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Introduction: The composition of the intestinal microbiome correlates significantly with an animal’s health status. Hence, this indicator is highly important and sensitive for protecting endangered animals. However, data regarding the fungal diversity of the wild Budorcas taxicolor (takin) gut remain scarce. Therefore, this study analyzes the fungal diversity, community structure, and pathogen composition in the feces of wild B. taxicolor.

Methods: To ensure comprehensive data analyses, we collected 82 fecal samples from five geographical sites. Amplicon sequencing of the internal transcribed spacer (ITS) rRNA was used to assess fecal core microbiota and potential pathogens to determine whether the microflora composition is related to geographical location or diet. We further validated the ITS rRNA sequencing results via amplicon metagenomic sequencing and culturing of fecal fungi.

Results and discussion: The fungal diversity in the feces of wild Budorcas taxicolor primarily comprised three phyla (99.69%): Ascomycota (82.19%), Fungi_unclassified (10.37%), and Basidiomycota (7.13%). At the genus level, the predominant fungi included Thelebolus (30.93%), Functional_unclassified (15.35%), and Ascomycota_unclassified (10.37%). Within these genera, certain strains exhibit pathogenic properties, such as Thelebolus, Cryptococcus, Trichosporon, Candida, Zopfiella, and Podospora. Collectively, this study offers valuable information for evaluating the health status of B. taxicolor and formulating protective strategies.
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1 Introduction

The takin (Budorcas taxicolor) is a large hoofed bovid herbivore of the Himalayan region, belonging to the Bovidae family and Caprinae subfamily (Li et al., 2022). The species comprises four subspecies, namely the golden takin (Budorcas taxicolor bedfordi), Sichuan takin (Budorcas taxicolor tibetana), Bhutan takin (Budorcas taxicolor whitei), and Mishmi takin (Budorcas taxicolor taxicolor), distinguished according to their morphology and geographical distribution (Chen et al., 2017). The Sichuan takin and Golden takin are unique to China (Zhu et al., 2018); meanwhile, B. taxicolor has been listed as an endangered and vulnerable species by the International Union for Conservation of Nature (IUCN) (Ju et al., 2021). Like many wild animals, wild B. taxicolor is under pressure, particularly due to hunting and habitat loss caused by rapid population growth (Santymire et al., 2021).

The digestive tract of animals harbors myriad microorganisms (Xue et al., 2015). Indeed, the gastrointestinal tract (GIT) is one of the most complex and rapidly evolving biotic networks responsible for animal functional health (Al Jassim and Andrews, 2009). Fungi contribute to dietary changes by producing cellulolytic and hemicellulolytic enzymes that enhance the capacity for digesting leaves. However, the feces microbiome also affects immune responses by inhibiting or promoting local inflammatory responses (Iliev et al., 2012). Although intestinal fungi are closely associated with animal health, the composition and diversity of intestinal fungi remain unknown for many herbivores.

According to anatomical records from the Chengdu Zoo, the B. taxicolor is similar in size to the wild yak (Bos grunniens) and gaur (Bos gaurus), while its digestive system has characteristics similar to those of sheep. The Sichuan takin is a social ruminant, feeding primarily on trees and shrubs (Kang et al., 2018). As a large ruminant, B. taxicolor has a unique digestive system comprising four gastric cavities and relatively long lower feces, suitable for feed rich in plant cell walls (Zhu et al., 2018). The bulk of current literature addresses only ruminant fermentation (Mura et al., 2019). Although the bacterial community composition of B. taxicolor has received considerable research attention, the characterization of fungal colonization has been relatively neglected (Guan et al., 2023; Ma et al., 2023).

Although the microbiome composition and functions remain stable over extended periods, a multitude of factors significantly impact these properties. These include but are not limited to dietary factors, geographical location, age, genetics, mode of delivery, and medical treatments (Panda et al., 2014). Accordingly, we hypothesize that the composition of intestinal fungi may be related to geographical location or diet. To test this hypothesis, we analyzed the composition and potential pathogens in the intestinal feces of B. taxicolor. The findings of this study provide new insights into the composition of intestinal fungi while supplementing existing knowledge on their assumed role in health. The finding will help protect this species by providing vital information.



2 Materials and methods


2.1 Sampling

Samples were collected from the Sichuan Tangjiahe National Nature Reserve, China (32°59′N, 104°77′E). A total of 82 fecal samples were collected from areas A (104°809′–104°849′E, 32°5444′–32°589′N), B (104°821′–104°867′E, 32°624′–32°649′N), C (104°761′–104°807′E, 32°542′–32°591′N), D (104°643′–104°686′E, 32°578′–32°611′N), and E (104°690′–104°743′E, 32°578′–32°613′N), designated GI, GII, GIII, GIV, and GV, respectively. These sites have similar climates, with differences in vegetation caused by variations in elevation. During collection, feces were collected in sterile tubes to prevent direct contact with the surface; new tools were used for each sample (Yu C. et al., 2021). All samples were kept in a portable incubator filled with dry ice during the field investigation. Samples were stored in an insulated container with dry ice and transported to the laboratory within 2 h of collection for isolation and culture (Ma et al., 2024).



2.2 DNA extraction

Cetyltrimethyl ammonium bromide (CTAB) effectively extracts fungal DNA from microscopic samples (Bansal et al., 2018). Thus, CTAB (Solarbio, Beijing, China) was used to extract DNA from different samples according to the manufacturer’s instructions. Nuclease-free water was used for the negative controls. Total DNA was eluted in 50 μL of elution buffer (Sangon Biotech, Shanghai, China) and stored at −80°C for PCR analysis, which was performed by LC-Bio Technology Co., Ltd., Hang Zhou, Zhejiang Province, China. The associated results were applied for subsequent amplicon sequencing of internal transcribed spacer (ITS) rRNA and amplicon metagenomic sequencing.



2.3 PCR amplification and ITS sequencing for data analysis

Each sample underwent labeling of the 5′ terminus of the primer with a unique barcode and sequencing with a common primer (Kumari et al., 2016). PCR amplification was performed containing 12 μL of PCR premix, 25 ng of template DNA, 2 μL of each primer, and PCR-grade water to adjust the final reaction volume to 25 μL (Roggenbuck et al., 2014). The PCR amplification conditions comprised an initial denaturation at 98°C for 30 s, followed by 32 cycles of denaturation at 98°C for 10 s, annealing at 54°C for 30 s, and extension at 72°C for 45 s. The final extension step was conducted at 72°C for 10 min (Li, 2023). The PCR results were verified using agarose gel electrophoresis on a 2% agarose gel. Ultrapure water was used throughout the PCR process to prevent false positives. The PCR products were purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States). Quantification was performed with Qubit (Invitrogen, United States). The size and quantity of the amplification pool were assessed using Agilent 2100 Bioanalyzer (Agilent, United States) and the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, United States), respectively. Subsequently, the libraries were sequenced on the NovaSeq PE250 platform (Agwunobi et al., 2022) to obtain the desired results.



2.4 Data analysis

Per the manufacturer’s guidelines, the Illumina NovaSeq platform provided by LC-Bio was used to sequence the samples. Each sample was assigned to individual paired-end reads based on its unique barcode. This was followed by trimming of the barcodes and primer sequences. High-quality reads were obtained using fqtrim (v0.94) with specific filtering criteria. Vsearch software (v2.3.4) was employed to identify and eliminate chimeric sequences. Using DADA2, we generated a feature table and sequences (Caporaso et al., 2010). The alpha and beta diversity calculations were performed using QIIME2 (Poncheewin et al., 2019). The samples’ complexity and alpha diversity were assessed based on five indices: Goods_coverage, Chao1, observed species, Simpson, and Shannon. This involved minimizing the sequence count in selected samples, randomly extracting an equal number of sequences, and using relative abundance for fungal classification (X fungal count/total count). The figures were generated using R (v3.5.2) (Ritchie et al., 2015). To annotate the species, the QIIME2 feature classifier was applied to compare sequences against the Ribosomal Database Project (RDP) database1 (Maidak et al., 1997). The unigene functional annotations (KEGG) were obtained. Taxonomic, functional, and gene-wise differential analysis was performed using Fisher’s precise test (non-replicated groups) or the Kruskal–Wallis test (replicated groups) based on the taxonomic and functional annotations and abundance profile of the unigenes.



2.5 Isolation and identification of fungus

Feces were inoculated on Sabouraud medium (SDA) with chloramphenicol and Actidione using a disposable aseptic inoculation ring. The plates were incubated at 25°C, and fungal growth was observed every 12 h. We selected different fungal colonies based on their unique colonial morphologies until a single colony was obtained through purification. Fungal DNA was extracted using the Rapid Fungi Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, China). PCR amplification of the 18S region was conducted using universal primers ITS 1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATT-GATATGC-3′) (Ahmad et al., 2022). The PCR mixture contained 1.0 μL of DNA template, 12.0 μL of Premix Taq (Ex TaqVersion 2.0 plus dye), 1.0 μL of forward and reverse primers each, and 10 μL of ddH2O. The PCR procedure involved 94°C for 10 min, 94°C for 30 s, 55°C for 30 s, 72°C for 1 min 10 s, 30 cycles, and 72°C for 5 min. The PCR products were Sanger sequenced by Sangon Biotech (Shanghai, China), and the sequencing data were subjected to NCBI BLAST analysis (Ma et al., 2024). The obtained data were compared with the sequence data in the NCBI GenBank. MEGA5 software was used to construct contrasting sequencing trees (Ma et al., 2023).




3 Results


3.1 Sequencing data

The sequencing non-zero value was 0.033; a total of 6,799,161 reads were sequenced from 82 samples, with 6,515,078 effective sequences retained after filtering by double-ended splicing, quality control, and chimera removal. Each group of samples produced a minimum of 1,136,430 raw reads, representing an average of 80,433 effective sequences. The reads were predominantly 200–400 bp in length. A total of 13,280 amplicon sequence variants (AVSs) were detected.



3.2 Venn map analysis

The Venn map was created based on the number of AVSs detected in B. taxicolor feces. Cluster analysis showed 1,362, 1,505, 1,657, 1,164, and 1,339 AVSs in GI, GII, GIII, GIV, and GV samples, accounting for 10.26, 11.33, 12.48, 8.77 and 10.08%, of the total AVSs, respectively. The number of unique AVSs in each of the five groups was 716, 910, 922, 564, and 657, respectively, accounting for 5.39, 6.85, 6.94, 4.25, and 4.95% of the total AVSs, respectively. Meanwhile, 146 AVSs common to all five groups were obtained, accounting for 1.10% of the total (Figure 1).
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FIGURE 1
 Venn diagram of group GI vs. GII vs. GIII vs. GIV vs. GV. A Venn diagram is used to visualize the number of ASVs that are common and specific to each sample.




3.3 Alpha diversity comparison of the five groups

The analysis of the alpha diversity between GI, GII, GIII, GIV, and GV is shown in Supplementary Table S2 and Figure 2. The fungal diversity decreased in the order of GII > GIII > GIV > GI > GV based on the Shannon index (4.88 vs. 4.01 vs. 3.81 vs. 3.70 vs. 3.33) (Supplementary Table S1). The evenness of fungi decreased in the order of GII > GIII > GIV > GI > GV, based on the Pielou index (0.65 vs. 0.55 vs. 0.53 vs. 0.50 vs. 0.46). The rank abundance curve revealed a rich and uniform representation (Supplementary Figure S1). The fungal diversity and evenness decreased in the order of GII > GIII > GIV > GI > GV. GII had the highest fungal diversity, while GV had the lowest (Figure 2).
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FIGURE 2
 Species richness of feces fungi of the wild Budorcas taxicolor measured via ITS rDNA sequencing (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). Comparison of Shannon index between groups GI, GII, GIII, GIV, and GV. *Means significant difference, **indicates extremely significant difference and ns indicates no significant difference.




3.4 Community-composition analysis

The fungal AVSs were classified into 6 phyla, 27 classes, 88 orders, 198 families, 431 genera, and 755 species. While the kingdom, phylum, class, order, family, genus, and species levels were included in the study, data was only analyzed at the phylum and genus levels (Figure 3). At the phylum level, the valid sequences of the five groups of samples were assigned to six phyla: Ascomycota (82.19%), Fungi_unclassified (10.37%), Basidiomycota (7.13%), Zygomycota (0.17%), Neocallimastigomycota (0.12%), and Chytridiomycota (0.01%). Ascomycota was the most abundant phylum, followed by Fungi_Unclassified and Basidiomycota. According to the amplicon metagenomic sequencing results, Eukaryota_unclassified, Ascomycota, and Basidiomycota were the dominant phyla. This was consistent with the amplicon sequencing of ITS rRNA results (Supplementary Figure S2). In the metagenomic grouping, salt-licking B. taxicolor were assigned to the GN group (saline region), while the normal B. taxicolor were assigned to the GW group (unsalted region).
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FIGURE 3
 (A) Analysis of fungal community structure at the phylum level. The abscissa is the phylum classification, and the ordinate is the relative abundance percentage. (B) Analysis of the fungal community structure at the genus level. At the genus level, all genera with effective sequence abundances within the top 25 were screened for statistical analysis. The abscissa is the genus classification, and the ordinate is the relative abundance percentage.


The top 25 fungal genera, based on the number of assigned reads, were screened from the fungal communities (Supplementary Table S2). Using cluster analysis, we distinguished the abundances of different species. In the five groups of samples, Thelebolus comprised the largest proportion (30.93%), followed by Functional_unclassified (15.35%) and Ascomycota_unclassified (10.37%).

The amplicon metagenomic sequencing confirmed the above results. Supplementary Figure S3 shows a certain proportion of Anaeromyces that was also shown in Figure 3B, while Aspergillus was also isolated. Thelebolus, Functional_unclassified, and Ascomycota_unclassified may belong to the Eukaryota_unclassified genera in amplicon metagenomic sequencing.



3.5 Fungi isolation and identification

A total of 10 fungal species were identified, including Fragosphaeria purpurea, Cladosporium cladosporioides, Purpureocillium lilacinum, Penicillium aeneum, Penicillium citreonigrum, Aspergillus, Trichosporon asahii, Candida albicans, Trichosporon lactis, and Beaureria bassiana. The Community Composition Analysis indicated that Fungi_unclassified comprised a significant proportion of the species. This likely included the aforementioned fungi. Moreover, the identification of Trichosporon confirmed the Community Composition Analysis findings. The evolutionary tree of the fungi is shown in Supplementary Figure S4. The NCBI accession numbers are presented in Supplementary Table S3.



3.6 Characterization of microbial taxa associated with GI, GII, GIII, GIV, and GV

We used multilevel LEfSe analysis to identify possible and meaningful microbial biomarkers from various groups. Considering the diversity of fungi, those with LDA scores >3.0 were selected as the main research objects (Figure 4).
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FIGURE 4
 Results of linear discriminant analysis effect size (LEfSe) analysis revealing the most abundant taxa from the phylum to the genus level among GI, GII, GIII, GIV, and GV. The red, green, blue, purple, and turquoise areas represent groups GI, GII, GIII, GIV, and GV, respectively. In the cladogram, the red, green, blue, purple, and turquoise nodes represent the main roles of the groups A, B, and C. In each LDA, strains that do not function primarily have corresponding yellow nodules, which indicated that LDA can reflect the influence degree of different species in different populations. Species that differ significantly with LDA scores greater than the preset value are shown; statistically significant biomarkers are shown with a default preset value of 3.0.


At the genus level, Kabatina and Sordariomycetes_unclassified were identified as strong markers in GI. Davidiella, Hormonema, Monodictys, Dothideomycetes, incertae sedis, Didymella, and others were identified as markers in GII, whereas fungi_unclassified was identified as a marker in GIII. Meanwhile, Blumeria and Aleuria were identified as markers in GIV, and Thelebolus was identified as a marker in GV (Figure 4; Supplementary Figure S5). It was further confirmed that GII had the highest fungal diversity.

Indicator analysis revealed Alternaria and Phialophora in GI, Cryptococcus and Davidiella in GII, Thelebolus, Davidiella, and Trichosporon in GIII, and Thelebolus in GV as fungi with sqrtIVt values >0.5. Hence, these fungi may serve as potential indicator species for disease detection (Figure 5). Additionally, various soil saprophytic fungi and plant pathogens were identified.
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FIGURE 5
 For different taxonomic levels, the top 30 abundant species are applied to identify different groups of species to be used as biomarkers; sqrtIVt value is the square root of the indicator value, used to compare the correlation between microorganisms and treatment groups. The greater the value, the better the species will perform as biomarkers of the treatment group.




3.7 Functional analysis of GI, GII, GIII, GIV, and GV

Through the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, the effects of intestinal microflora on body function were determined (Douglas et al., 2020). Among the common pathways of the five groups, significant differences were primarily detected in replication repair, translation, and nucleotide metabolism and were predominantly observed in group GII. Specifically, compared with GI, GII, and GIII, genes associated with metabolism were identified in GII samples, which may relate to disease (Figure 6; Supplementary Figures S6–S8).
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FIGURE 6
 Differential Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analyzed using PICRUSt for the GII and GV.





4 Discussion

Budorcas taxicolor is a class I protected animal in China that is listed as an endangered species in the Red Book. To date, China has taken various protective measures, including establishing nature reserves and implementing captive breeding. However, these strategies have ignored the effect of intestinal fungi in wild Takin.

In the current study, data was analyzed based on the RDP database, which provides 28S rRNA sequences for Fungi (Eukarya) (Balvočiūtė and Huson, 2017). RDP has +97% assignment accuracy and provides rapid results for reads that are 250 bp or longer when they originate from a taxon known to the database (Lan et al., 2012). Indeed, the RDP classifier has been employed to correlate mammals to their gut microbes (Ley et al., 2008). However, in the current study, most annotations were limited to genera due to the short reads (<250 bp), impeding the investigation of detailed species. Moreover, fungi have received relatively less research attention. In our study, the fraction of non-zero values was only 0.033. Additionally, given that fungi account for ~0.1% of the gut (Qin et al., 2010; Arumugam et al., 2011), many fungal classifications have not yet been annotated in the RDP database. This limitation hinders research, particularly in non-human species. Accordingly, the amplicon sequencing of ITS rRNA results were verified by amplicon metagenomic sequencing and isolation cultures. Aspergillus and Trichosporon from isolation culture and amplicon metagenomic sequencing validated the ITS rRNA sequencing results.

Alpha diversity analysis was employed to evaluate and compare the species diversity of individual plots. As the curve becomes flat, the quantity of sequencing data tends to be reasonable, and the homogeneity among samples is high (Kleine Bardenhorst et al., 2022), indicating that the sample size is adequate for data analysis (Ma et al., 2021). The differences in the Simpson and Shannon indices between the five groups were significant (p < 0.05). GII had the highest abundance, indicating the highest species richness and diversity among the five groups. The AVS count of GII was the highest (Figure 1), which could be attributed to the location and diet. Similar dietary effects were also demonstrated by Zhu et al. (2018) in their analysis of fecal microbial diversity in captive and wild B. taxicolor antelope. Moreover, the fungal diversity within the feces of wild B. taxicolor was highest in Ascomycota (82.19%) at the phylum level. Similarly, Ascomycota contributed the highest proportion of core feces microbial communities in sheep (Tanca et al., 2017), giraffes (Schmidt et al., 2018), Cervus nippon (Hu et al., 2020), and Tibetan macaques (Sun et al., 2018). This phenomenon may arise from Ascomycetes being primarily plant parasites. Additionally, Ascomycota is influenced by fiber content (Pitta et al., 2010). The environment at different sites likely differ regarding food, water, and soil composition. Additionally, certain conservation stations have salt ponds, which may have contributed to the observed differences by increasing the soil salinity (Supplementary Figures S3, S4) (Li et al., 2016).

Twenty-five fungal genera were identified, some of which were potentially pathogenic. When animals age, parasitic infections, traumatic injuries, and other diseases cause their immune function to decrease, making them susceptible to infection by potentially pathogenic fungi. All five groups of samples contained Thelebolus, which was the genera; similar findings were reported in yak (Zhu et al., 2023) and beef cattle (Tong et al., 2023) under different feeding patterns. Thelebolus negatively impacts ruminant health and behavior (Koester et al., 2020). Mechanistically, Thelebolus spp. may influence exopolysaccharide to further induce apoptosis in healthy intestinal cells, thus restricting nutrient uptake and decreasing intestinal absorption.

In addition, Cryptococcus and Trichosporon were detected in our study samples. Cryptococcus (de Freitas et al., 2020) and Trichosporon (Centeno-Martinez et al., 2023) have also been detected in beef cattle. Cryptococcal meningitis may occur in animals infected with cryptococcus (Yu D. et al., 2021), whereas multiple Trichosporons, including Trichosporon asahii (Ramírez and Moncada, 2020), can cause fatal Trichospore bacteremia (Basu et al., 2015). Furthermore, Zopfiella and Podospora were also detected in our study samples. Zopfiella (Fujimoto et al., 2004) and Podospora (Ying et al., 2021) cause immune suppression. However, the isolation of potentially pathogenic fungi from feces does not provide definitive evidence of a host’s health status (Ma et al., 2022). Moreover, although the distribution of these pathogens in the wild B. taxicolor is unknown, they might represent a source of zoonotic infections. However, due to the relative dearth of relevant data, the roles of the fungal community and individual fungal taxa in intestinal physiology remain poorly understood (Hu et al., 2020). In the last 20 years, considerable progress has been made in the study of mammalian intestinal tissue; however, research on the function of microorganisms in the lower feces of ruminants remains at a relatively early stage (O’Hara et al., 2020).

When an animal’s immune system is compromised, opportunistic fungi can become pathogenic. In some cases, the risk of infection increases, especially in a stressed state during which external factors exert adverse effects on the body’s immune system. However, the microbial ecology of feces does not precisely reflect the health of the host as certain animal pathogens are not responsible for causing B. taxicolor disease. On the one hand, no targeted etiological studies have been carried out to identify and verify the pathogenesis of these potential pathogens. On the other hand, capturing this animal for further investigation and confirmation has proven impossible for our research team. Nevertheless, this point of view can be put forward for the scientific protection of B. taxicolor (Ma et al., 2022).

The comprehensive analysis of KEGG metabolic pathways indicated that most microorganisms were predominantly involved in processes related to replication repair, translation, and nucleotide metabolism. However, others were associated with carbohydrate metabolism, fat metabolism, and energy metabolism. These metabolic processes are an important factor in determining fungal pathogenicity and virulence, due to their essential roles in facilitating the onset and advancement of infectious processes and in governing the generation and functionality of virulence factors, such as the fungal cell wall structure and melanin (Ruijter and Visser, 1997; ter Schure et al., 2000; Ries et al., 2018). The metabolic processes in these fungi significantly contribute to their adaptability, survival, and virulence within their host environment (Ries et al., 2018).



5 Conclusion

In this study, we used amplicon sequencing of ITS rRNA to comprehensively analyze the fungal diversity in the feces of wild B. taxicolor from five conservation stations. The fungal diversity primarily comprised Ascomycot, Fungi_unclassified, and Basidiomycota at the phyla level. Most microorganisms were found to have critical roles in replication, repair, translation, and nucleotide metabolism. The GII site had the highest species richness and diversity among the five groups, which may be due to differences in location and diet. We also detected potentially pathogenic genera, including Thelebolus, Cryptococcus, Trichosporon, Zopfiella, and Podospora, providing forewarning to inform the conservation of these endangered species. Although the fecal samples were relatively large, capturing wild B. taxicolor was not possible, impeding the evaluation of clinical symptoms and, thus, preventing an in-depth analysis of host health. Future studies should focus on evaluating a larger sample of B. taxicolor in terms of study duration and area to achieve a more comprehensive comparative analysis. Nevertheless, our study is the first step toward elucidating the fungal diversity in the feces of wild B. taxicolor.



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 in the article/Supplementary material.



Ethics statement

The animal study was approved by Sichuan Agricultural University Animal Ethics Committee and Sichuan Tangjiahe National Nature Reserve (permit number DYYS20211118). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

XM: Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. ZoL: Data curation, Formal analysis, Software, Visualization, Writing – original draft. LC: Funding acquisition, Project administration, Resources, Validation, Writing – original draft. MX: Conceptualization, Formal analysis, Investigation, Resources, Writing – original draft. FH: Formal analysis, Investigation, Methodology, Resources, Writing – original draft. ZnL: Methodology, Validation, Visualization, Writing – original draft. DC: Conceptualization, Investigation, Software, Writing – original draft. YW: Investigation, Methodology, Supervision, Writing – review & editing. LS: Funding acquisition, Project administration, Resources, Writing – review & editing. YG: Conceptualization, Data curation, Formal analysis, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the laboratory testing of wild animal and domestic animal disease samples in Tangjiahe National Nature Reserve in 2023 [CXYCS(2023)018].



Acknowledgments

The authors would like to thank Editage (www.editage.cn) for English language editing.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1364486/full#supplementary-material



Footnotes

1   http://rdpwww.life.uiuc.edu/




References

 Agwunobi, D., Wang, M., Wang, Z., Bai, R., Wang, R., Hu, Q., et al. (2022). The toxicity of the monoterpenes from lemongrass is mitigated by the detoxifying symbiosis of bacteria and fungi in the tick Haemaphysalis longicornis. Ecotoxicol. Environ. Saf. 247:114261. doi: 10.1016/j.ecoenv.2022.114261 

 Ahmad, M., Zahari, R., Mohtar, M., Wan-Muhammad-Azrul, W., Hishamuddin, M., Samsudin, N., et al. (2022). Diversity of endophytic fungi isolated from different plant parts of Acacia mangium, and antagonistic activity against Ceratocystis fimbriata, a causal agent of Ceratocystis wilt disease of A. mangium in Malaysia. Front. Microbiol. 13:887880. doi: 10.3389/fmicb.2022.887880 

 Al Jassim, R. A., and Andrews, F. M. (2009). The bacterial community of the horse gastrointestinal tract and its relation to fermentative acidosis, laminitis, colic, and stomach ulcers. Vet. Clin. North Am. Equine Pract. 25, 199–215. doi: 10.1016/j.cveq.2009.04.005


 Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D., et al. (2011). Enterotypes of the human gut microbiome. Nature 473, 174–180. doi: 10.1038/nature09944 

 Balvočiūtė, M., and Huson, D. H. (2017). SILVA, RDP, Greengenes, NCBI and OTT—how do these taxonomies compare? BMC Genomics 18:114. doi: 10.1186/s12864-017-3501-4. 

 Bansal, S., Thakur, S., Mangal, M., Mangal, A., and Gupta, R. (2018). DNA barcoding for specific and sensitive detection of Cuminum cyminum adulteration in Bunium persicum. Phytomedicine 50, 178–183. doi: 10.1016/j.phymed.2018.04.023 

 Basu, S., Tilak, R., and Kumar, A. (2015). Multidrug-resistant Trichosporon: an unusual fungal sepsis in preterm neonates. Pathog. Glob. Health 109, 202–206. doi: 10.1179/2047773215y.0000000019 

 Caporaso, J., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F., Costello, E., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303 

 Centeno-Martinez, R. E., Mohan, S., Davidson, J. L., Schoonmaker, J. P., Ault, A., Verma, M. S., et al. (2023). The bovine nasal fungal community and associations with bovine respiratory disease. Front. Vet. Sci. 10:1165994. doi: 10.3389/fvets.2023.1165994 

 Chen, J., Zhang, H., Wu, X., Shang, S., Yan, J., Chen, Y., et al. (2017). Characterization of the gut microbiota in the golden takin (Budorcas taxicolor bedfordi). AMB Express 7:81. doi: 10.1186/s13568-017-0374-5 

 de Freitas, A. S., de David, D. B., Takagaki, B. M., and LFW, R. (2020). Microbial patterns in rumen are associated with gain of weight in beef cattle. Antonie Van Leeuwenhoek 113, 1299–1312. doi: 10.1007/s10482-020-01440-3 

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020) PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688.


 Fujimoto, H., Nakamura, E., Okuyama, E., and Ishibashi, M. (2004). Six immunosuppressive features from an ascomycete, Zopfiella longicaudata, found in a screening study monitored by immunomodulatory activity. Chem. Pharm. Bull. 52, 1005–1008. doi: 10.1248/cpb.52.1005 

 Guan, T. P., JLL, T., JYH, F., SKP, L., and PCY, W. (2023). Seasonal shift in gut microbiome diversity in wild Sichuan takin (Budorcas tibetanus) and environmental adaptation. Comput. Struct. Biotechnol. J. 21, 1283–1291. doi: 10.1016/j.csbj.2022.12.035 

 Hu, X., Xu, Y., Liu, G., Hu, D., Wang, Y., Zhang, W., et al. (2020). The impact of anthelmintic treatment on gut bacterial and fungal communities in diagnosed parasite-free sika deer Cervus nippon. Appl. Microbiol. Biotechnol. 104, 9239–9250. doi: 10.1007/s00253-020-10838-y 

 Iliev, I., Funari, V., Taylor, K., Nguyen, Q., Reyes, C., Strom, S., et al. (2012). Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis. Science 336, 1314–1317. doi: 10.1126/science.1221789 

 Ju, Q., Rui, G., Yidan, L., Yuyao, Z., Kangsheng, J., Yinghu, L., et al. (2021). De novo transcriptome assembly, functional annotation and SSR marker discovery of Qinling takin (Budorcas taxicolor bedfordi). Animals 11:2366. doi: 10.3390/ani11082366


 Kang, D., Li, S., Wang, X., Huang, J., and Li, J. (2018). Comparative habitat use by takin in the Wanglang and Xiaohegou nature reserves. Environ. Sci. Pollut. Res. Int. 25, 7860–7865. doi: 10.1007/s11356-017-1133-5 

 Kleine Bardenhorst, S., Vital, M., Karch, A., and Rübsamen, N. (2022). Richness estimation in microbiome data obtained from denoising pipelines. Comput. Struct. Biotechnol. J. 20, 508–520. doi: 10.1016/j.csbj.2021.12.036 

 Koester, L., Poole, D., Serão, N., and Schmitz-Esser, S. (2020). Beef cattle that respond differently to fescue toxicosis have distinct gastrointestinal tract microbiota. PLoS one 15:e0229192. doi: 10.1371/journal.pone.0229192 

 Kumari, P., Woo, C., Yamamoto, N., and Choi, H. (2016). Variations in abundance, diversity and community composition of airborne fungi in swine houses across seasons. Sci. Rep. 6:37929. doi: 10.1038/srep37929 

 Lan, Y., Wang, Q., Cole, J., and Rosen, G. L. (2012). Using the RDP classifier to predict taxonomic novelty and reduce the search space for finding novel organisms. PLoS one 7:e32491. doi: 10.1371/journal.pone.0032491 

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

 Li, J. (2023). “Investigation on intestinal microflora diversity and potential pathogens of Arborophila rufipectus” in Master’s degree. Sichuan Agricultural University.


 Li, X., Wang, X., Zhang, Y., Zhao, Q., Yu, B., Li, Y., et al. (2016). Salinity and conductivity amendment of soil enhanced the bioelectrochemical degradation of petroleum hydrocarbons. Nature 6:32861. doi: 10.1038/srep32861 

 Li, A., Yang, Q., Li, R., Dai, X., Cai, K., Lei, Y., et al. (2022). Chromosome-level genome assembly for takin (Budorcas taxicolor) provides insights into its taxonomic status and genetic diversity. Mol. Ecol. 32, 1323–1334. doi: 10.1111/mec.16483


 Ma, X., Li, J., Chen, B., Li, X., Ling, Z., Feng, S., et al. (2022). Analysis of microbial diversity in the feces of Arborophila rufipectus. Front. Microbiol. 13:1075041. doi: 10.3389/fmicb.2022.1075041 

 Ma, X., Li, G., Yang, C., He, M., Wang, C., Gu, Y., et al. (2021). Skin microbiota of the captive Giant panda (Ailuropoda Melanoleuca) and the distribution of opportunistic skin disease-associated bacteria in different seasons. Front. Vet. Sci. 8:666486. doi: 10.3389/fvets.2021.666486 

 Ma, X., Liu, Z., Yue, C., Wang, S., Li, X., Wang, C., et al. (2024). High-throughput sequencing and characterization of potentially pathogenic fungi from the vaginal mycobiome of giant panda (Ailuropoda melanoleuca) in estrus and non-estrus. Front. Microbiol. 15:1265829. doi: 10.3389/fmicb.2024.1265829 

 Ma, X., Wang, W., Cai, L., Xiao, M., He, F., Liu, Z., et al. (2023). Analysis of the microbial diversity in takin (Budorcas taxicolor) feces. Front. Microbiol. 14:1303085. doi: 10.3389/fmicb.2023.1303085 

 Maidak, B. L., Olsen, G. J., Larsen, N., Overbeek, R., MJ, M. C., and Woese, C. R. (1997). The RDP (Ribosomal Database Project). Nucleic Acids Res. 25, 109–110. doi: 10.1093/nar/25.1.109 

 Mura, E., Edwards, J., Kittelmann, S., Kaerger, K., Voigt, K., Mrázek, J., et al. (2019). Anaerobic fungal communities differ along the horse digestive tract. Fungal Biol. 123, 240–246. doi: 10.1016/j.funbio.2018.12.004 

 O’Hara, E., Neves, A., Song, Y., and Guan, L. (2020). The role of the gut microbiome in cattle production and health: driver or passenger? Annu. Rev. Anim. Biosci. 8, 199–220. doi: 10.1146/annurev-animal-021419-083952


 Panda, S., Guarner, F., and Manichanh, C. (2014). Structure and functions of the gut microbiome. Endocr. Metab. Immune Disord. Drug Targets 14, 290–299. doi: 10.2174/1871530314666140714120744


 Pitta, D., Pinchak, E., Dowd, S., Osterstock, J., Gontcharova, V., Youn, E., et al. (2010). Rumen bacterial diversity dynamics associated with changing from bermudagrass hay to grazed winter wheat diets. Microb. Ecol. 59, 511–522. doi: 10.1007/s00248-009-9609-6


 Poncheewin, W., Hermes, G., van Dam, J., Koehorst, J., Smidt, H., and Schaap, P. J. (2019). NG-Tax 2.0: a semantic framework for high-throughput amplicon analysis. Front. Genet. 10:1366. doi: 10.3389/fgene.2019.01366 

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Nielsen, T., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464, 59–65. doi: 10.1038/nature08821 

 Ramírez, I., and Moncada, D. (2020). Fatal disseminated infection by Trichosporon asahii under voriconazole therapy in a patient with acute myeloid leukemia: a review of breakthrough infections by Trichosporon spp. Mycopathologia 185, 377–388. doi: 10.1007/s11046-019-00416-w 

 Ries, L., Beattie, S., Cramer, R., and Goldman, G. H. (2018). Overview of carbon and nitrogen catabolite metabolism in the virulence of human pathogenic fungi. Mol. Microbiol. 107, 277–297. doi: 10.1111/mmi.13887 

 Ritchie, M., Phipson, B., Wu, D., Hu, Y., Law, C., Shi, W., et al. (2015). Limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007 

 Roggenbuck, M., Bærholm Schnell, I., Blom, N., Bælum, J., Bertelsen, M., Sicheritz-Pontén, T., et al. (2014). The microbiome of New World vultures. Nat. Commun. 5:5498. doi: 10.1038/ncomms6498 

 Ruijter, G., and Visser, J. (1997). Carbon repression in Aspergilli. FEMS Microbiol. Lett. 151, 103–114. doi: 10.1111/j.1574-6968.1997.tb12557.x


 Santymire, R. M., Adkin, A., Bernier, D., and Hill, B. (2021). Validating the use of fecal glucocorticoid metabolite analysis to assess the adrenocortical activity of the zoo-housed Sichuan takin (Budorcas taxicolor tibetana). Zoo Biol. 40, 479–484. doi: 10.1002/zoo.21612


 Schmidt, J., Henken, S., Dowd, S., and McLaughlin, R. (2018). Analysis of the microbial diversity in the fecal material of giraffes. Curr. Microbiol. 75, 323–327. doi: 10.1007/s00284-017-1383-y 

 Sun, B., Gu, Z., Wang, X., Huffman, M., Garber, P., Sheeran, L., 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 

 Tanca, A., Fraumene, C., Manghina, V., Palomba, A., Abbondio, M., Deligios, M., et al. (2017). Diversity and functions of the sheep faecal microbiota: a multi-omic characterization. Microb. Biotechnol. 10, 541–554. doi: 10.1111/1751-7915.12462 

 ter Schure, E., van Riel, N., and Verrips, C. T. (2000). The role of ammonia metabolism in nitrogen catabolite repression in Saccharomyces cerevisiae. FEMS Microbiol. Rev. 24, 67–83. doi: 10.1111/j.1574-6976.2000.tb00533.x


 Tong, Y., Wu, J., Guo, W., Yang, Z., Wang, H., Liu, H., et al. (2023). The effect of combining millet and corn straw as source forage for beef cattle diets on ruminal degradability and fungal community. Animals 13:548. doi: 10.3390/ani13040548 

 Xue, Z., Zhang, W., Wang, L., Hou, R., Zhang, M., Fei, L., et al. (2015). The bamboo-eating giant panda harbors a carnivore-like gut microbiota, with excessive seasonal variations. mBio 6:e00022. doi: 10.1128/mBio.00022-15 

 Ying, G., Fang Fang, D., Lin, L., Xiao Gang, P., Xiang Gao, M., and Han Li, R. (2021). Hypothemycin-type resorcylic acid lactones with immunosuppressive activities from a Podospora sp. J. Nat. Prod. 84, 483–494. doi: 10.1021/acs.jnatprod.0c01344


 Yu, C., Sephton-Clark, P., Tenor, J., Toffaletti, D., Giamberardino, C., Haverkamp, M., et al. (2021). Gene expression of diverse cryptococcus isolates during infection of the human central nervous system. mBio 12:e0231321. doi: 10.1128/mBio.02313-21 

 Yu, D., Yang, J., Jin, M., Zhou, B., Shi, L., Zhao, L., et al. (2021). Fecal streptococcus alteration is associated with gastric cancer occurrence and liver metastasis. mBio 12:e0299421. doi: 10.1128/mBio.02994-21 

 Zhu, Y., Cidan, Y., Sun, G., Li, X., Shahid, M., Luosang, Z., et al. (2023). Comparative analysis of gut fungal composition and structure of the yaks under different feeding models. Front. Vet. Sci. 10:1193558. doi: 10.3389/fvets.2023.1193558 

 Zhu, H., Zeng, D., Wang, N., Niu, L., Zhou, Y., Zeng, Y., et al. (2018). Microbial community and diversity in the feces of Sichuan takin (Budorcas taxicolor tibetana) as revealed by Illumina Miseq sequencing and quantitative real-time PCR. AMB Express 8:68. doi: 10.1186/s13568-018-0599-y 


Copyright
 © 2024 Ma, Li, Cai, Xiao, He, Liu, Chen, Wang, Shen and Gu. 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-15-1364486-g005.jpg
Zopfiella
Trichosporon

Thelebolus
Sordariomycetes_unclassified
Sordariales_unclassified
Pseudeurotiaceae_unclassified
Psathyrella

Preussia

Podospora
Pleosporales_unclassified
Phialophora

Panacolus

Mycosphaerella
Leotiomycetes_unclassified
Hyponectriaceae_unclassified
Helotiales_unclassified
Gibberella

Fungi_unclassified
Didymellaceae_unclassified
Didymella

Davidiella

Cryptococeus

Coprinopsis

Coprinellus

Ceratobasidium

Calycina
Ascomycota_unclassified
Antarctomyces

Alternaria

Aleuria

@ - 90O - 00000 °:000°-0000000000 2000

GI_sqrtivt

GII_sqrtiVt

Gll_sqrtiVt

GIV_sqrtiVt

GV_sqrtiVt

sqrtiv

O 025
QO os0
QO o

Group

o o o o

Glsartivt
Gll_sqrtivt
GliL_sqrivt
GIV_sqrtivt
GV_sqrtivt





OPS/images/fmicb-15-1364486-g006.jpg
||"|||||||||1|r|||'|||||||||

!






OPS/images/fmicb-15-1364486-g003.jpg
Phylum Genus

L —— [ —
M Thelebolus Sordariales_unclassified
7 Ascomycola unciassiied Geratobasicium
Fungi_unclassified Gryplococcus
§ §ridiomycota Unocprabiaia Sebaoia
50 Neocallimastigomycota @ Zophela Holoales unclassified
§ gomycota Podospora Galycina
Basidiomycota Pecudsurotiaceae_unciassified - Loofomycstes_unciassified
Fungi_unclassified Preussia Sordariomyceles_unclassified
= | i Alarmara Diymlados incassied
p i euria
B Pleosporales_unclassified Phialophora
Trichosporon ' Others
Hyponectriaceae_undiassifed
o -

3

/e Abundance(%)

Relative Abundance(%)

K}
[






OPS/images/fmicb-15-1364486-g004.jpg
Cladogram

a:_Botryosphaeriaceae

=
-G S b: o_Botryosphaeriales

e < g_Davidiella

G :{_Mycosphaerellaceae.
-G e:0_Caprodiales
- v f:g_Hormonema

:g_Kabatina

: g_Monodictys

i f_Dothideomycetes Incertae_sedis

J o_Dothideomycetes_Incertae_sedis

k: g_Didymella

I: g_Didymellaceae_unclassified

m: T_Didymellaceae

: (_Phaeosphaeriaceae

o:9_phoma

p: g__Pleosporales_unclassified
{_Pleosporales_unclassified
o_Pieosporales
< Dothideomycetes.

tg_Blumeria

u: g__Rhexocercosporidium

g_Spirosphaera

: g_Tetracladium

x: {_Helotiales Incertae_sedis

¥: 9_Leotiomycetes undlassified

2 {_Leatiomycetes unclassified

Leotiomycetes_unclassified

Thelebolus

Jebolaceae

3: 6 Thelebolales

a4: c_Leatiomycetes

27 gpokmaia
28: ¢ Sromoniaceae
7l i \ % 29: o Disporthales
\ \ 50 5_Gioberela
i . e i
/i N 5211 Nectriaceae
| 53:6_Hypocreaios
041 5 Sorsaromycses uncissiied
o5 Sordaromycetes nclasied
o6 o Sordaromycetes nciasiied
o7:9_plectosphaerella
o 1 Pectompraereliscese
0915 Sordaromyctidne. ncrtse secis
<0:g_Hyponectaceae, uncassiied
L1 Fyponectiaceas
i _pscomycots
o panaeons
ca:o_Coptinopsis
i g_pamyret
c6: o Censobasidum
€7 g_Rersoila
i1 Cystoflobasidacee
1o Cystfiabasiaies
a0: g Cryptococeus
a1 { Tremelacene
@2 o Tremeliies
@3 p_sosdomycota

unclassified
unclassified
W 98: p_Fungi_unclassified





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Analysis of fungal diversity in the gut feces of wild takin (Budorcas taxicolor)



		1 Introduction



		2 Materials and methods



		2.1 Sampling



		2.2 DNA extraction



		2.3 PCR amplification and ITS sequencing for data analysis



		2.4 Data analysis



		2.5 Isolation and identification of fungus









		3 Results



		3.1 Sequencing data



		3.2 Venn map analysis



		3.3 Alpha diversity comparison of the five groups



		3.4 Community-composition analysis



		3.5 Fungi isolation and identification



		3.6 Characterization of microbial taxa associated with GI, GII, GIII, GIV, and GV



		3.7 Functional analysis of GI, GII, GIII, GIV, and GV









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-15-1364486-g001.jpg
GI

716
GV

65
GII B 832 o9l
17 4379 657
910 3 88
54 146 70

2228

G 28N 16 24 5

104 165¢ 564
922

GIn GIV





OPS/images/fmicb-15-1364486-g002.jpg
@

®

Kruskal-Wallis, p =0.00059

Group [l ot [l o [l on [ o [ o

]

Gil Gill GV GV
Group





OPS/images/cover.jpg
, frontiers  Frontiersin Microbiology

Analysis of fungal diversity in the
gut feces of wild takin (Budorcas
taxicolor)












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






