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Abstract: Fungi in the human gut microbiota participate in the maintenance of health and regulation of
physiological processes. This review examines the complex role of gut fungi, highlighting challenges such
as diverse fungal populations, cultivation difficulties, and knowledge gaps in their functional roles. Recent
advancements in metagenomics and metabolomics have enabled innovative investigations into fungal
communities, revealing their influence on host metabolism and immune responses. Future research should
address the existing knowledge gaps and explore the therapeutic applications of gut fungi. Interdisciplinary
collaborations and new methodologies are proposed to enhance the current understanding of fungi-host
interactions, ultimately improving health outcomes and guide the development of novel treatment strategies.
This review emphasizes the need to integrate fungal research into microbiome studies to provide a
comprehensive understanding of gut health.
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1. Introduction

Human gut microbiota is a complex and dynamic ecosystem composed of trillions of microorganisms,
including bacteria, archaea, viruses, and fungi [1—4]. This intricate community regulates various physiological
processes such as digestion, metabolism, and immune regulation [5—7]. Thus, understanding the composition
and function of gut microbiota has attracted considerable attention, as they are influence human health and
disease [8,9]. The gut microbiota actively participate in host interactions, influencing biological pathways and
contributing to homeostasis [10—12]. Among the diverse microbial inhabitants of the gut, fungi have emerged
as essential yet often overlooked components of the microbiome [13]. Historically, research has focused
predominantly on bacteria; however, recent studies have uncovered important roles that fungi, particularly
yeasts like Saccharomyces and Candida, play within the gut environment [14]. These fungal species can
influence gut health through their metabolic activities, modulation of the immune response, and interactions
with other microbial taxa [15,16]. For instance, alterations in the fungal composition of the gut microbiota
have been linked to the occurrence of various health conditions, including inflammatory bowel disease,
obesity, and metabolic syndrome [17,18]. Recent research, particularly by Bingzhai et al., provided important
insights into the dynamics of gut fungi, particularly within immunocompromised populations, such as
individuals undergoing allogeneic hematopoietic cell transplantation [19]. Their findings reveal the emerging
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challenges caused by fungal infections, specifically those attributed to Candida parapsilosis, even in patients
receiving antifungal prophylaxis, such as micafungin. This situation highlights the phenomenon of
heteroresistance, wherein a small, low-frequency subpopulation of resistant fungal cells can evade detection
by standard antimicrobial susceptibility assays. This results in treatment failures among these high-risk
patients, emphasizing the need for further investigation into the mechanisms of fungal resistance and their
implications for the clinical management of patients [19].

Therefore, it is imperative to further investigate the role of gut fungi in the context of immune
suppression and the mechanisms underlying breakthrough infections. This review discusses the current state
of research on gut fungi, emphasizing their importance, roles, and interactions. We identify key obstacles
limiting investigations into gut fungi, such as challenges in sampling, analytical techniques, and data
interpretation. Finally, we discuss innovative approaches and future prospects for advancing our
understanding of gut fungi, with focus on the clinical implications of gut fungi. As research in this area
evolves, recognizing the significance of fungi among gut microbiota is crucial for comprehensively
understanding their contributions to human health.

2. Composition and Diversity of Fungi in the Human Gut

The human gut is home to a rich diversity of fungal species, predominantly comprising various yeasts.
Notable fungi include Saccharomyces cerevisiae, known for its role in fermenting dietary carbohydrates [20],
and Candida species, which can exist in commensal and pathogenic forms [20,21]. Other genera such as
Aspergillus, Penicillium, and Cladosporium have also been identified within the gut microbiota [22], though
they are less frequently studied. Recent research by Yan et al. led to the development of a comprehensive
catalog of 760 gut fungal species, including 69 previously unrecorded species [3]. The catalog revealed the
considerable diversity and functional potential of gut fungi, as well as their effects on health and disease,
particularly in conditions like inflammatory bowel disease.

Several factors affect the composition and diversity of gut fungi. Among them, dietary habits play
crucial roles, with some types of foods known to promote the growth of specific fungal species. Diets high in
protein, animal fats, and carbohydrates may enhance the proliferation of specific fermentative yeasts [23].
Antibiotic use also plays a significant role, as it disrupts bacterial populations, potentially allowing
opportunistic fungi such as Candida to overgrow [24,25]. Environmental exposures, physical and
psychological stress, and underlying health conditions can further shape the gut mycobiome [26]. Moreover,
birth delivery methods, infant feeding practices, pH levels, water quality, and the presence of prebiotics and
probiotics, can affect the overall fungal composition [26]. Fungal and bacterial communities within the gut
often participate in complex symbiotic relationships. Some fungal species produce metabolites that promote
the growth of beneficial bacteria, while bacteria can create conditions that support fungal survival [27]. This
mutualism enhances nutrient cycling, improves gut barrier integrity, and contributes to overall host health.
However, fungi and bacteria also compete for resources, with certain bacteria inhibiting fungal growth by
producing antimicrobial compounds or substrate competition. Conversely, fungal metabolites may exert
direct inhibition effect or induce the production of antimicrobial substances like antimicrobial peptide [28] to
repress bacterial growth leading to the phylum-level [29] or more specific shift of microbial composition.
Besides, metabolites play a significant role in the crosstalk between gut microbiota and human health. In
heart failure cases, as the weakened barrier function of the bowel wall can promote microorganisms
dissemination and heighten inflammation, metabolites like trimethylamine N-oxide (TMAO), which
originally induce atherosclerosis through endocrine would further aggravate cardiac load [30]. Besides
TMAQO, bile acids (BAs), short chain fatty acids (SCFAs) and amino acids are among the most studied
metabolites. Some them have beene linked to the development of carcinogenesis. Activation of NF-kB, JAK2
and STAT3 signaling pathways by Bas triggered colorectal cancer [31], while inhibiting intestinal motility
[32], epithelial stability [33], and increasing SCFAs production prevented its development. Meanwhile, the
biotransfer of these metabolites by gut fungus has been shown to have dual effects on immune homeostasis
[34]. Overall, the composition and diversity of fungi in the human gut are shaped by multiple factors, and
their interactions with various bacterial communities are complex and multifaceted, with important
implications in gut health and disease.
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3. Challenges

Several challenges limit research into gut fungi, with the major ones being sample collection,
cultivation, and data analysis. Given that the abundance of fungi is lower compared to that of bacteria, it is
challenging to obtain samples. Moreover, traditional cultivation techniques are not ideal for culturing various
fungal species as they lack specific and complex growth requirements. This limitation can induce biases in
the observed fungal diversity because the viability of fungi during sample processing and storage often
diminishes, compromising the accuracy of analyses. The inherent complexity and diversity of the gut
microbiome further complicate research efforts. Various microorganisms in the gut create a dynamic
ecosystem, making it challenging to differentiate between commensal and pathogenic fungal species and
understand their specific roles. Interactions among microbial groups can significantly alter their abundance
and functionality, highlighting the importance of adopting integrative approaches to fully capture the
multifactorial nature of these communities. Moreover, while high-throughput sequencing technologies have
revolutionized microbiome research, they also pose unique challenges for studying fungi. The intricate nature
of fungal genomes and genetic variation can complicate sequencing and data interpretation. Current
bioinformatics tools are often designed primarily for bacterial analysis, leaving a gap in the methodologies
suitable for analyzing fungal datasets. To address these challenges, robust and specialized bioinformatics
pipelines are essential for accurate fungal analysis. Moreover, there are no standardized taxonomic
frameworks for classifying fungi within the gut microbiome, which leads to discrepancies in species
identification across studies. Promoting collaboration among researchers to develop unified taxonomic
criteria is crucial for advancing the field and ensuring reproducibility in fungal microbiome studies. By
addressing these challenges, researchers can deepen their understanding of gut fungi and their implications
for human health.

4. Innovation and Development

The emergence of next-generation sequencing (NGS) technologies has revolutionized microbiome
research, particularly in the study of gut fungi. NGS facilitates high-throughput analysis of complex
microbial communities, facilitating the identification and characterization of various fungal species in the
gastrointestinal tract. This advancement has significantly expanded our understanding of fungal diversity,
abundance, and their functional roles in health and disease [35]. Recent studies have confirmed the regulatory
effects of fungal microbiota or mycobiota on the immune system, particularly in inflammatory bowel disease.
Although various alterations in mycobiota have been associated with diseases, the specific functional
implications of individual fungal strains remain to be fully elucidated. A notable contribution in this area is
the translational platform developed by Li et al., which integrates high-resolution mycobiota sequencing,
culturomics, genomics, CRISPR-Cas9-based strain editing, and functional assays. This platform represents a
significant advancement in exploring the interactions of fungal strains at both the individual strain and
patient-specific levels [36]. Fungi contain the cell wall and have a low RNA content estimated to be 1-3
picograms per cell, which necessitates the use of specialized RNA extraction methods. Techniques such as
single-cell RNA sequencing (scRNA-seq), including Smart-seq/C1 [37], YscRNA-seq [38], and SCRB-seq
[39], allow for the analysis of hundreds of yeast cells and the identification of 1000 to 3000 genes per cell.
YscRNA-seq is particularly adept at capturing the 5’ ends of transcripts for precise quantification of gene
expression, while SCRB-seq facilitates studies based on cell size. These scRNA-seq technologies might
provide groundbreaking approaches to investigate fungal population heterogeneity, enabling researchers to
uncover the unique functional characteristics and metabolic capabilities of specific fungal species, especially
those relevant to inflammatory bowel disease, such as certain strains of C. albicans associated with immune
cell damage. Moreover, integrating metabolomics with sequencing data will uncover the detailed biochemical
interactions between fungi and other microorganisms, which modulate their effects on host health and
metabolic networks. Moreover, employing multi-omics approaches encompassing genomics, transcriptomics,
proteomics, and metabolomics will provide coomprehensive understanding of the interactions within the gut
microbiome [40]. Addressing the complexities of the gut mycobiome requires interdisciplinary collaboration
among microbiology, bioinformatics, systems biology, and clinical sciences. Such collaborative efforts will
lead to the development of innovative methodologies for studying gut fungi, which is essential for indepth
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understanding of gut fungi. The diverse metabolites produced by fungi significantly influence host health,
immune responses, gut barrier integrity, and metabolic health [41]. In certain intestinal diseases, synchronous
changes might appear between metabolites proportion and microorganism species and density, which could
serve as the indicators of diseases and therapeutic target. Continued investigation into these metabolites and
their clinical potential is crucial for identifying beneficial fungal strains and understanding their roles as both
symbionts and potential pathogens. By leveraging technological advancements and promoting
interdisciplinary collaboration, the full landscape of functional roles of gut fungi in health and disease will be
identified, paving the way for the formulation of novel therapeutic strategies.

5. Conclusions and Future Directions

Changes in gut fungal composition are connected to health concerns (schematic in Figure 1 by
Figdraw2.0). Gut fungi display considerable diversity and play complex roles within the microbiome,
interacting with both the host and other microbial communities. Recent advancements in sequencing
technologies and multi-omics approaches have shed light on the biological functions of fungi, revealing their
potential effects on health through metabolic byproducts and immune modulation. However, our
understanding of the specific mechanisms by which fungi influence health and disease is still limited. Future
research should aim to clarify the physiological and ecological characteristics of gut fungi, exploring their life
cycles, stress responses, and interactions with host biology. Examining how diet together with its metabolites
transformed by fungi, genetics, and health status affect fungal communities will enhance our comprehension
of the host-microbiome relationship, potentially leading to targeted dictary and therapeutic interventions for
improved gut health. Moreover, the clinical implications of fungal research are promising. Identifying
specific fungal signatures in the level of molecular and population which are linked to diseases could enable
early diagnosis and personalized treatment strategies. The development of tailored microbiome therapies,
based on individual fungal compositions, may enhance therapeutic outcomes through probiotics and dietary
modifications. As the field advances, interdisciplinary collaboration and innovative research methodologies
will be crucial for unlocking the therapeutic potential of gut fungi. Prioritizing in-depth studies on the
biological characteristics and interactions of fungi within the gut microbiome will not only deepen scientific
knowledge but also lead to novel clinical applications that improve health outcomes.
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Figure 1. Schematic summary model. Gut fungi affect various aspects of gut microbiota, including microflora,
immunity, nutrient production and absorption. If some originally beneficial effects exceed a certain threshold of onset,
diseases may occur.
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