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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 signi�cant increases in fungal a-diversity and richness, along with 
altered b-diversity in SZ patients. Speci�cally, 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 signi�cant 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 
signi�cant 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, speci�cally 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 in�uence 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 
pro�les 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 pro�les and systemic 
in�ammation, suggesting chronic low-grade in�ammation (9, 10). 
Correlation analyses have indicated that changes in the gut 
microbiota can drive immune dysregulation in SZ, potentially 
contributing to neuroin�ammation 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 in�uencing 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 
pro�les through fungal-speci�c 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 
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understanding of the role of gut fungi in the pathophysiology of 
SZ and their interaction with immune system alterations. 
Identi�cation of speci�c 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). Speci�cally, 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 
speci�cations 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’- CTTGGT 
CATTTAGAGGAAGTAA-3’; ITS2R: 5’- GCTGCGTTCTTCATC 
GATGC-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, 
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http://unite.ut.ee/index.php). Sample reads were normalized to 
ensure consistent sequencing depth. Fungal a- and b-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 classi�cation (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 classi�cation 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 speci�city. 
Outlier values were �agged, 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 Pro�les (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 signi�cance 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 signi�cant. 
Frontiers in Immunology 03 
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 �nal 
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 identi�ed 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 a-diversity indices, 
including Shannon and Simpson, were signi�cantly higher in SZ 
patients, while the richness indices such as Chao1, ACE, and 
observed species were also signi�cantly 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 b-diversity analysis, 
principal coordinates analysis (PCoA) was performed using Bray­
Curtis, jaccard, unweighted UniFrac, and  weighted  UniFrac
algorithms. Signi�cant differences in fecal fungal b-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. 
Fecal mycobiota dysbiosis in patients with 
SZ 

After taxonomic classi�cation of the fecal mycobiota, we 
identi�ed 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 
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dominated by Purpureocillium, while  the E2 enterotype was
dominated by Candida (Figure 2F). In the control group, 84.4% 
of samples (54/64) were classi�ed as E1 enterotype, while 65.5% of 
samples (57/87) in the SZ group belonged to the E1 enterotype, 
indicating a signi�cant difference in microbiota composition 
between the two groups. 

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, 
Frontiers in Immunology 04
Malassezia restricta, Monascus purpureus, Trametes hirsute, and 
Candida tropicalis. 

Then, we compared the fecal mycobiota between the two groups at 
speci�c 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 signi�cantly 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 signi�cantly 
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. 
FIGURE 1 

Comparison of the fecal fungal diversity and richness between SZ patients and healthy controls. (A–E) a-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 b-
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. 
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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 signi�cantly 
reduced (Figure 4D). 

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 classi�cation 
model that can ef�ciently 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 classi�cation 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 re�ecting 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 signi�cant discriminatory 
power (Figure 5B). These �ndings suggest that the identi�ed fecal 
fungal species could serve as potential non-invasive biomarkers for 
diagnosing SZ in comparison to HCs. 
Frontiers in Immunology 05 
Altered functional traits of fecal mycobiota 
in SZ patients 

Using PiCRUSt2, we compared enzyme classi�cation (EC) 
numbers and MetaCyc pathway predictions between the two 
groups but found no signi�cant 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 classi�ed into �ve 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 
in�uence SZ pathology. 

Additionally, multiplex cytokine analysis revealed signi�cant 
elevations in Eotaxin, IL-1b, IL-4, IL-6, IL-8, MIP-1a, and TNF-a 
in SZ patients, whereas IFN-g, IL-9, IL-1ra, IL-13, MCP-1, MIP-1b, 
and RANTES were reduced (p < 0.05), indicating a complex 
immune dysfunction associated with SZ. Spearman’s correlation 
frontiersin.or
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. 
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analysis identi�ed 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 �ndings suggest that 
SZ-associated fungal taxa may contribute to immune dysfunction, 
potentially in�uencing SZ pathogenesis through host-mycobiota­
immune interactions. 
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 
Frontiers in Immunology 06
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). Speci�cally, 
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 in�uence 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 
FIGURE 3 

Differential fecal mycobiota between the SZ patients and healthy controls. (A) LEfSe cladograms illustrating fungal taxa signi�cantly 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 signi�cance 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). 
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identi�ed 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 in�uencing 
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 in�uence the onset and 
progression of SZ in elderly. 
Frontiers in Immunology 07 
Our study represents a comprehensive investigation into the 
roles of the gut mycobiota in SZ, particularly in elderly patients, 
revealing signi�cant 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 a-
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 
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. 
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response remain unclear but could be related to the speci�c 
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 
Frontiers in Immunology 08
(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. 
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. 
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. 
 frontiersin.org 

https://doi.org/10.3389/fimmu.2025.1607739
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org











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


