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The microbiota is essential for the extraction of energy and nutrition from plant-based diets and may have facilitated primate adaptation to new dietary niches in response to rapid environmental shifts. In this study, metagenomic sequencing technology was used to analyze the compositional structure and functional differences of the gut microbial community of Francois’ langurs (Trachypithecus francoisi) under different environmental and dietary conditions. The results showed that in terms of the composition of the gut microbial community, there were significant differences among the gut microbiota of Francois’ langurs (anthropogenic disturbed populations, wild populations, and captive populations) under different environmental and dietary conditions. The microbial communities with the highest abundance in Francois’ langurs were Firmicutes and Bacteroidetes. Firmicutes was the most abundant phylum in anthropogenic disturbed Francois’ langurs and the least abundant in captive Francois’ langurs. The abundance of Bacteroidetes was highest in captive Francois’ langurs. In the analysis and comparison of alpha diversity, the diversity of the gut microbiota of Francois’ langurs affected by anthropogenic disturbance was the highest. The significant differences in gut microbiota between Francois’ langurs in different environments and different diets were further supported by principal coordinate analysis (PCoA), with the disturbance group having a gut microbiota more similar to the wild group. Kyoto Encyclopedia of Genes and Genomes (KEGG) functional annotation analysis indicated a high abundance of functional genes involved in carbohydrate metabolism, amino acid metabolism, replication and repair, cofactor and vitamin metabolism, and other amino acid metabolism pathways. Additionally, the functional genes involved in carbohydrate metabolism pathways were significantly enriched in the gut microbial community of Francois’ langurs that were anthropogenic disturbed and captive. The gut microbiota of the Francois’ langurs exhibited potential plasticity for dietary flexibility, and long-term food availability in captive populations leads to changes in gut microbiota composition and function. This study explored the composition and function of the gut microbiota of Francois’ langurs and provided a scientific basis for understanding the physiological and health status of Francois’ langurs, effectively protecting the population of wild Francois’ langurs and reintroducing captive Francois’ langurs into the wild.
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1 Introduction

In recent years, explosion in metagenomic techniques has enabled us to explore the complicated microbiota inhabiting micro-environments within the gastrointestinal tract (Handelsman et al., 1998; Handelsman, 2004; Muegge et al., 2011). Evidence has been accumulated to show that the gut microbiota is critical in disease, nutrition, immune responses, and development of the host (Guarner and Malagelada, 2003; Versalovic and Relman, 2006). Because the gut microbial community is highly flexible, it, in turn, affects the host’s ability to respond quickly to environmental changes (David et al., 2014; Suzuki and Ley, 2020). Multiple studies have shown that habitat-caused changes in diet and surroundings have a marked effect on the gut microbiota (Clayton et al., 2018; Amato et al., 2019; Baj et al., 2019; West et al., 2019). Additionally, food is one of the main factors affecting the gut microbiota in animals (Clayton et al., 2016). Food not only causes changes in animal gut microbial composition, metabolites, and short-chain fatty acids but also affects animal gut microbial metabolites and chemical reactions in the gut. Reduced or sustained intake of macronutrients such as fiber may lead to the loss of key microbial taxa (Wu et al., 2011; David et al., 2014; Uhr et al., 2019). Leaf-eating primates generally have longer digestive tracts to increase food residence time and improve the breakdown of fiber and secondary metabolites, and gut microbiota tend to be enriched in pathways associated with amino acid production. In contrast, the gut microbiota of non-leaf-eating primates is rich in microbe associated with starch and monosaccharide degradation. Compared with wild populations, captive populations have lower intake of crude fiber (15%) and protein (13%) and higher intake of non-structural carbohydrates (60%) and fat (12%) (Chen S. T. et al., 2018; Guo et al., 2018). A previous study demonstrated significant differences in the gut microbiota of captive and wild Guizhou snub-nosed monkeys (Hale et al., 2019). Therefore, we hypothesize that there are significant differences in the composition, structure, and function of the gut microbial community in Francois’ langurs under different environmental conditions and that these differences are related to changes in diet and environment.

Francois’ langurs (Trachypithecus francoisi) belong to the family Cercopithecidae, the subfamily Colobinae, and the genus Trachypithecus. They are mainly distributed in Chongqing, Guizhou, and Guangxi, China and the karst stone mountain area in northern Vietnam, with a population of 1,600–1,900 individuals. Francois’ langurs are national first-class protected wild animals in China and are listed as an endangered (EN) species by the International Union for Conservation of Nature (IUCN) (Niu et al., 2019). The group of Francois’ langurs in the Mayanghe National Nature Reserve Administration in Guizhou Province not only frequents the villages where humans live. The pure wild Francois’ langurs population is mainly leaf-eating. For the anthropogenic disturbed wild population, in addition to the main leafy plants, other high-sugar and high-salt protein and carbohydrate foods are common. The captive populations mainly rely on fruits and leaves as their main food. At present, the distribution and differences in microbiota between different dietary populations are still unclear, and the functions of the gut microbiota in the adaptation process to different diets need to be further studied.

In this study, to elucidate how the gut microbial community of Francois’ langurs responds to different environments and foods, metagenomic sequencing was performed to compare three different dietary patterns: the composition and function of the gut microbiota in the anthropogenic disturbed group (AD), wild group (W), and captive group (C) Francois’ langurs. The research objectives included (1) determining the differences in the composition and diversity of the gut microbiota of Francois’ langurs under different environmental and dietary conditions and (2) determining the adaptability of the gut microbiota in Francois’ langurs to the environment under different environmental and dietary conditions and the significantly different functional characteristics of the gut microbial community. This study further served to evaluate the health status of wild Francois’ langur populations under different environmental conditions, provide a scientific basis for the protection of Francois’ langurs in the Mayanghe National Nature Reserve Administration, and provide a theoretical basis for the breeding of captive Francois’ langurs.



2 Materials and methods


2.1 Study site and sample collection

The research sites were the Mayanghe National Nature Reserve Administration in Guizhou Province and the Guizhou Forest Wildlife Zoo in Guizhou Province. The Mayanghe National Nature Reserve Administration is located at the junction of Yanhe Tujia Autonomous County and Wuchuan Gelao and Miao Autonomous County in Guizhou Province, with a total area of 311.13 km2 (Niu et al., 2019). The landform types are mainly valleys and karst formations, and the annual average temperature is 16.7°C. The Francois’ langurs population in the Mayanghe National Nature Reserve Administration in Guizhou Province includes a pure wild population (wild group, n = 5) and an anthropogenic disturbed population (anthropogenic disturbed group, n = 4). The anthropogenic disturbed population, which is artificially disturbed by humans, lives near the protection station of the Mayanghe National Nature Reserve Administration and often moves along highways. Anthropogenic disturbed monkeys are likely to ingest anthropogenic foods (fruits, peanuts, etc.). The Francois’ langurs population at the Guizhou Forest Wildlife Zoo is a captive population (captive group, n = 4). From May to July 2022, 17 transects were set up within the potential habitat range of the wild population of Francois’ langurs. During the 120 observation days, the instant scanning method was used to track 5–7 wild population groups. Fecal samples were collected using sterile disposable gloves immediately after Francois’ langur defecated. The gloves were changed after each sample was collected, and the fecal samples were immediately stored at −80°C. The collected feces of the wild Francois’ langurs population was from various social groups with one male and multiple females. The feces of four different individuals of captive Francois’ langurs were collected at Guizhou Forest Wildlife Zoo. Because the Francois’ langurs were kept in different cages at night, feces were collected every morning immediately after defecation. All fecal samples were stored at −80°C immediately after collection until laboratory analysis.



2.2 Dietary composition of captive Francois’ langurs

The research site for captive Francois’ langurs was the Francois’ langurs cage in the primate exhibit at the Guizhou Forest Wildlife Zoo, located in Zhazuo Town, Xiuwen County, Guizhou Province. The research subjects were 4 Francois’ langurs, i.e., 2 adult males and 2 adult females. The four individuals were not related to each other. Their diet consisted mainly of steamed cornbread, eggs, fruits and vegetables, and wild plants in small amounts.



2.3 Extraction and testing of samples

Total microbial genomic DNA samples were extracted from feces using the OMEGA Mag Bind Soil DNA Kit (M5635-02) (OMEGA Bio-Tek, Norcross, GA, USA); the concentration, integrity, and purity of DNA were assessed using Agilent 5,400.



2.4 Library construction

Libraries were constructed using the NEB Next® Ultra™ DNA Library Prep Kit for the Illumina platform (NEB, USA). DNA samples were randomly cleaved into approximately 350-bp fragments using a Covaris ultrasonic crusher. DNA fragments underwent end-repair, the addition of poly-A tails, the addition of sequencing connectors, purification, and PCR amplification to prepare the libraries. The PCR products were purified using an AMPure XP system; the insert size of the library was assessed using an Agilent 2,100, and the library concentration was quantified using real-time PCR. DNA libraries were sequenced using the Novaseq6000 high-throughput sequencing platform.



2.5 Bioinformatics analysis


2.5.1 Data quality control and de-host sequences

The Illumina NovaSeq high-throughput sequencing platform was used for metagenomic sequencing to obtain raw metagenomic data of bacteria, fungi, and viruses in the fecal samples from Francois’ langurs. To ensure the reliability of the data, KneadData software was used to preprocess the raw sequencing data. The specific processing steps were as follows: (1) The adapter sequences in the raw data (based on Trimmomatic, parameter: ILLUMINACLIP: adapters_path:2:30:10), low-quality (default quality score threshold ≤20) sequences (based on Trimmomatic, parameter: SLIDINGWINDOW:4:20), and sequences with a final length less than 50 bp (based on Trimmomatic, parameter: MINLEN:50) were removed. (2) Considering that there may be host contamination in the specimens, the clean data were aligned to the host genome. Bowtie2 software was used1 to filter sequences from the host to obtain valid sequences for subsequent analysis. (3) Finally, the rationality and effect of quality control were tested using FastQC (Mckenna et al., 2010; Martin, 2011; Schmieder and Edwards, 2011; Langmead and Salzberg, 2012).



2.5.2 Species annotation

Alignment with Kraken2 and the self-built microbial nucleic acid database (screening sequences belonging to bacteria, fungi, archaea, and viruses in the NCBI NT nucleic acid database and RefSeq genome-wide database) was used to calculate the number of sequences of species in the samples, and then, Bracken was used to predict the actual relative abundance of species in the samples. Kraken2 is a recently developed alignment software based on K-mer. The local Kraken2 database contains 16,799 known bacterial genomes (Wood and Salzberg, 2014; Brum et al., 2015; Mandal et al., 2015; Lu et al., 2017).



2.5.3 Functional annotation based on reads

Using HUMAnN2 software, the quality controlled and de-host sequences were aligned with the protein database (UniRef90) (based on DIAMOND), and annotation information and a relative abundance table for each functional database were obtained based on the correspondence between the UniRef90 ID and each database (Segata et al., 2011; Zhu et al., 2012; Kim et al., 2016; Franzosa et al., 2018). Using the species abundance table and functional abundance table, abundance clustering analysis, principal coordinates analysis (PCoA), NMDS dimensionality reduction analysis (species only), and sample clustering analysis were performed; using the grouping information, LEfSe biomarker analysis and the Dunn test were performed to evaluate differences in species composition and functional composition between samples (Villar et al., 2015).





3 Results


3.1 Gut microbiota composition of Francois’ langurs

A total of 90,199,172.27 Mbp raw data were obtained from 13 Francois’ langurs feces samples. After quality control, 89,021,440.65 Mbp valid data were obtained, corresponding to 603,864,550 reads, and all samples passed stringent quality control. The sequencing data statistics are shown in Supplementary Table S1. The percentage of bases with quality values of ≥20 or ≥ 30 reached more than 97 and 93%, respectively, indicating that the sequencing data showed high reliability. A total of 13 rarefaction curves approached a plateau, suggesting that the number of samples and sequencing depth were sufficient for experimental analyses (Supplementary Figure S1). The significant differences in the gut microbial composition of feces samples of Francois’ langurs between the anthropogenic disturbance group, wild group, and captive group. At the phylum level (Figure 1A), Firmicutes (A:0.69 ± 0.05; W:0.59 ± 0.11;C:0.49 ± 0.17) and Bacteroidetes (A:0.23 ± 0.04; W: 0.29 ± 0.18;C:0.43 ± 0.18) were the main dominant phyla in the wild group, anthropogenic interference group, and captive group, followed by Proteobacteria (A: 0.02 ± 0; W: 0.04 ± 0.05;C:0.02 ± 0.01), Actinobacteria (A:0.02 ± 0;W:0.04 ± 0.05;C:0.01 ± 0.01), and Spirochaetes (A:0.03 ± 0.01; W: 0.01 ± 0.01;C:0.02 ± 0). At the genus level (Figure 1B), Ruminococcaceae (A: 0.2 ± 0.03; W: 0.18 ± 0.05;C:0.15 ± 0.07) was the main dominant genus, followed by Bacteroides (A:0.09 ± 0.02;W:0.14 ± 0.12;C:0.15 ± 0.08), Lachnospiraceae (A:0.16 ± 0.03%;W:0.12 ± 0.03;C:0.07 ± 0.03), Prevotellaceae (A:0.08 ± 0.04;W:0.1 ± 0.08;C:0.16 ± 0.04), and Clostridiaceae (A:0.11 ± 0.03;W:0.09 ± 0.06;C:0.09 ± 0.04). According to the composition spectrum of each sample at the species level, the number of common and unique species was calculated. The number of species common and unique in the three groups was visually presented by the Venn diagram (Figure 1C).
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FIGURE 1
 (A) Histogram of the relative abundance at the phylum level. Relative abundance (%) of the 20 most abundant bacterial phyla and genera obtained from 13 fecal samples of Francois’ langurs. (B) Histogram of the relative abundance at the genus level. Relative abundance (%) of the 20 most abundant bacterial phyla and genera obtained from 13 fecal samples of Francois’ langurs. (C) Species Venn diagram obtained from 13 fecal samples of Francois’ langurs. Each ellipse represents a group, the overlapping area between the ellipses indicates the common species among the groups, and the non-overlapping area indicates the unique species of the corresponding sample; the number in each block indicates the number of common or unique species in the groups contained in the block. AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.


We further calculated significant differences in community richness based on the abundance (Figure 2A), as estimated by Shannon and observed_species indices. The Shannon index of the AD group was significantly higher than that of the W and C groups. Normally captive lifestyles or built environments will lead to a decrease in gut microbiota diversity in mammals. However, the Shannon index of the C group was significantly higher than that of the W group. However, animals that rely on a single source of food (or few sources) usually present a low diverse microbiota. Here, we found that providing a foreign, more diverse food supply may have led to a more highly diverse gut microbiota. The PCoA ordination and PERMANOVA, using unweighted Unifrac distance, further supported the significant dissimilarity in the gut microbiota community between the W and C groups (Figure 2B; PERMANOVA test: p < 0.01). In addition, the microbial community was more similar to the PCoA plot in the AD group compared with the W group. In this study, there is a profound difference in the gut microbiota composition between the W and AD groups within the same natural region. The top 50 relative abundant taxa with significant differences among the three groups were analyzed by clustering, and heat maps were drawn (Figure 2C).
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FIGURE 2
 (A) Boxplots of alpha diversity indices showing differences between the three groups. * represents significant p (FDR)-value <0.05. (B) Principal Coordinate Analysis (PCoA) plot was built using unweighted UniFrac distances to assess beta diversity. (C) Species composition heatmap. The samples were first clustered based on the similarity of species composition abundance distribution between each other and then arranged horizontally based on the clustering results. Similarly, each taxonomic unit was also clustered based on the similarity of the distribution in different samples and was arranged vertically based on the clustering results. In the figure, red represents the species with higher abundance in the corresponding sample, and blue represents the species with lower abundance. AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.




3.2 Functional differences in the gut microbiota of Francois’ langur populations in different environments

Metagenomic analysis confirmed 7,921 KOs and 45 KEGG Level 2 categories (Supplementary Table S2; Supplementary Figure S2). A total of 993,161 genes were annotated and mapped to the KEGG pathway, and the number of genes annotated to the carbohydrate, amino acid, and energy metabolism pathways ranked to be the top three. Functional gene annotations to primary pathways with the most abundance including Metabolism, Genetic Information Processing, Cellular Processes, Human Diseases, Organismal Systems, Environmental Information Processing (Figure 3A). Cluster bar plots show the abundance of the top 10 genes annotated to KEGG secondary pathways in each metabolic pathway. The cluster bar plots annotated to the KEGG secondary pathway showed the highest similarity among captive langur samples (Figure 3B). The number of genes were annotated to the carbohydrate metabolism, amino acid metabolism, replication and repair, metabolism of cofactors and vitamins, and metabolism of other amino acid pathways ranked to be the top five (Figure 3B). The top 6–10 metabolic pathways were energy metabolism, glycan biosynthesis and metabolism, translation of genetic information processing, and lipid metabolism, folding, and sorting, and the degradation of genetic information processing showed differences in the number and abundance of annotated genes among the three groups (Figure 3B). The genes of the KEGG secondary pathway that show inter-group differences in various metabolic pathways are environmental adaptation, nucleotide metabolism, infectious bacterial disease, and cell motility (Figure 3C). The obtained Bray–Curtis distance matrix was analyzed by NMDS using R software. Figure 3D shows the structure distribution of community samples. The results showed that the functional composition of the AD group samples had the least difference and the highest similarity.
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FIGURE 3
 (A) Kyoto Encyclopedia of Genes and Genomes functional category analysis of level 1. (B) The combination of the clustering tree and the bar chart shows the similarity between the Kyoto Encyclopedia of Genes and Genomes level 2 pathway. (C) Differences in the Kyoto Encyclopedia of Genes and Genomes level 2 pathway between different groups. Samples through a combination chart of violin and box line or a bar chart with an asterisk. Statistical analysis was performed with the Wilcoxon test. (D) NMDS plot of unweighted UniFrac distances of fecal microbiota composition of individual Francois’ langurs. AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.




3.3 Differential analysis of functional genes in the metabolic pathways of the gut microbial community of Francois’ langurs caused by environmental changes

A LEfSe functional cladogram was used to analyze the metabolic pathways with significant differences in carbohydrate metabolism, including propanoate metabolism, butanoate metabolism, pyruvate metabolism, starch and sucrose metabolism, and amino sugar and nucleotide sugar metabolism, among the three groups of Francois’ langurs (Figure 4A). Five functional genes with significant differences in carbohydrate metabolism pathways were compared and analyzed using the KW test (Figure 4B).

[image: Figure 4]

FIGURE 4
 (A) The Kyoto Encyclopedia of Genes and Genomes level 3 pathway in LEfSe analysis (LDA > 2). (B) The LDA score distribution of Kyoto Encyclopedia of Genes and Genomes level 3 pathway in LEfSe analysis (LDA > 2). (C) The circular grouping bar chart represents genes with significant differences in the Kyoto Encyclopedia of Genes and Genomes level 3 pathway. AAN, Amino sugar and nucleotide sugar metabolism; PM, Propanoate metabolism; SAS, Starch and sucrose metabolism; PE, Protein export; CAA, Carbohydrate digestion and absorption; BC, Bacterial chemotaxis; BM, Butanoate metabolism; AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.


For the amino sugar and nucleotide sugar metabolism (ko00520) pathway, pseG (K15897), csn (K01233), and GLCAK (K16190) were only abundant in the C group; pgi-pmi (K15916), CHS1 (K00698), and (pgi-pmi) K15916 were not abundant in the C group, and NANP (K01097) was abundant only in the AD group; the remaining functional genes with significant differences are shown in the supporting data. For the starch and sucrose metabolism pathway, SGA1 (K01178) was only abundant in the AD group, and (GBE1) K00700, (mapA) K00691, treS (K05343), glgX (K02438), and K16153 were all functional genes with significant differences among the AD group, W group, and C group. For the propanoate metabolism pathway, pduP (K13922) was the functional gene with significant differences among the AD, W, and C groups, and the relative abundance of pduP (K13922) in the C group was higher than that in the AD group and the W group. For the pyruvate metabolism pathway, E1.2.1.22 (K19266) was only abundant in the C group, and oadA (K01571) and ldhA (K03778) were functional genes with significant differences among the AD group, W group, and C group. For the butanoate metabolism pathway, acmB (K18372) was only abundant in the AD group. Regarding carbohydrate digestion and absorption in the digestive system, SLC37A4 (K08171) was only abundant in the AD group.

Among the metabolic pathways of protein export in the three groups of Francois’ langurs, lspA (K03101) differed among the three groups, with the highest abundance in the C group. Among the bacterial chemotaxis metabolic pathways of cell processes in the three groups of Francois’ langurs, mcp (K03406) and cheA (K03407) were different among the three groups, and the C group had the lowest abundance (Figure 4C).




4 Discussion

This is the first study to reveal the differences in the structure and function of gut microbiota in Francois’ langurs under different environmental and dietary conditions through fecal metagenomic data. Dietary patterns are an important determinant of gut microbial diversity. Our findings suggest that microbiota analyses are important for langur ecology and conservation. The structure and composition, diversity, and function of gut microbes in Francois’ langurs changed with different environments and diets.

First, the predominant phyla of Francois’ langurs were Firmicutes and Bacteroidetes, which is similar to the findings of previous studies on wild rhesus macaques (Chen S. T. et al., 2018) and other wild primate species, such as gorilla (Gomez et al., 2015), Rhinopithecus roxellana (Su et al., 2016), Ethiopian chlorocebus monkeys (Trosvik et al., 2018), Lemur catta, and Propithecus verreauxi (Fogel, 2015). Second, we found that the captive environment significantly altered the gut microbial composition and structure of Firmicutes and Bacteroidetes. In this study, Firmicutes was the most abundant phylum in the anthropogenic disturbed group (AD) and least abundant in the captive group (C). Bacteroidetes was the most abundant phylum in the C group and least abundant in the AD group (Figures 2A,B). Similar results have been reported for other non-human primates (NHPs) (Clayton et al., 2016; Frankel et al., 2019; Campbell et al., 2020), and changes in captivity or habitat can cause primates to lose their native microbiota (Frankel et al., 2019). In this study, the abundance of Bacteroidetes was highest in captive Francois’ langurs and significantly different from that in the AD group and the W group. The explanation for this phenomenon may be the inadequate intake of crude fiber and excess intake of simple carbohydrates by captive monkeys. Several studies have confirmed that the diets of captive animals contain more carbohydrates and less crude fiber and protein than those of wild animals (Nijboer and Clauss, 2006; Guo et al., 2018; Liu et al., 2018; Chen Z. et al., 2018). Because Bacteroidetes promote the digestion and breakdown of polysaccharides and proteins (Spence et al., 2006), the efficiency of simple carbohydrate digestion in captive animals appears to be dependent on Prevotella (Bacteroidetes). The W group and the AD group were significantly enriched in Ruminococcaceae flora, and Ruminococcaceae degrade cellulose and hemicellulose, thus providing energy sources for the host (Biddle et al., 2013).

In this study, there were significant differences in metabolism pathways, cellular processes, and genetic information processing in gut microbial functions of Francois’ langurs under different environments. In addition, most of the key functions of the gut microbes in Francois’ langurs living in the Mayanghe National Nature Reserve Administration were related to short-chain fatty acid metabolism. Ruminococcus, Lachnospiraceae, and Clostridium, whose abundance was relatively increased, are involved in breaking down plant structural carbohydrates and producing short-chain fatty acids that can be utilized by the host (Chassard et al., 2010). Carbohydrate intake results in increased numbers of Bacteroides spp. and increased levels of short-chain fatty acids in feces (Hale et al., 2019). The high functional potential of short-chain fatty acids, such as butyrate, acetate, and lactate, may indicate compensation for energy intake through microbial fermentation. Studies have also shown that dietary supplementation with resistant starch increases the abundance of Ruminococcus bromii and Bifidobacterium and leads to increased levels of short-chain fatty acids and propionic and butyric acids in the gut (Parks et al., 2013; Belcheva et al., 2014).

In this study, there was a trend of enrichment of butyrate metabolic pathways in Francois’ langurs in the AD group, indicating that diet involves the metabolism of various cornstarch polysaccharides, which can affect multiple metabolic pathways in the host by affecting different gut flora. Different gut microbiota have different preferences for polysaccharides entering the intestine, indicating that intake of dietary polysaccharides is a strategy that can directly affect the balance of gut microbiota species (Liu et al., 2021). The results showed that tea seed meal regulated the gut microbiota of animals in the feed. The addition of 0.50% of tea seed meal could significantly reduce the content of Escherichia coli in the cecum of broilers. The addition of tea seed meal to the diet had a certain regulatory effect on the body fat metabolism and gut microbiota of broilers (Sun et al., 2017). In captive Francois’ langurs fed a high-protein diet, metabolic pathways for protein export were more active, suggesting an active interaction between the gut microbiota and the host. The abundance of bacterial chemotaxis genes in the gut microbiota of Francois’ langurs varies significantly with different environments, and in the wild environment, Francois’ langurs have a higher abundance of bacterial chemotaxis genes.



5 Conclusion

In conclusion, changes in the living environment and diet are important influencing factors for the gut microbial community. The structure, composition, diversity, and function of gut microbes in Francois’ langurs change with different environments and diets. In this study, captive Francois’ langurs had poor crude fiber digestion ability and strong simple carbohydrate digestion ability. Functional genes involved in carbohydrate metabolism pathways were significantly enriched in the gut microbial community of Francois’ langurs in the AD group and the captive group. The positive role of the gut microbiota in host dietary adaptation in captive environments and the large number of effects of captive environments on the gut microbiota suggest a complex interaction between the gut microbiota and the environment. Wild Francois’ langurs adapt to food differences through the interaction between food and gut microbial community, potentially facilitating the adjustment of their diet structure. Understanding changes in the gut microbial community of Francois’ langurs may help explain the effects of diet on animal physiology and metabolism as well as the ecological adaptation strategies of wild Francois’ langurs to habitat changes.
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