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Background: Intestinal fungal composition plays a crucial role in modulating host health, and thus is of great significance in the conservation of endangered bird species. However, research on gut fungal composition in birds is limited. Therefore, in this study, we aimed to examine gut fungal community and potential fecal pathogen composition in wild Arborophila rufipectus.

Methods: Fecal samples were collected from the habitats of wild A. rufipectus and Lophura nycthemera (a widely distributed species belonging to the same family as A. rufipectus) in summer and autumn. Thereafter, RNA was collected and the internal transcribed spacer rRNA gene was sequenced via high-throughput sequencing to investigate seasonal variations in intestinal core fungi, microbial fungi, and potential pathogenic fungi.

Results: The gut microbiota of A. rufipectus and L. nycthemera were highly similar and mainly consisted of three phyla, Ascomycota (58.46%), Basidiomycota (28.80%), and Zygomycota (3.56%), which accounted for 90.82% of the fungal community in all the samples. Further, the predominant genera were Ascomycota_unclassified (12.24%), Fungi_unclassified (8.37%), Davidiella (5.18%), Helotiales_unclassified (2.76%), Wickerhamomyces (1.84%), and Pleosporales_unclassified (1.14%), and the potential fecal pathogens identified included Candida, Cryptococcus, Trichosporon, and Malassezia.

Conclusion: Our results provide evidence that the diversity of intestinal fungi in the endangered species, A. rufipectus, is similar to that in the common species, L. nycthemera, and may serve as a basis for monitoring the status of A. rufipectus and for developing conservation measures.
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1 Introduction

Arborophila rufipectus (family, Phasianidae; order, Galliformes), a medium-sized mountain partridge with rich colors, is a national key protected wild bird (IUCN, 2016) that is endemic to China. Presently, the species is scattered around Southwest China, including Sichuan and Yunnan provinces (1), and its population in reserves is estimated at 2200 individuals (2). Further, given that the bird nests on the ground and has weak flight ability, it is highly vulnerable to natural predators (3), and owing to its small population and limited distribution, its habitat is scattered and isolated (4).

The intestinal tract provides a suitable environment for the growth and multiplication of various microbial communities, including bacteria, fungi, and archaea (5, 6), and together with these numerous microbes, form a complex and diverse ecosystem (7, 8). Under normal circumstances, the microorganisms in the gut can help the host perform essential functions, such as nutrient metabolism and immune enhancement (9–11). However, when this community is unbalanced or host immunity is weakened, these microbes can cause various diseases (12). Relative to bacteria, fungi account for a small proportion (approximately 0.1%) of the gut microbiota (8, 13, 14). Therefore, most studies on the gut microbiota have been focused on identifying and analyzing intestinal bacteria, while the importance of intestinal fungi has been largely ignored (15). Studying digestive tract fungal composition in this species may help clarify its dietary and possible migratory routes (2). Notably, fungi possess their own unique metabolic pathways (16), and imbalance in the intricate relationship between fungi and bacteria in the gut can result in health complications (17, 18).

Existing studies on the intestinal microflora of birds have been predominantly focused on chickens (19), while research on wild birds, particularly, endangered bird species, is limited possibly owing to the strong ability of most birds to migrate and fly, making data collection to study their gut microbiota characteristics challenging (19). Therefore, further studies, especially on the composition of fungal communities in the gut of wild birds, are needed. Therefore, in this study, we aimed to assess the diversity of gut fungi, including potential pathogenic fungi, in feces from wild A. rufipectus. For comparison, we also studied the diversity of gut fungi in Lophura nycthemera, which belongs to the same family as A. rufipectus and is also characterized by a weak flying ability and has feeding habits similar to that of A. rufipectus. However, unlike A. rufipectus, which is an endangered species, L. nycthemera is widely distributed and abundant in the Sichuan Laojunshan Mountain National Nature Reserve. The results of this study may improve understanding regarding the dominant fungi in the gut of A. rufipectus, and may promote efforts aimed at protecting this wild bird species.



2 Materials and methods


2.1 Sampling

Samples were collected from the Sichuan Laojunshan Mountain National Nature Reserve, China (103°57′–104°04′E, 28°39′–28°43′N). In brief, 152 fecal samples, 23 and 129 of which were for L. nycthemera and A. rufipectus, respectively, were collected from the abovementioned sampling site. In total, 10 samples each for L. nycthemera (collected in summer or June, A1-A10), A. rufipectus (collected in summer, B1-B10), and A. rufipectus (collected in autumn or September, C1-C10) were selected for high-throughput sequencing according to time of year and fecal quality. The samples were collected using separate tools and contact with the soil was avoided to minimize contamination. The distance between the different sample collection points was at least 5 m. Further, the samples were collected by a professional forest ranger based on the morphological characteristics of the feces of A. rufipectus and L. nycthemera (Supplementary Figures S1, S2). After collection, the samples were stored in a sterile centrifuge tube and temporarily placed in a portable freezer at −20°C and transported to the laboratory. At the laboratory, some of the samples were placed in liquid nitrogen for processing, while others were preserved in 15% glycerol for subsequent culture isolation. The range of the gut microbial characteristics of L. nycthemera expands in autumn owing to its dietary and migratory habits during this period; therefore, fecal samples were not found in the demarcated area during this period (20).



2.2 Isolation and identification of fungi

Each of the samples was inoculated onto potato dextrose agar and Sabouraud dextrose agar using disposable sterile inoculation rings. Thereafter, whole plates were cultured in a mold incubator at 25°C and fungal growth was observed for 12 h. Fungal colonies of different shapes and colors were selected and streaked for isolation until unique pure colonies were obtained. Lysis buffer for microorganisms and direct polymerase chain reaction (PCR; 9,164; Takara, Beijing, China) were added for fungal DNA extraction. PCR amplification of the internal transcribed spacer 2 (ITS2) region (21) of the fungal DNA was performed using universal primers: ITS1 (5′-GTGARTCATCGAATCTTTG-3′) and ITS2 (5′-TCCTCCGCTTATTGATATGC-3′). Thereafter, ITS gene sequencing was performed for fungal species identification. The PCR mixture consisted of 2.0 μL each of the forward and reverse primers, 2.0 μL of DNA template, and 9.0 μL of EmeraldAmp MAX PCR Master Mix (RR320Q; Takara, Beijing, China), with ddH2O added to obtain a total volume of 25 μL. The cycle conditions for PCR were as follows: 10 min initial denaturation at 94°C followed by 32 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, and final extension for 10 min at 72°C. Further, the sequencing of the PCR products was performed by Sangon Biotech (Shanghai, China). Subsequently, we analyzed the sequencing data using NCBI BLAST. Sequences were searched against the NCBI GenBank and UNITE databases, and phylogenies were constructed using MEGA5 based on the obtained sequence data (20).



2.3 DNA extraction

DNA was extracted from the fecal samples using the cetyltrimethylammonium bromide method, with nuclease-free water as the blank control. After elution for PCR analysis with 50 μL of elution buffer, whole DNA was collected, stored at −80°C, and transported to LC-Biotechnology Co., Ltd. (Hang Zhou, China) for analysis.



2.4 PCR amplification and ITS rRNA sequencing

Specific primers (F: 5′-GAACCWGCGGARGGATCA-3′, R: 5′-GCTGCGTTCTTCATCGATGC-3′) were used to amplify the ITS1 region of the ITS rRNA gene sequence (22). The PCR reaction was performed using 2.5 μL of the reverse and forward primers, 12.5 μL of Phusion Hot Start Flex 2X Master Mix (M0536S; NEB, Beijing, China), 25 ng of template DNA, and PCR-grade water was added to make a final volume of 25 μL. The PCR conditions were as follows: 30 s initial denaturation at 98°C followed by 32 cycles of 10 s at 98°C, 30 s at 54°C, and 45 s at 72°C, and then final extension for 10 min at 72°C. Subsequently, 2% agarose gel electrophoresis was performed to verify the PCR products. AMPure XT beads were used for purification (Beckman Coulter Genomics, Danvers, MA, United States), while Qubit was used for quantification (Invitrogen, Waltham, MA, United States). Further, the Illumina Library Quantification Kit (Kapa Biosystems, Woburn, MA, United States) was used to prepare the amplicon pool for sequencing. The amplicon library number and size were assessed using an Agilent 2,100 Bioanalyzer (Agilent, Santa Clara, CA, United States) and sequenced on a NovaSeq PE250 platform (Illumina, San Diego, CA, United States) as reported previously (20).



2.5 Data analysis

The samples were sequenced using the Illumina NovaSeq platform in accordance with the recommendations of LC-Biotechnology Co., Ltd. Paired-end reads were assigned to the samples based on their unique barcodes. Thereafter, the samples were truncated by removing the barcode and primer sequences, and paired reads were assembled using PEAR, followed by quality filtering using fqtrim (v0.94) to obtain high-quality clean labels. Quality filtering was further performed using vSearch (v2.3.4) to screen chimeric sequences, and DADA2 used to obtain feature tables and sequences (20, 23, 24). Further, the QIIME2 algorithm was used to determine alpha and beta diversity indices. The same number of sequences was randomly extracted by reducing the number of sequences to the minimum and relative abundances (X fungal count/total count) were compared. Venn diagrams and box plots showing the results of the α diversity analysis and principal coordinate and cluster analyses diagrams showing the results of β diversity analysis, and stacked bar diagrams and heat maps showing the results of species analysis were generated using R software v3.5.2 (R Core Development Team, Vienna, Austria). The ribosomal database project and UNITE databases were used for species classification and subsequent analyses to ensure complete and accurate annotation results (annotation threshold: confidence greater than 0.7). Linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed using OmicStudio tools [1(25) and OmicStudio Analysis (v1.0)].2




3 Results


3.1 Sequencing data analysis

In total, 3,462,543 sequences were obtained after quality control. The mean number of sequences for all the samples was 115,418. The sequencing quality curves were flat and the number of operational taxonomic units (OTUs) was close to saturation, indicating that the sequencing depth sufficiently reflects most of the microbial data in the samples (Figure 1I). Further, via cluster analysis, we identified 1,813 (33.47%), 1,766 (32.60%), and 1,838 (33.93%) OTUs for samples A, B, and C, respectively, and the number of unique OTUs in the A, B, and C groups were 1,059, 1,136, and 1,165, respectively, accounting for 19.55, 20.97, and 21.50% of the total OTUs, respectively, while the number of OTUs common to all three groups was 225, accounting for 4.70% of the total number of OTUs (Figure 1II).
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FIGURE 1
 (I) Rarefaction curve. The curves with assorted colors show the observed operational taxonomic units (OTUs; y-axis) for each sample at different number of sequences (x-axis). The flat curves indicate that the sequencing depth sufficiently reflects most of the microbial data in the samples. (II) Venn diagram. OTU distribution in the three groups.




3.2 Analyses of OTU abundance and diversity indexes

Various parameters, including Shannon, Simpson, and Chao1 indices, were used to estimate the α diversity of the fungal community in the gut of the test birds (Figure 2). The results obtained for other parameters are presented in Supplementary Table S1. The Chao1 index was used to estimate the number of species in the community, while the Shannon index was used to estimate diversity, with a higher value indicating greater uncertainty (or higher diversity). The Simpson index, ranging between 0 and 1, with values closer to 1 indicative of a high level of species richness and uniformity in the community, was used to estimate species richness and uniformity. Our results showed no significant differences among the three groups with respect to α diversity (p > 0.05).
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FIGURE 2
 Fungal species richness in the guts of wild Arborophila rufipectus and Lophura nycthemera determined via internal transcribed spacer rRNA sequencing (I). Comparison of Shannon, Simpson, and Chao1 indices between groups B and C. (II) Comparison of Shannon, Simpson, and Chao1 indices between groups A and B. (III) Comparison of Shannon, Simpson, and Chao1 indices between groups A, B, and C.


Principal coordinate analysis showed no clustering for the fecal samples in the three groups (Figure 3). An unweighted UniFrac distance matrix was obtained and in our clustering analysis, different colors represented different groups, and a smaller distance between samples was indicative of a greater level of similarity in terms of microbial composition and structure (i.e., smaller differences). The results obtained showed that three groups were not separated by large distances based on differences in time of sample collection and species, and substantial overlap was observed between the three groups. This observation indicated that the differences with respect to sampling time and species were small, possibly owing to the fact that A. rufipectus and L. nycthemera belong to the same family, Phasianidae. However, the time difference between sampling for groups B and C was only 3 months. These results were further supported by clustering analysis based on the unweighted pair group method with arithmetic mean (UPGMA; Supplementary Figure S3).
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FIGURE 3
 Principal coordinate analysis of fungal communities in the guts of wild Arborophila rufipectus and Lophura nycthemera. The dots represent samples, and distinct colors represent distinct groups (p > 0.1).


Further, α diversity analysis showed similarities in the diversity of intestinal fungi across the different seasons and species (p > 0.05). These results indicated that seasonal changes do not affect the diversity and richness of fungal communities in the intestinal tract of wild A. rufipectus.



3.3 Analysis of community composition

The taxonomic composition of 30 fecal samples was analyzed, and mean relative abundances at the phylum and genus levels were determined. The dominant phyla were Ascomycota (58.46%), Basidiomycota (28.80%), and Zygomycota (3.56%), accounting for 90.82% of the total fungal community in the samples. Further, the five dominant genera included Ascomycota_unclassified (12.24%), Fungi_unclassified (8.37%), Davidiella (5.18%), Helotiales_unclassified (2.76%), and Wickerhamomyces (1.84%), and the top seven core genera constituted 30.60% of all the fungi identified in all the samples (Figure 4). Ascomycota, Basidiomycota, and Zygomycota also constituted the dominant phyla in all the groups, and their relative abundances (>1%) were 54.28, 53.65, and 1.92%, respectively, in group A, 30.45, 38.48, and 17.48% respectively, in group B, and 1.63, 1.92, and 7.13%, respectively, in group C (Figure 4I).
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FIGURE 4
 Stacked bar plots showing the average relative abundances of gut fungi in wild Arborophila rufipectus and Lophura nycthemera at the (I) phylum and (II) genus levels.


At the genus level, Ascomycota_unclassified (16.00%), Fungi_unclassified (12.33%), Davidiella (4.49%), Didymella (4.53%), Pleosporales_unclassified (2.59%), Wickerhamomyces (2.15%), Helotiales_unclassified (1.77%), Cryptococcus (1.42%), Trichosporon (1.29%), and Pestalotiopsis (1.22%) were the dominant genera (>1%) in group A; Ascomycota_unclassified (6.52%), Fungi_unclassified (5.36%), Davidiella (5.35%), Helotiales_unclassified (5.02%), Pyrenochaeta (2.39%), Wickerhamomyces (1.93%), Pestalotiopsis (1.48%), and Trichosporon (1.44%) were the dominant genera (>1%) in group B; Ascomycota_unclassified (14.20%), Fungi_unclassified (7.44%), Davidiella (5.72%), Sordariomycetes_unclassified (4.73%), Zygomycota_unclassified (3.46%), Candida (2.50%), Mortierella (2.48%), Mucorales_unclassified (1.90%), Arthrinium (1.65%), Wickerhamomyces (1.46%), Helotiales_unclassified (1.42%), Pestalotiopsis (1.29), Gibberella (1.20%), and Preussia (1.04%) were the dominant genera (>1%) in group C (Figure 4II).



3.4 Fungal isolation and identification

After the culturing of fungi in the fecal samples, 10 fungi, namely Arthrinium sp., Trichoderma pubescens, Trichoderma sp., Pestalotiopsis sp., Mucor hiemalis, Didymella sp., Phoma sp., Simplicillium sp., Nectria pseudotrichia, and Bifusisporella sp. were identified. Community composition analysis revealed that Trichosporon and Cryptococcus were not isolated. Supplementary Figure S4 shows the phylogenetic tree of fungi based on LEfSe analysis.



3.5 LEfSe analysis

The LDA charts (Figures 5, 6) obtained after LEfSe analysis revealed no significant differences among the groups at the phylum level (p > 0.05). However, we observed significant differences at the genus level (p < 0.05) for Wickerhamomyces, Candida, Gorgomyces, Nectria, Microdochium, Kabatiella, and Hypocrea in group A; Psathyrella, Mycoarthris, Tremella, Agaricales_unclassified, Hymenoscyphus, Tubeufiaceae_unclassified, Flagellospora, Piskurozyma, Hyphodiscus, Veronaea, Ilyonectria, and Bullera in group B; and Dioszegia, Malassezia, Pseudeurotiaceae_unclassified, Taphrina, Trichomeriaceae_unclassified, and Erythrobasidium in group C.
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FIGURE 5
 Linear discriminant analysis effect size (LEfSe) analysis results for the three groups based on the internal transcribed spacer rRNA gene. The different colors represent different groups. From the inside to the outside, phylum, class, order, family, and genus are shown. LEfSe analysis was primarily performed to compare several groups to identify species with significant differences in abundance between groups. In the cladogram, red, green, and blue represent group A and the circle represents the species level boundary from the inside to the outside. The yellow node indicates no significant difference; however, nodes shown in the color corresponding to a particular group indicate that the species has the highest abundance in that group.


[image: Figure 6]

FIGURE 6
 Linear discriminant analysis (LDA) results showing the distinct fungal genera in the three groups. The color of the bar chart represents the abundance of different species in each group, and the length represents the degree of significance (p < 0.05).




3.6 Identification potentially pathogenic fungi genera

Based on the determination of the relative abundances of potentially pathogenic fungi genera, such as Cryptococcus, Trichosporon, Candida, and Malassezia, we identified Cryptococcus as the most abundant genera, followed by Trichosporon, Candida, and Malassezia (Figure 7), and their relative abundances did not differ among the three groups. Further, the relative abundances of Trichosporon and Candida in group B were relatively high, and in group A, that of Malassezia was the highest.

[image: Figure 7]

FIGURE 7
 Comparative analysis of pathogenic fungi in the three groups.





4 Discussion

A. rufipectus, a key protected wild bird in China, is not differentiated by subspecies and is only distributed in a few counties in central Sichuan. To protect it from extinction, Sichuan set up a reserve to protect its habitat and performed rescue and self-breeding operations to expand its population. However, in establishing these measures, the effects of various microorganisms on A. rufipectus were not considered. Therefore, in this study, we employed high-throughput sequencing and traditional culture methods to analyze its fungal composition.

Estimated α and β diversity indices are reflective of diversity or heterogeneity in biological communities. The short distances and minimal differences between the three experimental groups based on the obtained α and β diversity indices could be attributed to the small interspecific differences between A. rufipectus and L. nycthemera, the short time interval between sampling (3 months), and the relatively small proportion of fungi in the intestinal tracts of the birds. Additionally, the similarities in intestinal tract environment, diet, and habitat may have also contributed to the slight differences observed among the three sample groups.

We examined the fungal composition of the gut of A. rufipectus without culturing via high-throughput ITS rRNA sequencing. The results obtained were consistent with previously reported core gut microbial communities in wild birds (26–28). Further, the predominance of three fungal taxa, Ascomycota, Basidiomycota, and Zygomycota, in the gut of A. rufipectus indicated that these fungi possibly play key roles in immune response, metabolism, and nutrient absorption of this species. A large proportion of fungi belonging to phylum Ascomycota reproduce asexually via spores and show rapid growth (29–31). Further, several Basidiomycota have been reported, and most of them are edible. Field environments also provide optimal conditions for Basidiomycota growth; therefore, they are highly abundant in nature. Therefore, these species may potentially become a primary food source for wild animals (29, 31).

In this study, we identified a total of 20 dominant genera. Excluding unclassified fungi, the intestinal fungi of wild A. rufipectus and L. nycthemera predominantly consisted of yeasts and some plant fungi, which may be related to the diet of the birds. Additionally, certain potential pathogenic fungi, including Cryptococcus spp., Trichosporon spp., Candida spp., and Malassezia spp., were identified. As described in section 3.6, the dominant genera in group C were Trichosporon spp. and Candida spp., while that in group A was Malassezia spp. Further, the relative abundance of Cryptococcus spp. was not significantly different among the three groups; however, it was more prevalent in summer. Therefore, Trichosporon spp. and Candida spp. may be associated with autumn, Cryptococcus spp. may be associated with summer, and Malassezia spp. may be related to A. rufipectus.

Cryptococcus spp. is an opportunistic pathogen that usually infects immunocompromised patients and invades the body via the bloodstream, and thereafter, reaches various organs (32). It is present in soil, bird droppings, and moist environments (33, 34), and previous studies have reported its impact on the human body. For example, it has been associated with pneumonia as well as central nervous system diseases. However, its effect on birds requires further exploration (35, 36). Recently, Trichosporon spp. was identified as class of invasive fungi that are widely distributed in nature, including air, soil, and wood (37–39). It has also been shown that they can colonize the human digestive and respiratory tracts (40, 41), causing superficial infections (42, 43). They can also cause invasive infections in humans, leading to fungemia and fungal pneumonia when immune function is weak (44–46). However, further research is required to ascertain the pathogenicity of Trichosporon spp. in birds. Our laboratory previously demonstrated that Trichosporon spp. can cause skin and liver damage in mice (42). Candida spp. is generally present in the natural environment and animals and can infect the skin and mucous membranes as well as the internal organs of animals (47). It has also been shown that they can colonize the skin, oral cavity, and digestive tract of some uninfected animals (48). Studies on candidiasis in birds have been primarily focused on broiler chickens. Candida spp. has a strong ability to adapt to its environment and can survive and multiply in the environment and body for a long time. Thus, its infection can reduce production performance and immunity in broiler birds, and also lead to other diseases (49–52). Malassezia spp. mainly colonizes the skin (53, 54); however, it has been reported that they can also colonize the intestinal tract (55–58) and are associated with the occurrence and development of inflammatory bowel disease, ulcerative colitis, irritable bowel syndrome, and Crohn’s disease (59–62). However, these studies were primarily focused on humans. Thus, the effects of these pathogens on birds require further investigation.

In this study, LEfSe analysis revealed the presence of numerous macrofungi in the gut of A. rufipectus in summer, including Psathyrella and Tremella, which differed from the findings obtained for L. nycthemera in summer and A. rufipectus in autumn. No macrofungi were observed in the gut of L. nycthemera in summer, while some macrofungi were observed in the gut of A. rufipectus in autumn. These findings can be explained by the heavy precipitation and humidity that characterize the summer period, and serve as optimal conditions for the growth of macrofungi. No macrofungi were observed in L. nycthemera, indicating that A. rufipectus may feed on macrofungi, while the former does not. Therefore, we reasoned that the two species exhibit slightly different eating habits.

An impaired immune system allows potential disease-causing fungi to grow rapidly and cause disease (63). In this study, we observed disease-causing fungi in all three groups, indicating that wild birds in the reserve carry opportunistic pathogens. In some cases, particularly when the immune system is compromised due to diverse stress factors, such as changes in environmental conditions, there is an increased risk of infection in different bird species (64). However, the observation of microorganisms in feces is not an accurate indication of the health status of an animal. For example, some pathogens can cause disease in other animals but not in birds. Given that we were unable to legally capture these birds for further research and verification, targeted etiological research was not possible. Regardless, our results provide a reference for the conservation of wild birds, such as A. rufipectus.

Fungal contamination or infection is closely related to wildlife health and conservation. On the one hand, it can cause disease, affect wildlife reproduction, and thus reduce wildlife populations; on the other hand, it can impair ecosystem functions (65). At the same time, the concept of “one health” is becoming more widely recognized. In the broader context of ecosystem health, human and wildlife health are closely linked (66, 67). Notably, anthropogenic pollution is also a threat to wildlife (68–70) e.g., pollutants from human activities may alter environmental conditions to promote fungal growth and reproduction, making these fungi more susceptible to infecting wildlife. Summarily, the protection of wildlife requires us to minimize man-made pollution, maintain ecological balance and provide a healthy living environment for wildlife.

In conclusion, we examined gut fungi in A. rufipectus via high-throughput ITS rRNA sequencing and traditional fungal culturing and used L. nycthemera for comparisons. Our results showed that these two bird species are similar in terms of the diversity, composition, and function of fungi in their guts. These findings may serve as a valuable reference for clarifying the biological habits of A. rufipectus, including its dietary habits. Further, several potential pathogenic fungi, such as Cryptococcus spp., Trichosporon spp., Candida spp., and Malassezia spp., which could serve as early warning signals for the protection of these valuable birds, were identified. Even though our study did not involve targeted etiological research to identify the etiopathogenesis of these potential pathogenic agents and we were unable to lawfully capture the birds for further research and verification, this study is the first report on gut fungi composition in wild A. rufipectus and provides a reference for the scientific conservation of this species. In future, it would be necessary to evaluate A. rufipectus samples obtained over a wider region and longer time period for more detailed comparisons.



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 Animal Welfare and Ethics Committee, Sichuan Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

XM: Conceptualization, Data curation, Methodology, Supervision, Visualization, Writing – original draft, Writing – review & editing, Formal analysis. JL: Data curation, Formal analysis, Investigation, Methodology, Validation, Writing – original draft. ZgL: Data curation, Methodology, Resources, Validation, Writing – review & editing, Formal analysis, Software.BC: Funding acquisition, Methodology, Resources, Supervision, Writing – review & editing. ZwL: Investigation, Methodology, Resources, Validation, Writing – review & editing, Data curation. SF: Methodology, Validation, Writing – review & editing, Conceptualization, Investigation, Project administration, Resources. ZZ: Formal analysis, Methodology, Supervision, Writing – review & editing, Data curation, Validation. GP: Formal analysis, Investigation, Methodology, Writing – review & editing, Supervision. YW: Writing – review & editing. YJ: Conceptualization, Data curation, Investigation, Methodology, Writing – review & editing, Formal analysis, Software, Validation, Writing – original draft. YG: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Visualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Investigation on the Pathogen of Arborophila rufipectus of Laojun Mountain National Nature Reserve (Grant no. CDXZ-2021-0307-1).



Acknowledgments

We 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/fvets.2024.1430518/full#supplementary-material



Abbreviations


ITS, internal transcribed spacer; PCR, polymerase chain reaction (PCR); α, alpha; β, beta; OTU, operational taxonomic unit; UPGMA, unweighted pair group method with arithmetic mean; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size.




Footnotes

1   https://www.omicstudio.cn/tool/

2   https://www.omicstudio.cn/analysis/



References

 1. He, L, Dai, B, Zeng, B, Zhang, X, Chen, B, Yue, B , et al. The complete mitochondrial genome of the Sichuan Hill partridge (Arborophila rufipectus) and a phylogenetic analysis with related species. Gene. (2009) 435:23–8. doi: 10.1016/j.gene.2009.01.001 

 2. Keyi, T, Ling, T, Yufeng, W, Qiong, W, Changkun, F, Benping, C , et al. Temporal variations in the gut microbiota of the globally endangered sichuan partridge (Arborophila rufipectus): implications for adaptation to seasonal dietary change and conservation. Appl Environ Microbiol. (2023) 89:e0074723. doi: 10.1128/aem.00747-23


 3. Yan, C, Mou, B, Meng, Y, Tu, F, Fan, Z, Price, M , et al. A novel mitochondrial genome of Arborophila and new insight into Arborophila evolutionary history. PLoS One. (2017) 12:e0181649. doi: 10.1371/journal.pone.0181649 

 4. Bo, D, Benping, C, Bisong, Y, and Tao, Z. Analysis and prediction of the habitat of Arborophila rufipectus. Animals of Sichuan. (2014) 33:329–36.


 5. Li, J, Chen, D, Yu, B, He, J, Zheng, P, Mao, X , et al. Fungi in gastrointestinal tracts of human and mice: from community to functions. Microb Ecol. (2018) 75:821–9. doi: 10.1007/s00248-017-1105-9 

 6. Li, XV, Leonardi, I, and Iliev, ID. Gut Mycobiota in immunity and inflammatory disease. Immunity. (2019) 50:1365–79. doi: 10.1016/j.immuni.2019.05.023 

 7. Xu, B, Xu, W, Li, J, Dai, L, Xiong, C, Tang, X , et al. Metagenomic analysis of the Rhinopithecus bieti fecal microbiome reveals a broad diversity of bacterial and glycoside hydrolase profiles related to lignocellulose degradation. BMC Genom. (2015) 16:174. doi: 10.1186/s12864-015-1378-7


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

 9. Fuller, R
. Probiotics in man and animals. J Appl Bacteriol. (1989) 66:365–78.

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

 11. Carroll, IM, Ringel-Kulka, T, Keku TO, Chang, YH, Packey, CD, Sartor, RB , et al. Molecular analysis of the luminal- and mucosal-associated intestinal microbiota in diarrhea-predominant irritable bowel syndrome. Am J Physiol Gastrointest Liver Physiol. (2011) 301:G799–807. doi: 10.1152/ajpgi.00154.2011 

 12. Dominguez-Bello, MG, Godoy-Vitorino, F, Knight, R, and Blaser, MJ. Role of the microbiome in human development. Gut. (2019) 68:1108–14. doi: 10.1136/gutjnl-2018-317503 

 13. Arumugam, M, Raes, J, Pelletier, E, Le Paslier, D, Yamada, T, Mende, DR , et al. Enterotypes of the human gut microbiome. Nature. (2011) 473:174–80. doi: 10.1038/nature09944 

 14. Underhill, DM, and Iliev, ID. The mycobiota: interactions between commensal fungi and the host immune system. Nat Rev Immunol. (2014) 14:405–16. doi: 10.1038/nri3684 

 15. Huffnagle, GB, and Noverr, MC. The emerging world of the fungal microbiome. Trends Microbiol. (2013) 21:334–41. doi: 10.1016/j.tim.2013.04.002 

 16. Richard, ML, and Sokol, H. The gut mycobiota: insights into analysis, environmental interactions and role in gastrointestinal diseases. Nat Rev Gastroenterol Hepatol. (2019) 16:331–45. doi: 10.1038/s41575-019-0121-2 

 17. Dollive, S, Chen, YY, Grunberg, S, Bittinger, K, Hoffmann, C, Vandivier, L , et al. Fungi of the murine gut: episodic variation and proliferation during antibiotic treatment. PLoS One. (2013) 8:e71806. doi: 10.1371/journal.pone.0071806 

 18. Findley, K, Oh, J, Yang, J, Conlan, S, Deming, C, Meyer, JA , et al. Topographic diversity of fungal and bacterial communities in human skin. Nature. (2013) 498:367–70. doi: 10.1038/nature12171 

 19. Guan, Y, Wang, H, Gong, Y, Ge, J, and Bao, L. The gut microbiota in the common kestrel (Falco tinnunculus): a report from the Beijing raptor rescue center. PeerJ. (2020) 8:e9970. doi: 10.7717/peerj.9970 

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

 21. Karlsson, I, Friberg, H, Steinberg, C, and Persson, P. Fungicide effects on fungal community composition in the wheat phyllosphere. PLoS One. (2014) 9:e111786. doi: 10.1371/journal.pone.0111786 

 22. Pinto-Figueroa, EA, Seddon, E, Yashiro, E, Buri, A, Niculita-Hirzel, H, Van der Meer, JR , et al. Archaeorhizomycetes spatial distribution in soils along wide elevational and environmental gradients reveal co-abundance patterns with other fungal saprobes and potential weathering capacities. Front Microb. (2019) 10:656. doi: 10.3389/fmicb.2019.00656


 23. Ma, X, Li, G, Jiang, Y, He, M, Wang, C, Gu, Y , et al. Skin Mycobiota of the captive Giant panda (Ailuropoda melanoleuca) and the distribution of opportunistic dermatomycosis-associated Fungi in different seasons. Front Vet Sci. (2021) 8:708077. doi: 10.3389/fvets.2021.708077 

 24. Caporaso, JG, Kuczynski, J, Stombaugh, J, Bittinger, K, Bushman, FD, Costello, EK , et al. QIIME allows analysis of high-throughput community sequencing data. Nat Methods. (2010) 7:335–6. doi: 10.1038/nmeth.f.303 

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

 26. Waite, DW, and Taylor, MW. Characterizing the avian gut microbiota: membership, driving influences, and potential function. Front Microbiol. (2014) 5:223. doi: 10.3389/fmicb.2014.00223 

 27. Spergser, J, Loncaric, I, Tichy, A, Fritz, J, and Scope, A. The cultivable autochthonous microbiota of the critically endangered northern bald ibis (Geronticus eremita). PLoS One. (2018) 13:e0195255. doi: 10.1371/journal.pone.0195255 

 28. Li, Z, Duan, T, Wang, L, Wu, J, Meng, Y, Bao, D , et al. Comparative analysis of the gut bacteria and fungi in migratory demoiselle cranes (Grus virgo) and common cranes (Grus grus) in the Yellow River wetland. China Front Microbiol. (2024) 15:1341512. doi: 10.3389/fmicb.2024.1341512 

 29. Yelle, DJ, Ralph, J, Lu, F, and Hammel, KE. Evidence for cleavage of lignin by a brown rot basidiomycete. Environ Microbiol. (2008) 10:1844–9. doi: 10.1111/j.1462-2920.2008.01605.x 

 30. Al-Sadi, AM, Al-Mazroui, SS, and Phillips, AJ. Evaluation of culture-based techniques and 454 pyrosequencing for the analysis of fungal diversity in potting media and organic fertilizers. J Appl Microbiol. (2015) 119:500–9. doi: 10.1111/jam.12854 

 31. Gong, W, Wang, Y, Xie, C, Zhou, Y, and Zhu, Z. Whole genome sequence of an edible and medicinal mushroom, Hericium erinaceus (Basidiomycota, Fungi). Genomics. (2020) 112:2393–9. doi: 10.1016/j.ygeno.2020.01.011 

 32. Herkert, PF, Hagen, F, Pinheiro, RL, Muro, MD, and Meis, JF. Ecoepidemiology of Cryptococcus gattii in developing countries. J Fungi (Basel). (2017) 3:3. doi: 10.3390/jof3040062


 33. May, RC, Stone, NR, Wiesner, DL, Bicanic, T, and Nielsen, K. Cryptococcus: from environmental saprophyte to global pathogen. Nat Rev Microbiol. (2016) 14:106–17. doi: 10.1038/nrmicro.2015.6 

 34. Dou, H, Wang, H, Xie, S, Chen, X, Xu, Z, and Xu, Y. Molecular characterization of Cryptococcus neoformans isolated from the environment in Beijing. China Med Mycol. (2017) 55:737–47. doi: 10.1093/mmy/myx026 

 35. Chen, J, Varma, A, Diaz, MR, Litvintseva, AP, Wollenberg, KK, and Kwon-Chung, KJ. Cryptococcus neoformans strains and infection in apparently immunocompetent patients. China Emerg Infect Dis. (2008) 14:755–62. doi: 10.3201/eid1405.071312 

 36. Park, SH, Kim, M, Joo, SI, and Hwang, SM. Molecular epidemiology of clinical Cryptococcus neoformans isolates in Seoul. Korea Mycobiology. (2014) 42:73–8. doi: 10.5941/MYCO.2014.42.1.73 

 37. Miceli, MH, Díaz, JA, and Lee, SA. Emerging opportunistic yeast infections. Lancet Infect Dis. (2011) 11:142–51. doi: 10.1016/S1473-3099(10)70218-8 

 38. Colombo, AL, and Padovan, AC. Current knowledge of Trichosporon spp. and Trichosporonosis. Clin Microbiol Rev. (2011) 24:682–700. doi: 10.1128/CMR.00003-11 

 39. Kotwal, S, Sumbali, G, Sharma, S, and Kaul, S. Detection of some new Trichosporon species from the dystrophied nails of three female members of a family from north Indian state of Jammu and Kashmir. Mycoses. (2018) 61:534–42. doi: 10.1111/myc.12761 

 40. Erjavec, Z, Kluin-Nelemans, H, and Verweij, PE. Trends in invasive fungal infections, with emphasis on invasive aspergillosis. Clin Microbiol Infect. (2009) 15:625–33. doi: 10.1111/j.1469-0691.2009.02929.x 

 41. Atkins, SD, and Clark, IM. Fungal molecular diagnostics: a mini review. J Appl Genet. (2004) 45:3–15.

 42. Ma, X, Jiang, Y, Wang, C, Gu, Y, Cao, S, Huang, X , et al. Identification, genotyping, and pathogenicity of Trichosporon spp. Isolated from Giant pandas (Ailuropoda melanoleuca). BMC Microbiol. (2019) 19:113. doi: 10.1186/s12866-019-1486-7


 43. Tamma, PD, Srinivasan, A, and Cosgrove, SE. Infectious disease clinics of North America. Antimicrobial stewardship. Preface. Infect Dis Clin N Am. (2014) 28:xi–xii. doi: 10.1016/j.idc.2014.04.001 

 44. Chandrasekar, P
. Diagnostic challenges and recent advances in the early management of invasive fungal infections. Eur J Haematol. (2010) 84:281–90. doi: 10.1111/j.1600-0609.2009.01391.x 

 45. Biswas, B
. Clinical performance evaluation of molecular diagnostic tests. J Mol Diagn. (2016) 18:803–12. doi: 10.1016/j.jmoldx.2016.06.008 

 46. Shorr, AF, Gupta, V, Sun, X, Johannes, RS, Spalding, J, and Tabak, YP. Burden of early-onset candidemia: analysis of culture-positive bloodstream infections from a large U.S. database. Crit Care Med. (2009) 37:2519–26. doi: 10.1097/CCM.0b013e3181a0f95d 

 47. Pfaller, MA, and Diekema, DJ. Epidemiology of invasive candidiasis: a persistent public health problem. Clin Microbiol Rev. (2007) 20:133–63. doi: 10.1128/CMR.00029-06 

 48. McManus, BA, and Coleman, DC. Molecular epidemiology, phylogeny and evolution of Candida albicans. Infect Genet Evol. (2014) 21:166–78. doi: 10.1016/j.meegid.2013.11.008 

 49. Hayashi, M, Saitoh, M, Fujii, N, Suzuki, Y, Nishiyama, K, Asano, S , et al. Dermatoses among poultry slaughterhouse workers. Am J Ind Med. (1989) 15:601–5. doi: 10.1002/ajim.4700150512 

 50. Zhang, X, He, L, Zhang, C, Yu, C, Yang, Y, Jia, Y , et al. The impact of sseK2 deletion on Salmonella enterica serovar typhimurium virulence in vivo and in vitro. BMC Microbiol. (2019) 19:182. doi: 10.1186/s12866-019-1543-2 

 51. Beemer, AM, Kuttin, ES, and Katz, Z. Epidemic venereal disease due to Candida albicans in geese in Israel. Avian Dis. (1973) 17:639–49. doi: 10.2307/1589165 

 52. Buck, JD
. Isolation of Candida albicans and halophilic Vibrio spp. from aquatic birds in Connecticut and Florida. Appl Environ Microbiol. (1990) 56:826–8. doi: 10.1128/aem.56.3.826-828.1990 

 53. Iatta, R, Battista, M, Miragliotta, G, Boekhout, T, Otranto, D, and Cafarchia, C. Blood culture procedures and diagnosis of Malassezia furfur bloodstream infections: strength and weakness. Med Mycol. (2018) 56:828–33. doi: 10.1093/mmy/myx122 

 54. Byrd, AL, Belkaid, Y, and Segre, JA. The human skin microbiome. Nat Rev Microbiol. (2018) 16:143–55. doi: 10.1038/nrmicro.2017.157 

 55. Nash, AK, Auchtung, TA, Wong, MC, Smith, DP, Gesell, JR, Ross, MC , et al. The gut mycobiome of the human microbiome project healthy cohort. Microbiome. (2017) 5:153. doi: 10.1186/s40168-017-0373-4


 56. Hamad, I, Abou Abdallah, R, Ravaux, I, Mokhtari, S, Tissot-Dupont, H, Michelle, C , et al. Metabarcoding analysis of eukaryotic microbiota in the gut of HIV-infected patients. PLoS One. (2018) 13:e0191913. doi: 10.1371/journal.pone.0191913 

 57. Frykman, PK, Nordenskjöld, A, Kawaguchi, A, Hui, TT, Granström, AL, Cheng, Z , et al. Characterization of bacterial and fungal microbiome in children with Hirschsprung disease with and without a history of enterocolitis: a multicenter study. PLoS One. (2015) 10:e0124172. doi: 10.1371/journal.pone.0124172 

 58. Abdillah, A, and Ranque, S. Chronic diseases associated with Malassezia yeast. J Fungi (Basel). (2021) 7:855. doi: 10.3390/jof7100855


 59. Spatz, M, and Richard, ML. Overview of the potential role of Malassezia in gut health and disease. J Front Cell Infect Microbiol. (2020) 10:201. doi: 10.3389/fcimb.2020.00201


 60. Chehoud, C, Albenberg, LG, Judge, C, Hoffmann, C, Grunberg, S, Bittinger, K , et al. Fungal signature in the gut microbiota of pediatric patients with inflammatory bowel disease. Inflamm Bowel Dis. (2015) 21:1948–56. doi: 10.1097/MIB.0000000000000454 

 61. Limon, JJ, Tang, J, Li, D, Wolf, AJ, Michelsen, KS, Funari, V , et al. Malassezia is associated with Crohn's disease and exacerbates colitis in mouse models. Cell Host Microbe. (2019) 25:377–388.e6. doi: 10.1016/j.chom.2019.01.007 

 62. Botschuijver, S, Roeselers, G, Levin, E, Jonkers, DM, Welting, O, Heinsbroek, SEM , et al. Intestinal fungal Dysbiosis is associated with visceral hypersensitivity in patients with irritable bowel syndrome and rats. Gastroenterology. (2017) 153:1026–39. doi: 10.1053/j.gastro.2017.06.004 

 63. Kumamoto, CA, and Gresnigt, MS. The gut, the bad and the harmless: Candida albicans as a commensal and opportunistic pathogen in the intestine. Curr Opin Microbiol. (2020) 56:7–15. doi: 10.1016/j.mib.2020.05.006 

 64. Clavijo, V
. The gastrointestinal microbiome and its association with the control of pathogens in broiler chicken production: a review. Poult Sci. (2018) 97:1006–21. doi: 10.3382/ps/pex359 

 65. Sashika, DW, Dhanushka, U, Dimuthu, SM, and Charles, B. Fungi as environmental bioindicators. J Sci Total Environ. (2023) 892:164583. doi: 10.1016/j.scitotenv.2023.164583


 66. Cunningham, A, and Daszak, P. Biological sciences: one health, emerging infectious diseases and wildlife: two decades of progress? Philos Trans R Soc Lond B Biol Sci. (2017) 372. doi: 10.1098/rstb.2016.0167


 67. Jonathan, MS, Thomas, D, and Natalie, N. Optimization of human, animal, and environmental health by using the one health approach. J Vet Sci. (2017) 18:263. doi: 10.4142/jvs.2017.18.S1.263 

 68. Mansfield, I, Reynolds, SJ, Lynch, I, and Matthews, TJ. Birds as bioindicators of plastic pollution in terrestrial and freshwater environments: a 30-year review. Environ Pollut. (2024) 348:123790. doi: 10.1016/j.envpol.2024.123790


 69. Lauren, SV, Amy, M-D, Josh, JA, Robyn, JT, Megan, L, Julie, MK , et al. Investigating the impact of anthropogenic noise on the decision-making of dwarf mongoose offspring. R Soc Open Sci. (2024) 11:240192. doi: 10.1098/rsos.240192


 70. Kilpatrick, AM, Peter, D, Matthew, JJ, Peter, PM, and Laura, DK. Host heterogeneity dominates West Nile virus transmission (2006) 273:2327–2333. doi: 10.1098/rspb.2006.3575



Copyright
 © 2024 Ma, Li, Li, Chen, Ling, Feng, Zhong, Peng, Wang, Jiang 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/fvets-11-1430518-g005.jpg
Cladogram

- o:g_Kabatiell

- b 0_Dothideomycetes Incertae_sedis

B c: {_Ploosporales Incertae_sedis

B o g_Tubeuficese unclasifed

e (_Tubeufaceae

. 1 g_Trichomeriacese_unclassiied

. g (Trichomeriacese

b o_Chaetothyriales

- _Hymenoscyphus

- g_Mycoartnis

-k g_Hyphodiscus.

. {_Hyaloscyphaceae

- y_Fiagelospora

- n: g_Gorgomyces
+o_Pscudeurotiaceae_unciassiied

- {_Saccharomycetales Incertae_sed's
- o_Saccharomycetales

- x: c_Saccharomycetes

-y g_typocrea

- (_hypocreacese

- 20:5_tyonectria

- g tectria

- o2:0_Hypocresies
=03 (_Amphisphaeriaceae
- o g_Microdochium
o5 ¢ Sordariomycetes
. o:o_Tophvina
- o7 _Taphrinacese
o_Tophinales
< Taphvinomycetes.
o_Agaricaes unclassifed
( Bgaricales_unclassified
o_psathyrella
1_Ceratobasidaceae
o_Cantharelles
o_Erytobasidium
- b (_Erythrobasidiacese
. b7 o_Enythiobasidales
. b8:c_Cystobasidiomycetes.
= 9:g_Piskurozyma
B 0. 1_Piskurozymocese
1 o_Fiobasidiaes
- c2:_Tremela
- c:_Bulera
- ci:o_Dioszegia
. cs: _Tremeliales Incertae_sedis

o Malassezia
-7 _Malasseziales Incerae_seds
. o_Massezales
B <9 c_Ustiaginomycotin

incertac_sedis






OPS/images/fvets-11-1430518-g006.jpg
[

_Sordariomycetes
o_Sacenaromycetaies

< Soccharomycetes.
_Hypocreales
_wickarhamamyces

T Phattomycetaceae.
Wickeihamomyccs pipert

_ Saccharomycetales ncertoe sedis

o_cantiarelises
Cemtobasidiaceac

o_t
5_Micrododium:phragems
Kabaliets
‘o_Dathideomycetes Incertoo sedis
- psatiyrela
5_psathyrela_candolieana
(_piausporales icertae_sedis
S hycostnis coroling
9_Mycoorthris
{_Tremelales Incertae secis
STy hasosperinum
hacese
o onasstes
. Tremela

aricales unciasiied

_ Hymenoscyphus
_Tubeuflocese, unciassfied
Tubeufaceseunciassiied
T Tubeuniaceae
_Flagelospora
5_Fiogelospirs fusariodes
_Sarcosomatacese

. Gecuiur externus
5_Phisiocephala salapensis
5_ el unclossifed
T_Piskurozymacese

o piskuroryma

bacidisies

5_Piskurazyima,
o Hyphodiscus
5_Hyphodiscus, ymeniophis
- Veroasen, compacta
a_veronaea

fiyonectria
5_ityoneciria_obusta

" Bulera
1_Amphisphacriaceae

- Chaclothyrisies

\_Dioszegia

{_Mlasseziales incercae sedis
‘o Nalassézaies

,_Malassezia
& Dicszedi uncisisiied
% Malassézia restricta
T_Peeudevrotiscese
T_Trchomeriaceas
5_Preudeurotiviese, uncassiiod
O Pecudeuratiocese. unclsssfied
. Taphnnomycetes
Taphiinaies

pvinacese
_Tophrina
5_Trichomeriaceseunciassiied
S richomeriacase-unciassfied
. Cystabaddiomycetes.
Erytivonasidiom
»_Eoivobonfium arcosied
Fythrabas dsceas

St ronasaes
s_Tophina, unciassiied

Ustiagi

N

L

LOA SCORE (log 10)





OPS/images/fvets-11-1430518-g003.jpg
PCoA2(16%)

PCoA plot

0s:

o

05

B5s a0 o5 i s
PCOA1(32.12%)

Group





OPS/images/fvets-11-1430518-g004.jpg
BE B

o it
Wb -





OPS/images/fvets-11-1430518-g007.jpg
4.00
3.50
3.00
250
2.00
1.50

1.00
0.50
0.00 i - -

Cryptococcus Trichosporon Candida Malassezia

mA uBEC





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Analysis of fungal diversity in the feces of Arborophila rufipectus



		1 Introduction



		2 Materials and methods



		2.1 Sampling



		2.2 Isolation and identification of fungi



		2.3 DNA extraction



		2.4 PCR amplification and ITS rRNA sequencing



		2.5 Data analysis









		3 Results



		3.1 Sequencing data analysis



		3.2 Analyses of OTU abundance and diversity indexes



		3.3 Analysis of community composition



		3.4 Fungal isolation and identification



		3.5 LEfSe analysis



		3.6 Identification potentially pathogenic fungi genera









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Abbreviations



		Footnotes



		References



















OPS/images/fvets-11-1430518-g001.jpg





OPS/images/fvets-11-1430518-g002.jpg





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Analysis of fungal diversity in the
feces of Arborophila rufipectus












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






