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Background

Oral health is increasingly recognized as a crucial determinant of overall health in people living with HIV/AIDS (PLWHA). Specifically, the oral mycobiome may play a pivotal role in HIV-associated oral complications. However, the fungal species involved and their potential as biomarkers for HIV-related oral conditions remain poorly understood. This study investigates salivary fungal profiles in PLWHA who have sex with men (MSM), focusing on diversity, functional shifts, and correlations with disease progression.





Methods

A cross-sectional study included 25 MSM participants divided into five groups: HIV-negative controls (n = 5) and four HIV-positive groups stratified by CD4 count: Stage 0 (HIV RNA-positive/antibody-negative; n = 5), Stage 1 (CD4 ≥500 cells/μL; n = 5), Stage 2 (CD4 200–499 cells/μL; n = 5), and Stage 3 (CD4 <200 cells/μL or opportunistic infections; n = 5). Saliva samples were collected and analyzed using metagenomic sequencing (Illumina NovaSeq platform). Bioinformatic analyses included genome assembly (MEGAHIT), gene clustering (CD-HIT), gene abundance calculation (SOAPaligner), species annotation (BLASTP), and KEGG pathway annotation (KOBAS 2.0). Statistical analyses (Kruskal-Wallis tests, Spearman’s correlation) assessed associations between fungal profiles, CD4 count, and viral loads.





Results

A total of 51 fungal genera were identified, with Pseudogymnoascus being the most abundant. Functional analysis revealed 113 shared KEGG pathways, of which 69 were unique to Stage 3, primarily related to metabolic and disease-related processes. Notably, Auricularia exhibited a positive correlation with CD4 count (P ≤ 0.01), while Mucor showed a negative correlation (P = 0.0299).





Conclusions

Salivary mycobiome composition and function shift significantly across HIV stages, reflecting immune decline. Pseudogymnoascus dominance challenges conventional views of oral fungal ecology in immunocompromised hosts. These findings highlight the mycobiome’s diagnostic potential for monitoring HIV-related oral health. Longitudinal studies are needed to validate clinical relevance.
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1 Introduction

Oral health is critically important for people living with HIV/AIDS (PLWHA), as they are particularly vulnerable to oral diseases, especially fungal infections such as candidiasis (Mushi et al., 2017; Spalanzani et al., 2018; Bhattacharya et al., 2020; Fidel et al., 2021; Lu, 2021; Erfaninejad et al., 2022; Ngozi and Ifeyinwa, 2022). Among these, Candida species - particularly Candida albicans—typically exist as commensals in the oral cavity but can become pathogenic in immunocompromised individuals, leading to complications like oral candidiasis (Metsch et al., 2015; Annavajhala et al., 2020; Vila et al., 2020; d’Enfert et al., 2021; Talapko et al., 2021; Jaqua et al., 2022; Lopes and Lionakis, 2022). The oral microbiome is a complex ecosystem comprising fungi, bacteria, viruses, and archaea that maintain a delicate balance. In HIV-infected individuals, this balance often becomes disrupted, leading to opportunistic infections that further compromise the immune system. Despite this, research into oral fungi in HIV patients remains limited, with a disproportionate focus on bacterial studies (Hager and Ghannoum, 2018; Sodré et al., 2020; Fidel et al., 2021; Erfaninejad et al., 2022).

While some studies have explored the fungal communities within the oral microbiota of HIV-infected individuals, most focus on the diversity analyses, primarily describing species richness and compositional differences (Mukherjee et al., 2014; Annavajhala et al., 2020; Chang et al., 2021). Current findings suggest that the oral fungal composition in HIV-infected patients may differ significantly from that of healthy controls, exhibiting both increased diversity and higher fungal abundance. Candida species commonly dominate the oral fungal profiles of HIV-infected individuals, a trend observed regardless of their antiretroviral therapy (ART) status (Mukherjee et al., 2014; Annavajhala et al., 2020). Additionally, smoking may influence the diversity of oral fungal flora in this population (Mukherjee et al., 2018). Some evidence also suggests that patients who had previously been diagnosed with AIDS exhibit reduced fungal α-diversity in both saliva and dental plaque. After ART initiation, a decline in fungal diversity occurs, closely associated with immune activation (Annavajhala et al., 2020). These changes are likely driven by the immunosuppressive effects of HIV, which could promote fungal colonization and overgrowth (Chang et al., 2021).

Metagenomic analysis provides a robust tool for characterizing microbial communities by sequencing genetic material directly from clinical samples. Shotgun metagenomics enables comprehensive profiling of the oral mycobiome, resolving taxonomic composition and functional potential, including metabolic pathways and ecological roles (Pérez-Cobas et al., 2020; Xie et al., 2023). This approach facilitates detection of fungi, including those that cannot be cultured. However, metagenomic approaches remain underutilized in the study of salivary fungi among HIV-infected individuals, limiting our understanding of fungal diversity and pathogenic potential in the oral environment. This knowledge gap hampers our comprehension of how fungal communities evolve across different stages of HIV infection and their implications for oral health.

To address these gaps, comprehensive metagenomic studies are essential. Such research could deepen our understanding of the role of oral fungi in the health and disease of PLWHA, providing insights into how these fungal populations shift over time and contribute to oral health. Expanding our knowledge of these microbial communities is crucial for a complete understanding of the oral ecosystem in HIV patients. Therefore, this study aims to investigate stage-specific alterations in the salivary mycobiome across HIV disease progression, with a focus on functional shifts and biomarker potential. We hypothesize that (1) fungal community structure and metabolic pathways differ significantly among HIV stages stratified by CD4 count, and (2) key fungal taxa correlate with immunological decline and serve as stage-specific biomarkers.




2 Materials and methods



2.1 Study design

This cross-sectional study involved men who have sex with men (MSM) from Beijing, China. Participants were divided into five groups based on HIV status and CD4 counts according to CDC definitions (Centers for Disease Control and Prevention (CDC), 2014), as follows:

	Control (HIV_neg): HIV-negative MSM.

	Stage 0 (HIV_0): HIV RNA-positive but antibody-negative/indeterminate.

	Stage 1 (HIV_1): CD4 count ≥500 cells/μL.

	Stage 2 (HIV_2): CD4 count 200–499 cells/μL.

	Stage 3 (HIV_3): CD4 count <200 cells/μL or presence of opportunistic infections.






2.2 Ethical approval and participant consent

The study was approved by the Institutional Review Board of Beijing Youan Hospital (Approval No. JYKL-[2017]-30), and written informed consent was obtained from all participants before enrollment.




2.3 Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) Male patients aged ≥18 years; (2) Confirmed HIV infection through serological testing; (3) No current antiretroviral therapy (ART) regimen; (4) No use of immunomodulatory drugs; (5) No antibiotic use within the last three months; (6) No significant oral health issues, except for non-cavitated caries, non-purulent periodontal disease, or oral candidiasis; and (7) Presence of at least 20 teeth.

Exclusion criteria were as follows:(1) History of systemic fungal infections; (2) Recent hospitalization (within the last three months); (3) Diagnosis of autoimmune diseases or malignancies; (4) Recent corticosteroid or immunosuppressive therapy within the past three months; (5) Known hypersensitivity to the sample collection materials; and (6) Incomplete clinical data or lack of adherence to study protocols.




2.4 Samples collection

Participants were instructed to refrain from consuming food or beverages and using oral hygiene products for at least two hours before sample collection to minimize external contamination. Saliva samples were collected in the morning before any oral activity. Participants waited for 5-20 minutes to allow for baseline saliva production. Unstimulated whole saliva was collected by passive drooling into a sterile tube until at least 5 mL was obtained. Immediately following collection, samples were placed on ice. To prevent repeated freeze-thaw cycles, all samples were processed within two hours and stored at -80°C until DNA extraction.




2.5 DNA extraction and sequencing

Genomic DNA was extracted from 500 μL of each saliva sample using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, U.S.), following the manufacturer’s instructions. DNA concentration and purity were assessed using a TBS-380 fluorometer and NanoDrop2000 spectrophotometer, respectively. DNA was fragmented to approximately 300 bp using the Covaris M220 (Gene Company, China). A paired-end library was constructed using the NEXTFLEX® Rapid DNA-Seq kit (Bioo Scientific, USA). Sequencing was conducted on the Illumina NovaSeq platform (Illumina, USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The relevant data are deposited in the NCBI Short Read Archive database (SRP327008).




2.6 Bioinformatics analysis

Quality trimming of reads was performed using Fastp v0.20.0 (https://github.com/OpenGene/fastp). Contaminant reads were removed using alignment with BWA (http://bio-bwa.sourceforge.net, version 0.7.9a). Genome assembly was conducted with MEGAHIT (https://github.com/voutcn/megahit, version 1.1.2), which efficiently handles large-scale metagenomic data. A non-redundant gene set was generated using CD-HIT (http://www.bioinformatics.org/cd-hit/, version 4.6.1). Gene abundance was calculated with SOAPaligner (http://soap.genomics.org.cn/, version 2.21), species annotation was performed using BLASTP (BLAST Version 2.2.28+, http://blast.ncbi.nlm.nih.gov/Blast.cgi), and KEGG functional annotation was performed using KOBAS 2.0 (KEGG Orthology Based Annotation System, http://kobas.cbi.pku.edu.cn/home.do).




2.7 Statistical analysis

Quantitative data following a normal distribution are presented as means with standard deviations (mean ± SD), and comparisons between two groups were conducted using the t-test. If the data did not follow a normal distribution, they are reported as medians with interquartile ranges (median [IQR]), and the Wilcoxon rank-sum test was used for comparisons between groups. Categorical data are presented as frequencies with percentages (n [%]), and comparisons between groups were performed using the chi-square test.

Fungal gene sets were constructed based on taxonomic annotation results of metagenomic data, and salivary fungal abundance was normalized using reads per kilobase per million mapped reads (RPKM). β-diversity analysis was performed by calculating genus-level community dissimilarities with the Pearson distance metric. The Kruskal-Wallis rank-sum test (two-tailed) was applied to assess the significance of structural differences in microbial communities among the five groups. Intergroup variations in fungal genera and KEGG functional profiles were analyzed using the Kruskal-Wallis test with false discovery rate (FDR) correction, followed by Games-Howell post-hoc testing (significance threshold α = 0.05). Spearman’s correlation coefficients were employed to evaluate associations between the top 40 most abundant fungal genera/functions and CD4 counts or blood viral load (BVL) in the HIV-positive group.





3 Results



3.1 Participant demographics

This study adhered strictly to the inclusion and exclusion criteria, resulting in the selection of 25 MSM participants from Beijing, including 20 PLWHA. Participants were stratified into five groups based on their CD4 counts, viral load, and western blot confirmation tests, as outlined in Table 1. Importantly, there were no significant differences in age, smoking behavior, periodontal health, or mucosal condition between the five groups (P > 0.05). Two participants in Stage 3 presented with mild pseudomembranous candidiasis, although both were asymptomatic. Informed consent was obtained from all participants prior to the collection of salivary samples.


Table 1 | Demographic and clinical characteristics of MSM participants by HIV stage (n=5 per group).






3.2 Salivary fungal profile in MSM living with HIV/AIDS

The salivary fungal microenvironment in PLWHA was analyzed from the perspective of genus composition. Figures 1A, B provide an overview of the fungal community structure. The Venn diagram displays the distribution of genera across stages 0 to 3, with 86, 97, 102, and 86 genera identified in each stage, respectively. The negative control group contained 87 genera. Notably, 51 genera were shared among all five groups, with each group presenting a similar number of unique genera. The 0 and negative control groups each exhibited 2 unique genera, while the number of unique genera in Stages 1 to 3 increased gradually from 4 to 6, with Stages 2 and 3 having an identical number. The bar chart further illustrates the composition of fungal genera across the groups. Pseudogymnoascus was the most abundant genus among the 26 identified, followed by Malassezia, Puccinia, Ustilaginoidea, Saccharomyces, Candida, Aspergillus, Saitoella, Ophiocordyceps, and Penicillium. A closer examination reveals that the fungal composition in the four HIV-positive groups is generally consistent, but notably distinct from that of the negative control group. All detected genera and their relative abundances are detailed in Supplementary Table S1.




Figure 1 | Composition and abundance of salivary fungal microbiota at the genus level. (A) The Venn diagram displays the overlap of fungal genera across five sample groups. The numbers within the overlapping areas of the diagram represent the shared genera, while non-overlapping areas indicate unique genera. (B) The community barplot illustrates the composition and relative abundance of the top 26 genera across the sample groups, with lower-abundance genera grouped as “Others”. The x-axis represents the five study groups, while the y-axis indicates the proportion of each genus. Different colours represent different genera, and the length of each bar corresponds to the proportion of the respective genus.






3.3 Salivary fungal KEGG functional potential in MSM living with HIV/AIDS

From a functional perspective, the salivary fungal microenvironment in PLWHA displays distinct characteristics based on fungal KEGG gene pathways. As depicted in the Venn diagram (Figure 2A), there are 113 shared fungal functions across all groups, with the Stage 3 group exhibiting the highest number of unique functions, totaling 69 (Figure 3, Supplementary Table S2). These unique functions are classified into the following Pathway Level 1 categories: 4 in Genetic Information Processing, 6 in Cellular Processes, 8 in Environmental Information Processing, 12 in Organismal Systems, 14 in Human Diseases, and 25 in Metabolism.




Figure 2 | Functional composition and abundance of salivary fungal microbiota at KEGG Pathway Level 3. (A) The Venn diagram displays the overlap of fungal functions across five sample groups.The numbers within the overlapping areas of the diagram represent the shared functions, while non-overlapping areas indicate unique  functions. (B) The community bar plot illustrates the composition and relative abundance of the top 56 KEGG functions across samples, with lower-abundance fungal genera categorized as “Others”. The x-axis represents the five study groups, while the y-axis indicates the proportion of each function within each group. Different colours denote different functions, with the length of each bar representing the relative proportion of that function.






Figure 3 | Pieplot illustrating KEGG functions unique to the salivary fungal microbiome in the Stage 3 group at Pathway Level 3. Different colours represent distinct functions, and the size of each segment corresponds to the percentage of that function relative to the total number of functions.



In contrast, the control, Stage 0, and Stage 2 groups displayed no unique functions, while the Stage 1 group had only one unique function. This indicates a substantially different functional profile compared to the composition of fungal genera observed across the various stages. The bar chart (Figure 2B) highlights predominant functions at Pathway Level 3 for the MSM subjects, including Carbon Metabolism, Biosynthesis of Amino Acids, Glycolysis/Gluconeogenesis, Ribosome, mRNA Surveillance Pathway, Alzheimer’s Disease, Parkinson’s Disease, and NOD-like Receptor Signaling Pathway. Detailed functional relative abundance distributions are provided in Supplementary Table S3. This functional divergence underscores the complexity of the oral mycobiome across different stages of HIV infection and its potential implications for disease progression and oral health.




3.4 Differences in salivary fungal genera and KEGG function across disease stages in MSM living with HIV/AIDS

The Kruskal-Wallis rank sum test was employed to assess the within-group dispersion of salivary fungal samples across five groups by analyzing β-diversity differences. The boxplot in Figure 4 illustrates the degree of dispersion within each group. At the fungal genus level, dispersion was notably higher in the Stage 2 and Stage 3 groups, while it was lower in the Stage 0 and control groups. However, at the KEGG functional level, dispersion appeared relatively consistent across all groups. The β-diversity analysis revealed significant differences at the fungal genus level (P = 6.148e-05), but no significant differences were observed at the Pathway Level 3 functional level (P = 0.2152). These results suggest substantial differences in the composition of salivary fungal communities among the five groups, whereas the KEGG functions at Pathway Level 3 do not show significant variation.




Figure 4 | β-diversity analysis of salivary fungal microbiota across five groups, evaluated using the Kruskal-Wallis rank sum test. (A) Variation at the genus level (P = 6.148e-05). (B) Variation at Pathway level 3 functional analysis (P = 0.2152). The x-axis represents the five groups, with the box plots indicating the distribution within each group. The y-axis shows the β-diversity distance values within the groups.



In light of the observed differences in microbial communities among the five groups, the Kruskal-Wallis rank sum test was applied to compare the relative abundances of fungal genera and KEGG functions across these groups. As shown in the bar chart (Figure 5A), the fungal genera Mucor (P = 0.0299), Sistotremastrum (P = 0.04297), and Emmonsia (P = 0.03319) were significantly more abundant in the positive group. Furthermore, the bar chart in Figure 5B demonstrates significant differences in the Pathway Level 3 function of Retrograde endocannabinoid signaling (P = 0.0467) between groups, with higher abundance of this pathway also observed in the positive group.




Figure 5 | Bar plots showing differences in salivary fungal microbiota among five MSM groups, analyzed using the Kruskal–Wallis rank sum test. (A) Differential fungal genera; (B) Differential KEGG level 3 functional pathways. The x-axis shows the percentage abundance of specific genera or KEGG functions within the samples, while the y-axis lists the genera/functions exhibiting significant differences. Different colours represent the various groups. Significance levels are indicated as: 0.01 < P ≤ 0.05 (*).






3.5 Correlation between salivary fungal genera/KEGG function and immune markers in MSM living with HIV/AIDS

The correlation heatmap demonstrates the relationships between CD4 count, BVL, and the top 50 most abundant fungal genera or functions identified in salivary samples from HIV-positive individuals. In Figure 6A, four fungal genera exhibit significant positive correlations with CD4 count: Auricularia (P ≤ 0.01), Debaryomyces (P ≤ 0.05), Drechslerella (P ≤ 0.05), and Endocarpon (P ≤ 0.05). Conversely, Mucor (P ≤ 0.05) is the only genus significantly negatively correlated with CD4 count. In relation to BVL, only Pyrenophora (P ≤ 0.05) shows a significant positive correlation. At the pathway level 3 (Figure 6B), Fructose and mannose metabolism (P ≤ 0.05) and Pentose phosphate pathway (P ≤ 0.01) are the two functions significantly positively correlated with BVL.




Figure 6 | Heatmap showing the correlation between the top 50 salivary fungal microbiota by taxonomic abundance and CD4 count or BVL in PLWHA. (A) Fungal genera; (B) Pathway level 3 functions. The X-axis represents immune markers of PLWHA, while the Y-axis shows fungal genera/functions in the salivary microbiota. The color in the upper part of each box indicates a positive correlation, while the lower part indicates a negative correlation. Significant correlations are denoted by *: 0.01 < P ≤ 0.05 *, 0.001 < P ≤ 0.01**.







4 Discussion

Fungi, while often regarded as minor components of the oral microbiome, play a significant role in maintaining oral health, particularly in PLWHA. Their pathogenic potential typically becomes evident only under conditions that favor opportunistic infections, which contributes to their limited study compared to bacteria. In PLWHA, fungi are crucial for balancing oral health and disease, with the occurrence of candidiasis often serving as a clinical marker for the progression of HIV to AIDS. Previous research on oral fungi has primarily focused on individual pathogenic species, often drawing from clinical case reports (Bandara and Samaranayake, 2019; Mutalik et al., 2021; Roomaney et al., 2021; Santosh et al., 2021; Devi et al., 2024). However, recent advances in DNA sequencing technologies have shifted the focus towards a more holistic understanding of the oral mycobiome. Despite this progress, challenges such as low sensitivity in detecting certain fungal taxa remain (Baldrian and Lepinay, 2021; Cannon, 2022). To address this, we employed high-depth metagenomic RNA sequencing, which enables precise taxonomic identification down to the species level, particularly for the most abundant species with complete genomes available in databases (Aragona et al., 2022). This approach facilitates the identification of viable but non-culturable (VBNC) fungi, even though it cannot confirm their cultivability (Wu et al., 2019). Nevertheless, it provides a valuable tool for clinical research, offering deeper insights into the composition and functional potential of the oral mycobiome.

In this study, we used metagenomic techniques to examine the composition of salivary fungi in untreated PLWHA across various stages of HIV infection. Notably, Pseudogymnoascus emerged as the most abundant genus in all participant groups, contrasting with the expected prominence of Candida in the oral mycobiome of immunocompromised populations. This finding differs from observations in similar studies, such as those on cancer patients, where Candida and Malassezia are predominant components of the salivary fungal community (Hong et al., 2020). In our study, Candida ranked only sixth in abundance, challenging traditional views of the oral mycobiome in immunocompromised individuals.

The salivary fungal profile of the HIV-negative MSM control group included 87 genera, aligning with data from healthy populations (Ghannoum et al., 2010), though the dominant genera showed considerable differences. Pseudogymnoascus was the most abundant genus across all MSM groups, including both HIV-positive and negative participants, which contrasts with previous reports from healthy individuals (Ghannoum et al., 2010). This discrepancy raises the possibility that unique behavioral factors associated with the MSM population, including sexual behavior patterns, may contribute to shifts in the oral fungal community structure. Further comparative analysis is warranted to clarify these potential influences. Interestingly, the predominance of Pseudogymnoascus, primarily recognized as a bat pathogen (Villanueva et al., 2021; Isidoro-Ayza and Klein, 2024), in HIV-positive MSM individuals suggests that shifts in oral fungal ecology may be linked to behavioral factors unique to the MSM population or methodological variations in fungal detection. Pseudogymnoascus destructans, an important psychrophilic bat pathogen, has been shown to survive at 37°C for up to 15 days under artificial cultivation conditions suggesting that it may have the potential for direct transmission between hosts under certain conditions (Campbell et al., 2020), indicating potential ecological plasticity and the capacity for direct transmission between hosts under certain environmental conditions. Beyond its recognized pathogenic role in animals, emerging evidence indicates that Pseudogymnoascus may have broader implications for human health. For example, Pseudogymnoascus destructans has been associated with a lower pathological stage in head and neck squamous cell carcinoma (Chakladar et al., 2022), suggesting a potential protective or modulatory role in carcinogenesis. Additionally, sesquiterpenoids derived from Pseudogymnoascus sp. have exhibited cytotoxic effects against various human cancer cell lines, including breast (MDA-MB-231), colorectal (HCT116), and hepatoma (HepG2) cells (Shi et al., 2021), highlighting its potential dual role as both a commensal component of the oral mycobiome and a factor influencing cancer development.

Although the abundance of Pseudogymnoascus was slightly higher in HIV-positive participants compared to controls, this difference was not statistically significant, suggesting that immune alterations in PLWHA may have a limited impact on Pseudogymnoascus colonization. However, this finding does not rule out the possibility of more subtle immune-mediated effects that may influence fungal ecology over time. Furthermore, the potential for bacterial-fungal symbiosis in the oral mycobiome warrants further exploration. The potential for bacterial-fungal symbiosis in the oral mycobiome warrants further exploration (Shirtliff et al., 2009). Cross-kingdom interactions between Candida albicans and Helicobacter pylori have been documented, where C. albicans serves as a protective reservoir and transmission vehicle for H. pylori. Internalization into C. albicans may enhance H. pylori survival in hostile environments, increasing its transmission potential (Chen et al., 2021). Similar mechanisms may apply to Pseudogymnoascus, potentially explaining its dominance in the HIV-infected oral environment. The presence of other co-cultured oral microorganisms, such as Candida dubliniensis, could further facilitate the persistence and spread of H. pylori, playing a necessary role in its infection cycle and transmission (Scholz et al., 2025). These interactions underline the complexity of microbial relationships within the oral cavity and suggest that Pseudogymnoascus may engage in analogous symbiotic or protective roles. Co-culture systems and single-cell sequencing techniques could provide deeper insights into these cross-kingdom interactions, helping to clarify the ecological dynamics within the oral mycobiome.

The core fungal microbiome remained stable across all stages of HIV infection, characterized by substantial overlap in genera, which indicates that overall diversity was relatively consistent. However, subtle shifts in community composition may reflect the host’s immune status changes. Variations in genus abundance could represent adaptive responses of the salivary fungal community to the dynamic immune environment associated with HIV progression. Our functional analysis revealed significant reorganization within the salivary fungal microbiome, particularly in advanced stages of HIV infection. Participants in Stage 3 exhibited 69 unique functions, predominantly related to metabolic pathways and disease processes, suggesting an association between severe metabolic disorders and late-stage HIV. These findings have potential implications for systemic diseases, including Alzheimer’s and Parkinson’s. The functional changes observed may reflect adaptive or compensatory responses of the fungal community to altered host immunity and modifications in the oral microenvironment. While our beta diversity analysis indicated significant compositional differences in fungal genera across groups, functional consistency was largely maintained. This suggests that even marked changes in fungal genera do not necessarily translate into broad functional reorganization. However, the emergence of unique functions in Stage 3 may imply that prolonged immunosuppression could drive fungi to contribute to secondary infections or malignancies, warranting further investigation.

The substantial variations in fungal genera and metabolic pathways across groups highlight the dynamic nature of the salivary mycobiome in PLWHA. The increased abundance of Mucor, Sistotremastrum, and Emmonsia in the HIV-positive group points to their potential association with immunocompromised conditions characteristic of PLWHA. Mucor species are known opportunistic pathogens (Chen et al., 2022; Muthu et al., 2023) linked to mucormycosis, while Emmonsia has been associated with systemic infections in immunocompromised individuals (Govender and Grayson, 2019; Madani and Grayson, 2022). Our findings support the notion that these genera could serve as biomarkers for HIV-related oral health complications. Additionally, the significant differences observed in KEGG Pathway Level 3 functions, particularly concerning retrograde endocannabinoid signaling, indicate potential metabolic alterations associated with HIV infection. This pathway is integral to neuromodulation and inflammation regulation (Chu et al., 2023), both of which are pivotal in the context of HIV-associated neurocognitive disorders. The increased presence of this pathway in HIV-positive participants may reflect a compensatory mechanism or dysregulation driven by persistent immune challenges.

Furthermore, correlations between specific fungal genera and CD4 counts provide insights into their potential role in oral health among immunocompromised individuals. The positive correlation of genera like Auricularia with CD4 counts suggests that certain low-abundance fungi might contribute to maintaining a balanced oral mycobiome. Conversely, the negative correlation of Mucor with CD4 counts highlights its potential role in opportunistic infections during advanced AIDS stages. Interestingly, similar findings have been reported in tongue cancer research, where elevated Mucor levels were linked to weakened immunity, suggesting that immune dysfunction may create a favorable niche for Mucor colonization (Mukherjee et al., 2017). Notably, bacterial dysbiosis in the oral cavity has also been associated with increased susceptibility to invasive mucormycosis (Vallianou et al., 2021). The disruption of microbial balance may weaken mucosal defenses, facilitating fungal overgrowth and pathogenicity. These findings underscore the complex interplay between bacterial and fungal communities in shaping the oral microenvironment, particularly in immunocompromised individuals. The upregulation of fructose and mannose metabolism (Zhang et al., 2021), alongside the pentose phosphate pathway (Shytaj et al., 2021; Crater et al., 2022), indicates heightened metabolic demands driven by viral replication, likely fostering inflammation and immune activation. These findings emphasize the significance of metabolic pathways in host-fungal interactions in HIV-positive individuals, highlighting potential therapeutic targets aimed at modulating these pathways to enhance patient outcomes.

This study has several limitations that should be noted. First, the sample size of 25 MSM participants restricts the generalizability of our findings. Additionally, the inclusion of only male participants limits the applicability of our results to a broader population. Future studies should aim to include diverse demographic groups, particularly female participants, to improve the comprehensiveness of our findings. Second, the cross-sectional design of this study precludes causal inferences regarding the relationship between HIV progression and changes in the salivary mycobiome. Longitudinal studies will be necessary to establish temporal associations and better understand the dynamics of fungal community shifts over time. Third, while metagenomic sequencing provided valuable insights, detection sensitivity issues may have led to an underrepresentation of low-abundance fungi taxa. Moreover, we did not systematically collect patient age data, which could serve as an additional factor influencing oral mycobiome composition. Finally, although we did not impose restrictions on oral hygiene habits, periodontal health was assessed as an objective indicator of oral conditions. While this provides useful insights, it does not fully account for individual variations in oral hygiene practices. We have acknowledged this as a limitation and suggest that future studies incorporate more detailed assessments of oral hygiene behaviors alongside other potential confounders such as dietary habits and concurrent oral infections. Future research should account for these variables and employ larger, longitudinal cohorts to enhance the clinical relevance of the observed microbial and functional changes.




5 Conclusion

In conclusion, our study highlights the complex role of the oral mycobiome in untreated PLWHA, with an unexpected predominance of Pseudogymnoascus and significant functional shifts observed in advanced HIV stages. The stability of core genera, coupled with metabolic changes, suggests adaptive responses to immune status alterations. The increased presence of Mucor and Emmonsia, along with associated metabolic shifts, indicates their potential as biomarkers for HIV-related oral health issues. However, the limitations of our study, particularly the small sample size and cross-sectional nature, warrant further investigation to confirm these findings and explore their broader biological significance.
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