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Schizophrenia (SZ) is a severe psychiatric disorder with a complex etiology involving both genetic and environmental factors. Emerging evidence highlights the role of gut microbiome dysbiosis in SZ, yet the fungal component (mycobiota) remains largely unexplored. This study aimed to evaluate the gut mycobiota using internal transcribed spacer 1 (ITS1) amplicon sequencing and assess host immune responses via multiplex immunoassays in 87 elderly SZ patients and 64 age- and gender-matched healthy controls (HCs). We observed significant increases in fungal α-diversity and richness, along with altered β-diversity in SZ patients. Specifically, there was an elevated Basidiomycota/Ascomycota ratio, with enrichment of Candida, Aspergillus, and Saccharomyces, coupled with a depletion of Purpureocillium. Enterotype analysis revealed a shift from Purpureocillium-dominant (E1) to Candida-dominant (E2) communities in SZ. Notably, key fungal species, such as S. cerevisiae and P. lilacinum, were correlated with systemic immune dysfunction. Our receiver operating characteristic (ROC) analysis indicated that these fungal species could effectively distinguish SZ patients from HCs, suggesting their potential as non-invasive biomarkers for SZ diagnosis. In conclusion, this study demonstrates significant alterations in the gut mycobiota and immune dysfunction in elderly SZ patients, suggesting that mycobiota dysbiosis may contribute to SZ pathogenesis through immune modulation, offering new avenues for potential biomarkers and therapeutic interventions.
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Introduction

Schizophrenia (SZ), a complex and debilitating psychiatric disorder, is characterized by a range of symptoms, including cognitive dysfunction, hallucinations, delusions, and social withdrawal (1). Individuals with SZ face a 2- to 2.5-fold increased risk of premature mortality compared to the general population, with a life expectancy reduction of 15 to 20 years (2), making it a significant public health concern. While its etiology remains unclear, accumulating evidence suggests that both genetic and environmental factors contribute to the onset and progression of the disease (3, 4). One promising area of investigation in SZ research is the role of the gut microbiome, specifically the microbial communities within the gastrointestinal tract, and their potential impact on brain function and immune regulation.

The gut microbiota comprises a diverse range of microorganisms, including bacteria, viruses, archaea, and fungi, all of which are essential for maintaining overall health. Fungi, often overlooked, are a critical part of this microbial ecosystem. Recent studies have emphasized the importance of the gut mycobiota (the fungal component of the microbiota) in health and its potential involvement in various diseases (5, 6). Gut fungi not only influence gut functions but also impact the physiological processes of other vital extraintestinal organs, including brain (5, 7). Dysbiosis of the gut mycobiota, which refers to an imbalance in the diversity and composition of the gut fungal community, has been associated with several neuropsychiatric disorders such as SZ (8). However, the alterations of gut mycobiota profiles in SZ remains largely unexplored.

The gut microbiota communicates with the central nervous system via the gut-brain axis, a complex pathway of bidirectional signaling between the gut and the brain. This communication modulates not only local immune responses within the gut but also systemic immune responses that can affect brain function and behavior. Research has linked gut bacteriota dysbiosis to a variety of neuropsychiatric disorders, including SZ (9–13). In our previous studies, we observed immune dysfunction in individuals with SZ, characterized by altered cytokine profiles and systemic inflammation, suggesting chronic low-grade inflammation (9, 10). Correlation analyses have indicated that changes in the gut microbiota can drive immune dysregulation in SZ, potentially contributing to neuroinflammation and worsening cognitive and psychiatric symptoms. Evaluation of the gut mycobiota has revealed that fungal communities are not only altered in disease but also play a role in maintaining gut homeostasis and influencing systemic immunity (8, 13, 14). While research on the gut mycobiota in health and disease is increasing, studies on its impact in SZ remain limited.

In the current study, we recruited 151 elderly participants, comprising 87 individuals diagnosed with SZ and 64 age- and sex-matched healthy controls (HCs), to explore the gut mycobiota profiles through fungal-specific internal transcribed spacer 1 (ITS1) amplicon sequencing. Additionally, we assessed serum immune markers utilizing the multiplex Bio-Plex technology. By investigating fecal fungal dysbiosis and its potential association with systemic immune dysfunction, we hope to enhance our understanding of the role of gut fungi in the pathophysiology of SZ and their interaction with immune system alterations. Identification of specific biomarkers and therapeutic targets associated with the gut mycobiota could offer novel insights into potential strategies for modulating the gut mycobiota to alleviate or treat SZ.





Materials and methods




Participants’ enrollment and sample collection

This study utilized the same cohort as in our previous research (9). Specifically, we recruited elderly Chinese SZ patients (aged ≥62 years) and cognitively HCs, matched by age and gender, from Lishui, Zhejiang Province, China, between June and November 2020. The study protocol was reviewed and approved by the Ethics Committee of the Lishui Second People’s Hospital (approval reference no.: 20180705-1). Prior to enrollment, written informed consent was obtained from all participants or their legally authorized caregivers. The inclusion and exclusion criteria, as well as the demographic and clinical characteristics of the participants, were aligned with the specifications detailed in our prior research (9).

Approximately 2g of fresh fecal samples were collected using standardized sterile collection tubes and stored at −80°C within 15 minutes of collection to preserve microbial integrity. Fasting blood samples were collected from participants in the early morning, processed within 15 minutes, and stored at −80°C until further use.





ITS sequencing

Fungal genomic DNA was extracted from 300 mg of homogenized feces using a QIAamp® DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions, with additional glass-bead beating performed on a Mini-beadbeater (FastPrep; Thermo Electron Corporation, Boston, MA, USA). Fungal amplicon libraries targeting the ITS1 region (ITS1F: 5’- CTTGGTCATTTAGAGGAAGTAA-3’; ITS2R: 5’- GCTGCGTTCTTCATCGATGC-3’) were constructed by technical staff at Hangzhou KaiTai Bio-lab, followed by sequencing on the Illumina NovaSeq 6000 PE250 platform (15).





Bioinformatic analysis

Sequence analyses were performed using QIIME2 (v2020.11) and its plugins with default settings. Non-biological sequences (adapter and barcode) were removed and trimmed using the Cutadapt plugin. Amplicon sequence variants (ASVs) were generated by denoising and performing quality control, including chimera removal, through the DADA2 plugin (16). Taxonomy was assigned to ASVs using the UNITE dynamic database (Release 9.0, http://unite.ut.ee/index.php). Sample reads were normalized to ensure consistent sequencing depth. Fungal α- and β-diversity, community composition, and correlation analyses among key functional fungi were conducted as previously described for bacterial microbiota (9, 17, 18). Gut fungal enterotypes were employed to identify distinct fungal communities across the samples. Additionally, enzyme classification (EC) numbers and MetaCyc pathway predictions were generated based on the ASVs using PiCRUSt2 (19, 20). Fungal function was further predicted based on the OTU table using the FUNGuild algorithm (21). To assess the discriminative power of key functional fungal taxa, Random Forest classification was applied, with Mean Decrease Gini used to evaluate variable importance. Receiver operating characteristic (ROC) analysis was performed to evaluate the ability of key functional fungi to discriminate SZ from HCs using the OECloud tools at https://cloud.oebiotech.com.





Multiplex cytokine analysis

Cytokine analysis was performed to assess the systemic immune function of participants using the Bio-Plex Pro™ Human Cytokine 27-plex assay kit (Bio-Rad, CA, USA; catalog no. M500KCAF0Y) (9, 17, 18, 22, 23). The assay measured 16 cytokines, 6 chemokines, and 5 growth factors using the Bio-Plex® 200 System (Bio-Rad Laboratories, Inc.), following the manufacturer’s guidelines. Serum samples were diluted fourfold with sample diluent buffer before analysis. Cytokine concentrations were determined based on standard curves and expressed in pg/mL using Bio-Plex Manager v5.0 software. The assay showed reproducibility with CVs of 5-8%. Quality control measures included validation of standard curves, dynamic range checks, and controls to ensure assay specificity. Outlier values were flagged, and cytokine concentrations below the limit of detection (LOD) were assigned half the LOD value to maintain data integrity. These steps ensured the reliability and accuracy of the results.





Statistical analysis

Differences were assessed using various statistical tests, including White’s nonparametric t-test, independent t-test, or Mann-Whitney U-test, depending on data distribution and assumptions. Correlations were analyzed using Spearman’s rank correlation test. Statistical analyses were conducted using SPSS v24.0 (SPSS Inc., Chicago, IL) and Statistical Analysis of Metagenomic Profiles (STAMP) v2.1.3. Graphical representations were generated with R packages and GraphPad Prism v6.0. Predictive power was assessed through ROC curve analysis and area under the curve (AUC). ROC curve analysis is a robust method for performance evaluation, with AUC values providing insight into discriminatory power. All significance tests were two-sided, and p-values were adjusted for multiple testing using the Benjamini-Hochberg method to control the False Discovery Rate (FDR). A threshold of FDR < 0.05 was considered statistically significant.





Accession number

The sequence data from this study are deposited in the GenBank Sequence Read Archive (PRJNA1243042).






Results




Altered overall structure of the fecal mycobiota in Chinese patients with SZ

After successfully constructing fungal amplicon libraries, a final sample size of 87 SZ patients and 64 HCs was established for comprehensive fecal mycobiota analysis. After ITS1 sequencing, we obtained 9,613,219 high-quality sequence reads (6,824,365 for SZ and 2,788,854 for HCs) from 11,326,564 raw sequence reads, with an average of 63,663 reads per sample. To ensure consistent sequencing depth across all samples, we normalized each sample to 26,070 reads for the subsequent analysis. Across the entire cohort, we identified a total of 1,813 ASVs with 615 ASVs in the HC group and 1,261 ASVs in the SZ group. Fecal mycobiota diversity was compared between SZ patients and HCs based on the relative ASVs table (Figure 1). The fungal α-diversity indices, including Shannon and Simpson, were significantly higher in SZ patients, while the richness indices such as Chao1, ACE, and observed species were also significantly increased in SZ patients compared to HCs (p < 0.05; Figures 1A–E). The Venn diagram further revealed a higher number of unique fungal phylotypes in SZ patients compared to HCs (Figure 1F). For β-diversity analysis, principal coordinates analysis (PCoA) was performed using Bray-Curtis, jaccard, unweighted UniFrac, and weighted UniFrac algorithms. Significant differences in fecal fungal β-diversity were observed between SZ patients and HCs (ADONIS test: p = 0.001; Figures 1G–J), despite considerable interindividual variations within both groups. Additionally, the rank abundance curve demonstrated the species richness and evenness of microbial communities across the groups, indicating that the SZ group had higher species richness and evenness compared to the control group (Figure 1J). Collectively, these results suggest an altered fecal mycobiota structure in individuals with SZ.
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Figure 1 | Comparison of the fecal fungal diversity and richness between SZ patients and healthy controls. (A–E) α-diversity indices (Shannon, and Simpson) and richness indices (Chao1, ACE, and observed species) were used to assess the overall structure of the fecal mycobiota, with data presented as mean ± standard deviation. Unpaired two-tailed t-tests were used for inter-group comparisons. (F) Venn diagram showing the overlap of amplicon sequence variants (ASVs) in the fecal mycobiota of SZ patients and healthy controls. (G–J) Principal coordinate analysis (PCoA) plots illustrating β-diversity of individual fecal mycobiota based on Bray–Curtis, unweighted UniFrac, and weighted UniFrac distances, with each symbol representing a sample. (K) The rank-abundance curve of fungal ASVs from both groups indicates a higher presence of low-abundance ASVs in the fecal mycobiota of SZ patients compared to healthy controls. *p < 0.05.





Fecal mycobiota dysbiosis in patients with SZ

After taxonomic classification of the fecal mycobiota, we identified 4 phyla, 123 families, 204 genera, and 301 species from both cohorts. Figure 2 depicts the fecal mycobiota landscape at the phylum (Figure 2A), family (Figure B), genus (Figure C), and species (Figure 2D) levels. The dominant phyla were Ascomycota and Basidiomycota, together accounting for over 96% of the total sequences analyzed. Enterotypes were categorized within the extensive study population using previously established methods (24). The fecal mycobiota could be categorized into two enterotypes, E1 and E2 at the genus level (Figure 2E). The E1 enterotype was dominated by Purpureocillium, while the E2 enterotype was dominated by Candida (Figure 2F). In the control group, 84.4% of samples (54/64) were classified as E1 enterotype, while 65.5% of samples (57/87) in the SZ group belonged to the E1 enterotype, indicating a significant difference in microbiota composition between the two groups.
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Figure 2 | Fecal mycobiota compositions of in SZ patients and healthy controls. (A) Phylum; (B) Family; (C) Genus; (D) Species; (E) PCoA plot showing two enterotypes; (F) Relative abundances of representative genera of enterotypes.

To deeply characterize the fecal mycobiota alterations in SZ, we employed the linear discriminant analysis (LDA) effect size (LEfSe) method to identify SZ-associated fecal key functional fungi. Figure 3A displayed cladograms that highlight differentiating fungal biomarkers from the phylum to species levels, illustrating the representation of fungal taxa between SZ patients and HCs. Figure 3B showed potential SZ-associated fungal biomarkers at various taxonomic levels (LDA score > 3.5, p < 0.05), with the most distinctive biomarkers at the species level including Purpureocillium lilacinum, Saccharomyces cerevisiae, Apiotrichum domesticum, Malassezia restricta, Monascus purpureus, Trametes hirsute, and Candida tropicalis.
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Figure 3 | Differential fecal mycobiota between the SZ patients and healthy controls. (A) LEfSe cladograms illustrating fungal taxa significantly associated with SZ patients or healthy controls. The size of each circle represents the relative abundance of the fungal taxon, with circles indicating taxonomic levels from inner to outer: phylum, class, order, family, genus, and species. Statistical significance was determined using the Wilcoxon rank-sum test (p < 0.05). (B) Histogram displaying the distribution of Linear Discriminant Analysis (LDA) scores (> 3.5) for fungal taxa with the greatest differences in abundance between SZ patients and healthy controls (p < 0.05).

Then, we compared the fecal mycobiota between the two groups at specific taxonomic levels using MetaStats 2.0. At the phylum level, SZ patients exhibited an increased abundance of Basidiomycota and a decrease in Ascomycota (Figure 4A). The Basidiomycota/Ascomycota ratio was significantly higher in SZ patients, which may serve as a potential indicator of mycobiota dysbiosis. At the family level, 13 families including Malasseziaceae, Saccharomycetaceae, Polyporaceae, Cladosporiaceae, and Schizophyllaceae were elevated in SZ patients, and other four families such as Ophiocordycipitaceae, Sclerotiniaceae, Coniothyriaceae, and Chaetothyriales_Incertae_sedis were significantly reduced (Figure 4B). At the genus level, 26 genera including Candida, Aspergillus, Saccharomyces, Apiotrichum and Malassezia were more abundant in SZ patients, while Purpureocillium was almost diminished (Figure 4C). At the species level, C. albicans, S. cerevisiae, A. domesticum, M. purpureus, and M. restricta were more abundant in SZ patients, whereas species such as P. lilacinum, Botrytis caroliniana, Aspergillus salinarum, and Sarocladium strictum were significantly reduced (Figure 4D).

[image: Bar charts depicting the relative abundance of different taxonomic groups at the Phylum (A), Family (B), Genus (C), and Species (D) levels. Each chart compares two groups, labeled as “Con” in red and “SZ” in blue. Significant differences are marked with asterisks. The charts show variations in abundance across categories, with the “SZ” group generally having higher values in many instances. Each axis is labeled with relative abundance percentages.]
Figure 4 | Differential fecal fungal taxa between SZ patients and healthy controls. (A) Key differential functional phyla; (B) Key differential functional families; (C) Key differential functional genera; (D) Key differential functional species. Data are presented as mean ± standard deviation. Mann–Whitney U-tests were used to assess differences between SZ patients and healthy controls. * p < 0.05 compared to the control group.

We evaluated the potential of key functional fungal species in distinguishing SZ patients from HCs using Random Forest and ROC analysis. Random Forest is a machine learning classification model that can efficiently and accurately classify microbial community samples. Mean Decrease Gini is used to compare the importance of variables by calculating their effect on the heterogeneity of the classification model. A higher value indicates that the key species is more important (Figure 5A). ROC curves were then generated to assess the diagnostic performance of these fungal species at the species level, with area under the curve (AUC) values reflecting their accuracy. Among the differential species, P. lilacinum (AUC = 0.99), S. cerevisiae (AUC = 0.95), Clonostachys rosea (AUC = 0.88), Phanerochaete livescens (AUC = 0.85), Coprinopsis clastophylla (AUC = 0.85), and Ophiosphaerella aquatica (AUC = 0.85) demonstrated significant discriminatory power (Figure 5B). These findings suggest that the identified fecal fungal species could serve as potential non-invasive biomarkers for diagnosing SZ in comparison to HCs.

[image: Panel A shows a dot plot highlighting various species based on mean decrease in Gini importance and relative abundance. The highest point is s_Purpureocillium_lilacinum. Panel B presents an ROC curve with a high AUC value for the same species, reaching 0.99. Other species have varying AUCs, with s_Saccharomyces_cerevisiae at 0.95 and s_Aspergillus_penicillioides at 0.75, as shown in the legend.]
Figure 5 | Diagnostic potential of differential fungal species in SZ patients. (A) Random Forest analysis with Mean Decrease Gini indicating the importance of different fungal species. (B) Receiver-operating characteristic (ROC) curves for individual fungal species to distinguish SZ patients from healthy controls. AUC represents the area under the ROC curve.





Altered functional traits of fecal mycobiota in SZ patients

Using PiCRUSt2, we compared enzyme classification (EC) numbers and MetaCyc pathway predictions between the two groups but found no significant differences. To further assess fungal functional roles, we employed FUNGuild, a comprehensive database that categorizes fungal taxa into distinct functional guilds based on their trophic strategies and ecological roles. Fungal taxa were classified into five functional guilds: animal pathogen, soil saprotroph, fungal parasite, wood saprotroph, and animal endosymbiont. Notably, the SZ-associated mycobiome exhibited an increased abundance of animal pathogens, fungal parasites, and wood saprotrophs, while soil saprotrophs and animal endosymbionts were reduced (Figure 6). These shifts in functional guild composition suggest potential gut mycobiome-host interactions that may influence SZ pathology.

[image: Box plots display the relative abundance of five groups: Animal Pathogen, Soil Saprotroph, Fungal Parasite, Wood Saprotroph, and Animal Endosymbiont. Two groups are compared: Con (red) and SZ (blue). Notable p-values indicate statistical significance: 1.86e-03 for Animal Pathogen, 4.93e-02 for Soil Saprotroph, 1.09e-19 for Fungal Parasite, 7.53e-05 for Wood Saprotroph, and 9.36e-09 for Animal Endosymbiont.]
Figure 6 | Functional prediction of nutritional modes of fungi in the fecal mycobiota of SZ patents. (A) Animal Pathogen; (B) Soil Saprotroph; (C) Fungal Parasite; (D) Wood Saprotroph; (E) Animal Endosymbiont.

Additionally, multiplex cytokine analysis revealed significant elevations in Eotaxin, IL-1β, IL-4, IL-6, IL-8, MIP-1α, and TNF-α in SZ patients, whereas IFN-γ, IL-9, IL-1ra, IL-13, MCP-1, MIP-1β, and RANTES were reduced (p < 0.05), indicating a complex immune dysfunction associated with SZ. Spearman’s correlation analysis identified two distinct clusters linking key fungal species with altered cytokines (Figure 7). Cluster I demonstrated that SZ-enriched species, such as S. cerevisiae, were positively correlated with elevated cytokine levels, whereas SZ-reduced species, like P. lilacinum, exhibited negative correlations with these cytokines. In contrast, cluster II highlighted that P. lilacinum was positively correlated with reduced cytokines, while S. cerevisiae showed negative correlations these cytokines. These findings suggest that SZ-associated fungal taxa may contribute to immune dysfunction, potentially influencing SZ pathogenesis through host-mycobiota-immune interactions.
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Figure 7 | Correlations between fecal differential fungal species and systemic immune dysfunction in SZ patients. The heatmap illustrates Spearman’s rank correlations (r) and associated p-values between key functional differential species of gut mycobiota and circulating inflammatory cytokines, chemokines, and growth factors in SZ patients. Significant correlations (*p < 0.05; **p < 0.01; ***p < 0.001) are indicated.






Discussion

Fungi represent the second-largest microbial group in the human microbiome, yet they have traditionally received less attention than bacteria in microbiome research (25). Historically, studies of the gut microbiome have primarily focused on bacterial communities, while the role of fungi has remained underexplored. This disparity in focus arises partly from the lower abundance of fungi in the gut compared to bacteria, as well as the technical challenges associated with culturing fungi and the complexities involved in their molecular and phylogenetic characterization (26). These factors have contributed to the relative underrepresentation of fungi in early gut microbiome studies (27). Nevertheless, recent advancements in molecular techniques, particularly high-throughput next-generation sequencing, have facilitated a more comprehensive investigation of the gut mycobiota (28). Specifically, ITS sequencing has allowed for more accurate assessments of fungal diversity and function within the gut, offering new insights into the role of the mycobiota in health and disease (29). Emerging research utilizing ITS sequencing has underscored the crucial role that the gut mycobiota plays in maintaining both physical and mental health (5, 7, 14, 30, 31). Fungal species within the gut microbiome have been shown to influence a variety of physiological processes, including immune regulation, metabolic pathways, and neurological function. Dysbiosis, or an imbalance in the gut mycobiota, has been linked to several health conditions, ranging from gastrointestinal diseases and metabolic disorders to neuropsychiatric conditions such as Alzheimer’s disease (AD), autism spectrum disorders, and Rett syndrome (5, 18, 30, 32–34). Alterations in the gut mycobiota can contribute to the pathogenesis of these diseases through several mechanisms, including disruption of immune responses, impairment of gut barrier integrity, and modulation of neuroactive substances. In our prior research, we identified fungal species such as C. tropicalis and S. commune as being enriched in AD patients, suggesting that these species may play a role in modulating host immunity and influencing neurological function (18). While previous studies have reported gut mycobiota dysbiosis in Chinese adult SZ cohorts (35, 36), the role of the gut mycobiota in elderly SZ patients remains largely unexplored. Given the age-related changes in the gut microbiome and immune system, it is critical to extend this line of research to understand how the gut mycobiota may influence the onset and progression of SZ in elderly.

Our study represents a comprehensive investigation into the roles of the gut mycobiota in SZ, particularly in elderly patients, revealing significant alterations in fungal composition, diversity, and functional potential that correlate with systemic immune dysfunction. Contrary to typical bacterial dysbiosis patterns in SZ, which often show reduced diversity (9), we observed elevated α-diversity (Shannon, Simpson) and richness (Chao1, ACE) in the gut mycobiota of SZ patients. This divergence suggests that fungal and bacterial communities may respond differently to disease-associated perturbations. The underlying mechanisms for this divergent response remain unclear but could be related to the specific ecological niches occupied by fungi and bacteria in the gut, as well as their differing interactions with the host immune system. Dollive et al. has found that antibiotic treatment increases the fungal diversity in mice, which was reversed after treatment interruption (37). This highlights the dynamic nature of the gut mycobiota and suggests that fungi and bacteria are not isolated entities but rather parts of a larger, interconnected ecosystem. Interestingly, decreased gut fungal diversity has been reported in adult SZ patients (35, 36), which aligns with the bacterial dysbiosis seen in SZ. Shuai et al. demonstrated that age plays a key role in shaping gut fungal composition, with age being the most significant factor in interindividual variation in the gut mycobiota, suggesting that some fungal taxa change over time (38). The dynamic age-related gut mycobiota changes highlight the need to explore key fungi more carefully. The differences observed between adult and elderly SZ patients in our study may reflect the influence of aging, suggesting that age-related factors may modulate the role of the gut mycobiota in SZ pathophysiology.

In our elderly cohort, we observed a notable dysbiosis in the fecal mycobiota of SZ patients, characterized by an elevated Basidiomycota/Ascomycota ratio. This imbalance in fungal composition suggests potential alterations in the gut mycobiota that could be linked to SZ pathology. Similar shifts in the Basidiomycota/Ascomycota ratio have been reported in other neurological and gastrointestinal disorders, such as multiple sclerosis, Parkinson’s disease (PD), irritable bowel syndrome (IBS), and inflammatory bowel disease (IBD) (39–43). The overrepresentation of Candida, Saccharomyces and Aspergillus, along with a depletion of Purpureocillium, may disrupt gut homeostasis in SZ patients, potentially exacerbating gut permeability and promoting systemic inflammation. Immune dysregulation has long been proposed as a key environmental factor in the pathogenesis of SZ. Recent advances in the immunopsychiatric field have provided compelling evidence for the involvement of both innate and adaptive immune components in SZ (44). Our immunological analysis reveals complex disturbances in elderly SZ patients, suggesting that chronic, low-grade inflammation may impair cognitive function in this population (45, 46). Notably, the reduced abundance of P. lilacinum in SZ patients, correlated with pro-inflammatory cytokines like TNF-α, MCP-1 and MIP-1β, indicates its potential role in immune modulation. Interestingly, our previous oral mycobiota study in these patients showed opposite associations, where P. lilacinum positively correlated with inflammatory markers such as TNF-α, MIP-1α and Eotaxin (15). Yuan et al. further suggested that elevated Purpureocillium abundance in adults with SZ was linked to worse cognitive function, potentially mediated by metabolites like leucinostatin Y, which could disrupt amino acid metabolism and neuroinflammation (36, 47). While P. lilacinum is often considered opportunistic pathogenic, its production of purlisin, a defensin with immunosuppressive and antibacterial properties, complicates its role in SZ (48). Additionally, secondary metabolites like hydroxybenzoic acids demonstrate anti-inflammatory and immunomodulatory properties (49). These contrasting findings likely reflect tissue-specific and age-dependent effects, with P. lilacinum potentially serving protective roles in the elderly gut while contributing to mucosal defense in the oral cavity. Enterotype analysis further revealed a shift from Purpureocillium-dominant (E1) to Candida-dominant (E2) communities in SZ, which could influence disease progression and symptomatology (50). Several Candida species are known to be pathogenic and can contribute to systemic inflammation (51, 52). For instance, C. albicans has been associated with gut dysbiosis and various inflammatory conditions (51). It activates the NF-κB and MAPK signaling pathways via upregulating expression of a small secreted cysteine-rich protein Sel1, inducing the expression of proinflammatory cytokines and chemokines (53). Elevated C. albicans in SZ patients has been linked to worsened psychiatric symptoms (54), with probiotic treatment potentially alleviating symptoms by reducing C. albicans antibody levels (55). This association underscores the potential therapeutic value of modulating the gut mycobiota for improving clinical outcomes in SZ. Our findings diverge from previous studies in adult SZ patients (35, 36), representing a novel observation specifically in elderly SZ patients. These age-dependent differences may reflect variations in immune function, gut motility, and dietary habits, suggesting that aging may make elderly SZ patients more vulnerable to specific fungal dysbiosis or exacerbate pre-existing vulnerabilities.

Using LEfSe and MetaStats, key functional fungi were identified within the gut mycobiota associated with SZ. Specifically, S. cerevisiae, A. domesticum, M. purpureus, and M. restricta were enriched in SZ patients, while B. caroliniana, A. salinarum, and S. strictum were significantly reduced. Despite these findings, the precise roles of most of these fungi in SZ pathophysiology remain largely undefined and warrant further exploration. S. cerevisiae is generally considered a beneficial microorganism, commonly used as a probiotic and food additive. However, our study found significant enrichment of S. cerevisiae in SZ patients, aligning with previous research showing that both S. cerevisiae and C. albicans are highly prevalent in the mucosa and feces of patients with IBD, especially in those with Crohn’s disease (CD) (56, 57). The colonization of S. cerevisiae can trigger immune responses, leading to the production of anti-S. cerevisiae antibodies (ASCA), which are used as biomarkers for distinguishing between CD and ulcerative colitis (UC), as well as for monitoring IBD progression (58). In our study, S. cerevisiae was correlated with elevated pro-inflammatory cytokines, including Eotaxin, IL-1β, IL-4, IL-6, IL-8, MIP-1α, and TNF-α, all of which are associated with immune activation and inflammation—key features of immune dysregulation in SZ. Moreover, Galimberti et al. indicated that elevated levels of anti-S. cerevisiae antibodies, which are linked to gut permeability, are associated with an increased risk of SZ (59). These antibodies are considered a marker of intestinal inflammation, with particularly high levels observed in individuals experiencing recent-onset SZ (60–62). These findings suggest that S. cerevisiae may play a context-dependent role in SZ pathogenesis, potentially contributing to immune dysregulation in genetically or environmentally susceptible individuals. Our findings underscore the complex involvement of gut microbiota in SZ and propose that S. cerevisiae may act as a mediator of immune dysregulation, challenging the traditional view of it as a purely beneficial microorganism. Previous studies have also demonstrated that the increased abundance of C. albicans and S. cerevisiae is positively correlated with the severity of SZ symptoms (55). However, in contrast to previous reports, C. albicans was not correlated with inflammatory mediators in SZ patients. Instead, C. tropicalis was negatively correlated with chemokines such as MIP-1β, RNATES, and anti-inflammatory cytokines like IL-1ra. Various strains of C. tropicalis, isolated from environmental, industrial, and clinical settings, may exhibit distinct behaviors based on their source. Doan et al. recently observed a novel role for commensal C. tropicalis in resolving intestinal inflammation through vitamin B3 metabolism modulation using its nicotinamidase in a strains-dependent manner (63). Notably, the C. tropicalis strain MYA-3404, but not clinical isolates from Crohn’s disease patients, is a potent inducer of IL-17A from Th17 and γδ T cells, as well as IL-22 from ILC3s, thereby enhancing intestinal barrier function by promoting epithelial cell proliferation and inducing goblet cell differentiation (63). Furthermore, Roberts et al. observed that C. tropicalis may produce molecules that inhibit C. albicans adhesion to the intestinal surface, reducing biofilm formation (64). Additionally, M. restricta, a common saprophytic gut pathogen, was found to promote the secretion of Th2-type cytokines upon its presence (65), which may potentially influence the prognosis and severity of SZ (66). Phuna et al. demonstrated that M. restricta can induce neuroinflammation by activating helper Th1 and Th17 immune responses in AD mice (67). ITS sequencing has identified Malassezia DNA in the brains of patients with AD, multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) (68–70), further suggesting its potential involvement in neurological conditions. Moreover, the presence of Malassezia has been suggested in relation to PD (71), and confirming this link could allow for the examination of anti-Malassezia antibody titers as potential clinical biomarkers (72). However, the exact role of Malassezia in these disorders remains unclear, but its ability to infect human cells, enter the bloodstream, cross the blood-brain barrier, and coexist with lipid-rich neuronal cells may contribute to its pathogenic mechanisms. An increased abundance of Aspergillus has been observed in the fecal and oral mycobiota of elderly SZ patient, while a decrease is noted in adult patients (73). Yuan et al. observed a positive correlation between Aspergillus and cognitive function, with its protective effect against SZ attributed to chitin-mediated anti-inflammatory properties through the induction of IL-1ra (47). They also observed that a lower abundance of Aspergillus and a higher abundance of Megasphaera may contribute to an upregulated inflammatory status in SZ patients (36). Contrary to these findings in adult patients, the increased Aspergillus abundance in elderly patients was not correlated with inflammatory indicators, which might be due to age-related differences in immune response or altered gut microbiota composition in the elderly population. These results indicate that the composition of the gut mycobiota, specifically the presence of species like S. cerevisiae and P. lilacinum, may influence the immune system in SZ patients, potentially contributing to the pathology of the disorder through complex host-mycobiota-immune interactions.

Although the precise mechanistic roles of these key functional fungi in SZ pathogenesis remain incompletely understood (74), our ROC analysis identified several species with exceptional discriminatory power (AUC > 0.85), suggesting their potential as non-invasive diagnostic biomarkers or therapeutic targets (75, 76). Most notably, P. lilacinum (AUC = 0.99) demonstrated near-perfect classification accuracy, with its dramatic depletion in SZ patients correlating strongly with elevated pro-inflammatory cytokines and reduced anti-inflammatory markers. This suggests P. lilacinum may serve a protective, immunomodulatory role in gut-brain axis homeostasis, possibly through its known antimicrobial properties that suppress pathogenic overgrowth. Conversely, the enrichment of S. cerevisiae (AUC = 0.95) and its positive association with pro-inflammatory cytokines (IL-1β, IL-8) aligns with emerging evidence of fungal-induced gut barrier disruption and autoantibody production in SZ. The divergent correlations of C. tropicalis (reduced IL-1ra/MIP-1β despite overall enrichment) further underscore the complex, species-specific interactions between fungi and host immunity. Our previous study on oral mycobiota also demonstrated that C. albicans and M. restricta possess discriminatory potential in distinguishing SZ patients from HCs (15). These ROC-driven insights not only position specific fungal taxa as robust classifiers of SZ but also suggest their functional involvement in disease-related immune dysregulation - whether as primary drivers or secondary amplifiers of pathology. Importantly, the high predictive accuracy of these mycobiota signatures (particularly P. lilacinum) supports their potential utility in clinical stratification, while their mechanistic links to inflammation offer testable hypotheses for mycobiota-targeted interventions, such as probiotic restoration of commensal fungi or antifungal modulation of pathobionts.

However, our study is not without limitations. First, although it highlights the interactions between the mycobiota and the immune system in SZ, causality remains unclear. The cross-sectional design precludes the establishment of definitive causal relationships. Longitudinal studies are necessary to elucidate the temporal dynamics of the gut mycobiota and its role in the onset and progression of SZ. Second, mechanistic experiments using animal models could provide insights into how specific fungal species modulate neuroinflammation. Future research should prioritize longitudinal investigations to determine whether these fungal alterations precede disease onset and to explore their causal roles through gnotobiotic models. Third, the interplay between the gut mycobiota and other microbial communities, including bacteria and viruses, requires further exploration. A more comprehensive understanding of these microbial populations will be crucial in elucidating their collective impact on mental health.

In conclusion, our study provides a comprehensive characterization of the significant alterations in fungal diversity, composition, and functional potential that are associated with systemic immune dysfunction in elderly individuals with SZ. These findings offer valuable insights into the potential role of the gut mycobiota in SZ pathophysiology. Notably, we observed a shift in the SZ-associated gut mycobiota from a Purpureocillium-dominant enterotype to a Candida-dominant profile. This suggests that specific gut fungi, particularly Purpureocillium and Saccharomyces, may play a critical role in modulating host immune responses, thereby contributing to the onset and progression of SZ. Our results expand the gut-brain axis paradigm, highlighting these key fungal species as potential diagnostic biomarkers and therapeutic targets. Further research into the interactions between the mycobiota and the immune system, as well as the development of strategies to modulate the mycobiota, could pave the way for novel therapeutic approaches for SZ and other neuropsychiatric disorders.





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 below: https://www.ncbi.nlm.nih.gov/, PRJNA1243042.





Ethics statement

The studies involving humans were approved by the Ethics Committee of the Lishui Second People’s Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

ZL: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Validation, Writing – original draft, Writing – review & editing. YC: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. XL: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Resources, Validation, Writing – original draft, Writing – review & editing. XX: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. LW: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Writing – original draft. LS: Formal Analysis, Investigation, Methodology, Software, Writing – original draft. ZZ: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. WD: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. QS: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. LZ: Data curation, Formal Analysis, Methodology, Writing – original draft. GJ: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This present work was funded by the grants of the National S&T Major Project of China (2023YFC2308400), Lishui Basic Public Welfare Research Project (2020SJZC004), Shandong Provincial Laboratory Project (SYS202202), the Fundamental Research Funds for the Central Universities (2025ZFJH003), the Taishan Scholar Foundation of Shandong Province (tsqn202103119), the Foundation of China’s State Key Laboratory for Diagnosis and Treatment of Infectious Diseases (ZZ202316 and ZZ202319).




Acknowledgments

The authors thank all the participants who recruited patients in this study.





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

	 Mccutcheon RA, Keefe RSE. and Mcguire, P.K. Cognitive impairment in schizophrenia: etiology, pathophysiology, and treatment. Mol Psychiatry. (2023) 28:1902–18. doi: 10.1038/s41380-023-01949-9, PMID: 36690793


	 Marder SR, Cannon TD. Schizophrenia. N Engl J Med. (2019) 381:1753–61. doi: 10.1056/NEJMra1808803, PMID: 31665579


	 Trubetskoy V, Pardiñas AF, Qi T, Panagiotaropoulou G, Awasthi S, Bigdeli TB, et al. Mapping genomic loci implicates genes and synaptic biology in schizophrenia. Nature. (2022) 604:502–8. doi: 10.1038/s41586-022-04434-5, PMID: 35396580


	 Hilker R, Helenius D, Fagerlund B, Skytthe A, Christensen K, Werge TM, et al. Heritability of schizophrenia and schizophrenia spectrum based on the nationwide danish twin register. Biol Psychiatry. (2018) 83:492–8. doi: 10.1016/j.biopsych.2017.08.017, PMID: 28987712


	 Li XV, Leonardi I, Iliev ID. Gut mycobiota in immunity and inflammatory disease. Immunity. (2019) 50:1365–79. doi: 10.1016/j.immuni.2019.05.023, PMID: 31216461


	 Huang H, Wang Q, Yang Y, Zhong W, He F, Li J. The mycobiome as integral part of the gut microbiome: crucial role of symbiotic fungi in health and disease. Gut Microbes. (2024) 16:2440111. doi: 10.1080/19490976.2024.2440111, PMID: 39676474


	 Wu X, Xia Y, He F, Zhu C, Ren W. Intestinal mycobiota in health and diseases: from a disrupted equilibrium to clinical opportunities. Microbiome. (2021) 9:60. doi: 10.1186/s40168-021-01024-x, PMID: 33715629


	 Forbes JD, Bernstein CN, Tremlett H, Van Domselaar G, Knox NC. A fungal world: could the gut mycobiome be involved in neurological disease? Front Microbiol. (2018) 9:3249. doi: 10.3389/fmicb.2018.03249, PMID: 30687254


	 Ling Z, Jin G, Yan X, Cheng Y, Shao L, Song Q, et al. Fecal dysbiosis and immune dysfunction in chinese elderly patients with schizophrenia: an observational study. Front Cell Infect Microbiol. (2022) 12:886872. doi: 10.3389/fcimb.2022.886872, PMID: 35719348


	 Ling Z, Lan Z, Cheng Y, Liu X, Li Z, Yu Y, et al. Altered gut microbiota and systemic immunity in Chinese patients with schizophrenia comorbid with metabolic syndrome. J Transl Med. (2024) 22:729. doi: 10.1186/s12967-024-05533-9, PMID: 39103909


	 Xu R, Wu B, Liang J, He F, Gu W, Li K, et al. Altered gut microbiota and mucosal immunity in patients with schizophrenia. Brain Behav Immun. (2020) 85:120–7. doi: 10.1016/j.bbi.2019.06.039, PMID: 31255682


	 Murray N, Al Khalaf S, Bastiaanssen TFS, Kaulmann D, Lonergan E, Cryan JF, et al. Compositional and functional alterations in intestinal microbiota in patients with psychosis or schizophrenia: A systematic review and meta-analysis. Schizophr Bull. (2023) 49:1239–55. doi: 10.1093/schbul/sbad049, PMID: 37210594


	 Zhu F, Guo R, Wang W, Ju Y, Wang Q, Ma Q, et al. Transplantation of microbiota from drug-free patients with schizophrenia causes schizophrenia-like abnormal behaviors and dysregulated kynurenine metabolism in mice. Mol Psychiatry. (2020) 25:2905–18. doi: 10.1038/s41380-019-0475-4, PMID: 31391545


	 Yetgin A. Exploring the link between the gut mycobiome and neurological disorders. Advanced Gut Microbiome Res. (2024) 2024:9965893. doi: 10.1155/2024/9965893


	 Liu X, Ling Z, Cheng Y, Wu L, Shao L, Gao J, et al. Oral fungal dysbiosis and systemic immune dysfunction in Chinese patients with schizophrenia. Transl Psychiatry. (2024) 14:475. doi: 10.1038/s41398-024-03183-5, PMID: 39572530


	 Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-resolution sample inference from Illumina amplicon data. Nat Methods. (2016) 13:581–3. doi: 10.1038/nmeth.3869, PMID: 27214047


	 Ling Z, Cheng Y, Liu X, Yan X, Wu L, Shao L, et al. Altered oral microbiota and immune dysfunction in Chinese elderly patients with schizophrenia: a cross-sectional study. Transl Psychiatry. (2023) 13:383. doi: 10.1038/s41398-023-02682-1, PMID: 38071192


	 Ling Z, Zhu M, Liu X, Shao L, Cheng Y, Yan X, et al. Fecal fungal dysbiosis in chinese patients with alzheimer’s disease. Front Cell Dev Biol. (2020) 8:631460. doi: 10.3389/fcell.2020.631460, PMID: 33585471


	 Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al. PICRUSt2 for prediction of metagenome functions. Nat Biotechnol. (2020) 38:685–8. doi: 10.1038/s41587-020-0548-6, PMID: 32483366


	 Caspi R, Billington R, Keseler IM, Kothari A, Krummenacker M, Midford PE, et al. The MetaCyc database of metabolic pathways and enzymes - a 2019 update. Nucleic Acids Res. (2020) 48:D445–d453. doi: 10.1093/nar/gkz862, PMID: 31586394


	 Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, et al. FUNGuild: an open annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. (2016) 20:241–8. doi: 10.1016/j.funeco.2015.06.006


	 Ling Z, Cheng Y, Yan X, Shao L, Liu X, Zhou D, et al. Alterations of the fecal microbiota in chinese patients with multiple sclerosis. Front Immunol. (2020) 11:590783. doi: 10.3389/fimmu.2020.590783, PMID: 33391265


	 Ling Z, Zhu M, Yan X, Cheng Y, Shao L, Liu X, et al. Structural and functional dysbiosis of fecal microbiota in chinese patients with alzheimer’s disease. Front Cell Dev Biol. (2020) 8:634069. doi: 10.3389/fcell.2020.634069, PMID: 33614635


	 Costea PI, Hildebrand F, Arumugam M, Bäckhed F, Blaser MJ, Bushman FD, et al. Enterotypes in the landscape of gut microbial community composition. Nat Microbiol. (2018) 3:8–16. doi: 10.1038/s41564-017-0072-8, PMID: 29255284


	 Kong HH, Segre JA. Cultivating fungal research. Science. (2020) 368:365–6. doi: 10.1126/science.aaz8086, PMID: 32327584


	 Szóstak N, Handschuh L, Samelak-Czajka A, Tomela K, Schmidt M, Pruss Ł., et al. Host factors associated with gut mycobiome structure. mSystems. (2023) 8:e0098622. doi: 10.1128/msystems.00986-22, PMID: 36786595


	 Maas E, Penders J, Venema K. Fungal-bacterial interactions in the human gut of healthy individuals. J Fungi (Basel). (2023) 9:139. doi: 10.3390/jof9020139, PMID: 36836254


	 Yan Q, Li S, Yan Q, Huo X, Wang C, Wang X, et al. A genomic compendium of cultivated human gut fungi characterizes the gut mycobiome and its relevance to common diseases. Cell. (2024) 187:2969–2989.e2924. doi: 10.1016/j.cell.2024.04.043, PMID: 38776919


	 Zhang Z, Zhang Y, Yuan Q, Wang Z, Hu S, Yin P, et al. A meta-analysis of the human gut mycobiome using internal transcribed spacer data. Microorganisms. (2024) 12:2567. doi: 10.3390/microorganisms12122567, PMID: 39770770


	 Hadrich I, Turki M, Chaari I, Abdelmoula B, Gargouri R, Khemakhem N, et al. Gut mycobiome and neuropsychiatric disorders: insights and therapeutic potential. Front Cell Neurosci. (2024) 18:1495224. doi: 10.3389/fncel.2024.1495224, PMID: 39845646


	 Franklin F, Rajamanikam A, Phang WK, Raju CS, Gill JS, Francis B, et al. Establishing associated risk factors, including fungal and parasitic infections among Malaysians living with schizophrenia. Sci Rep. (2024) 14:385. doi: 10.1038/s41598-023-50299-7, PMID: 38172146


	 Niu C, Tu Y, Jin Q, Chen Z, Yuan K, Wang M, et al. Mapping the human oral and gut fungal microbiota in patients with metabolic dysfunction-associated fatty liver disease. Front Cell Infect Microbiol. (2023) 13:1157368. doi: 10.3389/fcimb.2023.1157368, PMID: 37180439


	 Strati F, Cavalieri D, Albanese D, De Felice C, Donati C, Hayek J, et al. New evidences on the altered gut microbiota in autism spectrum disorders. Microbiome. (2017) 5:24. doi: 10.1186/s40168-017-0242-1, PMID: 28222761


	 Strati F, Cavalieri D, Albanese D, De Felice C, Donati C, Hayek J, et al. Altered gut microbiota in Rett syndrome. Microbiome. (2016) 4:41. doi: 10.1186/s40168-016-0185-y, PMID: 27473171


	 Zhang X, Pan LY, Zhang Z, Zhou YY, Jiang HY, Ruan B. Analysis of gut mycobiota in first-episode, drug-naïve Chinese patients with schizophrenia: A pilot study. Behav Brain Res. (2020) 379:112374. doi: 10.1016/j.bbr.2019.112374, PMID: 31759045


	 Yuan X, Li X, Kang Y, Pang L, Hei G, Zhang X, et al. Gut mycobiota dysbiosis in drug-naïve, first-episode schizophrenia. Schizophr Res. (2022) 250:76–86. doi: 10.1016/j.schres.2022.10.011, PMID: 36370535


	 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, PMID: 23977147


	 Shuai M, Fu Y, Zhong HL, Gou W, Jiang Z, Liang Y, et al. Mapping the human gut mycobiome in middle-aged and elderly adults: multiomics insights and implications for host metabolic health. Gut. (2022) 71:1812–20. doi: 10.1136/gutjnl-2021-326298, PMID: 35017200


	 Gu Y, Zhou G, Qin X, Huang S, Wang B, Cao H. The potential role of gut mycobiome in irritable bowel syndrome. Front Microbiol. (2019) 10:1894. doi: 10.3389/fmicb.2019.01894, PMID: 31497000


	 Cirstea MS, Sundvick K, Golz E, Yu AC, Boutin RCT, Kliger D, et al. The gut mycobiome in parkinson’s disease. J Parkinsons Dis. (2021) 11:153–8. doi: 10.3233/jpd-202237, PMID: 33164944


	 Gorostidi-Aicua M, Reparaz I, Otaegui-Chivite A, García K, Romarate L, Álvarez De Arcaya A, et al. Bacteria-fungi interactions in multiple sclerosis. Microorganisms. (2024) 12:872. doi: 10.3390/microorganisms12050872, PMID: 38792701


	 Sokol H, Leducq V, Aschard H, Pham HP, Jegou S, Landman C, et al. Fungal microbiota dysbiosis in IBD. Gut. (2017) 66:1039–48. doi: 10.1136/gutjnl-2015-310746, PMID: 26843508


	 Balderramo DC, Romagnoli PA, Granlund AVB, Catalan-Serra I. Fecal fungal microbiota (Mycobiome) study as a potential tool for precision medicine in inflammatory bowel disease. Gut Liver. (2023) 17:505–15. doi: 10.5009/gnl220537, PMID: 37305948


	 Chen S, Tan Y, Tian L. Immunophenotypes in psychosis: is it a premature inflammaging disorder? Mol Psychiatry. (2024) 29:2834–48. doi: 10.1038/s41380-024-02539-z, PMID: 38532012


	 Pape K, Tamouza R, Leboyer M, Zipp F. Immunoneuropsychiatry - novel perspectives on brain disorders. Nat Rev Neurol. (2019) 15:317–28. doi: 10.1038/s41582-019-0174-4, PMID: 30988501


	 Marrie RA, Walld R, Bolton JM, Sareen J, Walker JR, Patten SB, et al. Increased incidence of psychiatric disorders in immune-mediated inflammatory disease. J Psychosom Res. (2017) 101:17–23. doi: 10.1016/j.jpsychores.2017.07.015, PMID: 28867419


	 Yuan X, Li X, Pang L, Kang Y, Hei G, Zhang X, et al. Association between Purpureocillium, amino acid metabolism and cognitive function in drug-naïve, first-episode schizophrenia. BMC Psychiatry. (2025) 25:524. doi: 10.1186/s12888-025-06965-3, PMID: 40405167


	 Shen B, Cao Z, Wu Y, Yi W, Zhu Z, Lv Z, et al. Purlisin, a toxin-like defensin derived from clinical pathogenic fungus Purpureocillium lilacinum with both antimicrobial and potassium channel inhibitory activities. FASEB J. (2020) 34:15093–107. doi: 10.1096/fj.202000029RR, PMID: 32918769


	 Chen W, Hu Q. Secondary metabolites of purpureocilliumlilacinum. Molecules. (2021) 27:18. doi: 10.3390/molecules27010018, PMID: 35011248


	 Lai S, Yan Y, Pu Y, Lin S, Qiu JG, Jiang BH, et al. Enterotypes of the human gut mycobiome. Microbiome. (2023) 11:179. doi: 10.1186/s40168-023-01586-y, PMID: 37563687


	 Zaongo SD, Ouyang J, Isnard S, Zhou X, Harypursat V, Cui H, et al. Candida albicans can foster gut dysbiosis and systemic inflammation during HIV infection. Gut Microbes. (2023) 15:2167171. doi: 10.1080/19490976.2023.2167171, PMID: 36722096


	 Reitler P, Regan J, Dejarnette C, Srivastava A, Carnahan J, Tucker KM, et al. The atypical antipsychotic aripiprazole alters the outcome of disseminated Candida albicans infections. Infect Immun. (2024) 92:e0007224. doi: 10.1128/iai.00072-24, PMID: 38899880


	 Wang W, Deng Z, Wu H, Zhao Q, Li T, Zhu W, et al. A small secreted protein triggers a TLR2/4-dependent inflammatory response during invasive Candida albicans infection. Nat Commun. (2019) 10:1015. doi: 10.1038/s41467-019-08950-3, PMID: 30833559


	 Severance EG, Gressitt KL, Stallings CR, Katsafanas E, Schweinfurth LA, Savage CL, et al. Candida albicans exposures, sex specificity and cognitive deficits in schizophrenia and bipolar disorder. NPJ Schizophr. (2016) 2:16018. doi: 10.1038/npjschz.2016.18, PMID: 27336058


	 Severance EG, Gressitt KL, Stallings CR, Katsafanas E, Schweinfurth LA, Savage CLG, et al. Probiotic normalization of Candida albicans in schizophrenia: A randomized, placebo-controlled, longitudinal pilot study. Brain Behav Immun. (2017) 62:41–5. doi: 10.1016/j.bbi.2016.11.019, PMID: 27871802


	 Lewis JD, Chen EZ, Baldassano RN, Otley AR, Griffiths AM, Lee D, et al. Inflammation, antibiotics, and diet as environmental stressors of the gut microbiome in pediatric crohn’s disease. Cell Host Microbe. (2015) 18:489–500. doi: 10.1016/j.chom.2015.09.008, PMID: 26468751


	 Akiyama S, Nishijima S, Kojima Y, Kimura M, Ohsugi M, Ueki K, et al. Multi-biome analysis identifies distinct gut microbial signatures and their crosstalk in ulcerative colitis and Crohn’s disease. Nat Commun. (2024) 15:10291. doi: 10.1038/s41467-024-54797-8, PMID: 39604394


	 Duarte-Silva M, Afonso PC, De Souza PR, Peghini BC, Rodrigues-Júnior V. and De Barros Cardoso, C.R. Reappraisal of antibodies against Saccharomyces cerevisiae (ASCA) as persistent biomarkers in quiescent Crohn’s disease. Autoimmunity. (2019) 52:37–47. doi: 10.1080/08916934.2019.1588889, PMID: 30884988


	 Galimberti D, Dell’osso B, Altamura AC, Scarpini E. Psychiatric symptoms in frontotemporal dementia: epidemiology, phenotypes, and differential diagnosis. Biol Psychiatry. (2015) 78:684–92. doi: 10.1016/j.biopsych.2015.03.028, PMID: 25958088


	 Čiháková D, Eaton WW, Talor MV, Harkus UH, Demyanovich H, Rodriguez K, et al. Gut permeability and mimicry of the Glutamate Ionotropic Receptor NMDA type Subunit Associated with protein 1 (GRINA) as potential mechanisms related to a subgroup of people with schizophrenia with elevated antigliadin antibodies (AGA IgG). Schizophr Res. (2019) 208:414–9. doi: 10.1016/j.schres.2019.01.007, PMID: 30685393


	 Severance EG, Alaedini A, Yang S, Halling M, Gressitt KL, Stallings CR, et al. Gastrointestinal inflammation and associated immune activation in schizophrenia. Schizophr Res. (2012) 138:48–53. doi: 10.1016/j.schres.2012.02.025, PMID: 22446142


	 Dickerson F, Stallings C, Origoni A, Schroeder J, Katsafanas E, Schweinfurth L, et al. Inflammatory markers in recent onset psychosis and chronic schizophrenia. Schizophr Bull. (2016) 42:134–41. doi: 10.1093/schbul/sbv108, PMID: 26294704


	 Doan HT, Cheng LC, Chiu YL, Cheng YK, Hsu CC, Chen YC, et al. Candida tropicalis-derived vitamin B3 exerts protective effects against intestinal inflammation by promoting IL-17A/IL-22-dependent epithelial barrier function. Gut Microbes. (2024) 16:2416922. doi: 10.1080/19490976.2024.2416922, PMID: 39462273


	 Roberts K, Osme A, De Salvo C, Zoli E, Herrada J, Mccormick TS, et al. Candida tropicalis Affects Candida albicans Virulence by Limiting Its Capacity to Adhere to the Host Intestinal Surface, Leading to Decreased Susceptibility to Colitis in Mice. J Fungi (Basel). (2024) 10:245. doi: 10.3390/jof10040245, PMID: 38667916


	 Ishibashi Y, Sugita T, Nishikawa A. Cytokine secretion profile of human keratinocytes exposed to Malassezia yeasts. FEMS Immunol Med Microbiol. (2006) 48:400–9. doi: 10.1111/j.1574-695X.2006.00163.x, PMID: 17069617


	 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, PMID: 29178920


	 Phuna ZX, Madhavan P. A closer look at the mycobiome in Alzheimer’s disease: Fungal species, pathogenesis and transmission. Eur J Neurosci. (2022) 55:1291–321. doi: 10.1111/ejn.15599, PMID: 35048439


	 Alonso R, Pisa D, Marina AI, Morato E, Rábano A, Carrasco L. Fungal infection in patients with Alzheimer’s disease. J Alzheimers Dis. (2014) 41:301–11. doi: 10.3233/jad-132681, PMID: 24614898


	 Alonso R, Fernández-Fernández AM, Pisa D, Carrasco L. Multiple sclerosis and mixed microbial infections. Direct identification of fungi and bacteria in nervous tissue. Neurobiol Dis. (2018) 117:42–61. doi: 10.1016/j.nbd.2018.05.022, PMID: 29859870


	 Alonso R, Pisa D, Marina AI, Morato E, Rábano A, Rodal I, et al. Evidence for fungal infection in cerebrospinal fluid and brain tissue from patients with amyotrophic lateral sclerosis. Int J Biol Sci. (2015) 11:546–58. doi: 10.7150/ijbs.11084, PMID: 25892962


	 Pisa D, Alonso R, Carrasco L. Parkinson’s disease: A comprehensive analysis of fungi and bacteria in brain tissue. Int J Biol Sci. (2020) 16:1135–52. doi: 10.7150/ijbs.42257, PMID: 32174790


	 Laurence M, Benito-León J, Calon F. Malassezia and parkinson’s disease. Front Neurol. (2019) 10:758. doi: 10.3389/fneur.2019.00758, PMID: 31396143


	 Yuan X, Li X, Hei G, Zhang X, Song X. Intestinal mycobiota dysbiosis associated inflammation activation in chronic schizophrenia. Behav Brain Res. (2024) 472:115149. doi: 10.1016/j.bbr.2024.115149, PMID: 39013529


	 Wadhwa K, Kapoor N, Kaur H, Abu-Seer EA, Tariq M, Siddiqui S, et al. A comprehensive review of the diversity of fungal secondary metabolites and their emerging applications in healthcare and environment. Mycobiology. (2024) 52:335–87. doi: 10.1080/12298093.2024.2416736, PMID: 39845176


	 Cai Y, Li Y, Xiong Y, Geng X, Kang Y, Yang Y. Diabetic foot exacerbates gut mycobiome dysbiosis in adult patients with type 2 diabetes mellitus: revealing diagnostic markers. Nutr Diabetes. (2024) 14:71. doi: 10.1038/s41387-024-00328-9, PMID: 39223127


	 Lin P, Sun J, Lou X, Li D, Shi Y, Li Z, et al. Consensus on potential biomarkers developed for use in clinical tests for schizophrenia. Gen Psychiatr. (2022) 35:e100685. doi: 10.1136/gpsych-2021-100685, PMID: 35309241







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.

Copyright © 2025 Ling, Cheng, Liu, Xu, Wu, Shao, Zhu, Ding, Song, Zhao and Jin. 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.


OEBPS/Images/fimmu-16-1607739-g003.jpg
(B)E Con [EEH SZ

| 1 [ | 1 1 | | l [ |
. . é:i Basidiomycota .
. c_Sdccharomycetes
. o_Sactharomycetales
: c_Agaricomycetes

* 0_Polyporales " ——
c_Eurotiom: cetes_:

f_TFichosporqnaceae !
: : 0_Tnch05pqrona|es_ :
: : g_Saccharomyces E ]
. s_Saccharomyces_cerevisiac I
: : 0 Marlasseziales ]
: f_MalasseZziaceae ]
f_Saccharomycefaceae
s_Apiotrichum_domesticum
' Monascus

. . 1.9 _Mo 1S

o_Eurotiomycetidae_ord: Ingedae_sedls
TR O NMonascaceae Em——
: : $_Monascus_purpureus [
; 5 iotrichum

: g__l\/?alassezia_
f olxpdn'aceae_
o

g

aricales

:s_Malassezia_restricta

i T s_Trametes hirsuta EE

! : g_lr_pex_

. .+ f_Irpicaceae

g_Cutaneotfichosporon

T —s_Candida_tropicalis [
s_Aspergillus_sub color [

s_ Aspergillus_penicillioides [ ——
s_Phanerachdete_livescens [

f_Phaffomycetaceae
g_Wickerhampmyces

: s_Papiliotrema_fus ca |
8 Schizophylum
s_Sdhlzofphynum_commune
I Schizobhyilacea: ——
s_Penicillium_concentricum g
_Trichosporon

. s_Cut'aneotric'hosporon_cyanovorans
: s Exophiala_dermatitidis

g_Ophiosphaerella
s_Ophiosphaerella_aquatica
W 4

m: f_Ophiocordycipitaceae a0: c_Tremellomycetes

n: o_Hypocreales LDA SCORE (|Og 10)

9
: : P!
ala‘ssezia_E ogpsla
i i . : . ophiala

B a: f_Herpotrichiellaceae I o: c_Sordariomycetes : : : f_Herpotﬁahiéugceae_:
I b: f_Monascaceae [ p: f_Schizophyllaceae i ; =? Sarqcladilum;_fstrictlum - : i
I c: o_Eurotiomycetidae_ord_Incertae_sedis EEE q: o_Agaricales —————] A);%%Crgeillauzi‘éeﬁmirﬂﬁf ae_sedis
[ d: c_Eurotiomycetes B r: f_Irpicaceae _g_ﬁae{g}gﬁe_smetapsms?s
HEl e: f_Sclerotiniaceae I s: f_Polyporaceae : =C:Leotiomycetés
I f: o_Helotiales B t: o_Polyporales I g Botrytis® .

T ; R : : I s Botrytis_caroliniana
B g: c_Leotiomycetes Bl u: c_Agaricomycetes : I { —Sclerotiniaceae :
B h: f_Phaffomycetaceae B v: f_Malasseziaceae I — [7_AScomy cota:

N i X I ¢ Sordariomycetes
I i: f_Saccharomycetaceae I w: o_Malasseziales =o Eypocrea|els

i . : _Purpureocillium
I j: o_Saccharomycetales HN x: c_MgIassez:omycetes _?_Oph?bcor dycipitaceas :
I k: c_Saccharomycetes I y: f_Trichosporonaceae | “s‘_Purqureocnllpm_hlaqmum | |
Il |: f_Hypocreales_fam_Incertae_sedis I z: o_Trichosporonales -60-48-36-24-12 00 12 24 36 48 6.0
|





OEBPS/Images/cover.jpg
’ frontiers | Frontiersin Immunology

Schizophrenia-associated alterations in
fecal mycobiota and systemic immune
dysfunction: a cohort study of elderly
Chinese patients





OEBPS/Images/fimmu-16-1607739-g001.jpg
(A) (B) 5g-— (©) (D) (E)
- 100
200 200
4 0.75 2
S 150 150 8
= 8 0 50 L g
o g Y ~ Q
= (@]
= 2 8 100 < 100 g %
c 2 < * * [
» O I
[0]
L 2 25
0 0.00 0 + 0 * 0
Con SZ Con SZ Con SZ Con SZ Con SZ
(G) Bray-Curtis (H) jaccard U] Unweighted UniFrac
0.50-{® Con ¢ 0.50- Con s e Con °
e SZ ® SZ 'y 0416 sz [
2 S = g
~
o 025 Q 025 © 02
© < P
& . ..
S 0.00 < 0.004 K00+
O Q o)
= o )
a a
— _0_2_
0.25 o275
-r ______r T T T
-1.0 -0.5 0.0 -1.00 -075 -0.50 -0.25 000 0.25 -06 -03 00 0.3 0.6
PCoA1: 21.94 % PCoA1: 18.89 % PCoA1: 11.23 %
() Weighted UniFrac (K) Rank-Abundance Curves
° —Con
L)
_1e-01 —Sz
® s
> 0.05 P
3
~ gle-03
Do 8
§o.00 . 2
a T1e-05
Q
©
L]
T T T T T T T T
-01 00 01 02 03 04 0 500 1000
PCoA1: 13.25 % Rank





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1607739-g007.jpg
© © ¥ « PRI
O o o oo @ @

uolje|a1io9 s,uewleadg






OEBPS/Images/fimmu-16-1607739-g005.jpg
(A)
s_Purpureocillium_lilacinum
s_Saccharomyces_cerevisiae
s_Apiotrichum_domesticum
s_Malassezia_restricta
s_Aspergillus_penicillioides
s_Cutaneotrichosporon_cyanovorans
s_Trametes_hirsuta
s_Schizophyllum_commune
s_Candida_tropicalis
s_Penicillium_concentricum
s_Monascus_purpureus
s_Papiliotrema_fusca
s_Exophiala_dermatitidis
s_Aspergillus_subversicolor
s_Ophiosphaerella_aquatica
s_Radulomyces_sp
s_Clonostachys_rosea
s_Coprinopsis_clastophylla
s_Phanerochaete_livescens

o

0 10 20 30 10 20 30
Mean Decrease Gini Relative abundance (%)

(B) AUC

1.0

—S_Purpureocillium_lilacinum: 0.99
—s_Saccharomyces_cerevisiae: 0.95

0.8
——s_Clonostachys_rosea: 0.88
——s_Phanerochaete_livescens: 0.85
s_Coprinopsis_clastophylla: 0.85
—S_Ophiosphaerella_aquatica: 0.85
—5_Papiliotrema_fusca: 0.82
—S_Aspergillus_subversicolor: 0.80

——s_Exophiala_dermatitidis: 0.80

©
o

o
~

Sensitivity

=——s_Candida_tropicalis: 0.78
=—5_Schizophyllum_commune: 0.78

e
(V)

~—s_Aspergillus_penicillioides: 0.75
— Reference

0.0

4 0.6 0.8 1.0
1-Specificity





OEBPS/Images/fimmu-16-1607739-g006.jpg
(A) Animal Pathogen (B) Soil Saprotroph  (C) Fungal Parasite (D) Wood Saprotroph  (E) Animal Endosymbiont

1004 . 1.004 . 1.00 4 1.00 : —
[0] a
£0.75- 0.75- 0.75 0.75+ QT Group
e] 5
S Con
3 : 0034 - =
20.50- 0.50- 0.50 - | 0.50 - ‘ | | . Sz
® ‘ : 0.024
[0]
o

0.254 0.254 0.25- 0.25- oot

0.00 0.00- 0.00 - -  |000] == 000{ wm —

p=1.86e-03 p=4.93e-02 p=1.09¢-19 p=7.53¢-05 p=9.36e-09





OEBPS/Images/fimmu-16-1607739-g002.jpg
A)100 B)100 . (C)100
(A) (B) Famil Genus
y
Others - Others
| f_Phaeosphaeriaceae i | g_Penicillium
. . || f_Phaffomycetaceae ~75 [ g_Wickerhamomyces
x 75 x 75 l f_unclassified § . . g_Trametes
S Phy|um ® f_Irpicaceae o . g_lIrpex
2 M t b= [ f_Phanerochaetaceae e [ g_Cutaneotrichosporon
© p_ucoromycola < f_Polyporaceae (o} . Deb
° | p_Rozellomycota T ) g g_bebaryomyces
c — - c || f_Cladosporiaceae = [ g_Cladosporium
2950 | p_unclassified 390 [ f_Monascaceae 2950 —
X - = g_Monascus
© . k_Fungi_unclassified ‘®© [ f Debaryomycetaceae © Mo ’
o by o i o "] g_unclassified
> p_Basidiomycota > k_Fungi_unclassified = ;
® Ascomycota = - ungL = [ | g_Malassezia
% p_ y % B f_Saccharo_mycetaceae % | k_Fungi_unclassified
X 25 X 25 | f Malasseziaceae X 25 | g_Saccharomyces
| f_Aspergillaceae | g_Apiotrichum
f_Trichosporonaceae g_AspergiIIus
- f_Saccharomycetales_Incertae_sedis | g_Candida
|| f_Ophiocordycipitaceae [l g_Purpureacillium
o] 0 0
Con SZ Con SZ Con SZ
(D)ytoo Species (E) (F)
- " Group E3 Purpureocillium
e Con 1.00- ¥ Gandida
| s_Aspergillus_subversicolor ASZ .
| s_Candida_metapsilosis Enterotype o
(g 75 . s_Malasseziaceae_sp @ E1 o
< [ s_Wickerhamomyces_anomalus __ Q. E2 _;E 0.75
8 . g_Cutaneotrichosporon_unclassified X c
5 s_Trametes_hirsuta o 3
2 [ s_Irpex_hydnoides © <
= _Irpex_| 9,
3 50 || s_Malassezia_restricta S 2050
© [ g_Cladosporium_unclassified 0O ©
_g . s_Debaryomyces_udenii &’
© . s_Candida_parapsilosis 025
6 o
& 25 ~s_Monascus_purpureus
| k_Fungi_unclassified 02
s_Apiotrichum_domesticum ’
] s_Saccharomyces_cerevisiae 0.00
[ s_Candida_albicans T T T
| s_Purpureocillium_lilacinum -0.4 -0.2 0.0 0.2

PC1(18.81%)





OEBPS/Images/fimmu-16-1607739-g004.jpg
w o ©
o oo

o o
» 00

0.08
0.04

Relative abundance (%)

Relative abundance (%)
o
S

0.08
0.04
0.00
o ) > © © O @ O @ s $ @
.\.\\0@(\&6‘2’§o *Oe’ecv}@@ee@é}) «\"‘Q@e}z $‘>® do(\(x\'&‘ch’@e@'\\'bg& &P *C'QQOQ&"\%O{& OQQ\V\@&’@QO‘\?\O\&%@?}\‘&&’O o
e & NI ORRL P EFLCLLILEEL,LPE SN &
O P LN SR LS LA LT T LBLFTEER S
& R © 2 SR\ < PR KRS L F P OR
S o ¥ é\'b?sg QO q§\®b &/ (\\’b«oo %(j/ ® ,\OBQ S & LS q9 O° @ & %q? o
N Q7L o7 O O P S KL O SO 9 O s o o7 &7
Q %'b [S) s R 7 SIS
S SR A SRR CICERC P R
S S Y
Species
(D) 100
80— +
ol -
| I S T A
) ks
0.8 X Ex
o NEE
0.08
0.04
0.00
© @ & $ 5 O & O & O
N N S T S R N S & N %(’?Q\ & & R A\\Q}Jb&«\)@*@&
N R O N I I R M I S S I B N G i T e N N M N
PN ECFPLRETLEL PN RSEEF S @ F L RSSO
6‘\/\ b‘b? SR o0 & 4}’2’0 & rz;? 3 S be‘&\ & o’ © @6\06 & Pl S
: N Q. 7 X277 & N7 N0 O O 9/ L
S 27 & 9/ @ B F PR o) DX T or P ES
N O (F L L B P ol & © & W ol &S & 2/ FN P S Y8
e T F L E T X LI K & o S Y S S
o’ O XA N . Q¢ NS SHES IO
RN O P IO SISO -l JE L
e / N /
Q& ,boo Y”\ S/ ) Y”%Q Y?Q %c‘,(\ (\‘DQQ(\ 6/&\6(\06(\ =) 00 oF &7 6 o/
&/ 6? %% o/ o/ o) &) o/ (\Qd\ & %/
C)&{z>





