared by all the breeding models. The shared phyla and genera above were abundant in our sequencing.

Alternatively, 1 unique phylum Marinimicrobia_(SAR406_clade) was identified in the semi-captivity breeding model, while 3 unique phyla, Nitrospirota, Bdellovibrionota, and NB1-j, were identified in the full captivity breeding model, respectively. Moreover, 27 unique genera, including Paludicola, Mycobacterium, and others, were identified in the pure grazing breeding model. In the semi-captivity breeding model, 32 unique genera were identified, such as Kandleria, Pseudoramibacter, and others. Besides, 59 unique genera, comprising Planococcus, Carnobacterium, and others, were identified in the full captivity breeding model. However, none of the unique phyla and genera were prevalent in accordance with previous relative abundance results.



3.4 Microbial population difference

To identify significant taxa (LDA score > 4, p < 0.001), an LDA effect size (LEfSe) analysis was conducted across all breeding models, the cladogram clearly illustrated the core taxa that exhibited remarkable differences across all levels and breeding models (Figure 5).
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FIGURE 5
 The results of LEfSe (LDA Effect Size) analysis. The histogram of the LDA score showed the biomarkers with statistical differences among the groups. The influencing degree of species was expressed by bar length in the histogram. In the cladogram, the circle radiated inside-out demonstrated the classification (from phylum to genus). Each small circle at a different classification represented a taxon and the circle is proportional to the contribution (LDA score) of the specific taxon in certain groups. Red, green and blue dots represent the core bacterial populations in the respective breeding model. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively.


In the pure grazing model (aw_fm), 11 taxa displayed significant discrepancies in relative abundance. These comprised the phylum Firmicutes, the class Clostridia, orders including Peptostreptococcales, Oscillospirales and Christensenellales, several families including Peptostreptococcaceae, Christensenellaceae and Ruminococcaceae, and various genera, such as Romboutsia, Christensenellaceae_R-7_group, and Ruminococcus.

A similar analysis in the semi-captivity model (aw_bs) revealed 11 significant taxa. These were dominated by the phylum Bacteroidetes, including class Bacteroidia, order Bacteroidales, order Lachnospirales, and family Rikenellaceae, Prevotellaceae, Oscillospiraceae, Bacteroidaceae, and Lachnospiraceae. The genus Bacteroides and Rikenellaceae_RC9_gut_group also stood out.

In the full captivity model (aw_qs), the LEfSe analysis identified 19 significant taxa. These encompassed the phylum Proteobacteria, with the classes Gammaproteobacteria and Bacilli, several orders including Pseudomonadales, Exiguobacterales, Erysipelotrichales, Bacillales, Lactobacillales and Clostridiales, and families Moraxellaceae, Planococcaceae, Exiguobacteraceae, Erysipelotrichaceae, Carnobacteriaceae, and Clostridiaceae. Among the genera, Acinetobacter, Exiguobacterium, Turicibacter, and Clostridium was particularly notable.

To identify differentially abundant microbial genera, including Christensenellaceae_R-7_group, Romboutsia, Acinetobacter, Ruminococcus, Rikenellaceae_RC9_gut_group, and Bacteroides, which were prevalent and detected in LEfSe (LDA Effect Size) analysis, we performed deeper statistical tests by applying Kruskal-Wallis across the breeding models. Consistent with the LEfSe analysis, we observed that these six genera exhibited statistically significant differences in abundance (Figure 6). Specifically, Christensenellaceae_R-7_group, Romboutsia, and Ruminococcus displayed significantly higher abundance in the pure grazing breeding model compared to the other two breeding models. The gradual decrease in abundance of these three genera is of particular interest, from pure grazing to semi-captive conditions and then to full captivity. Conversely, Rikenellaceae_RC9_gut_group and Bacteroides were more abundant in the semi-captivity breeding model, while Acinetobacter showed significantly increased abundance in the full captivity breeding model. Specifically, Acinetobacter exhibited a notably higher abundance in the full captivity breeding model compared to both the pure grazing (p < 0.001) and semi-captivity (p < 0.001) breeding models.
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FIGURE 6
 Differential abundance of microbial genera across breeding models in Awang sheep. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively. “*” represents p < 0.05, “**” represents p < 0.01, and “***” represents p < 0.001.




3.5 Correlation among the gut microbiota at the genus level

To uncover the interrelationships of prevalent bacteria, a comprehensive correlation analysis was conducted at the genus level for each breeding model (Figure 7). In the pure grazing model (aw_fm), Christensenellaceae_R-7_group showed a positive correlation with Romboutsia (R = 0.91, p = 0.031), Turicibacter (R = 0.97, p = 0.006), Ruminococcus (R = 0.89, p = 0.038), Monoglobus (R = 0.93, p = 0.019), and Bacillus (R = 0.92, p = 0.022). Rikenellaceae_RC9_gut_group displayed a positive correlation with Bacteroides (R = 0.98, p = 0.004), Alistipes (R = 0.97, p = 0.008), and Treponema (R = 0.93, p = 0.021). Separately, Romboutsia, Bacteroides, and Ruminococcus exhibited a positive correlation with Turicibacter (R = 0.96, p = 0.008), Alistipes (R = 0.98, p = 0.003) and Monoglobus (R = 0.96, p = 0.010) respectively. In addition, Acinetobacter exhibited a negative correlation with Ruminococcus (R = −0.92, p = 0.025), Monoglobus (R = −0.92, p = 0.028), and Bacillus (R = −0.90, p = 0.035).
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FIGURE 7
 Network analysis depicting potential correlations among genera in different breeding models, with circle size reflecting relative abundance. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively.


In the semi-captivity model (aw_bs), the Christensenellaceae_R-7_group was positively correlated with Romboutsia (R = 0.99, p = 0.0005), Acinetobacter (R = 0.93, p = 0.021), Turicibacter (R = 0.99, p = 0.0001), Clostridium (R = 0.98, p = 0.002), Exiguobacterium (R = 0.94, p = 0.017), and Bacillus (R = 0.98, p = 0.002). However, it was negatively correlated with the Rikenellaceae_RC9_gut_group (R = −0.93, p = 0.021), Treponema (R = −0.98, p = 0.002), and Monoglobus (R = −0.97, p = 0.004). Similarly, Romboutsia showed a positive correlation with Acinetobacter (R = 0.95, p = 0.011), Turicibacter (R = 0.99, p = 0.0006), Clostridium (R = 0.99, p = 0.0002), Exiguobacterium (R = 0.93, p = 0.018), and Bacillus (R = 0.99, p = 0.0005), while exhibited a negative correlation with Rikenellaceae_RC9_gut_group (R = −0.89, p = 0.042), Treponema (R = −0.99, p = 0.0006), and Monoglobus (R = −0.98, p = 0.001). Furthermore, Acinetobacter is positively related to Turicibacter (R = 0.94, p = 0.014), Clostridium (R = 0.96, p = 0.007), and Bacillus (R = 0.94, p = 0.014). Conversely, it was negatively correlated with Alistipes (R = −0.93, p = 0.019), Treponema (R = −0.97, p = 0.005), and Monoglobus (R = −0.96, p = 0.009). Additionally, Rikenellaceae_RC9_gut_group showed a positive correlation with Bacteroides (R = 0.96, p = 0.009), but negatively correlated with Turicibacter (R = −0.91, p = 0.028) and Exiguobacterium (R = −0.89, p = 0.041). Turicibacter was positively correlated with Clostridium (R = 0.99, p = 0.0009), Exiguobacterium (R = 0.94, p = 0.016), and Bacillus (R = 0.97, p = 0.003), while demonstrating a negative correlation with Treponema (R = −0.99, p = 0.001) and Monoglobus (R = −0.98, p = 0.003). Clostridium showed a strong positive correlation with Exiguobacterium (R = 0.95, p = 0.014) and Bacillus (R = 0.97, p = 0.002), but a negative correlation with Treponema (R = −0.99, p = 0.00006) and Monoglobus (R = −0.99, p = 0.0002).

In the full captivity model, Romboutsia was positively correlated with Turicibacter (R = 0.97, p = 0.005). Meanwhile, Acinetobacter showed a positive correlation with Alistipes (R = 0.89, p = 0.037) and Treponema (R = 0.88, p = 0.047). In addition, Bacteroides exhibited a strong positive correlation with Alistipes (R = 0.97, p = 0.005). Furthermore, Alistipes exhibited a positive correlation with Treponema (R = 0.92, p = 0.022).



3.6 Association analysis of environmental factors affecting differences in dominant genera across different breeding models

The application of Redundancy Analysis (RDA) to our data set revealed significant associations between environmental factors and the distribution of microbiota genera in the fecal samples of Awang sheep (Figure 8A). Altitude (R2 = 0.892, Pr(>r) = 0.001) was the primary environmental factor influencing the change in the dominant genera, followed by Barometric Pressure (R2 = 0.836, Pr(>r) = 0.001), Wetness (R2 = 0.772, Pr(>r) = 0.001), and Temperature (R2 = 0.708, Pr(>r) = 0.003). From a dietary perspective, Meadow (R2 = 0.938, Pr(>r) = 0.001) diet was the key environmental factor affecting the genera’s change, followed by Concentrates (R2 = 0.888, Pr(>r) = 0.001) and Hay_and_Genkwa_root (R2 = 0.733, Pr(>r) = 0.002). Based on RDA and Mantel test, we analyzed the correlation between genera and environmental factors (Figure 8B). Specifically, meadows diet exhibited a moderate correlation with multiple genera, including Ruminococcus (R = 0.792, p = 0.001), Bacteroides (R = 0.655, p = 0.006), Romboutsia (R = 0.641, p = 0.003), and Christensenellaceae_R-7_group (R = 0.639, p = 0.003). Hay and genkwa root diet were positively correlated with Rikenellaceae_RC9_gut_group (R = 0.828, p = 0.001). Additionally, there was a positive correlation between concentrates (R = 0.805, p = 0.001), Barometric pressure (R = 0.636, p = 0.003), and Acinetobacter. Furthermore, Wetness was positively correlated with Ruminococcus (R = 0.862, p = 0.002), Christensenellaceae_R-7_group (R = 0.859, p = 0.002), and Romboutsia (R = 0.815, p = 0.002). Altitude emerged as an important factor affecting the abundance of Bacteroides (R = 0.876, p = 0.001), with Romboutsia (R = 0.592, p = 0.009) and Christensenellaceae_R-7_group (R = 0.445, p = 0.012) also exhibiting some association. Our RDA and Mantel test analysis indicates that meadow diet and altitude are closely related to the changes in these dominant genera and may be important factors driving these changes.
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FIGURE 8
 Association analysis of the relationship between environmental factors and dominant genera with significant differences across all the breeding models. (A) RDA plot: The points with different colors in the figure represent groups of samples across different breeding models. The grey lines and arrows emanating from the origin represent different environmental factors and genera, respectively. The length of the environmental factor arrows indicates the degree of influence (explained amount) of the environmental factors on the genera. The angle between the environmental factor arrow and the genera arrow represents positive (acute angle) or negative (obtuse angle) correlation, while a right angle indicates no correlation. The vertical distance from the sample point to the extended line representing the environmental factor arrow represents the strength of the influence that an environmental factor has on the sample. The closer the sample point is to the arrow, the stronger the effect of that environmental factor on the sample. Correlation between environmental factors and RDA axes are shown by both length and angle of arrows. Rikenell represents Rikenellaceae_RC9_gut_group. Christensen represents Christensenellaceae_R-7_group. Note: aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively. (B) Mantel test plot: Alti represents altitude, Temper represents temperature, Hgr represents hay and genkwa root, and concent represents concentrates.




3.7 PICRUSt predictions

In this study, we predicted the abundance of COG (Clusters of Orthologous Groups of proteins) and KO (KEGG Orthology) in sequencing. We used PICRUSt2 software to predict the composition of known microbial gene functions, thus statistically analyzing the functional differences among different breeding models.

To statistically analyze the predicted COG results across multiple breeding models, we employed the Kruskal-Wallis test and selected the top 10 most enriched COGs, including COG0642 (Signal transduction histidine kinase), COG0745 (DNA-binding response regulator, OmpR family, contains REC and winged-helix (wHTH) domain), COG2207 (AraC-type DNA-binding domain and AraC-containing proteins), COG1595 (DNA-directed RNA polymerase specialized sigma subunit, sigma24 family), COG0534 (Na + −driven multidrug efflux pump), COG0438 (Glycosyltransferase involved in cell wall biosynthesis), COG4974 (Site-specific recombinase XerD), COG1309 (DNA-binding transcriptional regulator, AcrR family), COG1028 (NAD(P)-dependent dehydrogenase, short-chain alcohol dehydrogenase family), and COG0583 (DNA-binding transcriptional regulator, LysR family), for the creation of boxplots (Figure 9). For COG0642, COG0745, COG1309, COG1028, and COG0583, an apparent gradual increase in abundance was observed from pure grazing breeding model to semi-captivity breeding model, and subsequently to full captivity breeding model. Furthermore, these COGs especially COG1309, COG1028, and COG0583, showed a significantly higher abundance (p < 0.01) in the full captivity breeding model compared to the other two breeding models, based on statistical analysis. Besides, the abundance of COG1595, COG0534, and COG4974 were significantly lower in the full captivity breeding model compared to the semi-captivity breeding model.
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FIGURE 9
 Boxplot representation of COG abundances across different breeding models. The Kruskal-Wallis algorithm was employed to statistically analyze the differences in the predicted COG results among these models. The boxplots illustrate the distribution of abundance values for each COG, with significant differences among the breeding models denoted. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively. “*” represents p < 0.05, “**” represents p < 0.01, and “***” represents p < 0.001.


In the KOs prediction analysis, a total of 6,532 KOs were identified, including K03088 (rpoE; RNA polymerase sigma-70 factor, ECF subfamily), K02004 (putative ABC transport system permease protein), K00059 (fabG; 3-oxoacyl-[acyl-carrier protein] reductase [EC:1.1.1.100]), K02015 (iron complex transport system permease protein), K06180 (rluD; 23S rRNA pseudouridine1911/1915/1917 synthase [EC:5.4.99.23]), K03657 (uvrD, pcrA; DNA helicase II/ATP-dependent DNA helicase PcrA [EC:3.6.4.12]), K02016 (iron complex transport system substrate-binding protein), K03497 (parB, spo0J; chromosome partitioning protein, ParB family), K00615 (tktA, tktB; transketolase [EC:2.2.1.1]), and K02013 (iron complex transport system ATP-binding protein [EC:3.6.3.34]). The detailed abundance of each KO in each sample is presented in Supplementary Figure S3.

To present a more detailed construction of microbiota functional predictions, we primarily analyzed the top 10 KEGG functional pathways with the highest abundance and their differences at the second and third levels of the KEGG pathway hierarchy. Additionally, we utilized the Kruskal-Wallis algorithm to statistically analyze the differences in predicted KEGG results among multiple breeding models (Figure 10).
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FIGURE 10
 Boxplot representation of KEGG functional pathway abundances across different breeding models. The Kruskal-Wallis algorithm was employed to statistically analyze the differences in the predicted KEGG results among these models. The boxplots illustrate the distribution of abundance values for each pathway, with significant differences among the breeding models denoted. aw_fm, aw_bs, and aw_qs represents pure grazing, semi-captivity, and full captivity breeding models, respectively. “*” represents p < 0.05, “**” represents p < 0.01, and “***” represents p < 0.001.


About the top 10 enriched functional pathways, including Global and overview maps, Carbohydrate metabolism, Amino acid metabolism, Metabolism of cofactors and vitamins, Energy metabolism, Translation, Replication and repair, Membrane transport, Nucleotide metabolism, and Signal transduction, there were no significant differences in abundance between the pure grazing and semi-captivity breeding models at the second level of the KEGG pathway hierarchy. However, in the full captivity breeding model, these enriched functional pathways exhibited significantly higher abundances compared to the other two breeding models. Furthermore, an apparent gradual increase in abundance could be observed from the pure grazing breeding model to the semi-captivity breeding model, then to the full captivity breeding model.

Consistent with previous classification at the second level of the KEGG pathway hierarchy, the top 10 enriched functional pathways, including Metabolic pathways, Biosynthesis of secondary metabolites, Microbial metabolism in diverse environments, Biosynthesis of amino acids, Carbon metabolism, Ribosome, ABC transporters, Two-component system, Purine metabolism, and Quorum sensing, exhibited a comparable trend of gradual increase in abundance at the third level of the KEGG pathway hierarchy. These 10 pathways, at the third level of the KEGG pathway hierarchy, were significantly more abundant in the full captivity breeding model than the other two breeding models.




4 Discussion

In our sequencing analysis, we obtained approximately 80,184 clean reads for each sample, with an average Q30 rate of 91.42%. This high Q30 rate indicates a high quality of the sequencing data, suggesting the presence of a diverse and rich microbial community in the samples. Based on the analysis of gut microbiota profiles in different breeding models, it is evident that the breeding model significantly impacts the composition and diversity of the gut microbiota of Awang sheep. The ANOSIM analysis further confirms these differences, underscoring the importance of breeding models in determining gut microbiota composition. In assessing the alpha diversity indices of the gut microbiota in Awang sheep, we found that the Shannon index was significantly higher in the semi-captivity group compared to the other groups. This suggests that the gut microbiota community in the semi-captivity group harbors a greater number of species with a relatively even distribution, reflecting a balanced representation of multiple species. In comparison to our study, Zhang et al. (2023) reported that rumen bacterial richness and diversity indices, including the ACE index, Chao1 index, Shannon index, and Simpson index, were significantly lower in the pen-fed group compared to the pasture-fed group of tan lambs. It has been reported that variations in feed due to different rearing conditions often occur, suggesting that dietary components are an important mediating factor contributing to these differences in bacterial diversity (Kivistik et al., 2023). In the present study, the pure grazing group of Awang sheep were allowed to free-range, and mainly intake alpine meadows (composed of perennial grasses), and the semi-captivity group was provided meadows, hay, and genkwa root, the full captivity group was provided concentrates consisting of Corn, wheat bran, and soybean meal. The sheep of the semi-captivity group have access to a wider variety of food sources than other groups. This diversity in feed types may explain the higher Shannon index observed in the gut microbiota of the semi-captivity group.

At present, the gut microbiota composition of Tibetan Awang sheep has not been fully characterized. In our sequencing analysis, Firmicutes, Bacteroidetes, and Proteobacteria emerged as the most predominant phyla in all fecal samples collected from Awang sheep. This finding aligns with numerous previous studies that have revealed Firmicutes and Bacteroidetes as the dominant phyla in the guts of various mammals, including sheep, albeit with varying relative abundances across different species and breeds (Wang et al., 2021). For instance, In Sun et al.’s research, Firmicutes, Bacteroidetes, and Proteobacteria were the most predominant phyla in the gut of blue sheep (Pseudois nayaur), comprising over 92% of the total microbial composition (Sun et al., 2019). Furthermore, the relative abundance of Firmicutes and Bacteroidetes in the rumen fluid of pasture-fed tan lambs exceeded 85%. Consistent with these researches on sheep gut microbiota, the proportions of Firmicutes and Bacteroidetes in the gut of Awang sheep also average over 90%. In the current research, we have identified a diverse array of bacterial genera prevalent in the gut microbiota of Awang sheep, including Christensenellaceae_R-7_group, Romboutsia, Acinetobacter, Rikenellaceae_RC9_gut_group, Bacteroides, Clostridium, Alistipes, Treponema, and Ruminococcus. Notably, most of these bacteria, including Christensenellaceae_R-7_group, Rikenellaceae_RC9_gut_group, Ruminococcus, Treponema, and Alistipes, have also been detected and shown to be abundant in other sheep species such as European Mouflon (Ovis orientalis musimon), Blue Sheep (Pseudois nayaur) and Chinese Tan lambs (Sun et al., 2019; Zhang et al., 2023). According to previous research, Christensenellaceae_R-7_group, Rikenellaceae_RC9_gut_group, Ruminococcus, and Treponema were regarded as fiber-degrading bacteria and positively correlated with the rumen degradability of nutrients (Gu et al., 2024; Zhang et al., 2022). In addition, Romboutsia and Acinetobacter, though prevalent in Awang sheep, were not similarly abundant in these other sheep species. Moreover, Ruminococcaceae_UCG-005 and Ruminococcaceae_UCG-010 were prevalent in other sheep species and even in Tibetan goats (Sun et al., 2019; Zhang K. et al., 2021). Despite being commonly found in the rumen microbiota, the abundance of Ruminococcaceae_UCG-005 (Li et al., 2023) and Ruminococcaceae_UCG-010 (Han et al., 2021) was notably low in the gut microbiota of Awang sheep, as detected in the present study.

On the other hand, Bacteroides were prevalent in the microbiota of Awang sheep, which has also been reported to be abundant in Tibetan goats (Zhang K. et al., 2021). Furthermore, Liu H. et al. (2022) also found a higher abundance of Bacteroides in Qinghai Tibetan sheep and pointed out that Bacteroides are associated with high protein and low fiber forage nutrition. Given the extreme living conditions in Tibet, mammals residing there face significant survival challenges. Adaptive evolution has resulted in beneficial changes in gut microbiota genes related to energy metabolism, enabling these animals to better adapt to the harsh environment. It is conceivable that Bacteroides, or other specific microorganisms, may play a key role in facilitating the adaptation of highland Caprinae to the plateau environment. Indeed, previous research has shown that a higher proportion of Bacteroides is particularly advantageous for ruminants living at high altitudes regarding gut microbiota-mediated energy harvest (Sun et al., 2019). According to Liu et al.’s research (Liu et al., 2020), the low genetic diversity of Awang sheep, with only one haplogroup present, raises concerns about their vulnerability to extinction risks and the fragility of their gut microbiota ecosystem. Despite the low genetic diversity of Awang sheep, like most ruminants, Awang sheep shared a majority of microbial units with high abundance and the ability to digest fiber. Even in the study conducted by Liu et al., it was mentioned that Tibetan yak and sheep, though belonging to different species and genera, did not exhibit significant differences in their gut microbial diversity (Liu H. et al., 2022), suggesting that host genetics may not be a decisive factor influencing gut microbiota composition (Martinson et al., 2017).

The predominance of Firmicutes in the pure grazing and semi-captivity models might be attributed to the high fiber content in the forage-based diet, as Firmicutes are known to play a crucial role in fiber degradation (Liu et al., 2024). Consistent with Zhang et al.’s research (Zhang et al., 2023), we also observed a significantly higher abundance of Proteobacteria in the full captivity group than the pasture group. This finding could suggest a shift towards more proteolytic and saccharolytic metabolisms in the full captivity model, where sheep are provided with a more concentrated diet. At the genus level, the prevalence of certain taxa, such as Christensenellaceae_R-7_group, Romboutsia, and Ruminococcus across all feeding modes underscores their fundamental importance in maintaining gut health and homeostasis. The Christensenellaceae_R-7_group, a member of the emerging Christensenellaceae family, has garnered attention for its associations with host health (Waters and Ley, 2019). Notably, studies have demonstrated a positive correlation between Christensenellaceae and protein catabolism, as well as intestinal metabolites derived from dietary animal proteins (Manor et al., 2018). In the context of ruminants, the Christensenellaceae_R-7_group has been shown to enhance rumen development and augment nutrient absorption and digestion (Couch et al., 2020), suggesting its significance as a potential key player in the gastrointestinal tract microbiota of these animals. Romboutsia could produce short-chain fatty acids (SCFAs) such as acetic acid, propionic acid, and butyric acid through the fermentation of dietary fiber, and these SCFAs provide energy for the host and contribute to maintaining the stability of the intestinal environment (Wang and Jia, 2016). Ruminococcus, a common inhabitant of the intestinal tract of ruminants (Pang et al., 2022; Thapa et al., 2023; Wu et al., 2023), plays a pivotal role in the degradation of cellulose and hemicellulose within the rumen (Ma et al., 2022; Yeoman et al., 2021). Specifically, it produces various cellulases and hemicellulases that facilitate the conversion of dietary fiber into nutrients essential for the animal’s digestion and carbohydrate metabolism (Pope et al., 2010). Additionally, Ruminococcus can ferment cellobiose or cellulose, producing butyric acid, an important energy source for ruminants (Henderson et al., 2015). Of particular interest is the gradual decrease in abundance of these three genera, including Christensenellaceae_R-7_group, Romboutsia, and Ruminococcus, from pure grazing to semi-captive conditions and then to full captivity. The significant differences in abundance observed among the breeding models indicate that these genera may respond differently to changes in diet and environment. Taking into account the dietary components within each breeding model, the gradual decline in abundance of these genera from pure grazing to full captivity, along with the mentioned increase in abundance of Proteobacteria, suggests that more restrictive and concentrated feeding conditions may hinder the growth and activities of these beneficial microorganisms. Some researchers proposed that consuming a small number of concentrates may aid in maintaining a high abundance of the Ruminococcus community, which possesses the ability to digest cellulose, thereby enabling better dietary adaptation. Moreover, Zhang K. et al. (2021) also pointed out that a reasonable intensive feeding strategy is needed to prevent any harm to the well-being of Tibetan goats, while modern production systems provide ruminants with a much higher ratio of monosaccharides and proteins to non-starch polysaccharides than traditional grazing. Notably, Bacteroides were found to be more abundant in semi-captivity breeding models. Prior research has demonstrated that a higher proportion of Bacteroides is particularly advantageous for ruminants residing at high altitudes concerning gut microbiota-mediated energy harvest (Sun et al., 2019). In our study, the semi-captivity group inhabited an altitude of 4,006 meters, exceeding that of the pure grazing group (3,944 meters) and the full captivity group (3,562 meters). The observed increase in Bacteroides abundance with increasing breeding location altitude indirectly uncovered its crucial role in mediating energy acquisition among ruminants at high altitudes. On the other hand, Acinetobacter showed significantly increased abundance in the full captivity breeding model. It has been reported that some species of Acinetobacter are opportunistic pathogens that can cause infections when the host’s immune system is compromised (Dijkshoorn et al., 2007). An abnormally higher abundance of Acinetobacter may lead to intestinal dysfunction and disrupt Awang sheep’s gut microbiota balance. Therefore, it could be speculated that the Awang sheep of the full captivity group were at risk of Acinetobacter infection. Nevertheless, the specific source of Acinetobacter infection still needs to be further verified by examining the microbiota in this breeding environment.

The correlation analysis revealed complex interrelationships among the prevalent bacteria, suggesting that the gut microbiota operates as a tightly-knit ecological network. The positive correlations observed among genera known to be involved in fiber degradation (e.g., Ruminococcus and Fibrobacter) and short-chain fatty acid production (e.g., Christensenellaceae_R-7_group) indicate potential synergistic interactions that may contribute to the overall health and productivity of the animals (Zhang K. et al., 2021). Conversely, the negative correlations observed between some genera, such as Acinetobacter and Ruminococcus, suggest antagonistic interactions that may shift in the microbiota composition and function. While the pure grazing and semi-captivity groups exhibited diverse correlations among the genera compared to the full captivity group, no universal pattern was observed across all groups. Further research is needed to understand the impact of these inter-genus associations on the intestinal microbiota ecology and adaption of Awang sheep.

Utilizing Redundancy Analysis (RDA) and Mantel-Test on our comprehensive dataset, we have uncovered intriguing correlations between various environmental factors and the distribution patterns of dominant microbial genera in fecal samples from Awang sheep. This analysis further corroborates and supplements our previous findings on the differences in intestinal genera. As a supplement of our PCoA results, the RDA results indirectly explain a substantial portion of the total variation in community composition, consistent with previous findings on Tibetan ruminants by Liu H. et al. (2022). Specifically, we observed significant associations between altitude and the abundance of Bacteroides, as well as other genera including Rikenellaceae_RC9_gut_group, Ruminococcus, Christensenellaceae_R-7_group, and Romboutsia. Notably, Bacteroides has been reported to be prevalent in the gut of high-altitude host, including donkey (Guo et al., 2023), lizard (Sceloporus grammicus) (Montoya-Ciriaco et al., 2020), and Tibetan population (Homo sapiens) (Li et al., 2022). Given its prevalence and recent research indicating its role in improving glucose homeostasis and beneficial metabolic alterations in high-altitude exposed hosts (Liu et al., 2023), it is plausible that Bacteroides and other microbial populations harbor adaptive mechanisms that enable Awang sheep to thrive in high-altitude environments. Meteorological factors like wetness exhibit positive correlations with certain microbial genera, including Romboutsia, Christensenellaceae_R-7_group, and Ruminococcus. However, the underlying mechanisms behind these associations remain undocumented and require further investigation. In addition to altitude and wetness, diet is an equally significant environmental factor affecting the dominant genera from our previous analysis. Studies have shown that the transition of sheep from natural grazing to indoor feeding, depending on the feeding strategies such as semi-grazing with supplementation or barn feeding, led to distinct rumen fermentation patterns, major changes in ingested nutrients especially fiber, water-soluble carbohydrates, and starch, and impacted ruminants’ feed intake and gut microbiota (Cui et al., 2023). Traditionally, Tibetan ruminants graze extensively in alpine meadows that are rich in nutrients such as neutral detergent fiber, acid detergent fiber, and crude protein (Cui et al., 2021; Guo et al., 2024). Our current study reveals a positive correlation between the meadow diet and the abundance of multiple microbial genera, including Christensenellaceae_R-7_group, Ruminococcus, and Romboutsia. These microbial genera are generally associated with fiber degradation and energy extraction, suggesting that the alpine meadows, through the provision of plant-derived nutrients, foster the abundance of these beneficial microbes in the guts of Awang sheep (Gu et al., 2024; Zhang et al., 2022). In our RDA plot, we also observed that uniquely in the full captivity breeding models, the distribution of samples showed a significant positive correlation with concentrates and a strong negative correlation with meadows. This suggests that the exclusive feeding of concentrates and the absence of meadows in the fully captive breeding model are the primary factors contributing to the decreased abundance of fiber-degrading genera in the gut microbiota of Awang sheep.

PICRUSt predictions of microbial gene function provide valuable insights into potential functional differences among the gut microbiota of Awang sheep reared under varying conditions. Observed shifts in the abundance of COGs and KOs linked to metabolic pathways, signal transduction, and transport systems suggest that the gut microbiota may adapt to dietary and environmental changes associated with different breeding models. An increase in COGs related to signal transduction and transcriptional regulation in the fully captive model indicates an enhanced need for regulatory mechanisms to maintain homeostasis under more stressful conditions. However, the results from PICRUSt are vastly different from our expectations. Theoretically, in the full captivity breeding model, considering the low microbial diversity index in this group., the functional abundance of gut microbiota in Awang sheep should be less than that of the other two groups, yet the results do not reflect this. Probably, PICRUSt2 and other amplicon-based analyses have limitations in predicting strain-specific functionality due to their reliance on 16S rRNA gene amplification and analysis of hypervariable regions (Douglas et al., 2020). Consequently, further investigations leveraging metagenomics or proteomics are warranted to comprehensively understand the gut microbial flora’s function in Awang sheep.



5 Conclusion

In summary, we characterized the bacterial composition and functional potential of Awang sheep and revealed its significant differences across the three different breeding models. The identified prevalent and differentially abundant taxa, and the correlations among them, provide valuable insights into the ecological and functional complexity of the gut microbiota in Awang sheep. Based on the overall Shannon index and microbiota structure evaluation, the semi-captive breeding model is the most suitable feeding method. According to the comparative analysis of the bacterial community, it was suggested that feeding a certain proportion of forage along with a relatively small amount of feed can improve the adaptability of the intestinal microbiota of Awang sheep in the fully captive breeding model. Upon conducting an RDA analysis, we have established significant correlations between various environmental factors, including diet and altitude, and the abundance of dominant microbial genera. Future studies should aim to further explore the potential implications of these findings for animal health, nutrition, and production, as well as the mechanisms underlying the observed microbiota shifts.
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Annual cycle variations in the gut microbiota of migratory black-necked cranes
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Introduction: Migratory birds exhibit unique annual cycles that complicate their gut microbiota. However, the annual dynamics of gut microbiota in migratory birds remain unclear, hindering our understanding of their environmental adaptation.

Methods: Here, we collected fecal samples from black-necked cranes (Grus nigricollis) across four seasons at their breeding grounds and used wintering ground data from databases to characterize their gut microbial compositions throughout the year.

Results and discussion: The results showed that the gut microbiota was clustered by season (Bray-Curtis: R2 = 0.348, p < 0.001; UniFrac: R2 = 0.352, p < 0.001). And the summer samples exhibited higher alpha (Simpson and Shannon), beta diversity (Bray-Curtis and UniFrac) and more diverse functions in gut microbiota compared to other seasons. Furthermore, in summer, the gut microbiota exhibited several balanced relative abundances at the family level, whereas Lactobacillaceae family dominated during the other seasons. Thirty-six ASVs were identified by random forest analysis to distinguish samples from distinct seasons. Despite having greater diversity, the summer gut microbiota had a simpler network structure than the other seasons (fewer edges and nodes). The dispersal limitation during random processes also significantly influenced gut microbial community assembly. Overall, the gut microbiota of the black-necked crane undergoes dynamic adjustments to adapt to seasonal environmental changes, which may be associated with the variations in diet across seasons. These results enhance our understanding of the gut microbiota of wild migratory birds and support further research on black-necked cranes.
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1 Introduction

Gut microbes form complex symbiotic relationships with their hosts (Nichols and Davenport, 2021). The gut microbiota is influenced by host conditions (Bajinka et al., 2020) and plays an important role in maintaining gut health and host metabolic pathways (Claus et al., 2011; Lee et al., 2022). Wild animals face more complex environmental changes (e.g., seasonal diet and elevation) than animals in captivity, and they undergo physiological and behavioral adjustments to adapt (Dallas and Warne, 2023). Research on wild animals has revealed that environmental changes influence the gut microbiota. For example, alpha and beta gut microbiota diversity increases with habitat elevation in pikas (Ochotona curzoniae) (Li H. et al., 2019). Furthermore, studies on Tibetan macaques (Macaca thibetana) (Xia et al., 2021) and ground squirrels (Spermophilus dauricus) (Yang et al., 2021) have revealed that their gut microbiota clusters by season. Additionally, during seasons of food abundance, the gut microbiota of animals exhibits higher diversity to meet the demands of digesting a diverse range of foods (Sun et al., 2016).

Migratory birds have a unique annual cycle (Schmiedová et al., 2023), and their periodic migrations between breeding and wintering grounds expose them to diverse challenges (Lu et al., 2022). Because of their exposure to complex and variable environments, wild migratory birds have emerged as pivotal models for investigating microbial-host interactions (Elzinga et al., 2019). During migration, birds must adapt to their different habitats and local food resources (Grond et al., 2018). The gut microbiota plays a crucial role in bird migration and habitat changes (Zhang F. et al., 2020). The gut microbiota assists birds in breaking down plant fibers and detoxifying harmful substances in their diet (Drovetski et al., 2019; Waite and Taylor, 2015; Zhang et al., 2021). During the cold season, bacteria such as Firmicutes become more abundant, facilitating energy intake (Liukkonen et al., 2024; Yao et al., 2023). Similarly, during migration, microbes associated with fat deposition, such as Corynebacterium, increase in abundance (Skeen et al., 2023; Thie et al., 2022; Zhang et al., 2021). However, the unique annual cycle of birds makes their gut microbiota complex and difficult to study (Wu et al., 2018).

Previous studies have identified seasonal variations in the diversity and functional composition of gut microbes in migratory birds. These include white-headed cranes (Antigone vipio) (Dong et al., 2021), black-winged stilts (Himantopus himantopus), black-tailed godwits (Limosa limosa), and redshanks (Tringa totanus) (Zhang et al., 2021). Some migratory birds have extended breeding or wintering periods, and a prolonged stay in one location can lead to changes in the gut microbiota. This has been observed in studies of wild relict gulls (Larus relictus) (Yao et al., 2023) and the great bustard (Otis tarda) (Lu et al., 2024).

Most studies on the microbiota of migratory birds have focused primarily on a single period of the annual cycle. However, understanding gut microbial changes throughout the annual cycle can provide valuable insights into the relationship between gut microbes and their hosts under varying environmental conditions, thereby aiding in the conservation of wild and rare avian species (Song et al., 2014).

The black-necked crane (Grus nigricollis) is a lifelong highland bird that is currently listed as threatened by the IUCN. High-altitude environments impose environmental pressures (e.g., hypoxia, low temperature, and high ultraviolet light) on animals (Liu et al., 2022), and consequently, birds inhabiting these environments adapt their physiological state and gut microbiota accordingly (Wang et al., 2020). For example, the Eurasian tree sparrow (Passer montanus) enlarges its digestive organs (Sun et al., 2023), whereas the Himalayan bluetail (Tarsiger rufilatus) enriches its gut with Lactobacillus and Pseudomonas to aid food metabolism (Zhang et al., 2024). Each year, black-necked cranes migrate from their wintering grounds (e.g., Yunnan-Kweichow Plateau, the southern slopes of the Himalayas) to their breeding grounds (Qinghai–Tibet Plateau, Xinjiang) in March and return in November (Gao et al., 2007; Wang et al., 2013). They have a relatively long breeding period (8 months) and a shorter wintering period (4 months) (Pu and Guo, 2023). Black-necked cranes primarily inhabit farmland areas during the winter and feed predominantly on wetlands during the breeding season in Zoige, China (Dong et al., 2016). As black-necked cranes transition from the growing season to the non-growing season in Zoige, they encounter different food resources. These seasonal differences, along with the differences between breeding and wintering periods, provide an excellent opportunity to study host-gut microbial interactions throughout the annual cycle of a migratory bird.

In this study, black-necked crane wintering data from previous studies were used in conjunction with fecal samples collected during the breeding period across the four seasons in Zoige. The resulting data were analyzed using 16S rRNA gene sequencing to determine the gut microbiota community structures of black-necked cranes throughout their annual cycle. We hypothesized that different seasons have different gut microbial community structures. Black-necked cranes’ gut microbiota would respond to the seasonal variation in food resources, showing higher diversity during seasons of food abundance.



2 Materials and methods


2.1 Sample collection

Black-necked cranes are the only species known to inhabit and reproduce on high plateaus throughout their life. The Zoige Wetland National Nature Reserve in China is an important breeding site for black-necked cranes, whereas Caohai and Dashanbao in China are important wintering sites. Black-necked cranes primarily inhabit meadows or marsh meadows in Zoige (Bai et al., 2022), which is one of the hotspots for biodiversity, with plants from the Cyperaceae, Ranunculaceae, and Asteraceae families having the largest number of species. The Zoige area also supports a rich diversity of animal species, including amphibians, fish, and various arthropods such as Diptera and Coleoptera (Xiang et al., 2009). Furthermore, we found arthropods are main animal-deprived food of the black-necked crane’s diet in our previous study (Ma et al., 2024). However, in Caohai and Dashanbao during the wintering period, black-necked cranes primarily inhabit farmland areas (Wu et al., 2013), where they feed on grains, potatoes, and some invertebrates (Dong et al., 2016). We collected black-necked crane feces from 19 locations in Zoige in April and September 2022 as well as in July and November 2023 (spring: N = 30, summer: N = 30, autumn: N = 30, winter: N = 30). The spring and autumn samples are part of a dataset associated with a recently published paper (Ma et al., 2025). During sample collection, we observed black-necked cranes feeding for approximately 2–3 h and collected feces after the birds had left. Using sterile toothpicks, we extracted the internal portion of each fecal sample and placed it into a 15 mL centrifuge tube. The samples were stored in liquid nitrogen and sent to a laboratory in Chengdu, China. We also downloaded the gut microbiome data of black-necked cranes for the wintering period from the National Center of Biotechnology Information (NCBI; project numbers PRJNA681985) (Dashanbao; Zhao et al., 2021), PRJNA992803, and PRJNA995432 (Caohai; Wang et al., 2024). In total, 41 winter samples were obtained from the database (Supplementary Table S1; Figure 1).
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FIGURE 1
 Overview of our study design.




2.2 Gut microbiota detection

Fecal DNA was extracted using an OMEGA Soil DNA Kit (M5635-02; Omega Bio-Tek, Norcross, GA, United States). Negative controls were used for extraction and amplification, and no detectable products were observed. The 16S rRNA region (V3–V4) of the gut microbiota was detected using the primers 338F/806R (Lee et al., 2012). The polymerase chain reaction (PCR; 25 μL) contained: 5 × reaction buffer 5 μL, 5 × GC buffer 5 μL, dNTP (2.5 mM) 2 μL, forward primer (10 uM) 1 μL, reverse primer (10 uM) 1 μL, DNA template 2 μL (20 ng/μL), ddH2O 8.75 μL, and Q5 DNA polymerase 0.25 μL. The amplification program was as follows: initial denaturation at 98°C for 2 min, denaturation at 98°C for 15 s, annealing at 55°C for 30 s, extension at 72°C for 30 s for 30 cycles, and final extension at 72 for °C 5 min. A DNA library was constructed using a TruSeq Nano DNA LT Library Prep Kit (Illumina). Paired-end sequencing of the 16S rRNA gene was conducted using an Illumina NovaSeq 6,000 platform at Personal Bio (Shanghai Personal Biotechnology Co., Ltd., Nanjing, China). The easyAmplicon pipeline1 was used to process the sequencing data. We used the “fastx_filter” function of VSEARCH (v2.14.1) to trim primers and perform quality filtering. The “derep_fulllength” function of VSEARCH was employed for the dereplication task, with a minimum unique size of 135. To denoise, we used the unoise3 function of USEARCH (v10.0.240), and the “usearch_global” function of VSEARCH was used to generate an amplicon sequence variant table. Rarefaction analysis was conducted using “alpha_div_rare” in USEARCH, and we did not observe obvious batch effects based on cluster dendrogram and PCA analysis (Supplementary Figure S1).



2.3 Statistical analysis


2.3.1 Alpha and beta diversity

All statistical tests were conducted using R software (version 4.2.1, 2022). USEARCH was employed to calculate the alpha diversity measures, including the Shannon and Simpson indices, as well as the beta diversity metrics, which comprised the Bray-Curtis distance and the weighted UniFrac distance, for the microbiota analysis. Constrained ordination (partial canonical analysis of principal coordinates, CAP) and unconstrained ordination (nonmetric multidimensional scaling, NMDS) were performed to evaluate seasonal effects based on the Bray–Curtis distance and weighted UniFrac distance. For the CAP, we conducted permutational multivariate analysis of variance (PERMANOVA) and analysis of variance (ANOVA) to validate its significance using 999 permutations in the “vegan” v2.6.4 (Oksanen et al., 2007) package. CAP was performed using the “ordinate” function in the “phyloseq” v1.42.0 package (Hu L. et al., 2018). For NMDS, seasonal effects were detected using the analysis of similarities (ANOSIM) function in the “vegan” package with 999 permutations. NMDS was performed using the “metaMDS” function in the “vegan” package. To investigate the effect of season on the Shannon index, Simpson index, Bray–Curtis distance, and weighted UniFrac distance, we modeled season as a fixed factor, location and sample collection year as a random factor using “lme4” v 1.1.33 (Bates et al., 2014). We applied transformations using the “powerTransform” function from the “car” package (v3.1.2) (Fox et al., 2007) when the normality or constant variance of model residuals was not met. The indices that required transformation included the Simpson index, Bray–Curtis distance, and weighted UniFrac distance.



2.3.2 Differential analysis of gut microbiota between seasons

We used a random forest model to distinguish bacterial taxa between seasons, employing the machine learning algorithm in the “randomForest” v4.7.1.1 package (Breiman, 2001). The seasonal classification model was trained on 70% of the dataset. Error rates were estimated at the phylum, class, order, family, and genus levels, and the taxon level was selected to obtain the cross-validation error curve, as described in our previous study (Zhu et al., 2024).



2.3.3 Co-occurrence network of gut microbiota

A co-occurrence network was used to illustrate gut microbiota interactions at the family level. Spearman correlations among all samples were calculated and corrected for compositionality effects using 1,000 bootstrap iterations and permutations with the “ccrepe” package (v 1.38.1). p-values were adjusted for multiple testing using the default Benjamini–Hochberg–Yekutieli method, retaining values with an adjusted p < 0.05. To investigate the seasonal effects on topological properties, we extracted sub-networks of individual samples using the “subgraph” function in the “igraph” package by specifying individual vertices (Csardi and Nepusz, 2006). The number of edges, nodes, average degrees, and modularity were used to evaluate the complexity of the black-necked crane gut microbiota network. We used a generalized linear mixed model with a Poisson distribution for the number of edges and nodes, which are count data. For average and modularity, we employed a generalized linear mixed model with binomial error in the “lmer4” package. The sampling season was considered a fixed factor, and the sampling location, sample collection year was considered a random factor.



2.3.4 Community assembly of gut microbiota

The Nearest Taxon Index (βNTI) was used to qualitatively evaluate the deterministic or stochastic processes of community assembly, using the “picante” package (v 1.8.2). If the βNTI is >2 or < −2 this indicates that the microbiota community is affected by the deterministic assembly process. However, if the βNTI is > −2 and < 2, this indicates that the gut microbiota community is impacted by a stochastic process. Phylogenetic-bin-based null model analysis (iCAMP) was also conducted using the “iCAMP” package (v 1.5.12) to examine the assembly mechanisms of different gut microbiota groups in black-necked cranes. The iCAMP results identified five assembly mechanisms: dispersal limitation, drift and others, heterogeneous selection, homogeneous selection, and homogenizing dispersal.



2.3.5 Prediction of gut microbiota function

We used PICRUSt2 (Douglas et al., 2020) to predict the functional profiles of microbial communities across all samples on the basis of the 16S rRNA gene. The Shannon index, Simpson index of function were calculated using “vegan” package and we modeled season as a fixed factor, location and sample collection year as a random factor using “lme4” v 1.1.33 (Bates et al., 2014).





3 Results

We obtained 10,949,408 high-quality reads from 161 samples (breeding: 8775868, wintering: 2173540), with an average of 68008.75 reads per sample. Rarefaction analysis revealed that the sequencing data captured most of the gut microbiota from each black-necked crane fecal sample (Supplementary Figure S2). In total, 18 phyla, 36 classes, 65 orders, 132 families, and 233 genera were identified.


3.1 Gut microbiota diversity of the black-necked crane between seasons

The constrained ordination analysis (CAP) showed that gut microbiota exhibited a seasonal pattern (ANOVA and PERMANOVA, Bray-Curtis: R2 = 0.348, p < 0.001, UniFrac: R2 = 0.352, p < 0.001; Figures 2A,B), and the unconstrained ordination (NMDS) analysis revealed the same seasonal pattern (ANOVA, Bray-Curtis: R = 0.295 p < 0.001, UniFrac: R = 0.274, p < 0.001) based on Bray-Curtis and weighted UniFrac distances (Supplementary Table S2). They were relatively dispersed across different seasons (Figures 2A,B).
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FIGURE 2
 Seasonal variability in the gut microbiota of the black-necked crane. The constrained ordination (CAP) was based on (A) Bray-Curtis and (B) UniFrac distances. Alpha diversity of the gut microbiota was measured using (C) Simpson and (D) Shannon indices, with the inset plots showing alpha diversity between the breeding and wintering periods. Beta diversity of the gut microbiota was based on (E) Bray-Curtis and (F) UniFrac distances, with the inset plots illustrating beta diversity between the breeding and wintering periods. Different colors represent different seasons.


The alpha-diversity during the wintering period was higher than that during the breeding period. There were significant differences among the seasons (Simpson: χ2 = 57.719, p < 0.001; Shannon: χ2 = 24.494, p < 0.001; Figures 2C,D; Supplementary Table S3). The Simpson indices for the summer and winter Caohai samples were higher than those for the other seasons (Figure 2C; Supplementary Table S4). The Shannon index also indicated that the overwintering Caohai samples had higher diversity than the spring samples (Figure 2D; Supplementary Table S4).

Beta-diversity analysis showed that the wintering period had higher diversity than the breeding period, but the difference was not significant (Figures 2E,F). There were significant differences among the seasons (Bray-Curtis: χ2 = 30.907, p < 0.001; UniFrac: χ2 = 41.594, p < 0.001).

Summer, CH, and DSB had the highest beta diversity, whereas winter had the lowest diversity based on both Bray-Curtis and UniFrac distance (Figures 2E,F; Supplementary Table S4).



3.2 Gut microbiota abundances and biomarkers between seasons

We observed variations in the relative abundances of the gut microbiota. Firmicutes were the dominant phylum in all groups, except for the winter (CH) group in which Proteobacteria were dominant (Supplementary Table S5).

At the family level, Lactobacillaceae were the dominant microbiota (spring: 68.2%; summer: 4.8%; autumn: 54.9%; winter: 76.4%; DSB: 42.2%; CH: 27.3%; Figure 3A; Supplementary Table S6), except for during the summer when Clostridiaceae_1 were dominant (8.7%; Supplementary Table S6). During the summer, certain other microorganisms exhibited relatively high abundances, such as Pseudomonadaceae (summer: 3.0%) and Enterobacteriaceae (summer: 7.2%; Figure 3A; Supplementary Table S6).
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FIGURE 3
 The dominant and distinct gut microbiota across seasons. (A) Normalized relative abundance of the most common genera in different seasons colored by order and separated at the top 10 family levels. Microbiota taxa were predicted using a random forest model for different seasons. (B) The top 36 microbiota ASVs were identified in the training set based on their relative abundance. (C) The abundance of microbiota across different seasons is shown, with bubble size representing abundance and color indicating family.


We further analyzed seasonal variations in gut microbiota biomarkers. The random forest-based model revealed that the ASV level provided the highest accuracy for classifying gut microbiota across different levels. The cross-validation error rate was 0.13 when using the 36 ASVs identified as having distinct microbiota (Figure 3B). The ASV of Lactobacillaceae was lower in abundance in the summer, whereas the ASVs of Moraxellaceae and Planococcaceae were higher (Figure 3C; Supplementary Figure S3).



3.3 Co-occurrence network of gut microbiota between seasons

In total, 40 nodes (families) and 42 connections (edges) were retained in the black-necked crane co-occurrence network. Only the module did not significantly differ between seasons (Supplementary Table S7). The summer network topology was simpler, whereas the spring and winter exhibited more nodes, edges, and degrees. The nodes, edges, and degrees in winter (CH) and summer were lower than those in other seasons (nodes: χ2 = 33.144, p < 0.001, edges: χ2 = 36.183, p < 0.001, Figure 4; Supplementary Tables S7, S8).
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FIGURE 4
 Topological properties of the co-occurrence network of black-necked crane gut microbiota in different seasons, (A) edges number, (B) nodes number, (C) average degree, and (D) modularity.




3.4 Community assembly of black-necked crane gut microbiota

The βNTI results showed that −2 < βNTI > 2, indicating that the stochastic process is an important factor influencing gut microbiota assembly across all seasons (Figure 5A). ICAMP analysis was performed to evaluate the gut microbiota assembly processes in the different groups. The dispersal limitation (spring: 0.792; summer: 0.612; autumn: 0.728; winter: 0.445; DSB: 0.548; CH: 0.704) was the major driver of gut microbiota assembly in all seasons except winter (Figure 5B; Supplementary Table S9). However, the results for winter contradict the βNTI findings, as homogeneous selection (winter: 0.503), a deterministic process, was the major driver of gut microbiota assembly (Figures 5A,B).
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FIGURE 5
 Importance of bacterial communities from different seasons in the gut microbiota of the black-necked crane. (A) The Nearest Taxon Index (βNTI) of the gut microbiota, −2 < βNTI <2 indicates that stochastic processes play a significant role in shaping the gut microbiota. (B) Relative importance of ecological processes for microbiota across different seasons.




3.5 Functional prediction of black-necked crane gut microbiota

The functional profiles inferred by PICRUSt2 indicated significant variations in the Simpson index (χ2 = 13.368, p < 0.05), while the Shannon index did not differ among seasons (χ2 = 7.296, p > 0.05). Additionally, both the Simpson and Shannon indices were higher in the summer samples relative to other seasons (Supplementary Figure S4).




4 Discussion

Elucidating the changes in the gut microbiota of the migratory black-necked crane throughout its annual cycle is crucial for understanding its environmental adaptations. In this study, we examined the gut microbiota of the black-necked crane throughout its annual cycle and found differences in its composition, diversity, function, and co-occurrence networks. In most groups, stochastic processes were more important than deterministic processes in gut microbiota assembly.


4.1 Diversity and composition of gut microbiota in response to seasonal dietary changes

Food resources in the environment are crucial factors that influence gut microbiota (diversity and composition) (Scott et al., 2013). In our previous study on the dietary of black-necked cranes in Zoige, we found that a greater diversity of arthropods dietary in black-necked cranes in autumn than in spring (Ma et al., 2024). The current study revealed that a similar trend in the gut microbiota diversity, with the black-necked crane exhibiting lower alpha diversity in spring than in autumn. This suggests that there may be an association between the richness of diet and diversity of gut microbiota. Our findings imply that as dietary diversity increases, so does the diversity of the gut microbiota. Additionally, the current study revealed highest alpha and beta diversity of gut microbiota in summer (Figure 2), which leads us to speculate that the diet of black-necked cranes is most diverse during this period. The abundant water and heat resources in Zoige during summer, which contribute to rich food availability (Zhang Z. et al., 2020), likely support the hypothesis by providing a more varied array of food resources for the cranes. Our findings suggest a link between diet and microbiota diversity, prompting the need for future research on the relationship between dietary intake and gut microbiota composition.

Significant differences in gut microbiota composition have also been reported between seasons of food abundance and scarcity (Orkin et al., 2019). Studies on Tibetan macaques (Macaca thibetana) have shown that during seasons of food abundance, gut microbiota exhibit a higher level of diversity (Sun et al., 2016). To adapt to the abundance of food, the gut microbiota shifts and exhibits higher intra- and inter-species diversity (Zhao et al., 2023). The gut microbiota of the Greater Horseshoe Bats (Rhinolophus ferrumequinum) (Xiao et al., 2019) and Forest Musk Deer (Moschus berezovskii) (Hu X. et al., 2018) were also found to show higher diversity in summer, which has an abundance of food compared with other seasons. Our findings are consistent with those of previous studies. We also observed that the gut microbiota exhibited higher alpha diversity in Caohai and its wintering grounds than at the other locations tested. This could be because human-maintained fields provide ample food, similar to the abundance observed under natural summer conditions (Bergmann et al., 2015).

We found that some gut microbiota families were enriched only in summer (e.g., Moraxellaceae, Planococcaceae, Bacillaceae_1). Moraxellaceae is associated with the benzoate degradation pathway (Torrecillas et al., 2023), Planococcaceae can modulate valine production (Li, 2018; Wu et al., 2024), and Bacillaceae_1 is linked to insect lipids (Li et al., 2022; Weththasinghe et al., 2022). Gut microbiota can rapidly respond to novel food components (Leeming et al., 2019). Previous studies have found that short-term dietary changes alter the gut microbiota of animals; however, these changes are difficult to observe after the return to a normal diet (Leeming et al., 2019). This enrichment likely reflects the animals’ need for diverse materials during digestion.

In summer, black-necked cranes had a more diverse microbiota and a lower relative abundance of dominant bacteria. However, during other seasons, the Lactobacillaceae family was dominant. An increase in a stable gut microbiota may represent an adaptation to cope with harsh environments (Jing et al., 2022; Santos et al., 2024). The Lactobacillaceae family’s strong adaptability allows for long-term colonization, maintenance of the intestinal barrier, and resistance to harmful bacteria, and helps hosts adapt to environmental changes (Santos et al., 2024). Extensive colonization by microorganisms ensures adequate energy intake (Ducarmon et al., 2019). The persistence of colonizing species in animals is likely due to their role in degrading storage carbohydrates, such as starch and fiber (Lee et al., 2024). Lactobacillaceae, known for their involvement in carbohydrate digestion, may colonize the gut for extended periods.



4.2 The gut microbiota network responds to seasonal changes

During summer, gut microbial samples revealed high microbial diversity but fewer nodes, edges, and degrees in the co-occurrence network, indicating a simpler network structure. This is likely due to the abundance of available food sources, which enables opportunistic bacteria to thrive and temporarily dominate (Stein et al., 2013). However, transient gut microbiota often have lower competitive adaptability in the gut than long-term colonizing species, which is why they do not persist (Lee et al., 2024). Once the season of food abundance has passed, these transient microbial changes are unlikely to persist. However, this situation is transient, and the complexity of the microbial network is expected to evolve.

We observed more complex microbial networks in other seasons, indicating that the microbiota networks had more nodes, edges, than those in summer. These complexities arise because of the harsh survival challenges that occur outside the summer. High environmental stress may cause the microbiota to establish more positive interactions within communities (Li G. et al., 2019) and support the stress-gradient hypothesis (Bertness and Callaway, 1994; Maestre et al., 2009). To overcome these difficulties, animals adjust their microbial networks to enhance their adaptability by increasing the complexity of their gut microbiota, which can be considered a strategy for biological adaptation to diverse environments (Faust and Raes, 2012). Adaptation has been found in many species, including wild ass (Equus kiang) (Gao et al., 2020), great tit (Parus major) (Bodawatta et al., 2021), Plateau Zokor (Eospalax baileyi) (Liu et al., 2024), and bharal (Pseudois nayaur) (Gao et al., 2024).



4.3 Stochastic processes are important for microbiota community assembly

Dispersal limitation was the primary driver of the gut microbiota assembly in black-necked cranes during all seasons except winter. Dispersal limitations are important for microbiota assembly. This pattern has been observed in studies on honeybees (Apis cerana and Apis mellifera) (Ge et al., 2021) and birds such as the common nightingale (Luscinia megarhynchos) (Sottas et al., 2021), thrush nightingale (Luscinia luscinia) (Sottas et al., 2021), and green-winged teal (Anas crecca) (Wang et al., 2022). Dispersal limitations reduce the ease with which gut microbes spread between individuals. Previous studies on mammalian gut microbes have found that geographical proximity enhances microbial communication among animals, whereas increased physical distance is a key factor affecting the composition of gut microbes (Moeller et al., 2017). Birds, with higher mobility and broader activity ranges than other animals, experience reduced gut microbiota interactions among individuals (Weinhold, 2022). The reduced interaction of the gut microbiota could be a significant factor affecting the gut microbial composition of black-necked cranes.




5 Conclusion

This study investigated the annual cycle of gut microbiota in migratory black-necked cranes. We found that the diversity, composition, predicted dominant functions and co-occurrence networks of the gut microbiota varied across seasons. The summer samples exhibited greater alpha diversity and beta diversity, as well as more diverse functions compared to other seasons. In all seasons except summer, Lactobacillaceae dominated the gut microbiota. The network structure of the gut microbiota was simpler in summer than in other seasons. Dispersal limitations were identified as a key factor influencing the assembly of gut microbial communities. Overall, black-necked cranes exhibit dynamic adjustments in their gut microbiota to adapt to annual environmental changes, which might be related to the variation of their seasonal diet. Our research reports on the gut microbiota of black-necked cranes throughout their annual cycle, providing valuable insights for the study of migratory birds’ gut microbiota. Future research should focus on multi-year continuous sampling, particularly incorporating samples collected during migration and pay greater attention to the relationship between diet and the gut microbiota of animals.
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Lactobacillus johnsonii HL79 modulates the microbiota-gut-brain axis to protect cognitive function in mice chronically exposed to high altitude
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Introduction: High-altitude environments have significant effects on brain function, particularly a decline in cognitive function, due to insufficient oxygen supply. The microbiome-gut-brain axis (MGBA) plays an important role in regulating cognitive function, but its specific mechanism of action in high-altitude environments is unclear. Therefore, the aim of this study was to investigate whether the probiotic Lactobacillus johnsonii HL79 could alleviate high altitude-induced cognitive dysfunction in mice by modulating the gut microbiota.

Methods and results: Sixty C57BL/6 mice aged 8 weeks were randomly divided into four groups: control, high altitude exposure (HA), HL79-treated (P), and high altitude exposure plus HL79-treated (HAP). the HA and HAP groups were exposed to a low-pressure oxygen chamber at a simulated altitude of 3,500–4,000 m for 20 weeks, while the Control and P groups were maintained at the normal barometric pressure level. Probiotic HL79 was given daily by gavage in the P and HAP groups, while saline gavage was given daily in the other two groups. The cognitive functions of the mice were assessed by new object recognition test and elevated plus maze test. The results showed that HL79 treatment significantly improved the working memory abilities of high altitude exposed mice. In addition, HL79 treatment improved antioxidant capacity, decreased malondialdehyde (MDA) content, and increased superoxide dismutase (SOD) and catalase (CAT) activities in serum and whole brain tissue. Gut microbiota analysis showed that HL79 was able to modulate the structure of gut microbiota and increase the relative abundance of beneficial flora in high altitude environment.

Conclusion: Lactobacillus johnsonii HL79 significantly ameliorated cognitive dysfunction in high altitude-exposed mice by modulating the gut microbiota and antioxidant capacity, further confirming the important role of MGBA in high altitude environment.
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 high-altitude exposure; microbiome-gut-brain axis; probiotics; Lactobacillus johnsonii
; working memory


Introduction

High altitude has multiple effects on human physiological function due to the scarcity of oxygen. Among these are significant challenges to brain function, mainly due to the reduced supply of oxygen to the brain under hypoxic conditions. Hypoxia-inducible factors (HIF) play a crucial role in adapting the brain to low oxygen levels by influencing neuronal survival, metabolism, synaptic formation, and plasticity. These molecular changes lead to cognitive decline, including impairments in memory, attention, and reaction speed (Aboouf et al., 2023). Prolonged exposure to high altitudes causes brain gray matter atrophy, slowed neural transmission, and cognitive decline, particularly affecting inhibitory control, attention, and memory (Chen et al., 2023). Brain imaging techniques, such as Functional Magnetic Resonance Imaging and Event-Related Potential, reveal structural changes in the brain associated with these impairments, which worsen with longer exposure times. Additionally, high-altitude environments also affect gut function, significantly reducing the expression of tight junction proteins such as claudin-1, occludin, and ZO-1, leading to increased gut permeability (Cheng et al., 2024). Studies have shown that hypoxia-induced inflammatory responses and mucosal barrier damage weaken the gut’s barrier function, making it more vulnerable to external stimuli (Cheng et al., 2022). Furthermore, high-altitude environments induce marked alterations in the gut microbiota. Analysis of the gut microbiota in high-altitude populations reveals significant changes in composition and diversity under hypoxic conditions, with an increase in specific microbial populations such as “Blautia A,” which helps maintain microbial community stability and aids in human adaptation to low-oxygen environments (Cheng et al., 2022).

The gut-brain axis (GBA) refers to the bidirectional communication network between the gut microbiota, the enteric nervous system, and the central nervous system (CNS) (Góralczyk-Bińkowska et al., 2022; Kraimi et al., 2024). In recent years, research on the GBA has advanced, showing that it involves not only physical connections between the gut and brain but also complex interactions mediated by the vagus nerve, immune responses, endocrine pathways, and microbial metabolites (Person and Keefer, 2021; Rutsch et al., 2020; Kasarello et al., 2023). Based on the previous studies, medical researchers have further developed the concept of “microbiota-gut-brain axis (MGBA),” whose bidirectional communication mechanism encompasses neurological, endocrine and immune pathways, and has a significant impact on the pathophysiological processes of various neurological diseases (Cryan et al., 2019). Gut microbiota can influence host physiology and mental health, playing a key role in regulating mood, behavior, and cognitive function. Disruptions in the gut microbiome have been linked to mental disorders such as depression, anxiety, and autism spectrum disorder (ASD) (Liu et al., 2022; Xiong et al., 2023; Romano et al., 2023). Moreover, with increasing knowledge of MGBA complexity, certain probiotics, known as “psychobiotics,” have been found to improve brain health by modulating the composition and function of the gut microbiome (Di Chiano et al., 2024; Ķimse et al., 2024). These psychobiotics not only enhance gut health but also improve brain function by influencing neurotransmitter secretion, boosting the immune system, and reducing inflammation, thus benefiting the host’s mental health (Del Toro-Barbosa et al., 2020; Binda et al., 2024). Several studies have found that specific probiotic strains can influence the metabolites of the gut flora by modulating the production of short-chain fatty acids (SCFAs), which in turn can positively affect brain function (Yang et al., 2020). In addition, probiotics may also have a modulatory effect on cognitive function by modulating the activity of the enteric nervous system and influencing vagal signaling (Lekchand Dasriya et al., 2022). It has also been suggested that probiotics can reduce the production of inflammatory factors by modulating the composition of the gut flora, thereby improving the neuroinflammatory state associated with cognitive function (Suresh et al., 2024). Studies have shown that Lactobacillus johnsonii BS15 can alleviate stress-induced memory dysfunction in mice by modulating gut inflammation and permeability. This probiotic strain reduces stress-induced gut damage, enhances neurotransmitter levels in the brain, and improves synaptic plasticity in the hippocampus (Wang et al., 2021). Similarly, Lactobacillus plantarum C29 has been found to alleviate memory impairment in Alzheimer’s disease model mice by regulating the gut microbiota and microglial activation, revealing its potential in preventing neurodegenerative diseases (Lee et al., 2018). Furthermore, “Lactobacillus reuteri” has demonstrated the ability to improve social behavior deficits in mouse models of ASD, highlighting its positive effects on brain social behavior by regulating the gut microbiota (Sgritta et al., 2019). These findings suggest that probiotic has the potential to attenuate stress-induced brain damage and improve neurocognitive function through the gut-brain axis.

Given the negative effects of high altitude exposure on gut and brain function, the microbiota-gut-brain axis may be a potential therapeutic strategy to mitigate high altitude-induced cognitive decline and stress. Previous studies by our research group have shown that disruption of the gut microbiota by antibiotics exacerbates spatial and working memory deficits induced by short-term (14-day) high altitude exposure in mice, which in turn impairs hippocampal and prefrontal cortex function (Zhao et al., 2022; Zhang et al., 2023). For example, Lactobacillus johnsonii was able to alleviate restraint stress-induced memory dysfunction in mice by modulating intestinal inflammation and permeability (Wang et al., 2021). This probiotic enhanced cognitive function by improving gut barrier function and reducing inflammatory factor levels, suggesting that it may attenuate stress-related brain damage through the gut-brain axis. In addition, it was found that Lactobacillus johnsonii BS15 prevented psychological stress-induced memory dysfunction in mice by improving the intestinal environment and strengthening the intestinal barrier, ultimately reducing inflammation and enhancing cognitive performance (Wang et al., 2020). According to our previous studies, Lactobacillus johnsonii has shown promising effects in the prevention and treatment of NAFLD and in the alleviation of alcohol-induced memory impairment by modulating the gut microbiome (Sun et al., 2020; Sun et al., 2022). In addition, “Lactobacillus johnsonii” YH1136 has been shown to play a key role in attenuating kidney and intestinal damage induced by high fluoride exposure in our previous studies (Xin et al., 2021; Wan et al., 2022). These findings suggest that Lactobacillus johnsonii may improve cognitive and memory functions by modulating the gut-brain axis and play a positive role in reducing stress-induced brain damage.

In this study, we investigated whether Lactobacillus johnsonii HL79 (CCTCC AB 2025192), isolated from the feces of a healthy Tibetan girl in Nagchu, Tibet Autonomous Region, could alleviate altitude-induced cognitive decline by modulating the gut microbiota. We assessed cognitive function by evaluating behavioral performance in mice. We also measured serum and whole-brain oxidative stress levels and used high-throughput sequencing to compare gut microbiome composition. This study was designed to address the following scientific questions: (1) Can HL79 alleviate cognitive behavioral decline caused by chronic high altitude exposure? (2) What are the mechanisms behind its effects on typical behavioral responses?



Materials and methods


Bacteria preparation and animal treatments

Lactobacillus johnsonii HL79 was maintained in de Man, Rogosa and Sharpe (MRS, QDRS Biotec, Qingdao, Shandong, China) broth under anaerobic environment at 37°C for 36 h. Heterotrophic plate count was used to evaluate the amount of bacterial cells. After collection, the bacterial cells were washed with saline and then suspended at pH 7.0 in phosphate buffered saline (PBS) at a concentration of 1 × 109 cfu Lactobacillus johnsonii HL79/mL.

A total of 60 male C57BL/6 mice (8 weeks old) were randomly divided into four groups (n = 15 per group): (1) Control group (Control), (2) High Altitude group (HA), (3) HL79 group (P), and (4) High Altitude + HL79 group (HAP). The air pressure level for the control and P groups were maintained at 94.5 kPa, while the HA and HAP groups were exposed to a low-pressure oxygen chamber simulating an altitude of 3,500–4,000 m for 20 weeks, with the air pressure set to 60–65 kPa. Mice in the P and HAP groups were given probiotic HL79 (0.2 mL of 1×109 CFU/mL suspension), and the remaining two groups were given saline for 140 experimental days. All animal experiments were conducted in accordance with the guidelines for the feeding and use of experimental animals and approved by the Institutional Animal Care and Use Committee of the Sichuan Agricultural University (approval number: SYXKchuan2019-187) and the Animal Ethics Committee of Guizhou Provincial People’s Hospital (approval number: Guizhou Provincial People’s Hospital Ethical Review (Animal) 2023-009). All animals were kept in a room with a controlled temperature (22 ± 2°C) and a 12/12-h light/dark cycle (dark period: 7 p.m. to 7 a.m.). During the experiment, the body weight and overall health of the mice were monitored weekly to ensure that environmental and treatment conditions did not adversely affect their well-being. Additionally, the cages were maintained in a pathogen-free environment to prevent any external factors from influencing the outcomes of the study.



Study design and sample collection

The study lasted for 20 weeks, during which the mice underwent behavioral testing starting in week 18. Tests included the Novel Object Recognition test to evaluate working memory and the Elevated Plus Maze to evaluate anxiety-like behavior. The behavioral tests were conducted in a controlled room with constant temperature (22 ± 2°C) and lighting conditions, ensuring minimal external stressors on the animals. Each test was conducted during the light phase of the 12-h light/dark cycle. At the end of the behavioral tests, the mice were immediately sacrificed by cervical dislocation, according to the guidelines of the animal care facility. Blood samples were collected via cardiac puncture and immediately placed on ice for subsequent centrifugation. Serum was stored at −20°C for later biochemical assays. The prefrontal cortex and remaining whole brain were immediately removed, and these samples were washed in ice-cold sterile saline, frozen in liquid nitrogen, and then stored at −80°C. In addition, the cecum contents of each mouse were collected and frozen at −20°C for microbiota analysis using 16S rRNA gene sequencing to assess gut microbiome composition. A flowchart of the animal experiments is shown in Figure 1.
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FIGURE 1
 Flowchart of the whole animal experiment.





Behavioral tests


Novel object recognition test

The Novel Object Recognition (NOR) test was used to evaluate recognition memory in mice, leveraging their instinct to explore unfamiliar objects. The experiment was carried out in a 40 × 40 × 45 cm open-field arena. On the day prior to testing, mice were habituated to the empty arena for 10 min. During the familiarization phase, two identical objects were placed in opposite corners of the arena, allowing mice to explore for 5 min. After a 20-min interval, one of the original objects was replaced with a novel one, and mice were given an additional 5 min to explore. Recognition memory was assessed by calculating the ratio of time spent exploring the new object relative to the familiar one. Increased exploration of the novel object indicated better memory retention. The results were statistically analyzed to evaluate differences in recognition performance between experimental groups. The experimental diagram is shown in Figure 2A.

[image: Figure 2]

FIGURE 2
 (A) Schematic diagram of the New Object Recognition test, (B) the exploration ratio in the New Object Recognition test. (C) Schematic diagram of the Elevated Plus Maze, (D) the open-arm frequency, and (E) the open-arm duration in the Elevated Plus Maze. Data are displayed with the mean ± SD (n = 14). Significant difference between groups is expressed on the basis of one-way ANOVA statistical analysis followed by LSD test (*p < 0.05). The “ns” means there is no significant difference between groups (p > 0.05); *difference is significant at the 0.05 level (p < 0.05); **difference is significant at the 0.01 level (p < 0.01); ***difference is significant at the 0.001 level (p < 0.001).




Elevated Plus Maze

The Elevated Plus Maze (EPM) was utilized to assess anxiety-like behavior in mice. The apparatus consisted of two opposing open arms (30 cm × 5 cm) and two enclosed arms (30 cm × 5 cm × 15 cm) arranged in a cross configuration, elevated 50 cm above the ground. Mice were individually placed in the center of the maze, facing an open arm, and allowed to explore freely for 5 min. During the test, the time spent in the open arms and the number of entries into the open arms were recorded. Open arm time and entries are inversely correlated with anxiety levels, as mice typically avoid open, elevated areas due to fear of exposure. Conversely, increased time and entries in the open arms indicate reduced anxiety-like behavior. The EPM test was conducted under controlled conditions, with ambient temperature and lighting kept constant to minimize external influences on behavior. Each test was performed during the light phase of the 12-h light/dark cycle. Data were analyzed to compare anxiety levels between experimental groups, and results were expressed as mean ± standard deviation. The experimental diagram is shown in Figure 2C.



Biochemical analysis

Biochemical assays were performed to assess oxidative stress and antioxidant enzyme activities in the collected prefrontal cortex tissues. The activities of Total antioxidant capacity (T-AOC), superoxide dismutase (SOD), and catalase (CAT) were measured using commercial kits, following the manufacturer’s protocols. Additionally, malondialdehyde (MDA) levels were analyzed to evaluate lipid peroxidation as a marker of oxidative damage. All measurements were conducted in triplicate, and the results were expressed as mean ± standard deviation. Group comparisons were performed using appropriate statistical tests to identify significant differences in antioxidant capacity and oxidative damage between experimental groups. These biochemical parameters were used to infer the relationship between treatment interventions and oxidative stress responses.



Bioinformatic analysis of gut microbiota

Total DNA samples from mouse cecum contents were extracted using the E.Z. N.A. TM Fecal DNA Extraction Kit (OMEGA Bio-Tek, Norcross, GA, United States) in a final elution volume of 100 μL. The integrity and quality of the extracted DNA were determined by using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively. DNA samples were sent to Shanghai Personal Biotechnology Co. Ltd. Specific barcodes were inserted into the amplification primers, and the bacterial 16S rRNA gene was amplified by PCR and detected using the Illumina MiSeq sequencing platform and a fragment of the V3-V4 highly variable region 2 × 250 bp from the opposite end. The primer sequences were 338F (5′-ACTCCTACGGGGGAGGAGCA-3′) and 806R (5′-GGACTachVGGGGTWTCTAAT-3′). PCR amplification system: Fast Pfu DNA polymerase (5 U/μL) 0.25 μL, dNTPs (2.5 mM) 2 μL, buffer (5 ×) 5 μL, DNA template 1 μL, dNTPs (2.5 mM) 2 μL. l, DNA template 1 μL, ddH2O 14.75 μL forward and reverse primers (10 μM) 1 μL. The amplification program was set as follows: initial denaturation at 98°C for 5 min, 25 cycles; denaturation at 98°C for 30 s; annealing at 53°C for 30 s; extension at 72°C for 45 s; and extension at 72°C for 5 s. The amplification was performed using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States) and Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) were used to quantify and purify PCR amplicons, respectively.

Referring to the official tutorials, the raw data were bioinformatically analyzed using the QIIME2 (Bolyen et al., 2019) tool. Using the feature-classifier plugin (Price et al., 2010) based on the Navier Bayes classifier and the Greengenes13_8 database for the abundance table of the species were labelled. Downstream analyses were mainly performed using Rstudio software (V3.1.2). Alpha diversity indices (number of species observed and Shannon diversity) were calculated with ASV abundance. For in-depth analyses,we selected samples each group in which at least 20% of the ASVs were present and where the sum of the relative abundances exceeded 2.5%, The filtered ASV sequence counts were subjected to a normalisation step using the TMM method in the edgeR package (Robinson and Oshlack, 2010). Gut community structure was assessed using the principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity (McMurdie and Holmes, 2013). In addition, a permutation multivariate analysis of variance (peromova) was used to assess differences in gut microbial communities across treatments using the adonis method. Microbial taxa from different treatments were clustered at the phylum and family level. In addition, we used indicator species analyses to obtain pointwise bicolumn correlation coefficients (r) for positive correlation of ASV with one or more treatments. A filter threshold of p < 0.05 was set to identify key species and visualize network diagrams.

According to the relative abundance threshold of different species, the rare or rich species are divided into different groups: (1) Rare taxa (RT), which is ≤0.1% of the relative abundance in the all samples. (2) Abundant taxa (AT), all of which are ≥1% of the relative abundance of all samples. (3) The Moderate taxa (MT), which is >0.1 and < 1% of the relative abundance in all samples. (4) Conditionally rare taxa (CRT), which is <1%in the all samples, and only <0.1 percent of the relative abundance of the partial samples. (5) Conditionally abundant taxa (CAT), all of which is >0.1% in the all samples, and only >1% of the relative abundance in the partial samples. (6) Conditionally rare or abundant taxa (CRAT), the abundance span from rare (minimum abundance of ≤0.1%) to the rich (highest abundance ≥1%) of the relative abundance.

To filter the rare or abundant taxa that play an important role in high altitude environment and Lactobacillus johnsonii HL79 preventing working memory impairment, we used different analytical methods to determine key species from rare or abundant taxa. At first, we calculated the specificity and occupancy of all ASVs for each microbial species, selected the characteristic species of different grouped taxa, and plotted specificity–occupancy diagrams to identify potential key species (specificity and occupancy >0.7).

Subsequently, we chose an interaction computational method suitable for the characteristics of high-throughput histological data. Molecular ecological network analysis (MENA) was used to elucidate the species co-occurrence of microbial communities under different treatments, determine their responses to environmental changes, and construct microbial interspecies interaction networks. Based on the cohesive and topological properties of the network, network nodes (abundant species) with properties such as the maximum node degree and maximum mediator number were defined as important nodes for maintaining network structure stability, whose absence may lead to decomposition of the network module and network.



RNA-seq analysis

Total RNA was extracted from each group using a Total RNA Isolation Kit (Omega Inc., Norcross, Georgia, United States) according to the manufacturer’s instructions. The initial RNA for library construction is immediately interrupted in the Fragmentation Buffer. Using fragmented mRNA as a template, the first strand of cDNA was synthesized under the action of random oligonucleotide primers. Subsequently, the second strand of cDNA was synthesized using dNTPs as raw materials in the DNA polymerase I system. After purification, the double stranded cDNA was subjected to terminal repair, A-tail addition, and sequencing adapter ligation, and the final library was obtained by PCR amplification. Different samples were sequenced using Illumina to obtain raw data for FASTQ. To ensure the quality of data analysis, quality control is applied to the raw data, including removing connectors and filtering out low-quality data. Construct a reference genome index using HISAT2 (v2.0.5) and compare the filtered reads with the reference genome. Subsequently, feature counts were used to calculate the reading of each gene, and the FPKM of each gene and the reading mapped to that gene were calculated based on its length. By using PCA method, the clustering degree of overall gene expression within four groups and the distribution trend of samples between groups can be observed. In order to identify differentially expressed genes among different groups, edgeR software was used to analyze the differential expression between different groups. It was found that genes with log2foldchange > 1 and p < 0.05 were assigned as differentially expressed genes. By using clusterProfiler software to achieve GO enrichment analysis of differentially expressed genes, advanced functions and effects of biological systems can be understood from molecular level information, especially large-scale molecular datasets generated by genome sequencing and other high-throughput databases. Subsequently, the gene list and number for each GO term were calculated using clusterProfiler software. By using the hypergeometric distribution method, GO terms with significantly enriched genes compared to the entire genome background can be identified to determine the main biological functions of differentially expressed genes.

For bioinformatics analyses, we chose QIIME2 (Bolyen et al., 2019) because of its modular design and robust quality control features that ensure reproducibility and transparency in microbiome data analysis. Raw sequences were processed using the DADA2 plugin in QIIME2 to remove low-quality reads and chimeras and generate a table of amplicon sequence variation (ASV) features. A feature classifier plugin based on the Navier Bayes classifier and the Greengenes 13_8 database was used to classify and annotate the ASVs. Also for differential abundance analyses, we used the edgeR package (Robinson and Oshlack, 2010) because of its ability to handle sparse data and provide robust statistical tests. Raw ASV counts were normalized using the TMM method in edgeR to account for differences in sequencing depth. Differential abundance was determined using a negative binomial distribution model and then corrected for multiple assumptions using the Benjamini-Hochberg method. ASVs with a false discovery rate (FDR) < 0.05 were considered significantly different between groups.

The WGCNA network was applied to divide co-expressed prefrontal gene modules, explore the correlation between gene modules and behavioral performance, and identify the key genes and highly related gene modules. Firstly, in order to construct a weighted co expression network of genes, we determined the soft thresholding powers value using the “pickSoftThreshold” function in the WGCNA package. Subsequently, based on the gene expression value matrix, the similarity of gene expression is calculated to obtain the adjacency matrix. Finally, calculate the topological overlap matrix (TOM). All genes can be classified into different clusters based on their co expression similarity patterns. There is a high degree of co expression similarity among genes in each cluster. After constructing the WGCNA co expression modules, we linked these modules to the behavioral performance and antioxidant levels of mice to explore key genes that may be closely related to cognitive function. In the joint analysis of gut microbiota and prefrontal genes expression, the first step is to compare the consistency of data changes between the two omics shape distributions through Procrustes analysis. Then spearman correlation was used to calculate the degree of association (r > 0.8 and p < 0.01) between the selected key abundant and rare microorganisms and genes with significant inter group differences, and their network diagrams were visualized. Finally, we conducted GO enrichment analysis on key genes associated with different types of data to observe their biological functions.




Results


Behavioral tests

Figure 2 shows the results of the behavioral tests for the memory abilities of the mice. The novel object recognition test serves as a starting point for the assessment of cognitive function and allows for a preliminary assessment of an animal’s working memory capacity and adaptation to a new environment. As shown in Figure 2B, the exploration ratio in the NOR test were increased in the P group compared with the Control group, suggesting that Lactobacillus johnsonii HL79 treatment may be effective in improving cognitive function. Mice in the HA group showed a significantly lower frequency of exploration toward the novel object, reflecting the fact that prolonged exposure to high altitude may have led to a decline in memory performance in mice (p < 0.05). Conversely, Although the frequency of exploring new objects was still lower in the HAP group than in the P group (p < 0.05), it was significantly higher than in the HA group (p < 0.05), further supporting the hypothesis that Lactobacillus johnsonii HL79 helps restore cognitive function impaired by long-term high-altitude exposure.

After assessing basic memory and recognition abilities, the elevated plus maze experiment allows further exploration of anxiety-like behaviors, learning and memory capacity in mice. As shown in Figures 2D,E, compared with the Control group, mice in the P group showed increased frequency of open-arm exploration and longer time into the open arm, suggesting that probiotics may have reduced the anxiety level of the mice to some extent and enhanced their exploratory behavior in the open arm. In contrast, the HA group showed a significantly lower frequency of open-arm exploration (p < 0.05) and less time in the open arm (p < 0.05), which may be attributed to the hypoxic and low-pressure conditions in the high altitude environment, which led to increased anxiety and inhibited exploratory behaviors in the mice. In contrast, the frequency of open-arm exploration and the duration of stay in the HAP group were significantly higher than those in the HA group (p < 0.05 and p < 0.01, respectively), which suggests that probiotics can alleviate the negative effects of the high altitude environment on the anxiety behaviors of mice to a certain extent.



Antioxidant capacity in serum and whole brain tissue

To assess the effect of Lactobacillus johnsonii HL79 on oxidative stress, we measured antioxidant indices in serum and whole brain of mice. Figures 3A–D shows the antioxidant indices of serum. In terms of total antioxidant capacity (T-AOC), as shown in Figure 3A, T-AOC content increased in the P group compared to the Control group, while T-AOC content was significantly lower in the HA group (p < 0.001), suggesting that the high altitude environment may reduce the antioxidant capacity of mice. The T-AOC content in the HAP group was significantly higher than that in the HA group (p < 0.001), which indicates that the Lactobacillus johnsonii HL79 supplementation significantly improved this index. In terms of superoxide dismutase (SOD) activity (Figure 3B), SOD activity was significantly lower (p < 0.001) in the HA group compared with the Control group, which may reflect the negative impact of the high altitude environment on the antioxidant defense system of mice. However, there was a significant increase (p < 0.001) in SOD activity in the HAP group compared with the HA group, suggesting that Lactobacillus johnsonii HL79 supplementation may help to alleviate the inhibitory effect of the high altitude environment on SOD activity in mice. CAT activity, as shown in Figure 3C, CAT activity in the P group was elevated compared to the other two groups although it was not significantly different from the Control group, CAT activity in the HA group was significantly lower than that in the Control group (p < 0.001), and there was a significant increase in CAT activity in the HAP group compared with the HA group (p < 0.05). MDA content, as an indicator of oxidative stress, as shown in Figure 3D, MDA content decreased in the P group compared to the Control group, was significantly higher in the HA group compared to the Control group (p < 0.001), and was significantly lower in the HAP group compared to the HA group (p < 0.05), which suggests that probiotic supplementation may help to reduce the oxidative stress caused by the high altitude environment.
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FIGURE 3
 Antioxidant capacity in (A–D) the serum. Data are presented with the means ± standard deviation (n = 10). NS, not significant (p > 0.05); *difference is significant at the 0.05 level (p < 0.05); **difference is significant at the 0.01 level (p < 0.01); ***difference is significant at the 0.001 level (p < 0.001). Activities or contents of T-AOC, SOD, CAT, and MDA, respectively. T-AOC, total antioxidation capacity; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde.


Figures 4A–D demonstrates the antioxidant indices of the whole brain. In terms of total antioxidant capacity (T-AOC), as shown in Figure 4A, T-AOC content was significantly decreased in the HA group compared to the Control group (p < 0.001). The HAP group had significantly higher T-AOC content than the HA group (p < 0.001). In terms of superoxide dismutase (SOD) activity (Figure 4B), SOD activity was significantly lower in the HA group compared to the Control group (p < 0.001). However, there was a significant increase in SOD activity in the HAP group compared with the HA group (p < 0.05), suggesting that probiotic supplementation may help to alleviate the inhibitory effect of the plateau environment on whole-brain SOD activity in mice. MDA content, as shown in Figure 4C, decreased in the P group compared with the Control group, and was significantly higher in the HA group compared with the Control group (p < 0.001), whereas it was significantly lower in the HAP group compared with the HA group (p < 0.01), suggesting that the high altitude environment may reduce the antioxidant capacity of the whole brain of mice, and the Lactobacillus johnsonii HL79 supplementation may contribute to the reduction of whole brain oxidative stress induced by high altitude environment. In addition, as shown in Figure 4D, CAT activity was not significantly different among the four groups (p > 0.05).
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FIGURE 4
 Antioxidant capacity in (A–D) the whole brain. Data are presented with the means ± standard deviation (n = 10). NS, not significant (p > 0.05); *difference is significant at the 0.05 level (p < 0.05); **difference is significant at the 0.01 level (p < 0.01); ***difference is significant at the 0.001 level (p < 0.001). Activities or contents of T-AOC, SOD, CAT, and MDA, respectively. T-AOC, total antioxidation capacity; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde.




Effects of high-altitude environment and Lactobacillus johnsonii HL79 intervention on the structure of cecum microbial community in mice

Differences in the Shannon diversity index of the cecum were statistically significant among all four groups (p < 0.01; Figure 5A), and richness analyses further revealed significant variations in the number of species between groups (p < 0.01; Figure 5B). Principal coordinate analysis (PCoA) based on the Bray-Curtis distance revealed differences in spatial distribution among samples, with the first principal component explaining 10.24% of the variation and the second principal component explaining 7.5% of the variation (Figure 5C). On the first principal coordinate (PC1), the HA group showed significant separation compared to the Control, P and HAP groups, suggesting that the high altitude environment is the main source of variation in the cecum microbiota of mice. In addition, the second principal coordinate (PC2) also showed significant separation in all four groups. The results suggest that HL79 treatment is the second major source of variation in microbial community structure. Five bacterial phyla (Figure 5D) were identified as dominant species in the cecum samples: Proteobacteria, Verrucomicrobia, Actinobacteria, Bacteroidetes, and Firmicutes. Of these, Firmicutes was the dominant species. Bacteroidetes as the second dominant species and Verrucomicrobia as the third dominant species. At the genus level (Figure 5E), we found that the genera Enterorhabdus, Faecalibaculum, and Blautia exhibited significant differences in relative abundance across the four sample groups (Control, HA, P, and HAP), and these genera may represent key microbial taxa in each sample group. Specifically, the relative abundance of Enterorhabdus in group Control may be higher than the other groups, whereas the relative abundance of Enterorhabdus and Faecalibaculum was higher in group HA, which may be indicative of the ecological roles or adaptations of these genera in high-altitude environments. There was a difference in the relative abundance of Blautia and Akkermansia in the P and HAP groups, with higher abundance of these genera in the HAP group, which may be related to the treatment of samples from this group with Lactobacillus johnsonii HL79. In addition, we conducted indicator species analysis and after clustering the indicator species at the phylum level, we identified six key bacterial phyla from the four groups of samples (Figure 5F), which were Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, Proteobacteria and Epsilonbacteraeota. In this case, we could found that the distribution of the HAP and P groups showed that the distribution of the indicator species was closer to the control group than the HA group.
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FIGURE 5
 Effects of hypoxia on the structure of colon microbiota in normal mice and antibiotic drinking mice. (A) Intestinal microbial community diversity in each group (Shannon). Meaning: Wilcoxon. (B) Gut microbiome richness (observed species) in colonic luminal samples of each group. Significance: Wilcoxon. (C) Principal Coordinate Analysis (PCoA) of Unweighted UniFrac Distance between groups. (D) Relative abundance at phylum level in each group (%). (E) Relative abundance at each family level (%). (F) Networks of indicator species analysis. It displays different treatment-specific ASVs in the colonic bacterial communities using indicator species analysis. Circles represent individual bacteria and ASVs that are positively and significantly associated (p < 0.05) with one or more different grouping factors (association (s) given by connecting lines). ASVs are colored according to their Family assignment.




Analysis of microbial community-specific distribution and occupancy and its identification of key nodes under different conditions

After an in-depth analysis of the composition of the microbial community, we identified a total of six major microbial taxa: AAT, ART, CAT, CRAT, CRT, and MT, which exhibited significant specific distribution and occupancy under different conditions (Figure 6A). Among them, species with high specificity and high occupancy were most abundant in Group Control, with most belonging to the AAT taxon, followed by a few belonging to the ART taxon; in Group HA, taxa with high specificity and high occupancy included CAT (ASV9), CRAT (ASV872 and ASV874), CRT (ASV782), and MT (ASV804); and in the HAP group, the high specific occupancy taxa included CAT (ASV17, ASV25, ASV170); in the S cluster, species with high specific occupancy were all CAT taxa (ASV17, ASV25, ASV170). Based on the specific distribution and occupancy of ASVs in different environments, we identified a total of four major bacterial genera, including Dubosiella, Lachnospiraceae NK4A136 group, Lactobacillus, and uncultured Bacteroidales bacterium (Figure 6B). Among them, in group Control, ASV412 showed high specificity and high occupancy; in group HA, genera with high specificity and occupancy included Lachnospiraceae NK4A136 group (ASV44 and ASV120), and Romboutsia (ASV203, ASV296, and ASV304). In addition, Oscillibacter (ASV443) and uncultured bacterium (ASV422 and ASV1343) also showed high specificity and occupancy; genera with high specific occupancy in the HAP group included uncultured Bacteroidales bacterium (ASV45, ASV50, ASV70, and ASV80), and Clostridium sensu stricto 1 (ASV230 and ASV371). In addition, Marvinbryantia (ASV382) and Anaeroplasma (ASV596) also showed high specificity and occupancy in this group; in group P, Bifidobacterium (ASV292), Roseburia (ASV308) and Escherichia-Shigella (ASV317) showed high specificity and occupancy, uncultured bacterium (ASV333, ASV429) also showed high occupancy in this group.
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FIGURE 6
 (A) Enriched and rare taxa. (B) Key species filtering within and between modules (C group, HA group, HAP group, and P group, respectively). (C) MENA network visualization of the C, HA, HAP, and P groups.


Through MENA network analysis (Figure 6C), we successfully identified key microbial nodes in the four groups of mutualistic networks. In group Control, the maximum degree node was ASV163 (uncultured Bacteroidetes), the maximum interdependence and maximum stress centrality node was ASV135 (Bifidobacterium), and the maximum eigenvector centrality node was ASV25 (Uncultured Bacteria); in group HA, the maximum degree and maximum eigenvector centrality nodes were ASV48 (Lachnospiraceae NK4A136 group), and the maximum interdegree and maximum stress centrality node was ASV36 (Toricibacter); in the HAP group, the maximum degree and maximum eigenvector centrality node was ASV7 (uncultured bacterium), and the maximum interdegree and maximum stress centrality node was ASV63; in the P group, the maximum degree nodes were ASV8 (uncultured bacterium) and ASV68 (uncultured bacillus-like organisms) In group P, the maximum inter-degree and maximum eigenvector centrality nodes were ASV68 (uncultured Bacteroidetes) and the maximum stress centrality node was ASV24.



Identifying differentially expressed genes in the frontal lobe and multi-omics joint analysis

To explore the potential influence by which Lactobacillus johnsonii HL79 alleviates the cognitive impairment in the brain, we performed the transcriptomic sequencing to verify differentially expressed gene in frontal lobe exposed to high altitude environment and treated with Lactobacillus johnsonii HL79. Firstly, principle component analysis (PCA) was conducted to quantify the expression levels in each sample (Figure 7A). Notably, HA and other three groups were obviously separated, indicating a significant influence in the transcriptome profile. According to the gene data in each sample, the differential expression was showed by edgeR method. Volcano results indicated that a total of 311 and 239 differentially expressed gene were identified between Control group and HA group, and between HA group and HAP group, respectively (Figures 7B,C).
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FIGURE 7
 (A) Principal components analysis (PCA). PCA analysis can cluster similar samples together, and the closer the distance, the higher the similarity between samples. Draw volcano maps based on differentially expressed genes between (B) C group and HA group, as well as between (C) HA group and HAP group. Volcanic maps are based on expression fold differences and significance results, displaying the distribution of genes. (D) GO enrichment bubble chart. After completing the differential gene analysis, classify the genes with differential expression between groups based on the annotation information of the genome, and analyze the biological functions involved by these genes.


Then we used the Gene Ontology database to enrich and analyze the biological significance of the target gene and their related biological functions. Figure 7D indicates the GO enrichments based on co-differential expressed genes with the lowest false discovery rate value among different groups. GO terms, which the co-differentially expressed genes, were mainly enriched top 10 in defense response to bacterium, intestinal absorption, antimicrobial humoral response, regulation of systemic arterial blood pressure by hormone, regulation of systemic arterial blood pressure mediated by a chemical signal, positive regulation of blood pressure, positive regulation of canonical NF-kappaB signal transduction, defense response to fungus, cytoplasm organization, response to fungus.

In WGCNA analysis, the soft thresholding powers was 4 (R2 = 0.85), and 5 modules were ultimately found after dynamic tree trimming and average hierarchical clustering (Figure 8A). And the heatmap reflected the expression of similarity between different genes increased with the depth of color (Figure 8B). Above results proved that the genes in the same module have a higher common expression pattern, while the difference between different module was obvious. Figure 8C showed network’s modules have associated with the behavioral performance and antioxidant levels of frontal lobe. We observed brown and blue modules were identified to significant correlation with the changes of new object recognization, OT% of the high cross maze, escape latency of water maze and MDA content. For filtering module genes, we determined the key genes of blue module under following conditions: p < 0.05, correlation with behavioral results |cor| > 0.05 and no_gray module.
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FIGURE 8
 Module clustering of all DEGs based on different metrics (A) tree diagram and (B) heatmap. (C) Correlation heatmap of modules related to behavioral performance and antioxidant outcomes (with correlation coefficients and p-values for each cell). (D) The M2 statistical measures analyzed by Procrustes and the significant p-values obtained based on 999 permutation tests indicate a strong correlation between the bacterial species abundance composition and transcriptome gene abundance composition of each sample. (E) Calculate the correlation between variables based on three matrices (microbial abundance matrix, gene abundance matrix, and clinical detection matrix), and finally integrate all the correlation relationships to construct a network. (F) GO enrichment bar chart. After completing the multi-omics association analysis, the differentially expressed genes between groups were classified based on the annotation information of the genome, and the biological functions involved in these genes were analyzed.


Based on the previous data, we performed Procrustes analysis using two omics PCA coordinates to characterize the potential consistency of gut species abundance composition and prefrontal gene abundance in each sample. As shown in Figure 8D, the potential relationship between gut microbiota and prefrontal gene expression showed excellent consistency (p = 0.002). Through the correlation network between different omics and physiological indicators, it can be found that the P group has the highest number of key genes related to the key species ASV333 (Muribaculaceae). In addition, key species ASV422 (Muribaculaceae) and ASV296 (Romboutsia) in the HA group are strongly correlated with multiple behavioral and antioxidant indicators, but this interaction is not related to genes in the prefrontal cortex (Figure 8E). GO enrichment analysis of genes within correlation network revealed that top 8 GO terms were significantly enriched in reactive oxygen species metabolic process, hydrogen peroxide metabolic process, positive regulation of reactive oxygen species metabolic process, myeloid cell development, positive regulation of JNK cascade, positive regulation of stress-activated MAPK cascade, positive regulation of stress-activated protein kinase signaling cascade, regulation of JNK cascade (Figure 8F).




Discussion

Chronic exposure to high-altitude environments leads to insufficient oxygen supply and increased stress in the brain, which affects cognitive functions, including memory loss, poor concentration, and decreased decision-making ability (Bao et al., 2023). In this study, we assessed the effects of long-term high-altitude environmental exposure on cognitive functions in mice and the intervention effect of Lactobacillus johnsonii HL79 by behavioral tests. The novel object recognition test is a behavioral test that uses the natural tendency of rodents to explore novelty to assess their working memory and recognition memory abilities, and this test is commonly used as a starting point for the assessment of cognitive function (Ennaceur and Delacour, 1988). According to the results of the behavioral test in the present study, mice in the HA group had a significantly lower rate of exploration than those in the Control group, indicating impaired working memory capacity. This result is consistent with previous studies suggesting that high-altitude environments lead to cognitive decline, especially in working memory (Zhao et al., 2022). In addition, the exploration rate of mice in the HAP group was significantly higher than that of the HA group, suggesting that Lactobacillus johnsonii HL79 was able to restore, to some extent, the working memory capacity impaired by prolonged exposure to high altitude, thus revealing that the gut microbiota is closely related to brain function, and that an imbalance of which may lead to impaired gut barrier function, which in turn may affect brain function and cognitive ability (Montalbán-Rodríguez et al., 2024), and the gut microbiota may in turn affect the cognitive function and emotional state of the host through the gut-brain axis (Suda and Matsuda, 2022). Based on the above research, the elevated cross maze experiment could further explore anxiety-like behavior, learning and memory capacity in animals. This experiment can provide information on how animals deal with potential threats and explore unknown environments, which is associated with decision-making and risk assessment in cognitive functioning (Lister, 1987). Mice in the HA group had higher levels of anxiety as evidenced by a reduced frequency of exploration of the open arm and dwell time, which was associated with hypoxic and low-pressure conditions; whereas Lactobacillus johnsonii HL79 supplementation likewise significantly increased the frequency of exploration of the open arm and dwell time, which may affect brain function and reduce anxiety levels by modulating the gut microbiota, a result consistent with Ma et al.’s report that probiotics may alleviate symptoms of stress and anxiety by modulating the neuroactivity of the gut flora (2021). The results of the behavioral tests provide new evidence that brain dysfunction induced by prolonged altitude exposure may be closely related to the microbiota-gut-brain axis (MGBA). One study found that the degree of cognitive impairment in long-term plateau migrants was significantly correlated with the duration of migration. In addition, the low-pressure hypoxic environment triggers intestinal barrier damage, leading to lipopolysaccharide leakage and inflammatory factor influx into the peripheral blood, which ultimately leads to microglia activation and neuronal damage in the brain (Zhou et al., 2024). In this study, Lactobacillus johnsonii HL79, as a probiotic, may enhance the normal function of the gut-brain axis by regulating the composition and function of the intestinal microbiota, thus ameliorating the negative effects of the high-altitude environment on cognitive function.

Detecting antioxidant levels in blood and whole brain tissue is an important method to assess the body’s and brain’s response to oxidative stress. Antioxidant indices in the blood reflect the overall oxidative stress status of the organism (Sies, 1993), whereas antioxidant levels in whole brain tissues are directly linked to protective mechanisms of brain function (Sies et al., 2017). Oxidative stress is one of the key factors contributing to a variety of neurodegenerative diseases and cognitive dysfunctions, therefore, understanding the effects of high-altitude environments on these antioxidant metrics is crucial to unraveling their potential impact on cognitive function (Wang et al., 2017). In high-altitude environments, the body’s level of oxidative stress is significantly elevated due to insufficient oxygen supply and reduced barometric pressure, leading to a decrease in antioxidant enzyme activity and an increase in oxidation products (Pena et al., 2022). This oxidative stress not only affects physiological functions throughout the body, but also adversely affects cognitive functions in the brain, especially in brain regions that are closely related to cognitive functions, such as the prefrontal cortex (Fan et al., 2024). Meanwhile, it has also been found that oxidative stress can lead to cognitive decline by inducing neuroinflammation and damaging hippocampal structures (Zhang et al., 2024). In addition, genetic variants of antioxidant enzymes were significantly associated with cognitive enhancement, suggesting that antioxidant enzyme activity may have a protective effect on cognitive function (Wang et al., 2022). It has also been shown that cognitive dysfunction can be improved by modulating the level of oxidative stress. For example, green tea extract showed a protective effect on cognitive function in middle-aged and elderly people by reducing oxidative stress and improving cognitive function (Fan et al., 2024). This suggests that oxidative stress negatively affects cognitive function through mechanisms such as inducing neuroinflammation, damaging hippocampal structure, and affecting antioxidant enzyme activity, and that modulating oxidative stress levels may offer a potential avenue of intervention to improve cognitive dysfunction. Therefore, we investigated antioxidant indices in blood and whole brain tissues of mice to determine the mechanisms by which chronic altitude exposure stress induces cognitive dysfunction in mice and how Lactobacillus johnsonii HL79 protects the host from cognitive dysfunction. High altitude environments result in inadequate oxygen supply and reduced barometric pressure, which increase the body’s level of oxidative stress, decrease T-AOC and weaken antioxidant defenses (Pena et al., 2022). In high altitude environments, impaired function of the mitochondrial respiratory chain leads to increased production of superoxide anion radicals, which cannot be scavenged in a timely manner due to reduced SOD activity, exacerbating oxidative stress; at the same time, the accumulation of hydrogen peroxide with reduced CAT activity prevents its effective breakdown, increasing the risk of oxidative damage to cells (Srivastava et al., 2017; Denu and Hematti, 2021). In addition, increased MDA content reflects the extent of oxidative damage to cell membrane lipids (Tsikas, 2017). In our study, prolonged high altitude exposure significantly reduced total antioxidant capacity (T-AOC), superoxide dismutase (SOD) and catalase (CAT) activities in the blood of mice, while increasing malondialdehyde (MDA) content, suggesting that high altitude environments trigger oxidative stress (Janocha et al., 2017). Notably, whole brain tissue showed similar trends in antioxidant metrics, although these changes have not yet reached statistical significance. These changes in oxidative stress may adversely affect brain function. In contrast, Lactobacillus johnsonii HL79 supplementation significantly increased T-AOC, SOD and CAT activities and decreased MDA content in high altitude exposed mice, suggesting that it is effective in alleviating oxidative stress induced by high altitude environment (Liu et al., 2024). Thus, our findings clearly indicate that enhanced oxidative stress is at least partially related to cognitive dysfunction induced by chronic high altitude exposure, and that probiotic supplementation can effectively alleviate oxidative stress induced by high altitude environments through the microbiota-gut-brain axis, a result that is consistent with that reported by Burokas et al. (2015).

Previous studies have found that cognitive dysfunction, especially the decline in working memory, is mediated by the gut microbiota in high-altitude environments, implying that the gut microbial structure is closely related to the hypoxic environment (Li et al., 2024; Su et al., 2024). In the present study, we performed a differential analysis of the mouse cecum microbial community to reveal the differential expression of microbial taxa under high-altitude environment and probiotic treatment. Our results showed statistically significant differences in Shannon diversity index and species richness among the four groups of mice, suggesting that environmental and probiotic factors have a significant effect on microbial diversity (Keck and Kahlert, 2019). Using principal coordinate analysis (PCoA) based on the Bray-Curtis distance, we further revealed differences in spatial distribution among the samples. The significant clustering of the HA group on PC1 compared to the C, P and HAP groups highlights the profound effect of high-altitude conditions on the structure of microbial communities. In addition, the second principal coordinate (PC2) also showed significant separation in all four groups, suggesting that probiotic treatments played an important role in distinguishing the microbial community structure of the different groups. Five dominant phyla identified in our mouse cecum samples - Proteobacteria, Verrucomicrobia, Actinobacteria (Actinobacteria), Bacteroidetes, and Firmicutes - revealed the core microbial composition. Changes in the distribution and abundance of these phyla provide important information for our understanding of microbial community adaptations in different environments (Pral et al., 2021). At the genus level, the genera Dubosiella, Lachnospiraceae NK4A136 group, Lactobacillus, and uncultured Bacteroidales bacterium showed significant differences in relative abundance among the four groups. The relative abundance of Dubosiella in group C may be higher than that of the other groups, whereas the relative abundance of Lachnospiraceae NK4A136 group and Bifidobacterium was higher in group HA which may be indicative of the ecological roles or adaptations of these genera in high altitude environments (Liu et al., 2024). Differences in the relative abundance of uncultured Bacteroidales bacterium and Akkermansia between the P and HAP groups, with a higher abundance of these genera in the HAP group, may be related to the treatment of samples from this group with Lactobacillus johannesii (Wan et al., 2022). Further through indicator species analysis, we identified six key bacterial phyla from the four groups of samples, which were Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, Proteobacteria and Epsilonbacteraeota. The relative abundance of Firmicutes was significantly higher in Group C than in Group HA, an observation that may indicate the high sensitivity of Firmicutes to changes in environmental parameters (Filippidou et al., 2016). In the comparative analysis between P and HAP groups, Bacteroidetes showed a more significant change in abundance in the HAP group compared to the P group, a change that may indicate the enhanced responsiveness of Bacteroidetes to the intervention of Lactobacillus johannesii HL79.

In previous studies, rare microorganisms have often been considered as confounding factors and have been further eliminated. However, in the present study we found a high relative percentage of both rare and abundant taxa in the cecum. Thus, rare species may also be potentially responsible for important effects on the plateau environment and Lactobacillus johannesii HL79.

In this study, we used MENA network analysis to reveal a complex map of abundant microbial community composition, showing the specificity and occupancy of key microbial species under different environmental conditions. Our findings complement the body of knowledge initiated by Matchado et al. (2021), highlighting the complex interactions between microbial communities and their ecological niches. In previous studies, rare microorganisms were usually considered as interfering factors and further eliminated. But in this study, we found that the relative proportion of rare and abundant taxa in the cecum was relatively high. Therefore, rare species may also be a potential reason for the significant impact on high-altitude environments and Lactobacillus johnsonii HL79. The six major microbial groups we identified - AAT, ART, CAT, CRAT, CRT, and MT - demonstrate a subtle distribution of microbial species with high specificity and occupancy, particularly in group C, which is rich in AAT and ART species. This observation is consistent with the ecological theory that specific environmental conditions select for certain microbial taxa, e.g., taxa with high specificity and occupancy in the HA group include CAT (ASV9), CRAT (ASV872 and ASV874), CRT (ASV782), and MT (ASV804). The high specificity and occupancy observed in specific bacterial genera, such as Dubosiella, Lachnospiraceae NK4A136 group, Lactobacillus, and uncultured Bacteroidales bacteria, provide a deeper understanding of the taxonomic composition and ecological significance of these microorganisms. In particular, species ASV44 and ASV120 in the HA group and ASV45, ASV50, ASV70 and ASV80 in the HAP group were identified as potential keystone species, emphasizing their importance in microbial community structure and function. In addition, MENA network analyses identified microbial nodes that may play key roles in the ecosystem. Nodes such as ASV7 (uncultured bacteria) and ASV63 in the HAP group showed high centrality metrics, suggesting that they may have an impact on microbial network dynamics. These findings are in line with the work of Matchado et al. (2021) and Yang et al. (2024), who emphasized the importance of culture in understanding “unculturable” human microbial communities.

To our knowledge, there have been no reports on the effects of probiotics on brain gene expression in high-altitude environments. We conducted differential analysis through transcriptomics of the prefrontal cortex and obtained differentially expressed genes under different effects of high-altitude environment and probiotics. Enrichment analysis proves that these shared differentially expressed genes are mainly involved in the biological processes of defending against bacterial and fungal infections. Use differential genes obtained from comparisons between different groups for WGCNA to identify co expressed modules related to cognitive function in the prefrontal cortex. The genes within modules in the network have high co expression similarity, suggesting that they participate in similar regulatory pathways or play a role in similar biological functions. Our research has demonstrated a close relationship between gene expression in the Blue module and behavioral performance. Therefore, subsequent analysis focused more on the intersection of these co expressed genes with differentially expressed genes between different groups, and obtained 38 genes that significantly affect cognitive function under different treatments of high altitude and probiotics. Subsequently, we conducted correlation analysis between the selected key gut species and key genes in the prefrontal cortex with behavioral and antioxidant results, and identified potential reasons for the impact on cognitive function under different treatments. There is a significant correlation between the key species in the HA group and their behavioral performance. No indirect involvement of prefrontal gene expression was observed in this process, suggesting that key species in the HA group, Muribaculaceae (ASV422, ASV1343), Romboutsia (ASV296, ASV203), Lachnospiraceae NK4A136 group (ASV120), and Lachnospiraceae (ASV413), may directly affect cognitive function levels through other means. Muribaculaceae, as a beneficial bacterium, has been shown to participate in the body’s anti-inflammatory response and oxidative stress processes (Yuan et al., 2025; Zeng et al., 2023), which is similar to our findings. In addition, research has found that Romboutsia is closely related to obesity, Crohn’s disease and diabetes. Meanwhile, Romboutsia is also considered to play a crucial role in regulating immune function (Luo et al., 2024; Russell et al., 2019).

The key species Muribaculaceae (ASV333) under the action of probiotics is significantly associated with more co expressed genes in the blue module. For example, Romo1, a reactive oxygen species regulatory gene significantly negatively correlated with ASV333, has been shown to be a novel mitochondrial transmembrane protein in cells that induces mitochondrial ROS production through mitochondrial electron transport chain complex III (Mendiola et al., 2023). In addition, CRIP1 has been shown to be significantly negatively correlated with ASV333 in this study, and it participates in the pathogenesis of multiple myeloma through dual regulation of proteasome and autophagy (Tang et al., 2024). Finally, genes strongly associated with key species and behavioral performance are mainly enriched in functions related to oxidative stress. In summary, we can find that there may be differences in the pathways through which high-altitude environments and probiotics affect cognitive function, and these differences are mainly manifested in the gene expression process of the prefrontal cortex.

In addition to the antioxidant capacity and modulation of the gut microbiota shown in the results above, Lactobacillus johnsonii HL79 may also have beneficial effects on cognitive function through other mechanisms. For example, previous studies have shown that certain probiotics can reduce neuroinflammation by modulating the release of pro-inflammatory cytokines and inhibiting the activation of microglia, the resident immune cells in the brain (Del Toro-Barbosa et al., 2020; Binda et al., 2024). This anti-inflammatory effect is critical in high altitude environments where neuroinflammation tends to be exacerbated by hypoxia-induced oxidative stress (Chen et al., 2023). In addition, Lactobacillus johnsonii may also affect levels of neurotransmitters such as serotonin, dopamine, and glutamate, which are critical for cognitive function and mood regulation (Cryan et al., 2019; Di Chiano et al., 2024). By modulating the gut-brain axis, HL79 has the potential to increase the secretion of these neurotransmitters in the brain, leading to improved cognitive performance and reduced anxiety behaviors in high altitude-exposed mice (Ma et al., 2021).



Conclusion

The long-term exposure to high altitude exacerbates cognitive dysfunction in mice, particularly the decline in working memory, by affecting the gut microbiota-gut-brain axis (MGBA). However, administration of the probiotic Lactobacillus johnsonii HL79 significantly improves cognitive function by modulating the gut microbiota and antioxidant capacity, highlighting the importance of MGBA in high-altitude environments. The transcriptomic analysis of the prefrontal cortex revealed novel findings, including the identification of differentially expressed genes (DEGs) enriched in immune and neurovascular functions, as well as key gene modules associated with cognitive performance and antioxidant levels. These findings not only support the hypothesis that HL79 mitigates high-altitude-induced cognitive dysfunction through the gut-brain axis but also uncover new molecular pathways and potential therapeutic targets for cognitive enhancement in high-altitude settings. Future research should focus on validating these mechanisms and exploring the clinical potential of HL79 in mitigating cognitive decline in high-altitude environments.

Future research should focus on elucidating the detailed mechanisms underlying the beneficial effects of Lactobacillus johnsonii HL79, particularly its interactions with the host’s immune system, neuroinflammation pathways, and neurotransmitter regulation. Additionally, clinical trials are warranted to evaluate the efficacy and safety of HL79 in human populations exposed to high-altitude environments. This could pave the way for the development of personalized probiotic therapies tailored to mitigate cognitive decline and enhance overall well-being in high-altitude settings.
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Introduction: Gut microbes are essential for host nutrition, immunity, and development. Various factors influence the composition and function of the gut microbial community. However, there is limited knowledge regarding the comparison of gut microbiota across different deer species, particularly those in the World Deer Park of Baotou (Inner Mongolia, China).

Methods: This study utilized 16S rRNA gene amplicon sequencing to analyze the fecal microbiota and potential microbial function in Père David's Deer (Elaphurus davidianus), Sika deer (Cervus nippon), American Wapiti (Cervus canadensis), Red Deer (Cervuselaphus), Fallow Deer (Dama dama), and Reindeer (Rangifer tarandus).

Results and discussion: The findings indicated no significant differences in alpha diversity, yet there was a noteworthy distinction in beta diversity among the six deer groups. At the phylum level, the predominant bacteria in the deer populations were Firmicutes, Bacteroidetes, and Proteobacteria. At the genus level, 54 core bacterial microbiota were identified. The top four genera in AW, FD, PD, and SD were Ruminococcaceae UCG-005, Rikenellaceae RC9 gut group, RuminococcaceaeUCG-010 and Christensenellaceae R-7 group. The results of the neutral model revealed that neutral processes predominantly governed the gut microbiota community assembly in different deer species, particularly in Père David's deer. PICRUSt2 predictions showed significant enrichment of fecal bacterial functions related to fatty acid, lipid, metabolic regulator, and amino acid biosynthesis. This comparative analysis sheds light on the microbial community structure, community assembly, and potential functions, offering improved insights into the management and conservation of deer species, especially Père David's deer. Future research might focus on exploring metagenomic functions and dynamics in wild settings or across different seasons using metagenomics or metatranscriptomics.
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Introduction

The Père David's deer (Elaphurus davidianus, Milu in Chinese) is endemic to China and is listed on the IUCN Red List as Extinct in the Wild (Jiang and Harris, 2016). It was once widely distributed in the middle and lower reaches of the Yangtze River, China. Père David's deer was first introduced to European in 1866 by Armand David (Père David). This species became extinct in the wild in China in the early twentieth century (Keqing, 1985). Fortunately, surviving deer prospered in Britain and formed the basis for reintroduction to China in 1985 (Jiang et al., 2000). Initially, 77 descendants were reintroduced into China in captivity, but today, there are more than 6,000 Père David's deer spread over 70 regions throughout the country. However, the wild population of Père David's deer is still smaller than that of other deer populations. Père David's deer remains the national first-level protected species in China. As the Père David's Deer population increases, disease incidence has also risen, which has been proposed to be related to infections of the gastrointestinal tract (Bahrndorff et al., 2016; Yang et al., 2016a; Zhang et al., 2018). Therefore, further studies are required to focus on the diet composition, metabolism, and energy absorption of the Père David's deer for better conservation.

The gut microbiota of mammals has been increasingly recognized as a key factor affecting host health, nutrition, development, and productivity (Muegge et al., 2011; Holmes et al., 2012; Yeoman and White, 2014). Gut microbiota has a symbiotic relationship with their hosts and is an integral part of animals (Adak and Khan, 2019). Host behavior has an impact on symbiotic gut microbiota, including microbial community formation, regulation of microbial composition at different life history stages, and active control of microbial populations, and facilitates a variety of physiological activities for the host, such as nutrient absorption, metabolism, and immunity (Ezenwa et al., 2012; Andoh, 2016). Unlike monogastric animals, ruminant guts have a complex ecosystem, and bacteria are closely related to the health of ruminants (Malmuthuge and Guan, 2017). Numerous studies have confirmed that bacteria such as Pasteurella, pathogenic Escherichia coli, Clostridium septicum, and Clostridium perfringens are a serious threat to the survival of the deer, and they normally infect Père David's deer in combination (Yapin, 1986; Qiu et al., 2014; Fitzgerald et al., 2023; Prentice et al., 2024). Therefore, studying the composition and structural characteristics of the gut microbiota in different deer species allows us to assess and ensure their health status and provide scientific guidance for the captive conservation of Père David's deer.

The significance of identifying the gut microbial community is that it provides the scientific basis for protecting endangered animals. Previous studies have shown that the environment, genetics, disease, and diet can affect the balance and health of the gut microecology (Moeller et al., 2013; Waite et al., 2014; Kers et al., 2018). The diet of Père David's deer varies in different breeding areas and environments (Zhang et al., 2018). The gut microbiome of Père David's deer in Dafeng potentially coevolved with the host diet, reflecting local adaptation of the translocated population in their new living environment (Wang et al., 2019). Furthermore, a recent study indicated stark differences in the gut microbial community composition between wild and captive Père David's deer in Dafeng Nature Reserve (Sun et al., 2019a). Today, captives are an effective conservation strategy that decreases the risk of death by increasing the Père David's deer population. Therefore, it is urgently necessary to understand the composition and function of the gut microbiota in Père David's deer to provide an avenue for exploring the potential exchange of microbiota between different deer species and breeding areas.

Here, we performed a comprehensive analysis of the fecal bacterial microbiota of six captive deer species (raised in the same location with same diet), including Pere David's Deer (Elaphurus davidianus), Sika deer (Cervus nippon), American Wapiti (Cervus canadensis), Red Deer (Cervus elaphus), Fallow Deer (Dama dama), and Reindeer (Rangifer tarandus), covering two national first-level protected species in China and four common species at the World Deer Park of Baotou (Inner Mongolia, China). Fecal microbial composition was identified by 16S rRNA gene amplicon sequencing and microbiota function was predicted using PICRSUt2. The purpose of this study was to determine the fecal microbial community composition and compare the potential microbial function among deer species. This study enhances our understanding of the gut microbiota in different deer species and provides scientific data for Pere David's deer conservation.



Materials and methods


Study objects and sample collection

All 30 fresh fecal samples were collected from six captive deer species, including the national first-level protected species in China, such as Pere David's Deer (Elaphurus davidianus) and Sika deer (Cervus nippon); common species of American Wapiti (Cervus canadensis), Red Deer (Cervus elaphus), Fallow Deer (Dama dama), and Reindeer (Rangifer tarandus) at the World Deer Park of Baotou (Inner Mongolia, China) in winter (Supplementary Table 1). To prevent soil contamination, only the middle layer of feces was collected from these individuals. All sampled deer were adults, had not recently been treated with antibiotics, and were confirmed to be in good health. Samples were immediately transferred to 5-mL sterile tubes and stored in liquid nitrogen. After collection, the samples were sent to the laboratory and stored at −80°C until further processing.



DNA extraction and sequencing

Genomic DNA was extracted from the fecal samples using the CTAB method (Honore-Bouakline et al., 2003). The extracted DNA was analyzed using a NANODROP LITE spectrophotometer (Thermo Scientific, USA) to evaluate DNA quantity and quality. We used the universal primers (341F [5′-CCTAYGGGRBGCASCAG-3′] and 806R [5′-GGACTACNNGGGTATCTAAT-3′]) to amplify the 16S rRNA gene V3–V4 region with a 6 bp barcode unique to each sample. PCR was performed with 15 μL of Phusion High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM forward and reverse primers, and 10 ng template DNA. The PCR conditions were as follows: 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, and extension at 72°C for 30 s, and a final extension step at 72°C for 5 min. The PCR products were pooled and purified using a Qiagen Gel Extraction Kit (Qiagen, Germany). The Illumina TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) was used to produce sequencing libraries according to the manufacturer's recommended protocol. After detection of library quality, samples were sequenced using the Illumina NovaSeq platform in 250 bp paired-end running mode. The sequencing service was provided by Novogene Co. Ltd. (Tianjin, China).



Sequencing data processing

All raw paired-end sequences were imported into the QIIME2 pipeline (version 2020.8.0) (Bolyen et al., 2019). Primers were removed using the Cutadapt plugin by “qiime cutadapt trim-paired” (-p-minimum length 200). The DADA2 plugin (“qiime dada2 denoise-paired”) was used to generate denoised feature sequences (amplicon sequence variants, ASVs) and feature tables (-p-trim-left-f 0 –p-trim-left-r 0 –p-trunc-len-f 235 –p-trunc-len-r 220) (Callahan et al., 2016). Feature sequences with a frequency ≤ 4 were discarded using “qiime feature-table filter-features–p-min-frequency 4.” Reference sequences were extracted from the SILVA database (release 132) using specific primers for the 16S V3–V4 region using “qiime feature-classifier extract-reads–p-min-length 200 –p-max-length 500” (Quast et al., 2013). The Naive Bayes classifier was trained for taxonomic annotation using the command line of “qiime feature-classifier fit-classifier-naive-bayes.” ASVs assigned to mitochondria and chloroplasts were excluded from the feature table (“qiime taxa filter-table–p-exclude mitochondria, chloroplast”) and feature sequences (“qiime taxa filter-seqs–p-exclude mitochondria, chloroplast”). We used PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) software (https://github.com/picrust/picrust2) to predict the functional abundance of the microbiota (Douglas et al., 2020).



Statistical analysis

Alpha diversity indices of microbiota (Ace, Chao1, Simpson, goods_coverage, and Shannon index) were calculated using the command line of “qiime diversity alpha.” These indices were compared between groups using the non-parametric Wilcoxon rank-sum test. A principal coordinate analysis (PCoA) plot was generated based on the Bray-Curtis distance. Permutational analysis of variance (PERMANOVA) was applied to test group differences based on the Bray-Curtis distance matrix using the vegan package (Oksanen et al., 2007). Linear Discriminant Analysis Effect Size (LEfSe) was used to test differences in taxa abundance (LDA score ≥ 3.0, p < 0.05) and functional abundance (LDA score ≥ 3.0, p < 0.05) (Segata et al., 2011). The Sloan neutral community model has been used to assess the importance of stochastic processes in gut microbiota assembly (Sloan et al., 2006). Being derived from Hubbell's neutral theory (Hubbell, 2001), Sloan's model can recognize the competitive status of a species in a community and is suitable for assessing a large population size such as the microbiota community. Observed OTU distributions and mean relative abundances in each of the five populations were fit to this model using R code6, respectively (Burns et al., 2016). To run these scripts, packages, including remotes, Hmisc, devtools, mle, stats4, phyloseq, and DanielSprockett/reltools, were installed and loaded. Logistic regressions were performed using the presence/absence of taxa and partition types to identify taxa above or below the indicated partitions. The average abundance of each OTU across all caterpillar individuals in a population was fitted to the neutral model using the parameter of migration rate (m), and the fit of m for each population was assessed with a generalized R-squared. Taxa within 95% confidence intervals were considered well predicted by the neutral model. To test the difference in composition between the above and below partitions of the neutral model, distance-based redundancy analysis was conducted on the Jaccard indices (Heys et al., 2020; Li et al., 2022b).




Results


Diversity of fecal microbial communities of six deer species

After quality control, 1,939,525 valid sequences were obtained from all samples, averaging 62,565 ± 8,444 (mean ± SD) per sample (Supplementary Table 2). The rarefaction curve demonstrated that we achieved sufficient sequence depth to accurately characterize the fecal bacterial community in deer, as reflected by the number of observed features, as well as the Shannon and goods coverage indices (Supplementary Figure 1). To assess the diversity of fecal microbiota among different deer species, we conducted an alpha diversity analysis using various indices, including observed features, Shannon, goods coverage, ACE, Simpson, and Chao1 indices (Figures 1A–C and Supplementary Figure 2). The results indicated that alpha diversity did not significantly vary among the six deer species. Despite this lack of significant difference in alpha diversity, non-metric multidimensional scaling (NMDS) analysis based on ASV- and genus-level data revealed species-specific diversity of fecal microbial communities, using Bray-Curtis dissimilarity (Adonis, p = 0.001) (Figures 1D, E). Moreover, Venn diagram and UpSetR analysis showed that different deer species harbor unique enrichments of gut microbiota at the ASV and genus levels (Figures 1F, G). Notably, Père David's deer exhibited a remarkable 53 genera of gut microbiota unique to its species.
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FIGURE 1
 Alpha and beta diversities of fecal microbiota among the six deer species. Violin plots depicting differences in ASV richness among different deer species using the observed features index (A), Shannon index (B), and goods coverage index (C). Non-metric multidimensional scaling analysis (NMDS) based on the Bray–Curtis dissimilarity matrix. This visualization demonstrates the dynamic changes in the gut microbiota composition of different deer species at the ASV (D) and genus (E) levels. Venn diagram of ASVs and genera overlapping across six deer species based on ASV (F) and genus (G) presence and absence.




Comparison of fecal microbial communities of six deer species

All ASVs were classified into 24 phyla, 41 classes, 83 orders, 135 families, and 322 genera, including unclassified entries. We examined the bacterial composition of fecal samples at both the phylum and genus levels. Among the identified phyla in the fecal microbiota of six deer species, the predominant groups, constituting over 98% of the total bacteria, were Firmicutes (63%), Bacteroidetes (26.69%), Proteobacteria (2.68%), Verrucomicrobia (2.10%), Euryarchaeota (1.93%), and Spirochaetes (1.65%) (Figure 2A; Supplementary Table 3). The abundance of Proteobacteria was significantly higher in the PD group compared to other groups, while Bacteroidetes showed the opposite trend. At the genus level, we identified 54 core bacterial genera with an average relative abundance exceeding 0.2%. In the AW, FD, PD, and SD groups, the top four genera were Ruminococcaceae UCG-005 (12.83%, 12.52%, 11.87%, and 14.21%, respectively), Rikenellaceae RC9 gut group (7.63%, 7.55%, 8.27%, and 7.94%), Ruminococcaceae UCG-010 (7.11%, 7.55%, 5.79%, and 7.57%), and Christensenellaceae R-7 group (6.98%, 4.90%, 4.90%, and 7.67%) (Figure 2B). The RD group was dominated by Ruminococcaceae UCG-005 (11.02%), Rikenellaceae RC9 gut group (7.15%), Bacteroides (6.69%), and Christensenellaceae R-7 group (5.75%), while in the RT group, the leading genera were Ruminococcaceae UCG-005 (10.81%), Rikenellaceae RC9 gut group (8.96%), Christensenellaceae R-7 group (8.76%), and Ruminococcaceae UCG-013 (4.38%) (Figure 2B). Among the core genera, Succinivibrio, Paenibacillus, and Anaerovibrio were significantly more enriched in the PD group compared to other groups, whereas Bacteroides and Enterococcus showed a significant depletion in PD compared to their abundance in the AW, FD, and RD groups.
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FIGURE 2
 Bar chart of relative abundance. The bar chart (right) shows the relative abundance of the bacterial phyla (A) and genera (B) in each deer. The tree (left) (A, B) shows the hierarchical clustering of the samples based on Bray-Curtis dissimilarity.




NCM described the frequency distributions of gut microbial communities in difference deer species

Variations in NMDS diversity among the gut microbial communities of deer may be attributed more to neutral processes than to deterministic ones. To evaluate the significance of neutral processes in the assembly of the deer gut microbiome, we applied a neutral model to the dataset. The frequency distributions of most ASVs within each deer population conformed to the predictions of the neutral model (Figures 3A–F). The PD group (57.3%) exhibited a greater relative contribution from stochastic processes compared to the FD (55.2%), AW (54.1%), RD (52.1%), SD (52%), and RT (47.7%) groups. A higher R2 value in the NCM not only indicates a better fit of the model to the gut microbial community data but also underscores the greater role that neutral processes play in shaping the community.
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FIGURE 3
 Fit of the neutral model to the gut microbial community. Goodness of fit of the neutral model for AW (A), FD (B), PD (C), RD (D), RT (E), and SD (F). This model provides estimates of ASVs occurrence given its abundance according to the best-fit neutral model, represented by a solid curve, and the dashed lines represent the 95% confidence intervals around the best-fitting neutral model. Each point in (A–F) represents an ASV in fecal bacteria. The R2 value indicates the goodness of fit of the neutral model. The value ranged from 0 (no fit) to 1 (perfect fit). Nm indicates the product of metacommunity size (N) and migration rate (m), quantifies estimates of dispersal between communities, and determines the correlation between occurrence frequency and relative regional abundance.




Difference in fecal microbial communities of six deer species

To further determine the microbial taxa that best explained the differences between the six deer species, we conducted a LEfSe analysis (Figure 4A). The results indicated that in the SD group, Ruminococcus, Lachnoclostridium, and Saccharofermentans had significantly higher abundances compared to the other groups. In the RT group, Olsenella, Prevotellaceae, Prevotella, Ruminococcaceae, Methanobrevibacter, Lachnospiraceae, Candidatus saccharimonas, and Christensenellaceae were significantly more prevalent. Phascolarctobacterium, Bacteroides, Candidatus Soleaferrea, Ruminobacter, and Akkermansia were also more abundant in this group. The PD group showed significantly higher levels of Escherichia_Shigella, Cellulosilyticum, Paenibacillus, Methanocorpusculum, Anaerovibrio, and Succinivibrio than the other groups. Furthermore, the FD group contained a greater diversity of unique bacteria, including Paeniclostridium, Treponema, Oscillibacter, and Lachnospiraceae. In the AW group, Mailhella, Ruminococcaceae, Ruminiclostridium, Enterococcus, and Tyzzerella were notably more abundant (LDA > 3.0, P < 0.05). The cladogram highlighted significant differences in the gut microbial composition across the different deer species (Figure 4B).


[image: Figure 4]
FIGURE 4
 Linear discriminant analysis (LEfSe) effect size analysis. Differentially abundant bacteria were determined by LEfSe analysis using the Kruskal-Wallis test (P < 0.05) with an LDA score > 3 (A). The cladogram showed microbial species with significant differences among the six groups. Different colors indicate different groups, with the species classification at the phylum, class, order, family, and genus levels shown from the inside to the outside (B). The yellow nodes indicate that groups of gut microbes do not play a significant role.




Potential function of the fecal microbiota of six deer species

Based on the PICRUSt2 function prediction results, the functional abundance of Pathway, COG, EC and KO levels was analyzed by non-metric multidimensional scaling (NMDS) of fecal microbiota of six deer species (Supplementary Figure 3). The results indicated a distinct separation of EC-Pathway biomarkers for the PD and SD groups from the other four groups (Figure 5A). Additionally, among the top 50 differential biomarkers, the PD group (24 pathways) and SD group (20 pathways) exhibited a significantly higher number of enriched differential pathways compared to the other groups (Figure 5B). In the PD group, the predominant functional pathways included fatty acid and lipid biosynthesis, metabolic regulator biosynthesis, l-alanine biosynthesis, l-methionine biosynthesis, and other amino acid biosynthesis pathways. In contrast, the SD group showed enrichment in pathways related to amino acid biosynthesis, nucleoside and nucleotide biosynthesis, secondary metabolite biosynthesis, and several super pathways. Furthermore, correlation analysis was conducted between the top 50 KEGG functional pathways identified by LEfSe analysis and the relative abundance of the top 50 genera (Figure 5C). The results revealed that in the PD group, the enriched functional classes were primarily super pathways and those involved in the biosynthesis of fatty acids and lipids. The SD group was characterized by enrichment in super pathways, amino acid biosynthesis, precursor metabolite generation, and energy pathways. The other deer species also showed enrichment in several pathways shared with the PD and SD groups.
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FIGURE 5
 Prediction of microbial function. Non-metric multidimensional scaling (NMDS) ordinations based on Bray–Curtis distances and Bonferroni based on ANOSIM in the fecal microbiota of six deer species (stress value = 0.146) (A). Sankey diagram delineating the top 50 significant pathways in the LEfSe analysis of different deer species (B). Heatmap showing correlations between the top 50 genera of bacteria and KEGG function pathways in the six groups (C). Clustering analysis was performed using Pearson's correlation and Euclidean distance based on the relative content of metabolic pathways and genera of bacteria. Data were processed using z-score transformation.





Discussion

Interest in the fecal bacterial microbiota of animals has surged due to its crucial role in nutrition, health, development, and productivity. Both the host species and living environment have been suggested as major factors modulating the gut microbial composition of mammals. Père David's deer, a highly endangered species native to China, is often kept in captivity with the goal of reintroducing it into the wild. Therefore, we selected six deer species, including Père David's deer, to investigate differences in their fecal microbial communities.

In this study, we employed 16S rRNA Illumina MiSeq high-throughput sequencing technology to compare the core fecal microbiota of Pere David's Deer, Sika deer, American Wapiti, Red Deer, Fallow Deer, and Reindeer and analyzed the diversity of their microbial communities. Although these deer live in the same captive environment and consume a commercial corn-soybean basal diet, their gut microbial compositions are distinct. Our observations showed that while alpha diversity was similar, there were significant differences in NMDS diversity, indicating consistent species richness and evenness within the fecal microbial communities among the six deer groups, yet substantial diversity in their fecal bacterial profiles. Our data revealed that Firmicutes, Bacteroidetes, Proteobacteria, and Verrucomicrobia were the predominant phyla. Firmicutes were mainly represented by Clostridia, Mollicutes, Thermolithobacteria, Bacilli, Negativicutes, and Erysipelotrichia with Clostridium, Roseburia, Lactobacillus, Ruminococcus, and Faecalibacterium being the most studied genera (Jandhyala et al., 2015; Ndeh and Gilbert, 2018). These genera not only supply energy to hosts through the metabolism of sugars, fatty acids, and carbohydrates, but they also play a critical role in human homeostasis by degrading dietary fiber (Flint et al., 2008; Tap et al., 2009; Sun et al., 2023). The main function of Bacteroides is the metabolism of polysaccharides and bile acids, aiding in protein synthesis and enhancing host immune function (Hooper, 2004; Bäckhed et al., 2005). It has been reported that the richness of Bacteroides in the Bacteroidaceae family decreases in the gut microbiota of Père David's deer after consuming a soybean-rich diet (Zhang et al., 2018). Consistent with previous findings, our research showed that the Bacteroidetes in the gut microbiota of Père David's Deer have lower relative abundances compared to other deer, possibly due to their soybean-rich diet. Additionally, Studies have shown that high-starch and fat diets can lead to a considerable increase in the abundance of Proteobacteria in the intestinal tract of Sichuan Alpine musk deer, rabbits, mice, and obese children (Zhu et al., 2015; Méndez-Salazar et al., 2018; Jeong et al., 2019; Zhang et al., 2023). Previous studies have found that carnivorous raptors, considered pathogen vectors, have high relative abundances of Proteobacteria in their intestinal flora (Zhou et al., 2020; Zhao et al., 2022). Many microbes within Proteobacteria are known zoonotic pathogens, such as Escherichia, Shigella, Salmonella, and Klebsiella, which can cause intestinal diseases in animals or diarrhea in humans (Kotloff et al., 2013; Nyaoke et al., 2020; Yan et al., 2021). Pathogens associated with Enterobacteriaceae, a family within Proteobacteria, were found to predominate in the gut microbiota of Père David's deer. Shigella, a group of gram-negative bacteria that cause bacillary dysentery in humans and primates, was notably prevalent (Qasim et al., 2022). These findings collectively suggest that Père David's deer may suffer from intestinal inflammation. In the fecal microbiota of other deer species, phyla such as Tenericutes, Actinobacteria, and Cyanobacteria were identified as commensal bacteria, primarily influenced by diet. Referring to the above results, it is clear that different dietary preferences have a significant impact on the diverse gut microbial composition of different deer species. Although captives are an effective conservation strategy for Père David's deer population recovery, some potential health risks cannot be ignored, such as reduced cellulose degradation capacity microbes, decreased nutrient absorption efficiency and increased potential pathogenic bacteria. To reduce the risk of maladaptive factors due to captive conservation, the proportion of dietary fibers should be appropriately increased to help Père David's deer maintain a stable and health intestinal flora under artificial environment. Intestinal health is a critical factor regulating health, and the dynamic equilibrium between intestinal bacteria and the body affects digestion, metabolism, nutrient absorption, and immunity (Nicholson et al., 2012; Ottman et al., 2012; Zhang et al., 2023). To improve captive breeding strategies, more studies are still required to find ideal ways of dietary choices similar to wild, which will play an important role in the conservation of Père David's deer. Moreover, the original living environment, host evolutionary history, and dietary habits also affect the gut microbiota composition of deer (Wang et al., 2023). Nonetheless, further exploration is still necessary to ensure taxonomic accuracy due to the low resolution of amplicon sequencing.

The analysis of the neutral model provides new insights into the stochastic assembly process of gut microbiota communities. The neutral theory of biodiversity serves as a mechanistic model for predicting species coexistence and biodiversity patterns within ecological communities (O'Dwyer et al., 2015). Initially developed to predict communities of large organisms like animals and plants, it has recently been applied to the ecology of gut microbial communities (Heys et al., 2020; Li et al., 2022b; Zhu et al., 2022). According to the neutral theory, stochastic processes—independent of host traits—play significant roles in shaping the composition of microbial communities within an individual host. Previous studies have demonstrated that the gut microbiomes of Drosophila and Cotton Bollworm align well with the predictions of the neutral model (Adair et al., 2018; Li et al., 2022b). Similarly, neutral processes also dominated the gut microbial community assembly in Atlantic Salmon, Salmo salar (Heys et al., 2020). In the present study, six deer species exhibited a high relative contribution of neutral processes in the assembly of their gut microbial communities, with Père David's deer showing the highest relative involvement. This may be attributed to the fact that Père David's deer have been kept in captivity for shorter periods compared to other species. Studies have also shown that captivity reduces the stochastic processes involved in the assembly of gut microbiota communities in white-lipped deer (Li et al., 2022a). This could explain why restoring Père David's deer populations in the wild is challenging; their wild populations remain smaller than those of other deer species. This study highlights that neutral processes are predominant in the assembly of gut microbiota communities across different deer species, particularly in Père David's deer. Although the Neutral Community Model (NCM) is well applied, some deterministic factors on the composition of gut microbiota cannot be ignored, such as host genetics, dietary habits and original living environment. The host genes play a crucial role in shaping the composition and structure of the gut microbiome. The gut microbiome co-evolve with the host and can be stably transmitted to subsequent generations. Previous studies on inbred mice have shown that the gut microbiome is primarily transmitted through vertical transmission (Moeller et al., 2018). Furthermore, studies on hybrid offspring of sika deer (Cervus nippon) and elk (Cervus elaphus) have shown that the rumen microbiome differs from that of their parents, suggesting a significant effect of host genetics on the rumen microbiome may stem from vertical transmission (Li et al., 2016). These results demonstrated that host genetics play an important role in the formation of gut microbiome. Additionally, dietary differences in different living conditions, including seasonal changes, geographical locations, and captivity, can also cause changes in gut microbiota. Studies on white-lipped deer have shown that the diversity and richness of the gut microbiota in the grassy season was higher than those of the withering season (You et al., 2022). For the white-lipped deer population, sufficient and diverse fresh plant-derived food is available in the grassy season; however, food resources and choices are relatively limited in the withering season due to severe weather conditions. The results indicate that white-lipped deer had higher abundances of Firmicutes, Patescibacteria, and Bacteroidota in the grassy season, and higher abundances of Proteobacteria and Actinobacteria in the withering season. Furthermore, diet changes due to geographical locations can also affect the composition and structure of gut microbiota. The intestinal flora compositions of forest musk deer from Sichuan (subtropical monsoon climate) and Qinghai (highland continental climate, higher latitude, and lower temperature than Sichuan) differ significantly (Liu et al., 2019). Moreover, the Père David's deer populations living in Beijing (semihumid monsoon climate, higher latitude) and Shishou (subtropical monsoon climate, and higher temperature than Beijing) harbor very different gut microbiota, with the gut microbiota of deer in Beijing exhibiting a higher Firmicutes/Bacteroidota ratio than that of deer in Shishou (Zhang et al., 2018). Besides, comparative analysis of several studies on captive and wild deer revealed that the gut microbiota structure is very different. The relative abundance of Firmicutes is significantly higher in wild deer species than in captive ones, while the relative abundance of Bacteroidetes exhibits an opposite trend (Wang et al., 2023). The difference in gut microbiota between wild deer and captive deer populations may be due to the fact that wild deer species can obtain a diverse high fiber diet, while captive deer species mainly consume formula diets containing high starch, carbohydrate, and protein concentrations. Notably, the relative abundance of Proteobacteria in captive Sika deer and White-lipped deer is higher than that in wild Sika deer. This further indicates the impact of artificially formulated diets on the gut microbiota structure of captive deer species. Therefore, the results reveal that although stochastic processes were dominate in different deer species, deterministic processes such as host genetics, dietary habits and living environment were also found to play a crucial role in the assembly of gut microbiota.

In this study, we investigated the impact of gut microbes on the functional pathways of various deer species. Our comparative analysis of intestinal bacteria functions across different deer revealed significant distinctions in their functional composition, closely linked to the predominant microbial species in each deer. Using PICRUST2 analysis, we found marked differences in the intestinal flora's functional composition among the deer (adonis P < 0.05). The LEfSe differential pathway analysis and Sankey diagram demonstrated that Sika deer and Père David's deer had a higher number of EC-pathways compared to other deer species. Functional analysis based on the KEGG database indicated that intestinal microbiota could affect fatty acid and lipid biosynthesis, cofactor, carrier, and vitamin biosynthesis, amino acid biosynthesis, secondary metabolite biosynthesis, and other biosynthesis pathways, as well as superpathways of amino acid metabolism, further indicating that intestinal microbiota have a certain regulatory effect on the biosynthesis and substance metabolism. The most abundant branched-chain amino acids (BCAA), valine, isoleucine, and leucine are essential amino acids synthesized by plants, fungi, and bacteria, especially members of the gut microbiota. They play a crucial role in maintaining homeostasis in mammals by regulating protein synthesis, glucose and lipid metabolism, liver cell proliferation, and immunity (Tajiri and Shimizu, 2018). BCAA catabolism is crucial for controlling thermogenesis in brown adipose tissue. It occurs in mitochondria through the SLC25A44 transporters and helps improve metabolic status (Yoneshiro et al., 2019). In addition, supplementation of mice with a mixture of BCAAs promotes a healthy microbiota with an increase in Akkermansia and Bifidobacterium and a decrease in Enterobacteriaceae (Yang et al., 2016b). The gut microbiota is a modulator of BCAA levels, as it can both produce and use BCAAs. Prevotella, which has high relative abundance in RT, can degrade hemicellulose, pectin, and simpler carbohydrates such as those expected in fruits and low complexity fiber resources to produce BCAAs (Russell and Baldwin, 1979). Moreover, the genera found in our study, such as Clostridium, Ruminococcus, and Roseburia, can degrade fibers to produce SCFAs and organic acids (Koh et al., 2016). SCFA mainly includes propionate, butyrate, and acetate, which are the main anions in the intestine and can be rapidly absorbed by colonic epithelial cells. Propionic acid is mainly consumed by the liver for gluconeogenesis; Butyrate is the preferred energy source for colon cells; A large amount of acetate enters the systemic circulation for lipid generation (Pomare et al., 1985; Scott et al., 2008). Studies on the gut microbiota of wild and captive Alpine Musk Deer shown that more SCFAs can increase rate of nutrient uptake from the food in wild deer population, and SCFAs are thought to be responsible for ~50–70% of ruminant energy supply (Bergman, 1990; Sun et al., 2019b). Succinivibrio, a genus found in high abundance in Père David's deer, plays a role in various metabolic and biosynthetic pathways. This starch-degrading bacterium primarily produces acetate and succinate. Its high abundance might be associated with Père David's deer consuming diets rich in starch, such as grains and legumes. Similarly, a study by Tariq Shah et al. on yak fecal microbiota reported that the high-concentrate diet group showed a significantly higher abundance of Succinivibrio compared to the natural grazing group consuming diverse herbage (Shah et al., 2022). Additionally, Paenibacillus is another crucial player in the biosynthetic and metabolic pathways in Père David's deer. This genus produces valuable molecules, including exo-polysaccharides (EPS) and enzymes such as amylases, cellulases, hemicellulases, lipases, and pectinases, which can aid digestion and absorption (Grady et al., 2016). Our correlation heatmap analysis of the top 50 genera and pathways also identified Pseudomonas as a participant in these pathways in both PD and RT. Pseudomonas aeruginosa, a species within the Pseudomonas genus, is a Gram-negative bacterium known for its role as an opportunistic pathogen. As a common opportunistic pathogen, P. aeruginosa is highly prone to chronic infection and is nearly impossible to eradicate, particularly due to virulence factors and adaptive mutations (Jin et al., 2024). Based on our analysis and the observed abundance of Proteobacteria (Figure 2B), we speculate that Père David's deer may be susceptible to enteritis or diarrheal diseases. Consequently, we recommend increased focus on gastrointestinal health in captive animals, particularly endangered species like Père David's deer.

In conclusion, we conducted a thorough examination of the fecal microbiota, neutral model, and microbiota function across different groups of captive deer using amplicon sequencing and multi-statistical analysis. We found that the variations in microbial community composition, function, and community assembly are not only related to neutral processes, but also to the unique genetic background, dietary preferences, and living environment of each host species. However, there are several limitations to this study that should be addressed: (i) the sample size of captive deer should be increased; (ii) the sample size of wild deer should also be expanded; and (iii) advanced technologies such as metagenomics or metatranscriptomics should be utilized to delve deeper into microbial functional genes, especially those of pathogens. In summary, this study on fecal bacterial microbiota in various deer groups offers valuable insights into microbial diversity and provides theoretical knowledge beneficial to the conservation efforts of endangered species.
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PERMANOVA Weighted Unifrac Unweighted Unifrac

R?
CJDO vs. FRJD7 2024 0.144 0.149 0893 0.069 0469
FRJD7 vs. FR-ReJD21 1031 0079 0391 0690 0054 0706
CXGLLO vs. FRXGLL? 0421 0.037 0731 0993 0,083 0.401
FRXGLL? vs. FR-ReXGLL21 0,063 0.007 0994 0719 0074 0712
CJDO vs. CXGLLO 1844 0133 0.156 0485 0039 0927
FRID7 vs. FRXGLL7 0244 0.022 0853 0,565 0.049 0877
FR-ReJD21 vs. FR-ReXGLL21 0291 0.028 0837 0991 0090 0392

P<0.05 indicates significant difference: CJDO, JD control groups FRID?, D restricted food group; FR-ReJD21, JD re-feeding groups CXGLL, XGLL control group; FRXGLL7, XGLL restricted
food group; FR-ReXGLL21, XGLL re-feeding group.
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Parameter JD XGLL Region x Time

Con group FR group FR-Re group  Con group FR group FR-Re group 7 2
n=7 n=7 n=7 n=7 n=7 n=7

Food intake (g/d) 82031276 6.5621.021 8.050£0.595 1121£0992 9.109+0.767 116051576 46895 <0.01 7477 <0.05 0873 0427
Heart weight (g) 0.2820.021 0.236+0.008 0.2840.052 031420052 024640021 033340044 23810 <0.01 3661 <0.05 2382 0.108
Spleen weight (g) 0.110£0.118 0.091£0.016 0.092£0.025 0.130+0.035 0.065+0.013 0.109+0.027 6248 <0.05 5960 <0.05 5757 <0.05
Lung weight (g) 0.323£0.061 030640031 0.323£0,057 034240034 029940038 03950067 12.245 <0.05 0942 0400 3674 <0.05
Stomach length 228640403 213740420 201740321 2057+0.321 2033£0.186 2083+0.248 0.108 0744 0.466 0632 0.683 0512
(cm)

Te(ug/g) 106.018:+20.959 10397518977 111505:15.242 10712353386 | 102720821635 | 10759423922 0337 0565 0051 0950 0042 0959

P<0.05 indicates significant difference, P<0.01 indicates extremely significant difference.
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Regions Sample Body mass Geographic Altitude/m Average Precipitation/  Vegetation

size (mean + SE) location temperatures mm type
(winter)/°C
2101, o§316"E,
D 37348 ittty 2217 161 597.0 Savannah shrubs
210) 27°9073° N
424" Subalpine
XGLL 19.(310,99) 383384 Datoiied 3321 69 9842 !
2009030 N meadows

ID, Jingdong County; XGLL, Xianggelila County.
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Measure Random TT4 (ng/mL) TT4/TT3 FT4/TT4

effect

Shannon ANOVA No 0055 0.064 0038

Simpson ANOVA No 0026 0.071 0023
Alpha diversity #0fASVs GLMM Locality 0.092 NS NS

Shannon GLMM Locality 0.021 0,057 0.062

Simpson GLMM Locality 0014 0073 0035

Bray Dist PERMANOVA No NS NS 0.008
Beta diversity

PCoA Axis 1 GLMM Locality NS NS 0035

Only the significant or marginally insignificant tests are reported here, for alltests see Supplementary Table S6.
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X Eregli Uluskisla Darbogaz (M) Madenkoy (M) Karagol (M)

Eregli 0 039 048 041 040

Ulukisla 0,059 (~0.011-0.187) 0 039 041 039 044
Darbogaz 0,056 (0.014-0.095) 0.116 (~0.005-0.220) 0 052 051 045
Madenkoy 0028 (~0013-0.084) 0025 (~0.070-0.029) | 0.065 (~0.002-0.140) 0 042 046
Karagol 0.112 (0.047-0.199) 0053 (~0019-0.146) 0.233(0.020-0.445)  0.025 (~0.024-0095) 0 048
Kiziltepe 0,034 (~0.003-0.081) 0061 (-0029-0.167) 0059 (<0027-0.139) | 0026 (~0.030-0.110) | 0.118 (0.042-0.188) 0

The lower diagonal represents the pairwise Fst (Nei, 1937) and the upper diagonal represents the mean proportion of shared alleles between sampling localites. The 95% confidence intervals
in brackets for Fst values (1,000 bootstraps, estimates were lower CI limit >0 highlighted in bold font). L: low altitude, M: middle alitude, and H: high altitude.
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Altitude Locality

Eregli 3
Low

Ulukisla 2

Madenkoy 0
Middle

Darbogaz, 0

Karagol 4
High

Kiziltepe 15
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Adjusted
p value

(fdr)

Relative
abundance
among
altitudes

Kruskal-
Wallis p
value

Muribaculaceae 0.00005
Lachnospiraceae 0.0001
Akkermansiaceae 0.0003
Christensenellaceae 0.0006
Undlassified 0.002
Bacteroidales
Ruminococcaceae 0,003
Lactobacillaceae 0.004
Butyricicoccaceae 0.005

0.002

0.003

0.005

0.007

0.02

0.02

0.03

0.03

high>middle>low
low>middle> high
Only found at low
low>high>middle
high>middle>low

lows>middle > high
high>low>middle
middle>high>low

The last colum indicates reative abundance among the alitudinal groups (e.g, high >

middle > low). The statistically significant results are marked in bold.
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Kruskal-
Wallis p

value

Adjusted
p value
(Fdr)

Relative
abundance
among
altitudes

Bacteroidota 0.00003
Firmicutes 0.007
Desulfobacterota 001

Verrucomicrobiota 0.0003

0.0004

0.03

0.04

0.002

high>middle>low
low>middle > high
low>high>middle

Only found at low

The last column indicates relative abundance among altitudinal groups (e.g, high > middle >
low represents higher relative abundance at high altitude compared to middle altitude, and
higher at middle altitude compared to low altitude). The gradual increase or decrease
between relative abundance with altitude is marked as bold.
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Altitude Locality Elevation Male Female Total Microbiome Diet Thyroxine Microsatellites

category

Eregli 1,050m 5 10 15 8 8 4 15
Low

Ulukisla 1,250m 3 6 9 9 4 5 5

Madenkoy 1880m 3 5 8 ] 8 8 7
Middle

Darbogaz 2000m 3 5 8 7 4 0 8

Karagol 2550m 4 1 15 10 2 10 15
High

Kiziltepe 2,900m 1 n 12 9 10 0 12

Total 19 a8 67 51 38 28 63
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1 Xunhua Salar Autonomous 35°38'46.3N 102°1502.0°F 3553.28m
County

2 New Barag Right Banner 45°33/48.0"N 116%59'12.7°E 555.49m
3 East Ujimqin Banner 48°48'32.9"N 11651035 859.46m
4 Taibus Banner 41°4438.9 N 115°03'518°F 1371.59m

Species

Myospalax baileyil Ochotona

curzoniae
Lasiopodomys brandii
Meriones unguiculatus

Spermophilus dauricus

Gender

Male

Male
Male

Male
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Group Sex Age Altitude Sample source
Female 21
HH2 Female 21
HH3 Female 21
HH4 Female 20
HHS5 Female 2 Lhasa City, Tibet 3650 Fecal
HH6 Male 2
HH7 Male 2
HHS, Male 2
HHY Male 21
High altitude Human (HH) HHI0 Male 21
HHIL Female 46
HHI2 Female a
HHI3 Female 38
HH14 Female 46
HHIS Female 45 Linzhou County, Lhasa City, Tibet 3900 Fecal
HHI6 Male 53
HHI7 Male 37
HHI8 Male 2
HHI9 Male 34
HH20 Male a4
High altitude Dog (HD) HDI-20 — — Lhasa stray dog shelter 3650 Fecal
High altitude Rhesus macaques (HM)  HMI-19 — Adult  Gongbujiangda County, Linzhi City | 3400 Fecal
LHI Female 2
LH2 Female A
LH3 Female 2
LH4 Female 2
LHS Female 2
LH6 Male 25
LH7 Male 24
LHS Male 24
LHY Male 2
Low altitude Human (LH) LH10 Male 29 Yaan, Sichuan 560 Fecal
LHII Female 44
LHI2 Female 47
LHI3 Female 46
LHI4 Female 45
LHIS Female 46
LHI6 Male 46
LHI7 Male a7
LHI§ Male 48
LH19 Male 45
LH20 Male 47
Lowaltitude Dog (LD) LD1-20 - - Yaan stray dog shelter 590 Fecal
Lowaltitude Rhesus macaques (LM) | LMI-10 - Adult | Jiangjin County, Chongging City 895 Fecal
LM11-20 - Adult | Fengjie County, Chongging City 220 PRINA535368,
LM21-35 - Adult | Longhushan, Guangxi 220 PRINA535368,
Lowaltitude Coyote (LW) LM1-18 - - Dround Edmonton, Alberta, Canada | - PRINA528764

PRINA528765
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Sample site  Region Sample Longitude Altitude Mean Mean Mean Type of

number and (m) summer summer summer vegetation
latitude temperature  humidity =~ wind_speed
(°C) (%) (km/h)
Qin County QQX 6 112.66°E, 986 26 78 8 Three crop
36.91°N two annual
Zuoquan County 7QQ 8 113.29°E, 1128 28 77 86 Warm-
37.09°N temperate
evergreen
coniferous
forest
Shanyin County SHY 7 112.78°E, 1163.3 27 63 103 One crop per
39.54°N annual
Shanyin County XIX 6 112.78°E, 12225 2 68 9.7 One crop per
39.54°N annual
Loufan County LOF 7 112.78°E, 1301 28 61 88 One crop per
39.54°N annual
Linchuan County LNC 7 11331°E, 13592 31 83 9 Perennial
35.79°N forbs
community
Wuzhai County WZA 7 11331°E, 1460 20 66 9.8 One crop per
35.79°N annual
Kelan County KEL 6 11L77°E, 1939.1 25 62 34 One crop per
38.67°N annual
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Parameter Region x Diet

Re group Re group F P
n=7 n=6
Tg (ng/g) 4344.103 + 3990.627 £ 4446.074 4003.2743 £ 3768.300 £ 4184.755 & 11.487 0.002 10.002 <0.001 0.190 0.828
47.236 199.447 261.753 238.226 126.118 329.208
Te (ng/g) 1838.876 + 1869.644 + 1786.769 + 1701.406 + 1727.321 + 1733.683 + 0.119 0.732 0.083 0.921 0.097 0.907
264.91 221.468 252.200 290.353 357.620 252.85
Glu (mg/ml) 0.639 & 0.534 £ 0.677 0.603 £ 0.606 £ 0.655 £ 0.294 0.591 2027 0.147 0.757 0.477
0.073 0.099 0.163 0.115 0.139 0.137
Leptin (pg/ml) | 1542.616 & 1519.344 & 1568.811 1069.974 % 1020.632 % 1040.873 & 49.832 <0.001 0.250 0.780 0.099 0.906
68.808 171.092 159.398 206.603 160.576 113.865
UCP1 (pg/ml) 1298.614 + 1277.614 + 1264.221 1433.350 + 1477.343 + 1495.917 + 7.756 0.009 0.014 0.986 0.140 0.870
290.171 214.712 314.209 234.681 163.719 90.224
SCFAss 34.600 £ 34.184 36.910 £ 32.396 + 31527 33.130 + 4.996 0.032 0.480 0.623 0.048 0.954
(wmol/L) 5.595 6.788 7.492 6.223 6.764 2355
FAIF (ng/L) 57.377 + 54.710 = 55.154 58.894 & 55714+ 58312+ 0.165 0.687 0.297 0.745 0.047 0.954
11.125 7.498 8.742 10.596 14516 5.141
LBP (ng/ml) 11.769 £ 10.276 £ 12.413 £ 11.404 £ 10.659 £ 11.658 £ 0.001 0977 3.633 0.037 0472 0.628
1.858 0.955 1.004 1.596 1516 2.088
TNT-a (ng/L) 1053.574 + 1120.210 % 1197.591 + 1083.013 & 984.707 £ 1085.007 & 2.179 0.149 2475 0.099 2289 0.117
109.626 122.758 95.090 107.601 92.828 120.964

Data are mean = SE. The differences in various indicators between the two regions were analyzed using two-way ANCOVA, with body mass as the covariate.
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Breeding model Sample ID gender

Weight (kg) Dietary

aw_fm_01 E 2 25 Meadows
aw_fm_02 E 2 29 Meadows
Pure grazing (aw_fm) aw_fm_03 s 2 2 Meadows
aw_fim_04 E 2 30 Meadows
aw_fm_05 E 2 23 Meadows
aw_bs_01 s 2 30 Meadows, hay, Genkwa root
aw_bs_02 E 2 2 Meadows, hay, Genkwa root
Semi-captivity (aw_bs) aw_bs_03 E} 2 32 Meadows, hay, Genkwa root
aw_bs_04 E 2 2 Meadows, hay, Genkwa root
aw_bs_05 E 2 33 Meadows, hay, Genkwa root
aw_gs_01 E 2 33 Concentrates
aw_gs_02 E 2 31 Concentrates
Full captivity (aw_qs) aw_gs_03 £} 2 27 Concentrates
aw_gs_04 E 2 2 Concentrates
aw_gs_05 E 2 32 Concentrates

‘, ling model Semu-upmny(aw bs]:

1 \altitude; 4006m

|/ Temperature? 13°C

barometric: 62.2kpa
Wet: 38%

Coordinate; N31:2347”

i |
I Te-;yemure: 15°C L :
| 62.5kpa WT \ i
I weuean - :
! i

Coordinate: N30°32'13" Ess‘sa'ls’" 1

Samples starting with ‘aw_fn’ come from Awang Town, Gongjue County (pure grazing), ‘aw_bs'from Changdu Jueyong Breeding Farm (semi-captivity), and ‘aw_qs’ from Gongjue County
Zangdong Biotechnology Co., Ld. (ful captivity). & stands for the male. Age range: 0-1 years old for juvenile sheep, 2-8 years for adult sheep.
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it name Product number

Leptin ELISA kit IM-11498 M1
Glu ELISA kit SO104F-1
Tg ELISA kit 5014001
Te ELISA kit 505042-1
SCFAS ELISA kit IM-11498 M1
LPS ELISA kit M-12488M1
FIAF ELISA kit IM-12613M1
TNF-o ELISA kit IM-02415M1

UCP1 ELISA kit IM-12185M1
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Unweighted Unifrac Weighted Unifrac

R2 R2
DLCvs. DLHF 2753 0216 0.029 3784 0275 0056
DLHF vs. DLRe 4645 0297 0.002 4539 0292 0002
XGC vs. XGHF 2886 0224 0.014 3.090 0.236 0038
XGHF vs. XGRe 3732 0237 0.005 5.403 0310 0004
DLCvs. XGC 1745 0.149 0.075 2405 0.194 0077
DLHF vs. XGHF 0938 0086 0438 0351 0.034 03865
DLRe vs. XGRe 1377 0.096 0.163 2440 0.158 0.103

P<0.05 indicates a significant difference.
DL, Dali control groups DLHF, Dali high-fat groups DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHE, Xianggelila high-fat group: XGRe, Xianggelila high-fat
re-feeding group.





OPS/images/fmicb-15-1434346/fmicb-15-1434346-t005.jpg
Parameter

Body mass (g)*
Food intake (g/d)*
Food calories (kJ/d)*"
RMR (mLO2/gh)*
Heart mass (g)

Liver mass (g)*
Spleen mass (g)
Kidney mass (g)
Lung weight (g)

Small intestine length (cm)
Cecal length (cm)*
WAT mass (g)**
BAT mass (g)*

Data are presented as mean +

‘Means that there is  significant difference in the impact of the indicator by high-fat food.
‘Means that there s a significant difference in the interaction between altitude and high-fat food on the indicator; XGLL, Xianggelila; DL, Dali

Con group
n=6
36.5942.06
6312102
11037217.87
1912023
024004
185015
0070016
05420.13
030006
37724455
8924031
045007

0.17£0.06

DL

HF group
n=6

39.10+187

5774079

113631562

1.69£0.49
0.27:£0.06
1842027
0.07£0.02
0.55£0.18
0.28:£0.02
3939277
8704024
0.49:£0.10

0.18:£0.04

Re group

n=7
35,78+ 1.80

6854035

11993£6.14

1932023
0.28:£0.03
1920.15
0.07£0.02
0.55£0.12
0.27:£0.02

39.6244.24
9.24:£0.46
045£0.08

0.17:£0.04

Con group

n=6
32164217

8174106

1429541851

2724036
0.29:£0.02
248£031
0.11£0.04
0.54£0.13
0.27:£0.04

40.49+6.10
10.11£0.89
030£0.10

0.23£0.03

*Means that there is a significant difference in the impact of the indicator by altitude.

XGLL
HF group
n=6

34904264

869074

171101465

2924016

027004

2204017

0.08+0.03

0.66+0.21

031006

43.06£731

10.15£0.60

0.49+0.06

0.28+0.06

Re group
n=8
31434125
880055
155.83£17.55
287043
033003
2424017
0.10£004
0.60+0.18
0.30£004
4100861
1036035
045005

0.30£0.05
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Parameter

Tg (g/g)*

Te (ng/g)

Glu (mg/mL)
Leptin (pg/mL)*"*
UCPI(pg/mL)*
SCEAs (pmol/L)*
FAIF (ng/L)

LPS (ng/mL)*
TNT-a (ng/L)

Con group

n=6
4001.35£278.66
1875.87+ 144,65
065£0.20
15294612604
12222327458
3246+731
55.2647.67
11594196

107521£129.91

DL
HF group
n=6
452028206.1
219683415429
073008
1959.12:£109.03
1201.65£80.52
29504559
643241270
1205203

11240311354

Re group
n=7
4093.16421559
182661427291
0655011
1589.15100.73
129384511904
34114504
55014899
12031109

107069+ 148.44

Con group
n=6
3399.26225.32
1739564 117.02
062013
10338913095
14963017543
338547.23
619341053
11756132

1078.89+86.04

Data are presented as mean & SE; *Means that there is  significant difference in the impact of the indicator by altitude.
‘Means that there is  significant difference in the impact of the indicator by high-fat food.
‘Means that there is  significant diference in the interaction between of altitude and high-fat food on the indicator; XGLL, Xianggelila; DL, Dali; Glu, ghucose; Tg, trighyceride; Tc,total

cholesterol; SCEAS, short-chain faty acids; LPS, lipopolysaccharide; FIAF, fasting-induced adipocyte factor; TNF-g; tumor necrosis factor-o.

XGLL
HF group
n=6

3733.27£252.03

1853.08:+159.69

0.66+0.09

122242£99.67

1407.05+65.50

33.08£7.57

66841042

1n21£111

1205.62£90.94

Re group
n=8
345132425557
171559426338
062010
1023.46+70.88
14952311771
33.0943.02
60.61+13.04
11744131

1028.90+78.07
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Geographic Average temperatures

Regions Sample size location Altitude/m {winter)/°C Precipitation/mm
XGLL 20(310,910) 99°8316" E, 27°90'73" N 3321 45 9842
DL 19(810,99) 100°42/49" E, 24°9030" N 2217 175 5970

XGLL, Xianggelila; DL, Dali
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D] Region x Diet

HF group Re group Re group F P
n=7

Body mass 36.441 £ 2.318 36.384 £ 1.152 36.391 £1.919 32.670 £ 1.652 32.661 £ 1.289 32.790 £1.023 52.105 <0.001 0.006 0.994 0.01 0.991
®
Food intake 7.677 £0.638 8.110 £ 0.984 8.043 £0.702 9.539 £ 1.150 12.781 £ 1.037 10.600 £ 0.900 47.894 <0.001 13.872 <0.001 8.609 <0.001
(g/d)
RMR 2.009 £ 0.143 1.864 £0.313 2.014 £0.563 2.622 £ 0.389 2.687 £0.422 2.864 £ 0.422 18.656 <0.001 0.683 0.512 0.406 0.669
(mLO,/g.h)
Heart 0.252 +£0.073 0.242 £ 0.063 0.270 £ 0.033 0.252 £ 0.024 0.272 +£0.029 0.254 +£0.075 2.767 0.105 0.111 0.895 0.719 0.495
weight (g)
Liver weight 1.51240.203 1.703 £ 0.189 1721 £0.162 2.142+£ 0438 2.0324+0.184 2.151£0.120 24.645 <0.001 0.669 0.519 1.399 0.261
(g
Spleen 0.089 £ 0.195 0.109 £ 0.027 0.099 £ 0.307 0.104 £ 0.318 0.100 £ 0.015 0.099 £ 0.011 0.36 0.552 0.396 0.676 0.905 0.414
weight (g)
Kidney 0.528 £ 0.071 0.489 £ 0.065 0.478 £ 0.090 0.511 £ 0.083 0.586 £ 0.071 0.594 £ 0.063 1.557 0.221 0.24 0.788 3.181 0.054
weight (g)
Lung weight 0.266 £ 0.046 0.274 £ 0.043 0.252 £ 0.038 0.239 £ 0.361 0.254 4 0.049 0.303 +£0.017 0.016 0.807 1.279 0.291 3.729, 0.034
(8
Small 35.000 £ 2.930 39.143 £ 3.868 38.643 £ 2.607 40.871 £ 1.745 36.800 +5.128 42.733 +£2.320 1.371 0.25 2.956 0.066 5.781 0.007
intestine
length (cm)
Cecal length 8.814 £ 0.488 8.819 £ 0.562 8.857 £0.264 9.396 £ 0.532 9.657 £0.270 9.575 £ 0.649 7.49 0.01 0.301 0.742 0.249 0.781
(cm)
WAT weight 0.392 +0.059 0.468 £ 0.046 0.435 £0.170 0.224 £ 0.024 0.276 £ 0.082 0.344 4+ 0.086 3.357 0.076 3.336 0.048 1.186 0.318
(8
BAT weight 0.171 £0.027 0.193 £ 0.039 0.203 £ 0.051 0.210 £ 0.024 0.224 +0.036 0.239 +0.040 4.958 0.033 2314 0.114 0.042 0.958
(8)

Data are mean = SE. The differences in various indicators between the two regions were analyzed using two-way ANOVA or two-way ANCOVA, with body mass as the covariate.
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Regions Sample Body mass Longitude Altitude/m Mean winter

number | (mean =% SE)

Precipitation/ | Vegetation
and temperature/°C mm type
latitude

XGLL 20 36.45 4 2.32 99°83'16” E, 3321 45 984.2 Subalpine
(105/109) 27°90'73" N meadows

DL 21 3270 + 1.65 100°42'49" E, 2217 175 597.0 Savannah shrubs
(118/109) 24°90/30" N

XGLL, Xianggelila; DL, Dali.
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Contents

Standard diet

Hi

Crude fat (%) 6.2 3.9
Crude protein (%) 20.8 19.4
Neutral detergent fiber (%) 21.5 35.5
Acid detergent fiber (%) 12.5 21.4
Ash (%) 10.0 10.5
Caloric value (kJ/g) 17.5 17.3






OPS/images/fmicb-14-1264109/fmicb-14-1264109-t003.jpg
PERMANOVA Unweighted UniFrac Weighted UniFrac

Re R?
DLC vs. DLHF 0.934 0.072 0.453 1.561 0.115 0.182
DLHEF vs. DLRe 1.254 0.095 0.214 2.379 0.165 0.098
XGC vs. XGHF 3.268 0.229 0.010* 1.867 0.145 0.142
XGHEF vs. XGRe 1.439 0.116 0.147 0.881 0.074 0.426
DLC vs. XGC 0.961 0.080 0.432 0.513 0.045 0.701
DLHF vs. XGHF 1.210 0.092 0.275 0.432 0.035 0.793
DLRe vs. XGRe 1.810 0.141 0.041* 1.441 0.116 0.206

*P < 0.05 indicates significant difference.
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DILC

DLHF

DLRe

XGC

XGHE XGRe

g Anoxybacillus

o Bacteroidales

g Alistipes

o __Rhizobiales

f Rikenellaceae

g Bacteroides

g Clostridium

f Methylobacteriaceae
¢ Sporobacter

¢ Blautia





