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Abstract
Purpose: The human gut mycobiome comprises diverse fungal species and plays a 
crucial role in health and disease, despite its relatively low abundance compared to 
bacterial populations. This review provides an overview of the mycobiome’s composition, 
developmental patterns, and dysbiosis in various pathological conditions. As well, the 
complex interactions of fungal communities within the gut microbiome are discussed.
Current content: The development of the gut mycobiome follows patterns similar to those 
of the bacterial microbiome, with birth mode, diet, and age being key determinants. In 
contrast to the bacterial trends, mycobiome diversity increases during childhood and old 
age. Recent studies have revealed variations in the mycobiome composition across different 
ethnic groups. Mycobiome dysbiosis is associated with autoimmune, gastrointestinal, and 
cardiovascular diseases. Certain fungi, notably Candida albicans, are relatively more abundant 
in pathological states. Fungal metabolic activity, particularly secondary metabolite production, 
can significantly affect disease progression. Bacterial–fungal interactions in the gut 
microbiome are complex and modulated by environmental factors, such as diet and antibiotic 
use. Moreover, the gut mycobiome modulates therapeutic efficacy. Gut fungi enhance the 
bioactivity of compounds derived from natural products through biotransformation, including 
their anticancer and anti-inflammatory effects. This suggests the potential of the gut 
mycobiome to optimize the therapeutic efficacy of natural products.
Conclusion: This review highlights the relevance of the gut mycobiome as both a diagnostic 
biomarker and a therapeutic target. Future research should focus on elucidating the causal 
relationships between mycobiome alterations and disease states, and further explore 
bacterial–fungal interactions within the gut ecosystem.

Keywords: Biotransformation, Candida albicans, Dysbiosis, Microbial interactions, 
Mycobiome

Introduction

Background
Humans coexist with a diverse array of microorganisms. These microorganisms have significant roles 

in the environment, food, and the human body. Human microbiota comprises various microbial species, 
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including bacteria, archaea, and fungi, which can interact with the host in ways that may contribute to health 

maintenance or disease pathogenesis [1,2].

The gut microbiota profoundly affects human metabolism, immune responses, and overall health [3,4]. 

Gut bacteria are crucial for synthesizing vitamins, metabolizing nutrients, and regulating immune functions 

[5]. These findings suggest that gut bacteria are essential for maintaining human health and have significant 

potential as biological markers for diagnosing and treating specific diseases.

The predominant focus of research on the gut microbiome has been bacteria. Gut fungi have received 

relatively little attention. Analysis of fecal samples to characterize the gut microbiome revealed a substantially 

lower fungal cell count (approximately 105 cells/g feces) than bacterial cell count (approximately 1012 cells/g 

feces) [6].

Recent advancements in next-generation sequencing (NGS) technologies have spurred increased interest 

in mycobiome research by providing methods for the rapid and accurate analysis of diverse microbial species. 

NGS has become indispensable for elucidating the mechanisms and interactions of fungal communities and 

their association with diseases [7].

The understanding of the interactions between mycobiome and disease pathogenesis remains limited. 

Elucidating the effect of fungi on disease onset and diagnostic potential remains challenging. Multifaceted 

approaches, including the integration of metagenomic, transcriptomic, and metabolomic analyses, are 

required for a more comprehensive understanding.

Objectives
This review systematically explores the diverse roles of the human mycobiome in health, addresses current 

research limitations, and proposes future directions. The information is expected to provide novel insights for 

the development of diagnostic and therapeutic strategies based on mycobiome research in clinical settings.

Development and evolution of the gut mycobiome
The human mycobiome is comprised of diverse fungal species that inhabit various body sites, including 

the skin, gut, oral cavity, and respiratory tract (Fig. 1) [8]. Fungal genes constitute only 0.1% of the total 

microbial genes in the gut, as shown in early shotgun metagenomic sequencing studies [9]. Nonetheless, 

the impact of fungal communities on human health is substantial because of their unique physiological 

and metabolic properties [10]. Despite the relatively low abundance of fungi compared to bacteria, these 

microorganisms may play critical roles in maintaining host health and homeostasis, mainly because of their 

large size and different metabolic functions [11].

Distinct fungal communities reside in different anatomical sites and contribute to local and systemic 

health. Notably, the gut harbors the highest density of fungi compared to other body regions. Early human 

mycobiome studies identified Saccharomyces, Candida, and Cladosporium as the dominant fungal genera 

in fecal samples [10]. However, there are considerable interethnic variations in gut mycobiome composition. 

For instance, analysis of fecal samples from 135 healthy Chinese individuals identified 12,453 fungal isolates, 

predominantly from the genera Aspergillus, Penicillium, Talaromyces, Candida, and Pichia. This distinct 
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distribution contrasts with findings from Western populations [12].

The mode of delivery significantly influences the initial colonization of the neonatal gut mycobiome. 

Newborns delivered via vaginal birth tend to have mycobiome profiles that resemble those of their mother’s 

vaginal mycobiome. In contrast, those born via cesarean section acquire fungal communities mainly from 

environmental sources and maternal skin. The mycobiome is shaped by close contact with caregivers, 

including mothers, during early infancy [13-16].

The composition of the gut mycobiome undergoes dynamic changes at different life stages. In early 

infancy, the mycobiome is dominated by Saccharomycetales and Malasseziales species. As dietary patterns 

shift with the introduction of solid foods, species such as Saccharomyces cerevisiae, Cystofilobasidium spp., 

Ascomycota spp., and Monographella spp. become more prevalent [17]. Alterations in fungal communities 

have been strongly correlated with dietary diversification and nutritional complexity. Western diets are 

characterized by a high consumption of bread, beer, and dairy products. Saccharomyces tends to dominate, 

whereas Aspergillus is frequently detected in vegetarians [18,19]. Growth of Candida is promoted by diets 

enriched in carbohydrates and decreased by diets rich in amino acids, fatty acids, and proteins [20].

Interestingly, the diversity of the gut mycobiome is modulated by age, with increased diversity during 

childhood and old age. This pattern contrasts to the trends observed in the bacterial microbiome. While 

bacterial diversity typically decreases with aging, fungal diversity increases, potentially impacting immune 

responses and inflammation [10,21].

Fig. 1. Spatial distribution of mycobiota within the human host.
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Gut mycobiome dysbiosis in human disease
Gut mycobiome dysbiosis has been implicated in various pathological conditions including autoimmune 

disorders, gastrointestinal diseases, respiratory infections, dermatological conditions, and even cancer 

[17]. Disruption of fungal communities perturbs homeostasis of the gut microbiota, altering host immune 

responses and increasing susceptibility to numerous diseases. Early studies described disease-associated gut 

mycobiome dysbiosis by examining the ratio between the phyla Basidiomycota and Ascomycota. These 

differences suggest that specific fungal phyla play crucial roles in disease development and progression. 

Notably, patients with colorectal cancer and inflammatory bowel disease demonstrate a statistically 

significant increase in the ratio of Basidiomycota to Ascomycota compared to healthy controls, reflecting 

dynamic alterations in fungal community composition during disease states [22,23].

Candida albicans is a common fungal species in the gut. Increased relative abundance of C. albicans 

in pathological conditions, including liver cirrhosis, ulcerative colitis, and coronavirus 2019, has been 

demonstrated [11,17,23,44-55] (Table 1). C. albicans secretes gliotoxins, which are potent secondary 

metabolites that disrupt the immune defense and promote disease progression [24]. The dysregulated 

production of these metabolites may induce local inflammation and alter the microbial community structure, 

exacerbating disease severity. Analysis of metadata from patients with autoimmune diseases revealed that 

many patients had utilized immunosuppressants to manage symptoms. Notably, those treated with disease-

modifying antirheumatic drugs and inhibitors of tumor necrosis factor-alpha exhibited an impaired C. 

albicans-specific Th17 immune response, which is believed to contribute to the increased prevalence of C. 

albicans [25]. Therefore, knowledge of the pathogenic mechanisms and changes in gut fungal communities 

is essential for understanding the role of mycobiomes in various diseases and identifying novel therapeutic 

targets.

A comprehensive analysis of metabolite profiles from fecal samples of patients with specific diseases 

revealed that the pathological effects of gut fungi are primarily mediated by secondary metabolites [12]. 

These metabolites modulate both local and systemic immune responses, alter metabolic pathways, and 

influence gut-brain communication through the neuro-immune–endocrine axis. Consequently, patients with 

ulcerative colitis have a 10% increased risk of developing Alzheimer’s disease, whereas those with Crohn’s 

disease have a 2.7-fold higher risk of developing frontotemporal dementia [24]. Saccharomyces cerevisiae is 

typically abundant in healthy human guts and even more abundant in children with autism spectrum disorder 

[26]. These findings suggest that gut mycobiome alterations may vary depending on the disease context, and 

that specific fungal species may exhibit divergent behaviors under different pathological conditions.

The foregoing findings highlight that understanding dynamic shifts in fungal community composition 

is crucial for recognizing the potential of the mycobiome as a diagnostic biomarker and therapeutic 

target. Observations, such as those in children with autism spectrum disorder, underscore the necessity of 

considering disease-specific mycobiome shifts and their potential role in modulating health and disease 

outcomes. Future studies should focus on examining drug-induced alterations in fungal communities to better 

understand disease pathogenesis.
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Table 1. Disease-specific alterations in the gut mycobiome
Diseases Increase Decrease References
Crohn’s disease Aspergillus clavatus

Candida. albicans, C. tropicalis,
C. glabrata, C. lusitaniae

Cryptococcus neoformans
Cyberlindnera jadinii

Debaryomyces hansenii
Kluyveromyces marxianu

Saccharomyces cerevisiae [17,44]

Ulcerative colitis C. albicans
Debaryomyces,

Aspergillus flavus
A. cibarius

C. soja
D. hansenii,

[17]

Irritable bowel syndrome Cladosporium, Malassezia
C. albicans

S. cerevisiae

Aspergillus ,Mycosphaerella
Sporidiobolus, Pandora

[17]

Intestinal GVHD C. albicans, C. parapsilosis [17]
Rheumatoid arthritis C. albicans Aspergillus [45]
Ankylosing spondylitis Alternari, Candida Amph inem, Clevulina [46]
Colorectal cancer Chytridiomycota, Glomeromycota

Malassezio mycetes,Malassezia
Trichosporo
A. rambellii
C. tropicalis

Saccharomycetes [11,17,2 3,47,48]

Pancreatic cancer Malassezia [17]
Gastric carcinogenesis Alternaria, Candida Saitozyma, Thermomyces [17]
Alcoholic liver disease Candida Debaryomyces, Epicoccum

Galactomyces, Penicillium
[17]

Liver cirrhosis Candida [17]
Primary sclerosing cholangitis Candida, Exophiala

Humicola
Saccharomyces cerevisiae [17]

Clostridioides difficile infection Aspergillus, Cladosporium
C. albicans

[17]

COVID-19 infection C. albicans, C. auris, C. glabrata A. flavus [17]
Hepatitis B virus infection Aspergillus, Candida

Galactomyces, Saccharomyces
Chaetomium [49]

HIV infection Candida
C. albicans

[50,51]

Obesity Candida, Nakaseomyce
Penicillium , Pichia

Mucor, Wallemia, Bettisa,
Mucor racemosus, Mucor fuscus

[52]

Type 1 diabetes Candida, Saccharomyces [17]
Type 2 diabetes Aspergillus, Candida

Cladosporium, Kodamaea
Meyerozyma, Mortierella

[17]

Atherosclerosis Mucor racemosus, Mucor restricta [17]
Multiple sclerosis Aspergillus, Saccharomyces [53]
Rett syndrome Candida [17]
Autism spectrum disorder Candida

S. cerevisiae
A. versicolor [17]

Schizophrenia Chaetomium
C. albicans, S. cerevisiae

Trichoderma [54,55]

Alzheimer’s disease Botrytis, Cladosporium
Kazachstania, Phaeoacremonium

C. tropicalis, Schizophyllum commune

Meyerozyma
Rhodotorula mucilaginosa

[17]

Abbreviations: GVHD, graft-versus-host disease; COVID-19, coronavirus disease 2019.
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Gut bacterial–fungal interactions
Fungi are significant opportunistic pathogens in immunocompromised individuals and integral 

components of the gut microbiome. These microorganisms are crucial in maintaining gut homeostasis. 

Previous studies have revealed a competitive relationship between gut bacterial and fungal populations, 

where fungal overgrowth commonly occurs following the disruption of bacterial equilibrium (Fig. 2). This 

interaction is modulated by direct bacterial antagonism or regulation of host immune responses through 

bacterial metabolites [10].

Bacterial–fungal interactions may manifest as competition for nutrients and colonization sites, or as 

cooperative behaviors that promote mutual growth, depending on the type of disease and environmental 

factors. For example, there is a stronger correlation between fungal and bacterial populations in patients with 

ulcerative colitis, but not in those with Crohn’s disease [22]. Similarly, a high-fat diet significantly reduces 

bacterial–fungal correlations in the gut microbiome of mice [27].

Bacterial–fungal interactions can also influence therapeutic outcomes. For instance, the presence of C. 

albicans reduces the efficacy of fecal microbiota transplantation in treating Clostridioides difficile infections. 

In a dextran sulfate sodium-induced colitis model, the removal of Enterobacteriaceae mitigated the 

pathogenic effects of C. albicans and nullified the beneficial effects of Saccharomyces boulardii [17].

Iron acquisition is another critical factor in bacterial–fungal interactions. C. albicans and Cryptococcus 

neoformans are unable to synthesize their own siderophores and rely on siderophores produced by 

neighboring bacteria. This phenomenon, known as "iron parasitism," enhances fungal growth and 

pathogenicity. Conversely, the bacterial production of weak organic acids lowers the environmental pH 

and suppresses fungal growth. Short-chain fatty acids, such as butyrate, reportedly inhibit the growth of 

certain pathogenic fungi and attenuate their virulence [28]. An illustrative example of bacterial metabolites 

influencing fungal growth is the production of 1-acetyl-beta-carboline by Lactobacillus species, which 

inhibits the Dual-specificity tyrosine-phosphorylation-regulated kinase 1 family member Yak1. The inhibition 

of this kinase impedes biofilm formation by C. albicans and interferes with the yeast-to-filamentous transition, 

thereby reducing the pathogenic potential of C. albicans [29].

Bacterial–fungal interactions are also regulated through quorum sensing systems. Supernatants from 

Lactiplantibacillus plantarum cultures reportedly inhibited the growth of S. cerevisiae. Additionally, co-

culturing L. plantarum with S. cerevisiae suppressed the growth of S. cerevisiae. Transcriptomic analysis 

of L. plantarum and S. cerevisiae revealed that the lamBDCA quorum sensing system in L. plantarum was 

activated, whereas physiological and growth-related pathways in S. cerevisiae were downregulated. These 

results suggest that L. plantarum uses extracellular metabolites to mediate interspecies signaling, thereby 

inhibiting the growth of S. cerevisiae [30].
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Fungal biotransformation of drugs and natural 
compounds

The gut mycobiome composed of diverse fungal species is critical in altering the chemical structure 

and bioactivity of various drugs and natural compounds through biotransformation processes. Fungi use 

diverse enzymatic systems to metabolize xenobiotics, natural products, and pharmaceutical agents, thereby 

influencing drug efficacy and safety.

Cytochrome P450 (CYP) enzymes in fungal drug 
metabolism

Fungal CYP enzymes exhibit broad substrate specificity, which allows the conversion of complex 

chemical structures to metabolites with modified pharmacological properties. For example, Pleurotus 

ostreatus possesses CYP monooxygenases that catalyze hydroxylation reactions on aromatic substrates, 

which are crucial for the detoxification and modification of drugs such as carbamazepine [31]. These CYP-

mediated transformations are similar to those observed in mammalian liver cells, and produce metabolites 

with analogous biological effects [32].

Fig. 2. Mechanisms and consequences of bacterial–fungal interactions. Bacterial and fungal species modulate fungal growth in human hosts via 
diverse mechanisms. QS, quorum sensing; SCFA, short-chain fatty acid. 
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Transformation of natural compounds by gut fungi
The gut mycobiome has the remarkable ability to biotransform natural products and generate metabolites 

with enhanced biological activity. Pichia anomala isolated from human fecal samples is capable of converting 

curcumin to hexahydrocurcumin and octahydrocurcumin, which exhibit enhanced antitumor activity 

compared to the parent compound [24,33,34]. Ginsenoside Rg1 is converted to 20(S)-protopanaxatriol by 

gut bacteria. The resulting molecule undergoes further metabolism by the Mucor spinosus AS 3.3450 fungus, 

generating new metabolites that exhibit superior anticancer activity compared with the parent compound 

20(S)-protopanaxatriol [35]. The bioactive compound dihydrocapsaicin derived from Capsicum spp. is 

biotransformed by gut fungi (Aspergillus fumigatus, A. japonicus, and C. parapsilosis) in vitro, resulting 

in the production of metabolites with potent inhibitory effects on lysine-specific demethylase 1 [36]. Such 

biotransformation processes underscore the role of fungi in modulating the bioactivity of natural compounds, 

thereby influencing their therapeutic outcomes.

A. niger metabolizes 18β-glycyrrhetinic acid into a novel metabolite with increased anti-inflammatory 

effects [37]. Fungus-mediated transformation of chenodeoxycholic acid by Rhizopus microsporus 

generates metabolites that act as antagonists of the farnesoid X receptor. This receptor is crucial in bile acid 

metabolism and glucose homeostasis [38]. The findings suggest that gut fungi have the potential to affect 

host metabolic health and contribute to the onset of metabolic disorders. The ability of gut fungi to perform 

regio-and stereoselective transformations makes them ideal biocatalysts for the synthesis of pharmaceutical 

intermediates. S. cerevisiae has been reported to perform the regioselective reduction of complex substrates, 

such as the conversion of tert-butyl 6-chloro-3,5-dioxohexanoate to hydroxy keto esters, which are key 

intermediates in statin synthesis. These unique metabolic processes are essential for optimizing drug synthesis 

and enhancing therapeutic properties [39].

The gut mycobiome can modify the chemical structures of drugs and natural compounds, affecting their 

pharmacokinetics as well as host health and disease progression. These biotransformation processes may 

induce drug–drug or drug–microbe interactions, potentially altering therapeutic efficacy. A comprehensive 

understanding of fungal biotransformation mechanisms and their roles in drug metabolism is required. Future 

research should focus on identifying specific fungal enzymes and metabolic pathways involved in these 

processes to leverage their potential for personalized medicine and innovative drug development.

Barriers and strategies for gut mycobiome research
The gut mycobiome includes a diverse range of fungal species. Methodological limitations associated 

with culture-dependent techniques have restricted studies of the gut mycobiome. These methods capture 

only a fraction of the fungal diversity, leading to an incomplete understanding of the role of fungi in the 

gut microbiome. NGS technologies have revolutionized the field by enabling high-throughput sequencing 

and comprehensive profiling of fungal communities [40,41]. However, several technical and analytical 

challenges must be addressed in mycobiome research.

One of the primary limitations is the low abundance of fungal sequences in the gut microbiome relative 
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to bacterial DNA. This underrepresentation makes it difficult to accurately identify fungal species and 

determine their functional roles. Moreover, contamination from host DNA complicates data interpretation, 

leading to potential biases in the assessment of fungal diversity and ecological relevance [11]. The incomplete 

nature of the current fungal genome reference databases exacerbates these issues, as many fungi still need to 

be characterized at the genomic level. Such deficiencies hinder precise species-level classification, functional 

prediction, and studies of interspecies interactions and metabolic pathways [42]. Current NGS methods 

such as amplicon sequencing and whole-metagenome shotgun sequencing have significantly advanced our 

understanding of the mycobiome. However, they still need to detect low abundance fungi because of their 

reliance on reference genomes and the challenges in assembling fragmented sequences. Additionally, the high 

cost and computational complexity of NGS methods restrict large-scale studies, thereby reducing statistical 

power and reproducibility. To address these limitations, the development of more cost-effective sequencing 

platforms, such as Oxford Nanopore and Illumina MiSeq, along with innovations in bioinformatics tools, is 

critical [43].

Future research should aim to refine sequencing technologies to increase their sensitivity and accuracy. 

Techniques such as digital polymerase chain reaction and deep whole-metagenome sequencing offer 

potential solutions for detecting low abundance fungal species. Moreover, combining NGS with other 

omics approaches that include metatranscriptomics, metaproteomics, and metabolomics will enable a more 

comprehensive understanding of fungal functions within the gut ecosystem. Integrative approaches are 

essential for elucidating the metabolic interactions between mycobiomes, bacteriomes, and host cells to 

provide insights into how fungal metabolites influence health and disease outcomes.

Another critical area of focus is the expansion and improvement of fungal genome reference databases. 

Comprehensive databases will facilitate more accurate taxonomic classification and functional annotation, 

supporting a deeper understanding of fungal diversity and metabolic capabilities [17,42]. The goal of 

expanding and improving fungal genome reference databases can be facilitated through the de novo genome 

assembly of uncharacterized fungal species, along with efforts to catalog fungal diversity across various 

environments.

Addressing these challenges requires interdisciplinary collaboration and the adoption of advanced 

bioinformatics tools. Developing standardized workflows for mycobiome data analysis, integrating machine-

learning-based algorithms, and creating publicly accessible databases will enhance the reproducibility and 

reliability of mycobiome research.

Furthermore, integrating NGS with metabolomics and transcriptomics will advance our knowledge of 

how gut mycobiomes affect host health. Linking fungal gene expression profiles with metabolic output 

may provide novel insights into the role of fungi in modulating host metabolism and immune responses. 

Evidence from these studies indicates that specific fungal metabolites such as those produced through bile 

acid biotransformation play critical roles in the pathogenesis of metabolic disorders, including obesity and 

diabetes [38].

The final step in integrating mycobiome research into clinical practice is the development of diagnostic 

tools and therapeutic strategies based on fungal biomarkers. Specific fungal taxa or metabolites can serve as 
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disease markers, facilitating early diagnosis and personalized treatment. Furthermore, targeted therapies such 

as probiotics and antifungal agents have the potential to modulate disease progression and improve patient 

outcomes by manipulating the mycobiome.

Conclusion
Despite the low abundance of fungal species, the human gut mycobiome plays critical roles in human 

health and disease. The intricate interactions between fungal and bacterial communities, production of 

bioactive metabolites, and their influence on therapeutic efficacy have a significant impact on human 

health. To achieve a deeper understanding of the gut mycobiome, future research must address existing 

methodological limitations, expand fungal genome reference databases, and incorporate multiomics 

approaches. Advancements in these areas will pave the way for the identification of novel diagnostic 

biomarkers and therapeutic strategies to enhance disease management and promote overall health.
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