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Documenting the effects of anthropogenic activities on the gut microbiome of wild animals is important to their conservation practices. Captivity and ecotourism are generally considered two common anthropogenic disturbances on the health of nonhuman primates. Here, we examined the divergences of gut microbiome in different environments of Tibetan macaques. Our results showed that there were no significant differences in the alpha diversity, predominant families and genera of gut microbiomes between wild and tourist groups. However, these indexes decreased significantly in the captive individuals. In addition, the significant differences of beta diversity and community compositions between wild and tourism groups also were detected. In particular, higher potential pathogenic and predicted KEGG pathway of drug resistance (antimicrobial) were detected in the gut microbiome of individuals in captive environment. Our results indicated that living in the wild are beneficial to maintaining gut microbial diversity of Tibetan macaques, while captivity environment is harmful to the health of this macaque. Exploring ways to restore the native gut microbiome and its diversity of captive individual should pay more attention to in the future studies.
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Introduction

Nonhuman primates (NHPs) are our closest living biological relatives, which can offer critical insights into the human evolution, behavior and biology, as well as the forest ecosystem health. Current information shows that the existing primates consist of 506 species in 79 genera. Unfortunately, above 60% of primate species are now threatened with extinction and above 75% have declining populations (Estrada et al., 2017). Habitat disturbance, caused by human activities, is considered the most important factor contributing to the decline in the wild primate populations (de la Torre et al., 2000). Assessing the impacts of anthropogenic disturbance on the health of wild NHPs has become one of the important goals of wild living primate conservation (Junge et al., 2011; Luo et al., 2015; Stumpf et al., 2016; Cavada et al., 2019).

Recent studies highlight that habitat disturbance can result in the loss of gut microbial diversity in the wild NHPs. For example, research on wild black howler monkeys (Alouatta pigra) indicates that populations of degraded habitats risk ‘double jeopardy’ from both reduced resource availability and the diversity of gut microbiome (Amato et al., 2013). Similarly, wild populations living in fragmented habitats of Udzungwa red colobus (Procolobus gordonorum) have a lower gut microbial diversity compared to intact habitats, which is potentially linked to a decreased ability to digest toxic plant compounds (Barelli et al., 2015). Meanwhile, populations living in the disturbed habitat, both black howler monkeys and ring-tailed lemurs (Lemur catta), were more enriched by potentially pathogenic microorganism (Amato et al., 2016). The gut microbiome is known to play a crucial role in host nutrition, metabolic activity, immune homeostasis and behavioral patterns (Hooper and Gordon, 2001; Archie and Theis, 2011; Nicholson et al., 2012; Wheeler et al., 2016). Understanding how the gut microbiome of wild primates is influenced by habitat disturbance presents a new study area for conservation biologists (Stumpf et al., 2016; Clayton et al., 2018; Trevelline et al., 2019).

Captivity and ecotourism are generally considered two common anthropogenic disturbances on the health of nonhuman primates. For the primates that living in captive environments, individuals usually face changes or restrictions in diet, treatments with antibiotics, increased social pressure, limited in exposure to environmental microbes, as well as exposure to human-associated microbes (McKenzie et al., 2017). Many studies have shown that these changes or restrictions are associated with the dysbiosis of the animals’ gut microecosystem, including the reduction of native gut microbes and the loss of microbial diversity (Amato et al., 2013; Clayton et al., 2016; McKenzie et al., 2017; Frankel et al., 2019), as well as increased in antibiotic resistance genes of gut microbiota (Tsukayama et al., 2018). Therefore, studies on the gut microbiome of captive individuals can inform captive management and conservation strategies for the protected animals (Stumpf et al., 2016; Trevelline et al., 2019; West et al., 2019).

Primate-focused tourism is considered as one effective strategy to achieve species conservation, financial and educational benefits for local communities (Johns, 1996; Berman and Li, 2002). As part of efforts to protect primates, invasive management methods such as translocation, provision and range restriction are often used to increase tourists’ opportunities to encounter and/or see wild primates in many primate habitat countries (Struhsaker and Siex, 1998; Berman et al., 2007). Nevertheless, a number of previous studies have shown that tourism had many detrimental effects on the health, behavior and biology of wild NHPs, including changes of activity budgets and foraging patterns (Griffiths and Schaik, 1993; Hill, 1999; de la Torre et al., 2000), increased in individual stress and intra-group competition (Maréchal et al., 2016), as well as the potential for disease transmission (Woodford et al., 2002; Devaux et al., 2019). Given host diet and stress is closely related to the composition and metabolic functions of gut microbiome (Muegge et al., 2011; Foster and McVey Neufeld, 2013; Xu et al., 2020), the gut microbiome may offer valuable insight into the effects of the tourism on primates health, nutrition, disease, as well as the conservation decisions of wild primates (Stumpf et al., 2016). To date, little is known concerning the effects of primate-focused tourism on the gut microbiomes of wild NHPs.

As a species of genus Macaca, the Tibetan macaque (Macaca thibetana) is a Near Threatened primate species endemic to east central China, which habitat in subtropical, deciduous and evergreen broad-leaved forest (Sun et al., 2010). The free-ranging with semi-provisioned group of Tibetan macaques, habitat in Mt. Huangshan, Anhui province, presents a good opportunity to assess the effects of primate-focused tourism on the gut microbiomes of wild NHPs. In 1992, local government decided to drive the group named Yulinkeng A1 (YA1), ~1 km from their natural range, to an unoccupied area. Since then, to facilitate tourists’ viewing opportunities, park staff has provided the group of ~6 kg of whole corn per day. In the present study, we compared the gut microbiomes of three groups living in different environmental settings. YA1 is a free-ranging with semi-provisioned group (Mt. Huangshan), which has long been used for primate-focused tourism. The study subjects also included a group lived in the captivity (Tong Ling City Zoo), and a wild group located some 10 km from Mt. Huangshan. We focus on the following three main questions. First, if the anthropogenic disturbance including primate-focused tourism and captivity can result in the loss of gut microbial diversity in Tibetan macaques? Second, are there significant differences in the gut microbial composition among primate-focused tourism, wild and captivity groups of Tibetan macaques? Third, what are the potential impacts of primate-focused tourism on the Tibetan macaque’s health based on the current gut microbial data? The results of this study will improve our understanding of the potential effects of anthropogenic disturbance on the primate gut microbiome.



Materials and methods


Study objects and samples collection

This study was conducted at three sites in southern Anhui Province, China, including Mt. Tianhu (Wild group), Mt. Huangshan (Tourism group), and the Tong Ling City Zoo (Captive group). Individuals of the tourism group were supplied 3 times a day with a total of 6–8 kgs of corn. The amount of feeding was about one third of the group’s daily food intake. Mt. Tianhu located 10 kilometers away from Mt. Huangshan. Individuals of this group get all their food from the wild. The habitats of Tibetan macaques at both Mt. Tianhu and Mt. Huangshan are evergreen broad-leaved forest and deciduous broad-leaved forest respectively, with similar flora and fauna. Individuals of the captive population in Tong Ling City Zoo were migrated from Mt. Huangshan for about 1 year during the sampling period. This group’s main diet was corn and sweet potatoes. All samples were collected from August, 2019, during a 2-week period. In total, 70 fresh fecal samples of macaques were sampled, including 26, 18 and 26 samples from the tourism, wild and captive group, respectively.

All fecal samples were stored in a sterilized tube with RNAlater (QIA-GEN, Valencia, CA, United States). Samples were transported to the laboratory of Anhui University in ice packs and stored at −80°C before DNA extraction. This research was approved by the Institutional Animal Care and Use Committee of the Anhui Zoological Society (permit number AHZS201711008). We performed all experiments in accordance with their approved guidelines and regulations, and complied with all principles of the China Animal Ethics Committee.



DNA extraction and sequencing

To avoid contamination, we extracted DNA from the inside of each fecal sample using a QIAamp® Fast DNA Stool Mini kit (Qiagen). The total DNA extracted from the fecal samples were sent to the Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China) for sequencing. The V3-V4 region of the 16S rRNA gene was amplified using primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′) as previously described (Mori et al., 2014). PCR reaction mixtures contained 5–100 ng of DNA template, 1 × GoTaq Green master mix, 1 M MgCl2, and 5 pmol of each primer. Reaction conditions include an initial 95°C for 2 min, followed by 35 cycles of 95°C for 30s, 55°C for 30s, and 72°C for 60s, and a final extension of 72°C for 5 min. After quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 300 bp sequence was performed using the Illlumina Miseq platform (San Diego, CA, United States).



Bioinformatics and statistical analysis

We trimmed raw FASTQ sequencing data for the adaptor sequence and for quality control using the sliding window approach implemented in fastp v0.19.6 (Chen et al., 2018). Sequences containing N bases were removed. FLASH v1.2.7 was used to merge overlapping paired-end reads (Magoč and Salzberg, 2011). DADA2 within Qiime 2 was used to truncate forward and reverse reads, to denoise the data, and to detect and remove chimeras (Bolyen et al., 2019). Taxonomy was assigned to amplicon sequence variants (ASV) using classify-sklearn (Naive Bayes) with the database (v.132).1 Qiime 2 was used to calculate Shannon diversity index, ASV richness, and unweighted and weighted UniFrac distance matrix. The sequence data has been stored in NCBI (project number is PRJNA871105).

Kolmogorov–Smirnov normality tests were used to evaluate the normal distribution of alpha diversity index and relative abundance of dominant phyla. Principal coordinates analysis (PCoA) was performed with the R packages Made4 and Vegan. Permutational multivariate ANOVA (PERMANOVA) was used to test variations in beta diversity (unweighted and weighted UniFrac distance) across the three different macaque groups using the Adonis functions in the vegan R package (Chen et al., 2012). We used Kruskal-Wallis ANOVA with Tukey’s post-hoc tests to test the variation in different study groups. Values of p were adjusted using a false discovery rate (FDR) correction. Linear discriminant analysis effect size and default options were used to determine the phylum, class, order, family and genera enriched in each study group (Segata et al., 2011). BugBase tool was used to evaluate wide-scale phenotypic properties of the gut microbiome (Ward et al., 2017). In addition, to explore the functional profiles of our data set, KEGG pathways were predicted using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (version 2; PICRUSt 2).




Results


General characteristics of gut microbiome profile

We acquired 2,063,887 high-qualities reads with 29,484 (ranging from 19,495 to 38,608 across all 70 samples) sequences per sample. Taxonomic assignment revealed 22 known bacterial phyla at 97% sequence identity. The dominant phyla were Firmicutes (x = mean ± SD, x = 58.91 ± 11.89%), Bacteroidetes (x = 25.79 ± 9.39%; Figure 1). The predominant families were Prevotellaceae (x = 17.13 ± 9.18%), Lachnospiraceae (x = 12.39 ± 9.05%) and Oscillospiraceae (x = 10.80 ± 4.10%). At the genus level, the fecal samples were dominated by Prevotella (x = 12.90 ± 7.89%), UCG-005 (Oscillospiraceae; x = 5.29 ± 3.23%) and Treponema (x = 4.13 ± 3.81%).
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FIGURE 1
 Relative abundance of fecal bacterial taxa at the phylum level. Stacked bar graphs illustrate the abundances of phyla and the x-axis represents the sample groups.




Variation of gut microbial diversity and composition among different groups

Amplicon sequence variants richness (ASVs), Shannon diversity (Shannon) and Phylogenetic diversity (PD) index showed significant difference among the three study groups (Kruskal-Wallis, F = 34.36, df = 69, adjusted p < 0.001, F = 16.65, df = 69, adjusted p < 0.001 and F = 13.93, df = 69, adjusted p < 0.001). Pairwise comparison analysis showed that the ASV richness of the captive group was significantly lower which compared to the other two groups (Tukey–Kramer, Captive vs. Wild: adjusted p < 0.001; Captive vs. Tourism: adjusted p < 0.001). The same results of the other two indices also were detected, including Shannon diversity (Tukey–Kramer, Captive vs. Wild: adjusted p < 0.001; Captive vs. Tourism: adjusted p < 0.01) and Phylogenetic diversity (Tukey–Kramer, Captive vs. Wild: adjusted p < 0.01; Captive vs. Tourism: adjusted p < 0.01; Figures 2 A–C). However, no significant differences were detected between individuals in the tourism and wild groups for the three indexes of alpha diversity.
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FIGURE 2
 Variations on the alpha diversity in the gut microbiome among three study groups. A: Comparison of ASV richness. B: Comparison of Shannon diversity index. C: Comparison of PH diversity index. A Kruskal-Wallis test was used to evaluate the variation across three groups. Post-hoc tests (Tukey–Kramer test) for pairwise comparison tests (p values were adjusted by FDR). Letters in (A), (B)and (C) represent significant differences.


PCoA revealed that individuals from the same group were possessed more similar microbial communities, whether based on unweighted UniFrac and weighted UniFrac dissimilarities. PERMANOVA showed the significant variation of the microbial community structures across samples from the three study groups (PERMANOVA, unweighted UniFrac, R2 = 0.3277, p = 0.001; weighted UniFrac, R2 = 0.2415, p = 0.001; Figures 3
A,B). In detail, significant differences in beta diversity between same sample types were detected based on unweighted unifrac dissimilarities (Adonis, unweighted unifrac, Captive vs. Tourism, R2 = 0.292, p = 0.001; Captive vs. Wild: R2 = 0.321, p = 0.001; Tourism vs. Wild: R2 = 0.137, p = 0.001; weighted unifrac, Captive vs. Tourism, R2 = 0.206, p = 0.001; Captive vs. Wild: R2 = 0.240, p = 0.001; Tourism vs. Wild: R2 = 0.115, p = 0.001). We found that the dissimilarity in community structures of gut microbiomes between wild and tourism was significantly lower than that between wild and captive (Wilcoxon signed-rank test, unweighted Unifrac and weighted Unifrac, p < 0.001; Figures 3
C,D).
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FIGURE 3
 Differences in beta diversity of the gut microbiome across three study groups. (A,B) Differentiation of fecal microbiota structure. A: based on unweighted UniFrac distance, B: based on weighted UniFrac distance. PCoA was used to show patterns across three study groups. Adonis tests were performed on unweighted and weighted UniFrac, respectively. Significance was set at the 0.05 level. (C,D) Comparison of dissimilarity between Gut microbiome structures. C: based on unweighted UniFrac distance, D: based on weighted UniFrac distance. Significance was set at the 0.05 level. Letters in (C) and (D) represent significant differences.




Variation of gut microbial composition among different groups

The top 10 families and genera were used to evaluate the variation of gut microbial composition among different groups. We found that nine known taxa of the 10 top families showed significant variation among the three study groups (Kruskal-Wallis, p < 0.05; Supplementary Figure S1). In addition, eight known taxa of the 10 top genera showed significant variation among the three study groups (Kruskal-Wallis, p < 0.05; Supplementary Figure S2). The predominant families Prevotellaceae and Lachnospiraceae showed significant variation among the three study groups (Kruskal-Wallis, Prevotellaceae, F = 8.66, df = 69, adjusted p = 0.038; Lachnospiraceae, F = 30.68, df = 69, adjusted p < 0.001; Figures 4 A,B). Post hoc tests indicated that the relative abundance of Prevotellaceae in tourism group was significantly higher than for individuals in captive group (Tukey–Kramer, Captive vs. Tourism, p < 0.05; Captive vs. Wild, p > 0.05; Tourism vs. Wild, p > 0.05). From wild to tourism group and then to captive group, the relative abundance of Prevotellaceae was decreased significantly (Tukey–Kramer, Wild vs. Tourism, p < 0.01; Wild vs. Captive, p < 0.001; Tourism vs. Captive, p < 0.001). We also found that the predominant genera Prevotella and UCG-005 were significant differences among the three study groups (Kruskal-Wallis, Prevotella, F = 17.24, df = 69, adjusted p < 0.001; UCG-005, F = 20.73, df = 69, adjusted p < 0.001; Figures 4 C,D). Pairwise comparison analysis showed that the Prevotella (Tukey–Kramer, Wild vs. Tourism, p > 0.05; Wild vs. Captive, p < 0.01; Tourism vs. Captive, p < 0.001) and UCG-005 (Tukey–Kramer, Wild vs. Tourism, p > 0.05; Wild vs. Captive, p < 0.001; Tourism vs. Captive, p < 0.01) in the captive group were significantly lower than those of the tourism and wild groups.
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FIGURE 4
 Variation in fecal bacterial taxonomy across three study groups. (A) and (B) Comparison of the predominant families. A: Prevotellaceae, B: Lachnospiraceae. (C) and (D) Comparison of the predominant genera. A: Prevotella, B: UCG-005. A Kruskal-Wallis test was used to evaluate the variation across three groups. Post-hoc tests (Tukey–Kramer test) for pairwise comparison tests (p values were adjusted by FDR). Letters in (A), (B), (C) and (D) represent significant differences.


To explore the enriched indicators of each study group, we performed LEfSe (LDA Effect Size) analyses on the different levels of microbial taxa across samples (LDA > 4, p < 0.05). In total, 42 different known taxa (genus, family, order, class, and phylum levels) were significantly enriched in one of the three groups (Figure 5). Among these taxa, nine, 10, and 23 indicators were identified in wild, tourism, and captive groups, respectively. All of these known taxa were core set of the corresponding group (present in more than 90% and the average relative abundance >1% of the specific group samples). Three families (Lachnospiraceae, Ruminococcaceae and Eggerthellaceae) and two genera (Subdoligranulum and UCG-005) were significantly enriched in the wild group. Three families (Prevotellaceae, Succinivibrionaceae and Bacteroidales_RF16_group) and three genera (Prevotella, Faecalibacterium and Succinivibrio) were significantly enriched in the tourism group. Six families (Clostridiaceae, Lactobacillaceae, Christensenellaceae, Rikenellaceae, Spirochaetaceae and Peptostreptococcaceae) and eight genera (Streptococcus, Sarcina, Clostridium_sensu_stricto_1, Christensenellaceae_R-7_group, Rikenellaceae_RC9_gut_group, Lactobacillus, CAG-873 and Prevotellaceae_UCG-003) were significantly enriched in the captive group.
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FIGURE 5
 Indicators of known taxa in one of the three groups. At the genus, family, order, class, and phylum levels. Indicators identified by linear discriminant analysis effect size (LEfSe) analysis (LDA > 3, p < 0.05).




Variation in phenotypic properties predicted KEGG pathways of gut microbiome among different groups

Based on the BugBase tool, nine of the wide-scale phenotypic properties of the gut microbiomes were detected, including Stress Tolerant, Gram Positive, Anaerobic, Potentially Pathogenic, Contains Mobile Elements, Gram Negative, Forms Biofilms, Aerobic and Facultatively Anaerobic. Kruskal-Wallis test revealed that six phenotypic properties (Stress Tolerant, Gram Positive, Anaerobic, Potentially Pathogenic, Gram Negative and Forms Biofilms) showed significant variation on the three study groups (all the adjusted p < 0.001). Post hoc tests indicated that the proportions of predicted phenotypic including Stress Tolerant (Tukey–Kramer, Captive vs. Tourism, p < 0.001; Captive vs. Wild, p < 0.001; Tourism vs. Wild, p > 0.05), Gram Positive (Tukey–Kramer, Captive vs. Tourism, p < 0.001; Captive vs. Wild, p < 0.001; Tourism vs. Wild, p > 0.05) and Anaerobic (Tukey–Kramer, Captive vs. Tourism, p < 0.001; Captive vs. Wild, p < 0.01; Tourism vs. Wild, p > 0.05) were significantly lower in captive individuals than in individuals of the other two groups (Figures 6 A–C). In contrast, the proportions of predicted phenotypic including Potentially Pathogenic (Tukey–Kramer, Captive vs. Tourism, p < 0.001; Captive vs. Wild, p < 0.05; Tourism vs. Wild, p > 0.05), Gram Negative (Tukey–Kramer, Captive vs. Tourism, p < 0.001; Captive vs. Wild, p < 0.001; Tourism vs. Wild, p > 0.05) and Forms Biofilms (Tukey–Kramer, Captive vs. Tourism, p < 0.001; Captive vs. Wild, p < 0.001; Tourism vs. Wild, p > 0.05) were significantly higher in captive individuals than the tourism and wild groups (Figures 6
D–F).
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FIGURE 6
 Variation in phenotypic properties and KEGG pathways of gut microbiome among different groups. (A–F): Comparison of the phenotypic properties of Stress Tolerant, Gram Positive, Anaerobic, Potentially Pathogenic, Gram Negative and Forms Biofilms, respectively. A Kruskal-Wallis test was used to evaluate the variation across study groups. Post-hoc tests (Tukey–Kramer test) for pairwise comparison tests (p values were adjusted by Bonferroni). Significance was set at the 0.05 level. G: KEGG pathways at level 2. Indicators identified by linear discriminant analysis effect size (LEfSe) analysis, LDA > 2, p < 0.05.


In total, 45 KEGG pathways (level 2) were predicted by PICRUSt 2. The mean weighted nearest sequenced taxon index (NSTI) for all samples was 0.286 ± 0.056 (x = mean ± SD). We found that several predicted KEGG pathways of level 2 were enriched in one of the three study groups based on LEfSe results (LDA > 2, p < 0.05; Figure 6
G). Four predicted KEGG pathways were overrepresented in the wild individuals, including Metabolism of terpenoids and polyketides, Immune system, Nervous system, Global and overview maps. Additionally, six predicted KEGG pathways Infectious disease_parasitic, Substance dependence, Drug resistance (antimicrobial), Xenobiotics biodegradation and metabolism, Lipid metabolism, and Cellular community (prokaryotes) were overrepresented in captive individuals. However, we did not find any of the KEGG pathways overrepresented in the tourism group.




Discussion

In the current study, we found that the alpha diversity of gut microbiome in the tourism group still maintain the same level as wild living individuals, which is inconsistent with previous findings that habitat disturbance can result in the loss of gut microbial diversity in the wild NHPs (Amato et al., 2013). In addition, the similarity in community structures of gut microbiomes between wild and tourism was dissimilarity lower than that between wild and captive groups. For the tourism group of Tibetan macaque used in this study, a small amount of corn provided by staff each day, but feeding from tourists were forbidden strictly. Although the group has been a subject of over 30 years for behavioral research and primate-focused tourism (Li and Kappeler, 2020), individuals of this group still maintain a direct interface with natural environment, and getting their food and water from sources which contain complexity of microbial communities (Sun et al., 2021b). Our result demonstrated that living in the wild and consuming natural diet could maintain the gut bacterial diversity of tourism group, which is consistent with our previous study on gut mycobiome in Tibetan macaques (Sun et al., 2021a).

In contrast, even though the captive group of Tibetan macaques translocated from their natural habitat only 1 year ago, the alpha diversity of this group was reduced significantly compared to the wild and tourism groups, and lower similarity in community structure of gut microbiomes between wild and captive than that between wild and tourism groups. This result is consistent with recent studies on the gut bacterial microbiome of NHPs (Clayton et al., 2016; Frankel et al., 2019; Barelli et al., 2020). Previous studies have shown that beta diversity variation was strongly influenced by host diet type and living environment (Muegge et al., 2011; Clayton et al., 2016; McKenzie et al., 2017). In addition, recent studies have reported that natural diets or releasing captive animals back into their natural habitat can help restore their native gut bacteria diversity (Schmidt et al., 2019; Liddicoat et al., 2020; Martínez-Mota et al., 2020). From wild to the captive environment, individuals of Tibetan macaques experienced a decrease in diet diversity and restricted in a direct contact with the microbes of natural environment, as well as antibiotic treatment. These changes may be responsible for the increased differentiation in community structure and decreased in diversity of captive Tibetan macaques’ gut microbiome.

We also found that the gut bacterial microbiome of Tibetan macaques in all three study groups was dominated by two phyla Firmicutes and Bacteroidetes, which also been reported in previous studies of humans and NHPs (Yatsunenko et al., 2012; Amato et al., 2013; Grieneisen et al., 2019). The two families Lachnospiraceae and Ruminococcaceae, enrichment in wild group, are highly related to the decomposition and utilization of plant diet, as well as production of the short-chain fatty acids (SCFAs; Boeckaert et al., 2008; Huws et al., 2011; Byndloss et al., 2017). In particular, we found that the Prevotellaceae and Prevotella were significantly enriched in the individuals of wild and tourism groups. Species of Prevotellaceae and Prevotella are associated with digestion of hemicellulose, pectin, starch, carbohydrate and simple sugars (Wu et al., 2011; Amato et al., 2015). These results indicated that individuals of tourism group still maintained its ability to decompose and utilize the nature plant diet. In contrast, these abilities are significantly reduced in captive Tibetan macaques. It has been shown that providing captive animals with more natural diets can help restore their native gut bacteria (Schmidt et al., 2019; Liddicoat et al., 2020; Martínez-Mota et al., 2020). Our findings, in combination with previous studies, suggest that providing more natural food may help captive Tibetan macaques recover these declining gut microbes.

Furthermore, all the wide-scale phenotypic properties of the gut microbiome, in particularly the potential pathogens, did not variation significantly between tourism and wild group. However, the two genera, including Streptococcus and Sarcina, were significantly enriched in the captive individuals of Tibetan macaque. Most members of the Streptococcus and Sarcina are potential pathogenic bacteria in humans and animals (Wyder et al., 2011; Tintara et al., 2019). The prediction results of wide-scale phenotypic properties KEGG pathways also support that the captive breeding may cause the increase of potential pathogens in gut of these macaques (Amato et al., 2016; Balasubramaniam et al., 2022). In particular, the loss of diversity in gut microbiome will increase the risk of opportunistic infection (Arrieta et al., 2014; Malard et al., 2021). In addition, KEGG pathway of drug resistance (antimicrobial), overrepresented in captive Tibetan macaques indicated that the antibiotic resistance genes (ARGs) of gut microbiomes were enriched in this group. The ARGs of a microbial community could influence the function of native bacteria and increase pathogen morbidity (Howard et al., 2003; Lin et al., 2015; Kim et al., 2020). Therefore, lower alpha diversity, enrichment in drug resistance (antimicrobial) of KEGG pathways and higher potential pathogenic bacteria among the captive Tibetan macaques have important implications the negative health consequences of captive. In the future, exploring ways to restore native gut microbiome and its diversity of captive individuals are very important for primate conservation practice.



Conclusion

Our results provide evidence that different anthropogenic disturbances have different effects on the gut microbiome of Tibetan macaques. For the macaques used for primate ecotourism, living in the wild and consuming diverse natural diet could allow them maintain higher similarity with wild group in the alpha diversity and composition of gut microbiome including the predominant families and genera. It must be noted that the significant difference in beta diversity and community compositions between wild and tourism groups also was detected. A possible explanation is that corn provided by staff caused these changes. However, lower alpha diversity, higher KEGG pathway of drug resistance (antimicrobial) and higher potential pathogenic were detected in the gut microbiome of individuals in captive environment, which consuming a less varied diet, and limited exposure to soils and natural plants. Future studies should focus on investigating whether the changes in gut microbiome resulting from primate-focused tourism have negative effects on the health of Tibetan macaques, as well as exploring ways to restore the native gut microbiome and its diversity of captive individuals.
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