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Captivity Is Associated With Gut Mycobiome Composition in Tibetan Macaques (Macaca thibetana)
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Although recent studies have revealed that gut fungi may play an important functional role in animal biology and health, little is known concerning the effects of anthropogenic pressures on the gut mycobiome. Here, we examined differences of the gut mycobiome in wild and captive populations of Tibetan macaques (Macaca thibetana) targeting the fungal internal transcribed spacer (ITS) and using next generation sequencing. Our findings demonstrate that the diversity, composition, and functional guild of the Tibetan macaque gut mycobiome differ across populations living in different habitats. We found that Tibetan macaques translocated from the wild into a captive setting for a period of 1 year, were characterized by a reduction in fungal diversity and an increase in the abundance of potential gut fungal pathogens compared to wild individuals. Furthermore, we found that the relative abundance of two main fungal guilds of plant pathogens and ectomycorrhizal fungi was significantly lower in captive individuals compared to those living in the wild. Our results highlight that, in addition to bacteria, gut fungi vary significantly among individuals living in captive and wild settings. However, given limited data on the functional role that fungi play in the host’s gut, as well as the degree to which a host’s mycobiome is seeded from fungi in the soil or ingested during the consumption of plant and animal foods, controlled studies are needed to better understand the role of the local environment in seeding the mycobiome.
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INTRODUCTION

In the face of enormous ecological pressures resulting from human disturbance, nonhuman primates (hereafter NHPs) are experiencing a severe population decline and the threat of extinction on a global scale (Estrada, 2013; Estrada et al., 2017). As an important contributing factor, anthropogenic disturbance often leads to a decrease in the availability and quality of food resources and increased social stress, negatively impacting individuals’ fertility and health (Almeida-Rocha et al., 2017). Recent studies also indicate that anthropogenic disturbance can result in significant changes in host gut microbial community composition including the loss of microbial diversity (Junge et al., 2011; Amato et al., 2013; Barelli et al., 2020). Given that the gut microbiome plays a crucial role in host nutrition, immune systems, and health (Flint et al., 2012; Nicholson et al., 2012; Fung et al., 2017), understanding the effects of anthropogenic disturbance on host gut microbial composition is critical for developing effective conservation strategies for environmental restoration and protecting threatened and declining species (Stumpf et al., 2016; Cavada et al., 2019).

Nonhuman primates that are housed in captive environments (e.g., zoos, rehabilitation and breeding centers) experience changes or restrictions in diet, increased exposure to human-associated microbes, and increased social stress, and are subject to medical interventions including treatments with antibiotics (McKenzie et al., 2017). A number of studies have shown that these changes are associated with the dysbiosis of the host gut microecosystem, including a loss of bacterial diversity (Amato et al., 2013; Clayton et al., 2016; McKenzie et al., 2017; Frankel et al., 2019), a reduction of native gut microbial taxa (Clayton et al., 2016), and an increase in antibiotic resistance genes of the gut microbiome (Tsukayama et al., 2018). Recent studies have shown that providing captive animals with more natural diets or releasing captive animals back into their natural habitat can help restore their native gut bacteria (Schmidt et al., 2019; Liddicoat et al., 2020; Martínez-Mota et al., 2020).

Our understanding of the NHP gut microbiome is based principally on the bacterial component. Less is known about the function and composition of fungal communities in the gut (also known as the mycobiome), especially the effects of environmental change on mycobiome composition. Fungi play critical roles as decomposers, mutualists, and pathogens in a range of ecosystems (Tedersoo et al., 2014). In addition to being a potential pathogen, there is mounting evidence that fungi in the gut serve as an important function in altering gut bacterial composition (Huffnagle and Noverr, 2013; Getzke et al., 2019), modulating host innate and adaptive immune responses (Wüthrich et al., 2012; Rizzetto et al., 2015), and biomass-degrading of host diet (Solomon et al., 2016). In humans, dysbiosis of the gut mycobiome is closely associated with host metabolic and immune disorders, colorectal adenomas, and inflammatory bowel diseases (IBDs; Luan et al., 2015; Mar Rodríguez et al., 2015; Wheeler et al., 2016; Sokol et al., 2017). A recent study found that lab mice released into a natural environment experienced a change in gut mycobiome and an improvement in host immune function (Yeung et al., 2020). Moreover, Barelli et al. (2020) found that the mycobiome community composition differed considerably between primate species (Procolobus gordonorum and Papio cynocephalus) living in protected and fragmented habitats (Barelli et al., 2020). However, for most primate species, the effects of captivity on host gut mycobiome and its potential impact on host health, remain unknown. In this regard, studies of the gut mycrobiome of individuals living under a range of wild, semi-natural, and captive conditions offer valuable perspectives and tools for investigating and monitoring critical links between diet, environment, and health that can inform captive management, reintroduction programs, and conservation strategies (Stumpf et al., 2016; Trevelline et al., 2019; West et al., 2019).

In the present study, we examined the mycobiome of Tibetan macaques (Macaca thibetana), a Near Threatened primate species endemic to China. We compared individuals living in three different environmental settings: captivity (Tong Ling City Zoo), a free-ranging and semi-provisioned group that is visited by tourists (Mt. Huangshan), and a wild group (Mt. Tianhu). In comparing the mycobiome of individuals in each of these three settings, we addressed three main questions: (1) Are there significant differences in gut fungal diversity among captive, semi-provisioned, and wild populations of Tibetan macaques? Secondly (2) What do differences in the composition and ecological function of the gut mycobiome tell us about the role of fungi in the primate digestive tract? and (3) What are the potential factors that shape mycobiome composition in the gut? We present these results in the context of what is known about the mycobiome in other mammals and discuss the potential impacts of captivity on the primate gut mycobiome.



MATERIALS AND METHODS


Study Objects and Samples Collection

This study was carried out at three sites in southern Anhui Province, China, including Mt. Huangshan (HS), Mt. Tianhu (TH), and the Tong Ling City Zoo (TL; Supplementary Table S1). Mt. Huangshan has been a behavioral research and ecotourism center since 1986. Our study group is composed of 60 individuals and represents a free-ranging group that is provisioned three times per day with a total of 6–8 kg of corn. The amount provisioned is approximately 1/3 of the daily food intake of the group. Our second field site, Mt. Tianhu, is located some 10 km from HS. This Tibetan macaque study group was discovered in 2018 and soon thereafter, we began followed and collecting data on this wild group. This group is composed of 91 macaques and obtains all of its diet from the wild. The habitats at both HS and TH are best described as deciduous and evergreen broad-leaf mixed montane forests. Both sites share similar flora and fauna. The main diet of the HS and TH group includes leaves and grass, and to a lesser extent, fruits, flowers, roots, and insects. Corn, which is a major part of the diet of the semi-provisioned group at HS is absent from the diet of the wild group (TH). The group living in captivity (TL) was translocated from HS approximately 1 year prior to our sampling period. The main diet of this group is corn supplemented with sweet potatoes.

Given that seasonal changes in diet can drive variation in the gut mycobiome of Tibetan macaques (Sun et al., 2018); all samples were collected during a 2-week period during the summer, from August 1 to 14, 2019. The monkeys were followed closely by our research team to ensure that each fecal sample collected came from a different individual. In total, we obtained 52 fresh fecal samples of macaques. Twenty-one samples were obtained from the wild, semi-provisioned group (HS), nine from the non-provisioned wild group (TH), and 21 from the captive group (TL). All fecal samples were collected, placed in a sterilized sampling tube with RNAlater (QIA-GEN, Valencia, CA, United States), and transported in ice bags to the laboratory at Anhui University within 12 h of collection. In the lab, samples were stored at −80°C. 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 soil contamination, we extracted the DNA from feces collected from the inner part of each fecal sample using a QIAamp® Fast DNA Stool Mini kit (Qiagen). DNA extraction methods were carried out according to the manufacturer’s instructions. The total DNA extracted from the 52 samples was sent to the Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China) for sequencing. The ITS regions were identified by ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2 (2043R; 5'-GCTGCGTTCTTCATCGATGC-3') primers (Bokulich and Mills, 2013). 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 consisted of an initial 95°C for 2 min, followed by 35 cycles of 95°C for 30s, 55°C for 30s, and72°C for 60 s, and a final extension of 72°C for 5 min. After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 300 bp sequencing 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). A window of 50 bp was set to filter the reads with a tail mass value of 20 or less. If the average mass value in the window was lower than 20, the rear bases were removed from the window, and the reads with a tail mass value of 50 bp after quality control were filtered. Those containing N bases were removed. We merged overlapping paired-end reads using FLASH (v1.2.7; Magoc and Salzberg, 2011), with the minimum overlap set to 10 bp, the maximum error ratio of overlap area was 0.2, and the number of mismatches barcode allowed was 0. The maximum primer mismatch number was 2. Lastly, we clustered the quality-check of sequences into Amplicon Sequence Variants (ASVs) using DADA2 within Qiime 2 to truncate forward and reverse reads, to denoise the data, and to detect and remove chimeras (Callahan et al., 2016; Bolyen et al., 2019). The Ribosomal Database Project (RDP) classifier was used for taxonomic identification of the ASV sequences (Deshpande et al., 2016), and BLAST searches were conducted using Unite databases.1 The sequence data have been deposited in NCBI (project number is PRJNA701719).

The Shannon diversity index (Shannon), ASV richness, and unweighted and weighted UniFrac distance matrices were calculated using Qiime 2 (Bolyen et al., 2019). The FUNGuild v1.0 database,2 an open annotation tool for parsing fungal community datasets by ecological guild, was used to assign ecological functions (trophic modes and guilds) to each ASV (Nguyen et al., 2016). For this procedure, we considered all assignments with a confidence score of “probable” or “highly probable.” Genera not represented in the database or with a confidence score of “possible” were classified as undetermined. For more details, see Nguyen et al. (2016).

We tested for normal distributions in alpha diversity indices, relative abundances of dominant phyla, and functional guilds using the Kolmogorov-Smirnov normality test. We used a one-way ANOVA and Tukey’s post hoc tests to test for differences across study groups in case of a normal distribution, or a Kruskal-Wallis ANOVA with Dunn’s multiple comparison test in cases of an abnormal distribution. Values of p were adjusted using a Bonferroni correction. Principal coordinates analysis (PCoA) was performed with the R packages Made4 and Vegan.3 Permutational multivariate ANOVA (PERMANOVA) was used to test for differences in beta diversity (unweighted and weighted UniFrac distance) across our three different macaque groups using the Adonis function in the vegan R package (Chen et al., 2012). Linear discriminant analysis effect size (LEfSe) was used with default options to determine genera enriched in each study group (Segata et al., 2011).4 In all analyses, the value of p was set at 0.05.




RESULTS


General Patterns of the Fungal Profile

After bioinformatic processing of 52 Tibetan macaque fecal samples, we obtained 3,067,399 high-quality filtered reads, corresponding to 58,988 ± 3,587 reads per sample. Taxonomic assignment revealed 12 known fungal phyla. The dominant phyla across all samples were Ascomycota (x = mean ± SD, x = 81.24 ± 19.06%) and Basidiomycota (x = 14.68 ± 18.34%; Figure 1A). The predominant families were Aspergillaceae (x = 25.60 ± 23.56%), Nectriaceae (x = 14.57 ± 21.19%), and Trichocomaceae (x = 11.35 ± 15.17%). At the genus level, the fecal samples were dominated by Aspergillus (x = 19.47 ± 22.48%), Fusarium (x = 14.01 ± 21.46%), and Talaromyces (x = 11.33 ± 15.18%).
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FIGURE 1. The distributions of phylum, families, and genera. (A) Relative abundance of fecal fungal taxa at the phylum level. Stacked bar graphs illustrate the abundances of phyla, and the x-axis represents the sample groups. (B) The distributions of core families and genera (average relative abundance >0.01, present in more than 90% of all fecal samples).


We defined core genera and families as present in more than 90% of fecal samples and at an average relative abundance of >1%. Our results indicated the existence of five core taxa at the family level (Aspergillaceae, Nectriaceae, Trichocomaceae, Cladosporiaceae, and Saccharomycetales_fam_Incertae_sedis) and five at the genus level (Aspergillus, Fusarium, Talaromyces, Candida, and Penicillium; Figure 1B). Summary statistics for these core taxa are provided in Supplementary Table S2.



Diversity and Composition of the Gut Mycobiome

We found that the fungal diversity of fecal samples showed significant variation across groups (Kruskal-Wallis, ASV richness: df = 2, F = 26.178, p < 0.0001; Shannon: df = 2, F = 17.441, p < 0.001). Additional pairwise comparison analysis showed that the ASV richness of fecal samples from the captive group was significantly lower than for individuals in the semi-provisioned and wild groups (captive vs. semi-provisioned: F = −4.971, adjusted p < 0.0001; captive vs. wild: F = −2.933, adjusted p = 0.008). There were no significant differences between the semi-provisioned and wild groups (adjusted p = 1; Figure 2A). We next compared the Shannon index between any two groups. The results indicated that the Shannon index for captive individuals was significantly lower than the indices found for semi-provisioned and wild individuals (captive vs. semi-provisioned: adjusted F = 3.343, p = 0.002; captive vs. wild: F = 3.578, adjusted p = 0.001). However, no significant difference was found between individuals in the semi-provisioned and wild groups (adjusted p = 0.961; Figure 2B).
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FIGURE 2. Differences in fecal fungal diversity across three study groups. (A) Comparison of amplicon sequence variant (ASV) richness. (B) Comparison of Shannon diversity index. A Kruskal-Wallis ANOVA test was used to evaluate the variation across treatment groups. Post hoc tests (Dunn’s test) for pairwise comparison tests (values of p were adjusted by Bonferroni). (C,D) Differentiation of fecal mycobiota structure (C) based on unweighted UniFrac distance and (D) based on weighted UniFrac distance. Principal coordinates analysis (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.


Principal coordinates analysis and PERMANOVA tests of unweighted and weighted unifrac dissimilarities revealed the variation in the overall taxonomic composition of the fecal mycobiome across samples from the three study groups (PERMANOVA, unweighted, df = 2, F = 3.968, R2 = 0.394, p = 0.001; weighted, df = 2, F = 7.481, R2 = 0.234, p = 0.001; Figures 2C,D). Kruskal-Wallis tests revealed that the two dominant fungal phyla showed significant variation across groups (Ascomycota, df = 2, F = 15.572, p = 0.0004; Basidiomycota, df = 2, F = 11.122, p = 0.004; Figures 3A,B). Post hoc tests indicated that the relative abundance of Ascomycota was significantly higher in captive individuals than in individuals in the semi-provisioned group (F = 3.810, adjusted p = 0.0004). There was a trend indicating that the relative abundance of Ascomycota in captive individuals also was higher compared with individuals in the wild group (F = 2.387, adjusted p = 0.051). The relative abundance of Basidiomycota was significantly higher in semi-provisioned individuals than in captive individuals (F = −3.329, adjusted p = 0.003). However, the relative abundance of the two phyla does not differ significantly between wild and semi-provisioned Tibetan macaques (Ascomycota, F = 1.493, adjusted p = 0.406; Basidiomycota, F = −0.547, adjusted p = 1.00).
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FIGURE 3. Variation of fecal fungal taxonomy across three study groups. (A) Comparison of the dominant phyla Ascomycota. (B) Comparison of the dominant phyla Basidiomycota. A Kruskal-Wallis ANOVA test was used to evaluate the variation across treatment groups. Post hoc tests (Dunn’s test) for pairwise comparison tests (values of p were adjusted by Bonferroni). (C) Indicators of known fungal taxa in one of the three groups (at the genus, family, order, class, and phylum levels, the mean relative abundance of known taxa accounting for ≥1% of all the fecal sample), identified by linear discriminant analysis effect size (LEfSe) analysis (LDA > 3, p < 0.05).


Linear discriminant analysis effect size analyses revealed that each study population was characterized by different known fungal taxa. In total, 38 known taxa (at the genus, family, order, class, and phylum levels; the mean relative abundance of known taxa accounting for ≥1% of all the fecal samples) were significantly enriched in one of the three groups (LDA > 3, p < 0.05; Figure 3C). Among these taxa, 16, 10, and 12 indicators were identified in wild, semi-provisioned, and captive groups, respectively. We defined the high occurrence indicators (at genus level) as present in more than 90% of fecal samples in its corresponding group. The genus Cladosporium was overrepresented in wild samples, and two other known genera, Trichoderma and Talaromyces, were overrepresented in the semi-provisioned samples. We also found four known genera that were overrepresented in the captive samples. These were Trichosporon, Penicillium, Fusarium, and Aspergillus. Summary statistics for the significantly enriched taxa present in each study group and the functional guilds to which they belong are indicated in Supplementary Table S3.



Functional Trophic Modes and Guilds of Gut Mycobiome

Based on the FUNGuild v1.0 tool, six functional trophic modes of fecal fungal communities were analyzed. The results indicate that Saprotroph (x = mean ± SD, x = 14.23 ± 15.04%), Pathotroph (x = 5.53 ± 7.61%), Pathotroph-Saprotroph (x = 4.62 ± 7.99%), and Symbiotroph (x = 7.11 ± 17.13%) were the representative and dominant predicted functional trophic modes identified across all samples (Figure 4A). Three main fungal guilds (mean relative abundance was greater than 1%), namely animal pathogens (x = 6.69 ± 10.25%), plant pathogens (x = 6.64 ± 17.05%), and ectomycorrhizal fungi (x = 5.53 ± 8.15%) were detected. The relative abundances of the four functional trophic modes and the three main fungal guilds in each study group (captive, semi-provisioned, and wild) are indicated in Supplementary Table S4.
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FIGURE 4. Variation of fecal fungal functional trophic modes across three study groups. (A) Relative abundance of functional trophic modes. Stacked bar graphs illustrate the abundances, x-axis represents the sample types. (B–D) Comparison of the functional guilds of animal pathogens, plant pathogens, and ectomycorrhizal fungi, respectively. A Kruskal-Wallis ANOVA test was used to evaluate the variation across treatment groups. Post hoc tests (Dunn’s test) for pairwise comparison tests (values of p were adjusted by Bonferroni). Significance was set at the 0.05 level.


We found that the two functional guilds of plant pathogens and ectomycorrhizal fungi showed significant variation across the three study groups (Kruskal-Wallis, animal pathogens: df = 2, F = 2.310, p = 0.315; plant pathogens: df = 2, F = 25.632, p < 0.0001; ectomycorrhizal fungi: df = 2, F = 34.167, p < 0.0001; Figures 4B–D). Based on post hoc tests, we found that that the relative abundance of the plant pathogen guild was significantly lower in the captive group compared to both the semi-provisioned and wild groups (captive vs. semi-provisioned, F = −3.899, adjusted p = 0.0003; captive vs. wild, F = −4.460, adjusted p = 0.0003). Similarly, the guild of ectomycorrhizal fungi was significantly lower among individuals in the captive group compared with individuals in the semi-provisioned and wild groups (captive vs. wild, F = −3.171, adjusted p = 0.005; captive vs. semi-provisioned, F = −5.743, adjusted p < 0.0001). However, the relative abundance of two guilds, one for plant pathogens and the other for ectomycorrhizal fungi did not differ significantly between wild and semi-provisioned individuals (plant pathogens, F = −1.443, adjusted p = 0.447; ectomycorrhizal fungi, F = 1.248, adjusted p = 0.636).




DISCUSSION

In the current study, we found that the alpha diversity of the mycobiome of individuals in a captive group of Tibetan macaques translocated from their natural habitat 1 year ago and was reduced compared to individuals in two wild-living groups. One of the wild groups was semi-provisioned. This result is consistent with previous studies on the gut bacterial microbiome of NHPs (Clayton et al., 2016; McKenzie et al., 2017; Frankel et al., 2019). Controlled studies of humans indicate that the loss of gut fungal diversity is associated with susceptibility to diseases, including IBDs (Sokol et al., 2017). In other mammals, a loss of gut fungal diversity has been shown to result in a decrease in the ability to digest cellulose, and a weakend immune response (Akin et al., 1983; Denman and Mcsweeney, 2006; Sokol et al., 2017; Yeung et al., 2020). Therefore, lower alpha diversity among the captive Tibetan macaques has important implications for primate welfare and may be an early indication of negative health consequences resulting from captivity. Future studies are needed to assess the degree to which loss of gut fungal diversity affects the health of captive primates.

Our results also indicated a marked difference in beta diversity between the semi-provisioned group and the completely wild groups, but no difference in alpha diversity, despite the fact that the HS group has several decade of ecotourism and approximately one-third of their diet is provisioned (Li and Kappeler, 2020). This result is consistent with previous finding in two tropical primate species, one living in a protected forest and the other living in a fragmented forest (Barelli et al., 2020). In addition, it has been reported that lab mice exposed to a natural environment to have a more diverse mycobiome and that should provide positive consequences for host’s immune function (Yeung et al., 2020). Our results together with recent finding revealed that living in the wild and consuming a diverse diet are beneficial to maintaining gut fungal diversity of NHPs, while living in captivity, consuming a less varied diet, and limited exposure to soils and wild plants are expected result in a significant reduction in gut fungal diversity.

Previous studies have implied that fiber-rich diets may stimulate gut fungal diversity. For example, in ruminants, individuals consuming a diet high in plant fiber were found to exhibit higher gut fungal diversity compared with individuals fed a diet lower in plant fiber, such grains (Denman and Mcsweeney, 2006; Denman et al., 2010; Boots et al., 2013). Although, we do not have quantitative data on the fiber content of the wild plant foods consumed by the wild and semi-provisioned macaques, they naturally consume a broad-based diet that included grasses, leaves, fruits, and insects (Huffman et al., 2020). However, the main diet of captive group was corn supplemented with sweet potatoes. Corn fed to the captive macaques contains approximately 9 g of dietary fiber per 100 g consumed, and fiber in sweet potatoes contains approximately 10 g of dietary fiber per 100 g consumed (Sun et al., 2014). A previous study revealed that the crude fiber content of the major components of the plant diet of wild living Tibetan macaques ranged from 17.91 to 47.92% (You et al., 2013). Lower dietary fiber in the foods consumed by the captive macaques offers a possible explanation for their decreased gut mycobiome diversity compared to the wild and semi-provisioned free-ranging macaque population.

In addition to diet, other environmental sources of gut fungi include the soil (Fiers et al., 2019; Richard and Sokol, 2019; Mann et al., 2020). Given the conditions of their captive environment, which included frequent cleaning of concrete surfaces and metal bars, access to soil fungi was extremely limited. In this regard, we found that the relative abundance of the two main fungal guilds of plant pathogens and ectomycorrhizal fungi was decreased significantly in captive individuals compared to individuals living in both wild groups. Plant pathogenic and ectomycorrhizal fungi are two dominant guilds naturally found in plant and soil (Averill et al., 2016; Yang et al., 2019). Although our data showed a marked difference in mycobiome composition between the semi-provisioned free-ranging group and the un-provisioned wild group, mycobiome diversity between these groups did not differ. This pattern suggests that the free-ranging group was not exposed to fewer fungi but rather than differences in the environment and diet resulted in exposure to distinct fungi and/or altered selective pressure on the existing fungal community in the macaque gut.

We also found that the gut mycobiome of macaques in all three study groups was dominated by two phyla Ascomycota and Basidiomycota. This is consistent with previous studies in humans and NHPs (Hallen-Adams et al., 2015; Strati et al., 2016; Suhr et al., 2016; Wheeler et al., 2016; Sokol et al., 2017; Sun et al., 2018). Our results demonstrated that several fungal taxa differed in relative abundance, at the levels of genus, family, order, class, and phylum, among our three study groups. As described for fungal diversity, this finding may be a result of diet since recent studies of the human gut mycobiota have found the abundance of gut fungal taxa fluctuates with host diet. For example, plant-based diets (rich in grains, legumes, fruits, and vegetables) were associated with enrichment in Candida, whereas individuals consuming animal-based diets (rich in meats, eggs, and cheeses) were enriched in Debaryomyces and Penicillium (David et al., 2014; Hallen-Adams and Suhr, 2017). In particular, the zgenus Trichosporon (relative abundance, 5.82%; occurrence rate 100%) was assigned to the guild of potential animal pathogens based on FUNGuild analyses. Several species in this genus are responsible for the majority of cases of trichosporonosis, which are important opportunistic pathogens of humans (Marty et al., 2003; Colombo et al., 2011). However, although captivity may increase disease risk in primates, it is unclear if captive Tibetan macaques in this study showed a compromised immune function.

Interestingly, the genera Penicillium and Aspergillus, which were overrepresented in the captive individuals, also were enriched in the semi-provisioned free-ranging individuals compared to the wild individuals. These two genera, commonly reported as core genera in human gut mycobiome studies, also are found in foods consumed by humans and prone to spoilage (Suhr and Hallen-Adams, 2015; Hallen-Adams and Suhr, 2017). Although varying in degree, corn was a major component of the diet of both the captive and semi-provisioned free-ranging populations. Thus, we speculate either that a corn-derived fungi or possible transmission of gut fungi between humans handling the corn and the monkeys, may have promoted the increase of these two fungal genera.

Tibetan macaques in the wild and semi-provisioned groups had access to fungi naturally occurring in the soil and in animals and plants consumed. We found that the two main fungal guilds of plant pathogen and ectomycorrhizal fungi, which are commonly reported in plant or soil mycobiome, were decreased significantly in captive individuals (Averill et al., 2016; Yang et al., 2019). In addition, Cladosporium which was overrepresented in the wild group, and Trichoderma and Talaromyces, which characterized the semi-provisioned free-ranging group, have been isolated from soil and organic matter such as decaying wood and fruit (Potin et al., 2004; Chen and Zhuang, 2017; Salomão, 2018). Therefore, the presence and availability of fungi associated with foods and soil in the natural environment offer a likely explanation for certain specific differences in the gut fungal composition of wild and free-ranging macaques compared to captive individuals (Fiers et al., 2019; Richard and Sokol, 2019; Mann et al., 2020). However, a lack of information about metabolic pathways characterizing gut fungi and the influence of diet and environment in mycobiome composition and function, impact our ability to fully interpret these results.



CONCLUSION

Our findings demonstrate that individuals translocated from their natural habitat and fed a highly monotonous diet in captivity for 1 year, were characterized by reduced diversity and increased potential fungal pathogens in their gut. Future studies should focus on investigating whether the predominant gut fungal taxa detected here are food-borne travelers or symbiotic residents under modulation by the host and diet. To that end, culture-dependent and metagenomic approaches, along with mapping interactions between gut fungi and gut function are warranted. Additionally, it is essential to fully characterize the dietary behaviors and environmental exposures of primate populations to infer seeding mycobiome sources and the potential impact of gut fungi on primate health. Such data can be used to devise management strategies that can modulate the mycobiome of wild NHPs living in degraded habitats, and the health and longevity of captive primates that may be reintroduced into the wild.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: NCBI, PRJNA701719.



AUTHOR CONTRIBUTIONS

BS and JL conceived and designed the experiments. BS, YX, XX, WL, MH, XW, and DX performed the experiments. BS, YX, XX, PG, KA, and AG contributed to reagents, materials, and analysis tools. BS, YX, XX, PG, KA, AG, and JL wrote the paper. All authors reviewed the manuscript and agreed to the published version of the manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (grant numbers: 31870371, 31400330, and 31971404) and Scientific Research Foundation for Advanced Talents of Hefei Normal University (grant number: 2020rcjj51).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.665853/full#supplementary-material



FOOTNOTES

1https://unite.ut.ee/repository.php

2https://github.com/UMNFuN/FUNGuild

3http://www.cran.r-project.org/package=vegan

4http://huttenhower.sph.harvard.edu/lefse/



REFERENCES

 Akin, D. E., Gordon, G. L. R., and Hogan, J. P. (1983). Rumen bacterial and fungal degradation of Digitaria pentzii grown with or without sulfur. Appl. Environ. Microbiol. 46, 738–748. doi: 10.1128/AEM.46.3.738-748.1983 

 Almeida-Rocha, J. M. D., Peres, C. A., and Oliveira, L. C. (2017). Primate responses to anthropogenic habitat disturbance: a pantropical meta-analysis. Biol. Conserv. 215, 30–38. doi: 10.1016/j.biocon.2017.08.018

 Amato, K. R., Yeoman, C. J., Kent, A., Righini, N., Carbonero, F., Estrada, A., et al. (2013). Habitat degradation impacts black howler monkey (Alouatta pigra) gastrointestinal microbiomes. ISME J. 7, 1344–1353. doi: 10.1038/ismej.2013.16 

 Averill, C., Hawkes, C. V., and Bardgett, R. (2016). Ectomycorrhizal fungi slow soil carbon cycling. Ecol. Lett. 19, 937–947. doi: 10.1111/ele.12631 

 Barelli, C., Albanese, D., Stumpf, R. M., Asangba, A., Donati, C., Rovero, F., et al. (2020). The gut microbiota communities of wild arboreal and ground-feeding tropical primates are affected differently by habitat disturbance. mSystems 5:e00061-20. doi: 10.1128/mSystems.00061-20 

 Bokulich, N. A., and Mills, D. A. (2013). Improved selection of internal transcribed spacer-specific primers enables quantitative, ultra-high-throughput profiling of fungal communities. Appl. Environ. Microbiol. 79, 2519–2526. doi: 10.1128/aem.03870-12 

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9 

 Boots, B., Lillis, L., Clipson, N., Petrie, K., Kenny, D. A., Boland, T. M., et al. (2013). Responses of anaerobic rumen fungal diversity (phylum Neocallimastigomycota) to changes in bovine diet. J. Appl. Microbiol. 114, 626–635. doi: 10.1111/jam.12067 

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869 

 Cavada, N., Tenan, S., Barelli, C., and Rovero, F. (2019). Effects of anthropogenic disturbance on primate density at the landscape scale. Conserv. Biol. 33, 873–882. doi: 10.1111/cobi.13269 

 Chen, J., Bittinger, K., Charlson, E. S., Hoffmann, C., Lewis, J., Wu, G. D., et al. (2012). Associating microbiome composition with environmental covariates using generalized UniFrac distances. Bioinformatics 28, 2106–2113. doi: 10.1093/bioinformatics/bts342 

 Chen, S., Zhou, Y., Chen, Y., and Jia, G. (2018). Fastp: an ultra-fast all-in-one fastq preprocessor. Bioinformatics 34, 884–890. doi: 10.1093/bioinformatics/bty560 

 Chen, K., and Zhuang, W.-Y. (2017). Discovery from a large-scaled survey of Trichoderma in soil of China. Sci. Rep. 7:9090. doi: 10.1038/s41598-017-07807-3 

 Clayton, J. B., Vangay, P., Huang, H., Ward, T., Hillmann, B. M., Al-Ghalith, G. A., et al. (2016). Captivity humanizes the primate microbiome. Proc. Natl. Acad. Sci. U. S. A. 113, 10376–10381. doi: 10.1073/pnas.1521835113 

 Colombo, A. L., Padovan, A. C. B., and Chaves, G. M. (2011). Current knowledge of Trichosporon spp. and Trichosporonosis. Clin. Microbiol. Rev. 24, 682–700. doi: 10.1128/CMR.00003-11 

 David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., Wolfe, B. E., et al. (2014). Diet rapidly and reproducibly alters the human gut microbiome. Nature 505, 559–563. doi: 10.1038/nature12820 

 Denman, S. E., and Mcsweeney, C. S. (2006). Development of a real-time PCR assay for monitoring anaerobic fungal and cellulolytic bacterial populations within the rumen. FEMS Microbiol. Ecol. 58, 572–582. doi: 10.1111/j.1574-6941.2006.00190.x 

 Denman, S. E., Nicholson, M. J., Brookman, J. L., Theodorou, M. K., and Mcsweeney, C. S. (2010). Detection and monitoring of anaerobic rumen fungi using an ARISA method. Lett. Appl. Microbiol. 47, 492–499. doi: 10.1111/j.1472-765X.2008.02449.x 

 Deshpande, V., Wang, Q., Greenfield, P., Charleston, M., Porras-Alfaro, A., Kuske, C. R., et al. (2016). Fungal identification using a Bayesian classifier and the Warcup training set of internal transcribed spacer sequences. Mycologia 108, 1–5. doi: 10.3852/14-293 

 Estrada, A. (2013). Socioeconomic contexts of primate conservation: population, poverty, global economic demands, and sustainable land use. Am. J. Primatol. 75, 30–45. doi: 10.1002/ajp.22080 

 Estrada, A., Garber, P. A., Rylands, A. B., Roos, C., and Li, B. (2017). Impending extinction crisis of the world’s primates: why primates matter. Sci. Adv. 3:e1600946. doi: 10.1126/sciadv.1600946 

 Fiers, W. D., Gao, I. H., and Iliev, I. D. (2019). Gut mycobiota under scrutiny: fungal symbionts or environmental transients? Curr. Opin. Microbiol. 50, 79–86. doi: 10.1016/j.mib.2019.09.010 

 Flint, H. J., Scott, K. P., Louis, P., and Duncan, S. H. (2012). The role of the gut microbiota in nutrition and health. Nat. Rev. Gastroenterol. Hepatol. 9, 577–589. doi: 10.1038/nrgastro.2012.156 

 Frankel, J. S., Mallott, E. K., Hopper, L. M., Ross, S. R., and Amato, K. R. (2019). The effect of captivity on the primate gut microbiome varies with host dietary niche. Am. J. Primatol. 81:e23061. doi: 10.1002/ajp.23061 

 Fung, T. C., Olson, C. A., and Hsiao, E. Y. (2017). Interactions between the microbiota, immune and nervous systems in health and disease. Nat. Neurosci. 20, 145–155. doi: 10.1038/nn.4476 

 Getzke, F., Thiergart, T., and Hacquard, S. (2019). Contribution of bacterial-fungal balance to plant and animal health. Curr. Opin. Microbiol. 49, 66–72. doi: 10.1016/j.mib.2019.10.009 

 Hallen-Adams, H. E., Kachman, S. D., Kim, J., Legge, R. M., and Martínez, I. (2015). Fungi inhabiting the healthy human gastrointestinal tract: a diverse and dynamic community. Fungal Ecol. 15, 9–17. doi: 10.1016/j.funeco.2015.01.006

 Hallen-Adams, H. E., and Suhr, M. J. (2017). Fungi in the healthy human gastrointestinal tract. Virulence 8, 352–358. doi: 10.1080/21505594.2016.1247140 

 Huffman, M. A., Sun, B.-H., and Li, J.-H. (2020). “Medicinal Properties in The Diet of Tibetan Macaques at Mt. Huangshan: A Case for Self-Medication,” in The Behavioral Ecology of the Tibetan Macaque. eds. J.-H. Li, L. Sun, and P. M. Kappeler(Cham: Springer International Publishing), 223–248.

 Huffnagle, G. B., and Noverr, M. C. (2013). The emerging world of the fungal microbiome. Trends Microbiol. 21, 334–341. doi: 10.1016/j.tim.2013.04.002 

 Junge, R. E., Barrett, M. A., and Yoder, A. D. (2011). Effects of anthropogenic disturbance on indri (Indri indri) health in Madagascar. Am. J. Primatol. 73, 632–642. doi: 10.1002/ajp.20938 

 Li, J.-H., and Kappeler, P. M. (2020). “Social and Life History Strategies of Tibetan Macaques at Mt. Huangshan,” in The Behavioral Ecology of the Tibetan Macaque. eds. Li, J.-H. Sun, L. Kappeler, P. M. (Cham: Springer International Publishing), 17–46.

 Liddicoat, C., Sydnor, H., Cando-Dumancela, C., Dresken, R., Liu, J., Gellie, N. J. C., et al. (2020). Naturally-diverse airborne environmental microbial exposures modulate the gut microbiome and may provide anxiolytic benefits in mice. Sci. Total Environ. 701:134684. doi: 10.1016/j.scitotenv.2019.134684 

 Luan, C., Xie, L., Yang, X., Miao, H., Lv, N., Zhang, R., et al. (2015). Dysbiosis of fungal microbiota in the intestinal mucosa of patients with colorectal adenomas. Sci. Rep. 5:7980. doi: 10.1038/srep07980 

 Magoc, T., and Salzberg, S. L. (2011). Flash: fast length adjustment of shortreads to improve genome assemblies. Bioinformatics 27:2957. doi: 10.1093/bioinformatics/btr507 

 Mann, A. E., Mazel, F., Lemay, M. A., Morien, E., Billy, V., Kowalewski, M. M., et al. (2020). Biodiversity of protists and nematodes in the wild nonhuman primate gut. ISME J. 14, 609–622. doi: 10.1038/s41396-019-0551-4 

 Mar Rodríguez, M., Pérez, D., Javier Chaves, F., Esteve, E., Marin-Garcia, P., Xifra, G., et al. (2015). Obesity changes the human gut mycobiome. Sci. Rep. 5:14600. doi: 10.1038/srep14600 

 Martínez-Mota, R., Kohl, K. D., Orr, T. J., and Denise Dearing, M. (2020). Natural diets promote retention of the native gut microbiota in captive rodents. ISME J. 14, 67–78. doi: 10.1038/s41396-019-0497-6 

 Marty, F. M., Barouch, D. H., Coakley, E. P., and Baden, L. R. (2003). Disseminated trichosporonosis caused by Trichosporon loubieri. J. Clin. Microbiol. 41, 5317–5320. doi: 10.1128/JCM.41.11.5317-5320.2003 

 McKenzie, V. J., Song, S. J., Delsuc, F., Prest, T. L., Oliverio, A. M., Korpita, T. M., et al. (2017). The effects of captivity on the mammalian gut microbiome. Integr. Comp. Biol. 57, 690–704. doi: 10.1093/icb/icx090 

 Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al. (2016). FUNGuild: an open annotation tool for parsing fungal community datasets by ecological guild. Fungal. Ecol. 20, 241–248. doi: 10.1016/j.funeco.2015.06.006

 Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al. (2012). Host-gut microbiota metabolic interactions. Science 336, 1262–1267. doi: 10.1126/science.1223813 

 Potin, O., Veignie, E., and Rafin, C. (2004). Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by Cladosporium sphaerospermum isolated from an aged PAH contaminated soil. FEMS Microbiol. Ecol. 51, 71–78. doi: 10.1016/j.femsec.2004.07.013 

 Richard, M. L., and Sokol, H. (2019). The gut mycobiota: insights into analysis, environmental interactions and role in gastrointestinal diseases. Nat. Rev. Gastroenterol. Hepatol. 16, 331–345. doi: 10.1038/s41575-019-0121-2 

 Rizzetto, L., De Filippo, C., and Cavalieri, D. (2015). Richness and diversity of mammalian fungal communities shape innate and adaptive immunity in health and disease. Eur. J. Immunol. 44, 3166–3181. doi: 10.1002/eji.201344403 

 Salomão, B. D. C. M. (2018). “Chapter 16 - Pathogens and Spoilage Microorganisms in Fruit Juice: An Overview,” in Fruit Juices. eds. G. Rajauria and B. K. Tiwari(San Diego: Academic Press), 291–308.

 Schmidt, E., Mykytczuk, N. C. S., and Schultehostedde, A. I. (2019). Effects of the captive and wild environment on diversity of the gut microbiome of deer mice (Peromyscus maniculatus). ISME J. 13, 1293–1305. doi: 10.1038/s41396-019-0345-8 

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 Sokol, H., Leducq, V., Aschard, H., Pham, H. P., Jegou, S., Landman, C., et al. (2017). Fungal microbiota dysbiosis in IBD. Gut 66, 1039–1048. doi: 10.1136/gutjnl-2015-310746 

 Solomon, K. V., Haitjema, C. H., Henske, J. K., Gilmore, S. P., Borges-Rivera, D., Lipzen, A., et al. (2016). Early-branching gut fungi possess a large, comprehensive array of biomass-degrading enzymes. Science 351, 1192–1195. doi: 10.1126/science.aad1431 

 Strati, F., Paola, M. D., Stefanini, I., Albanese, D., Rizzetto, L., Lionetti, P., et al. (2016). Age and gender affect the composition of fungal population of the human gastrointestinal tract. Front. Microbiol. 7:1227. doi: 10.3389/fmicb.2016.01227 

 Stumpf, R. M., Gomez, A., Amato, K. R., Yeoman, C. J., Polk, J. D., Wilson, B. A., et al. (2016). Microbiomes, metagenomics, and primate conservation: new strategies, tools, and applications. Biol. Conserv. 199, 56–66. doi: 10.1016/j.biocon.2016.03.035

 Suhr, M. J., Banjara, N., and Hallen-Adams, H. E. (2016). Sequence-based methods for detecting and evaluating the human gut mycobiome. Lett. Appl. Microbiol. 62, 209–215. doi: 10.1111/lam.12539 

 Suhr, M. J., and Hallen-Adams, H. E. (2015). The human gut mycobiome: pitfalls and potentials--a mycologist’s perspective. Mycologia 107, 1057–1073. doi: 10.3852/15-147 

 Sun, B., Gu, Z., Wang, X., Huffman, M. A., Garber, P. A., Sheeran, L. K., et al. (2018). Season, age, and sex affect the fecal mycobiota of free-ranging Tibetan macaques (Macaca thibetana). Am. J. Primatol. 80:e22880. doi: 10.1002/ajp.22880 

 Sun, J., Niu, F., Yue, R., Xu, F., and Zhu, H. (2014). Analysis of dietary fiber from sweetpotato and its effect on ethanol fermentation. J. Chinese Cereals Oils Assoc. 29, 18–22.

 Tedersoo, L., Bahram, M., Polme, S., Koljalg, U., Yorou, N. S., and Al, E. (2014). Global diversity and geography of soil fungi. Science 346:1078. doi: 10.1126/science.1256688

 Trevelline, B. K., Fontaine, S. S., Hartup, B. K., and Kohl, K. D. (2019). Conservation biology needs a microbial renaissance: a call for the consideration of host-associated microbiota in wildlife management practices. Proc. R. Soc. B Biol. Sci. 286:20182448. doi: 10.1098/rspb.2018.2448 

 Tsukayama, P., Boolchandani, M., Patel, S., Pehrsson, E. C., Gibson, M. K., Chiou, K. L., et al. (2018). Characterization of wild and captive baboon gut microbiota and their antibiotic resistomes. mSystems 3:e00016-18. doi: 10.1128/mSystems.00016-18 

 West, A. G., Waite, D. W., Deines, P., Bourne, D. G., Digby, A., McKenzie, V. J., et al. (2019). The microbiome in threatened species conservation. Biol. Conserv. 229, 85–98. doi: 10.1016/j.biocon.2018.11.016

 Wheeler, M. L., Limon, J. J., Bar, A. S., Leal, C. A., Gargus, M., Tang, J., et al. (2016). Immunological consequences of intestinal fungal dysbiosis. Cell Host Microbe 19, 865–873. doi: 10.1016/j.chom.2016.05.003 

 Wüthrich, M., Deepe, G. S., and Klein, B. (2012). Adaptive immunity to fungi. Annu. Rev. Immunol. 30, 115–148. doi: 10.1146/annurev-immunol-020711-074958 

 Yang, T., Tedersoo, L., Soltis, P. S., Soltis, D. E., Gilbert, J. A., Sun, M., et al. (2019). Phylogenetic imprint of woody plants on the soil mycobiome in natural mountain forests of eastern China. ISME J. 13, 686–697. doi: 10.1038/s41396-018-0303-x 

 Yeung, F., Chen, Y. H., Lin, J. D., Leung, J. M., McCauley, C., Devlin, J. C., et al. (2020). Altered immunity of laboratory mice in the natural environment is associated with fungal colonization. Cell Host Microbe 27, 809–822. doi: 10.1016/j.chom.2020.02.015 

 You, S. Y., Yin, H. B., Zhang, S. Y., Ying, J. T., and Feng, X. M. (2013). Food habits of Macaca thibetana at Mt. Huangshan, China. J. Biol. 30, 64–67.


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.

Copyright © 2021 Sun, Xia, Garber, Amato, Gomez, Xu, Li, Huang, Xia, Wang and Li. 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.

OPS/images/fmicb-12-665853-g003.jpg
Relative abundance

Relative ahundance

N

o

°
@

°
o

o
=

o
~

o
>

08

06

04

0.2

0.0

p_Ascomycota
Kruskal Wallis test, p= 0.0004
a a b

{ e

ih

Wild Semi-provisiomed Captive

p_Basidiomycota

Kruskal-Wallis test, p= 0.004

S —

Wild  Semi-provisiomed Captive

[ Wild (50 Semi-pro

p_Ascomycota
o_Trichosporonales
o__Hypocreales
o__Euroliales
f_Aspergillaceae
Dipodascacea
f_Nectriaceae
1_Trichosporonaceae
a__Aspergillus
a_Fusarium
o__Penicillium
g_Trichosporon
p_Basidiomycota
__Agaricomycetes
o_Boletales
1_Boletaceae
__Hypocreaceae
1_Trichocomaceae
g_Boletus
o__Talaromyces
g_Trichoderma
9__Tylopilus
©__Tremellomycetes
¢_Saccharomycetes
o_Leotiomycetes
©_Dothideomyceles
o_Xylariales
o__Tremellales
o_Saccharomycetales
©o_Pleosporales
o_ Chaetothyriales
o__Capnodiles
f_Cladosporiaceae

f_Didymellaceae
1_Mycosphaerellaceae
f_Sporocadaceae
g__Cladosporium

9__Didymela

0 2 4
LDA value (Log10)

oned W Captive

Taxon





OPS/images/fmicb-12-665853-g004.jpg
[ unclassified thers Symbiotroph
I Patiotroph-Saprotroph B Saprotroph|_] Pathotroph

Captive

Semi-provisiomed

Wild

00 02 04 06 08 10
Relative abundance

Plant pathogen
Kruskal-Wallis test, p< 0.0001
a

ok
IS

Relative abundance
o
N

fot
=]

Wild Semi-provisiomed Captive

o
i

Relative abundance
o
Y

0.0
D

0.4
o
]
g
H
2
£ 105
3
]
2
$ 00
'3

Animal Pathogen
Kruskal-Wallis test, p=0.315

-0.24

Ectomycorrhizal fungi
Kruskal-Wallis test, p< 0.0001

a






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Captivity Is Associated With Gut Mycobiome Composition in Tibetan Macaques (Macaca thibetana)



		Introduction



		Materials and Methods



		Study Objects and Samples Collection



		DNA Extraction and Sequencing



		Bioinformatics and Statistical Analysis









		Results



		General Patterns of the Fungal Profile



		Diversity and Composition of the Gut Mycobiome



		Functional Trophic Modes and Guilds of Gut Mycobiome









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-12-665853-g001.jpg
Relative abundance

0.

3

o
>

°
g

°
o

0.0

Wild Semi-provisioned Captive

B otners. W Uncissined
I p_sasisiomycotal__[p_fscomycota

Saccharomycetales_
fam _Incertae_sedlis

Aspergiliaceae
Nectiaceae
- I Trichocomacsae

Gladosporiaceas

I Aspergillus
i

Candida

I l Penicilium

Wild  Semi-provisioned Captive

.00 0.0010.01 0.05 010 0.15 020 0.25 0.30 0.35 0.4D 0.50 0.50 070 >0.80

Relative abundance

Ane

snuss





OPS/images/fmicb-12-665853-g002.jpg
>

ASV richness
O
2 8888338
8§ 88 88 8 8 8

o

-1004

04

°
N

PCoA (9.57%)
o
5

Kruskal Wallis test, p< 0.0001

=

Wild  Semi-provisiomed Captive

Unweighted Unifrac, F= 3,968, R'=0.139, p=
.

0.0 02
PCoA1 (14.42%)

0001

® wid
© Semi-provisioned
® Captive

0.4

Shannon index

PCOA2 (17.60%)

o

Kruskal-Walls test, p< 0.0001

Weighted Unifrac, F= 7,481, R 0.234, p= 0,001

. ® wid
. o Semi-provisioned
& ® Captive
o
.
. .

0
PCoA1 (21.02%)





OPS/images/cover.jpg
’ frontiers
in Microbiology

Captivity Is Associated With Gut
Mycobiome Composition in Tibetan
Macaques (Macaca thibetana)









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Microbiology





