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Introduction: Dandruff, affecting ~50% of the global population, is a prevalent scalp condition linked to microbial dysbiosis and inflammation, significantly impacting quality of life.

Methods: This study employed an integrative omics approach, utilizing 16S rRNA and ITS1 amplicon sequencing alongside shotgun metagenomics, to analyze the scalp microbiome of 65 individuals with varying scalp conditions (healthy oily, healthy non-oily, and dandruff oily).

Results: Distinct microbial profiles were identified, with an increased abundance of pathogenic genera such as Staphylococcus in the dandruff oily (DO) group, contrasted with the presence of Cutibacterium in healthy cohorts.

Discussion: Functional profiling revealed elevated DNA repair mechanisms in the DO group, indicative of stress stemming from pathogen overgrowth, while healthy non-oily samples demonstrated enhanced functions for scalp homeostasis. Notably, the increase in genomic plasticity in the DO group, characterized by antimicrobial resistance genes and mobile elements, underscores the complex interplay of microbial dynamics in dandruff pathology, advocating for microbiome-targeted therapies.
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1 Introduction

Dandruff represents a persistent scalp concern that affects nearly half of the population at some stage in their lives (Borda and Wikramanayake, 2015). It significantly impacts individuals' quality of life, causing symptoms such as itching, flaking, and social embarrassment, particularly among young adults where incidence rates are notably high (Apetri and Gurgas, 2022; Seite et al., 2009; Zingkou et al., 2020). Although common, the exact reasons for dandruff are still not fully understood, which makes creating effective long-term treatments challenging (Limbu et al., 2021). Current therapies often rely on broad-spectrum antifungals and antibacterials, such as Ketoconazole, Selenium Sulfide, and Pyrithione Zinc, but typically provide only temporary relief, indicating persistent dysregulation within the scalp ecosystem (Vano-Galvan et al., 2024; Schwartz et al., 2011; Narshana and Ravikumar, 2018). The scalp hosts a diverse microbiome, including bacteria, fungi, and viruses, which are crucial for skin health (Mayser et al., 2024). This intricate ecosystem is influenced by environmental factors (such as air quality, temperature, humidity, and pH), host immune responses, and sebum production (Polak-Witka et al., 2020). Disruptions to this balance can cause dermatological conditions including dandruff, notably influenced by Malassezia species, especially Malassezia restricta (Meray et al., 2018; Saunders et al., 2012). However, its role is likely complex and intertwined with the overall composition and function of the microbial community (Mayser et al., 2024). While studies have consistently shown an overabundance of Malassezia in scalps affected by dandruff (Honnavar et al., 2024; Jourdain et al., 2023), viewing it as the sole causative agent oversimplifies the intricate interactions present within this ecological niche.

Improvements in sequencing technologies and bioinformatics are deepening our comprehension of the scalp microbiome. Nonetheless, many specific mechanisms leading to dandruff-related dysbiosis and its consequences for scalp health remain unclear. The etiology of dandruff is frequently associated with three genera, yet their interactions with other scalp microbes need further exploration. Genera including Cutibacterium and Staphylococcus have been recognized as the predominant bacterial species within the scalp microbiome (Watanabe et al., 2020). Notably, higher ratios of Cutibacterium are observed in healthy scalps, whereas elevated levels of Staphylococcus are found in dandruff-affected individuals (Tao et al., 2021). In vitro studies suggest that Staphylococcus epidermidis may inhibit other species, and evidence indicates potential beneficial interactions between Cutibacterium acnes and Malassezia restricta (Numata et al., 2024; Nakamura et al., 2020). The findings underscore a sophisticated network of microbial interactions, in which fluctuations in the abundance of one species can precipitate cascading effects throughout the entire system community.

Furthermore, previous research emphasizes the critical role of co-occurrence and co-exclusion networks between bacteria and fungi in maintaining scalp health (Wang et al., 2022). The study involving dandruff patients found that interactions among microbes and fungi on the scalp may significantly contribute to dandruff development. However, a comprehensive understanding of these complex relationships and the mechanisms regulating microbial community stability and resilience remains elusive.

This study adopts an integrative omics methodology to investigate the intricate interactions between the scalp microbiome and the pathogenesis of dandruff. We analyze the taxonomic and functional diversity of scalp microbiomes in healthy vs. dandruff-prone individuals through advanced sequencing and bioinformatics. By integrating data from various omics platforms, we aim to provide a thorough understanding of dandruff pathogenesis. This multifaceted approach, encompassing high-resolution taxonomic profiling, functional pathway analysis (utilizing KEGG, eggNOG, CAZy, and PHI), and assessing genomic plasticity, will yield valuable insights into the factors driving dandruff-associated dysbiosis. Ultimately, these findings will significantly contribute to developing targeted and effective therapeutic strategies that transcend current, often temporary solutions, paving the way for innovative treatment approaches aimed at restoring the ecological balance of the scalp microbiome and alleviating both the symptoms and long-term impacts of dandruff.



2 Materials and methods


2.1 Study population and sample collection

Sixty-five volunteers (33 females, 32 males) with diverse scalp conditions were recruited from Shantou and Putian, China. Participants filled out a questionnaire regarding hair washing frequency, scalp type, and self-assessed condition. Scalp samples were collected aseptically using sterile cotton swabs in conjunction with sterile combs. Each scalp area was thoroughly combed for 5 min, repeated three times, to maximize sample collection. Swabs were immediately immersed in 1 mL DNA/RNA Shield (Jianshibio, China) and stored at −20°C until further processing. The study protocol received ethical approval from Guangdong Technion-Israel Institute of Technology-E20231121001. All participants granted their informed consent before participation enrolment.

Participants were categorized into three groups based on self-assessment questionnaires and visual inspection by a trained dermatologist: (1) Dandruff Oily (DO): Individuals reporting visible dandruff flakes and exhibiting oily scalp conditions. (2) Healthy Oily (HO): Individuals reporting no visible dandruff flakes and exhibiting oily scalp conditions. (3) Healthy Non-Oily (HN): Individuals reporting no visible dandruff flakes and exhibiting non-oily scalp conditions. The exclusion parameters encompassed: any antecedent of cranial dermatoses (such as psoriasis or eczema), utilization of topical or systemic antifungal or antibiotic pharmacological agents within the preceding month, and any additional significant health afflictions that could influence the cutaneous microbiome. All participants supplied documented informed consent before registration. The visual inspection was conducted to objectively identify dandruff flakes.



2.2 DNA extraction and amplicon sequencing

Genomic DNA was extracted from samples using the ZymoBIOMICS DNA Microprep Kit (Zymo Research, USA) following the manufacturer's instructions, including a 10-min bead-beating step using an MX-C cell disruptor (Dlab, China) to ensure efficient cell lysis.

Amplicons for the bacterial 16S rRNA gene V4 region were generated using the primers GTGCCAGCMGCCGCGGTAA and GGACTACHVGGGTWTCTAAT. For the fungal ITS1 region, the primers used were CTTGGTCATTTAGAGGAAGTAA and GCTGCGTTCTTCATCGATGC. PCR reactions (15 μL final volume) employed Phusion® High-Fidelity PCR Master Mix (New England Biolabs). PCR products were purified using magnetic beads (Agencourt AMPure, XP Beckman Coulter) and size-selected via gel electrophoresis. Illumina library preparation was performed according to the manufacturer's protocol, with quality assessment by AATI Fragment Analyzer and quantification using Qubit fluorometry and qPCR. Sequencing was performed on an Illumina NovaSeq 6000 platform using a paired-end 250 bp (PE250) protocol.

Raw reads were processed using FASTP (v0.23.1) for quality filtering and adapter trimming (Chen et al., 2018). Paired-end reads were merged using FLASH (v1.2.11) (Magoc and Salzberg, 2011). Amplicon sequence variants (ASVs) were identified using DADA2 within QIIME2 (v2022.2) (https://qiime2.org) (Callahan et al., 2016). The SILVA database was utilized for bacteria taxonomic assignment, while the UNITE database was used for fungi (Yilmaz et al., 2014; Abarenkov et al., 2024). Chimeric sequences were removed using QIIM2′s inbuilt chimera detection algorithm. In addition, to minimize host DNA contamination of the samples, all the metagenomic raw reads were screened and the reads matched to human genome in NCBI database were discarded and removed.



2.3 Shotgun metagenomic sequencing

Seven samples per group (HN, HO, DO) were selected from the full cohort (n = 65) for shotgun metagenomic sequencing, matched by age (± 3 years), sex, geographic origin, and scalp condition. DNA from these samples was pooled per group. These seven samples per group were selected to balance statistical power with sequencing costs, as preliminary power analyses suggested this would capture major trends. DNA was fragmented to ~350 bp using a Covaris ultrasonic disruptor. Illumina library preparation and sequencing were performed using a PE150 protocol on the NovaSeq 6000 platform. Raw reads were processed using FASTP (v0.23.1) for quality filtering and adapter trimming. High-quality reads were assembled using MEGAHIT (Li et al., 2015).



2.4 Bioinformatic analysis
 
2.4.1 Amplicon sequencing data analysis

Beta diversity group differences were tested using Kruskal–Wallis on per-sample centroid distances (mean distance to group centroid), a non-parametric alternative to PERMANOVA for small sample sizes. PCoA and ANOSIM were used to visualize and confirm group separation. Furthermore, data visualization included a genus-level correlation network performed in R (https://www.R-project.org/). Functional predictions for bacterial communities were made using PICRUSt (v1.1.4) (Langille et al., 2013). For co-occurrence network analysis, we employed the SparCC algorithm implemented in the R package “SpiecEasi” (Kurtz et al., 2015). This algorithm is designed to infer sparse correlations in compositional data. Using Cytoscape (version 3.9.1), we generated interactive network visualizations that enable exploration and manipulation of network structures rooted in node and edge properties.



2.4.2 Shotgun metagenomic data analysis

Open reading frames (ORFs) were predicted from scaffolds longer than 500 bp using MetaGeneMark (Zhu et al., 2010). Taxonomic annotation of unigene sequences was conducted by aligning them with the Micro_NR database using DIAMOND software (Buchfink et al., 2015). The abundance tables at each taxonomic level were visualized using Krona analysis (Ondov et al., 2011). For functional annotation, predicted proteins were aligned against several databases, including KEGG, eggNOG, CAZy, VFDB, and PHI, utilizing DIAMOND (Kanehisa et al., 2006; Huerta-Cepas et al., 2016; Cantarel et al., 2009; Chen et al., 2005; Urban et al., 2022; Buchfink et al., 2015). Resistance genes were identified using the RGI tool and compared with the CARD database (McArthur et al., 2013; Alcock et al., 2020). To investigate mobile genetic elements (MGEs), unigene sequences were compared with insertion sequences (ISs) via the ISfinder database (Siguier et al., 2006), integrons via the Integrall database (Moura et al., 2009), and plasmids via the PLSDB database (Galata et al., 2019). Data visualization included abundance histograms and heatmaps generated using R, utilizing Bray-Curtis distance clustering for both functional pathways and taxa through the “hclust” function with the Ward D2 linkage method. Heatmap values were represented as Z-scores, calculated as the difference between a sample's relative abundance and the category average, divided by the standard deviation.





3 Results


3.1 Microbial community composition of healthy and dandruff scalp

High-throughput sequencing of the 16S rRNA gene V4 region yielded an average of 118,498 raw reads per sample (n = 65), while ITS1 region sequencing generated 54,612–154,544 reads per sample (mean = 107,198 reads). The top ten bacterial phyla and thirty most abundant genera are detailed in Supplementary Table S1. Analysis showed Actinobacteriota as the main bacterial phylum in all samples, followed by Firmicutes. Three dominant genera were Cutibacterium, Staphylococcus, and others Lawsonella. Fungal communities were predominantly Basidiomycota (98% average), with Malassezia and Malasseziales_gen_Incertae_sedis as the most prevalent genera.

To investigate microbiome differences across scalp conditions, samples were categorized into three groups: healthy non-oily (HN), healthy oily (HO), and dandruff oily (DO), each comprised of seven samples. Actinobacteriota was more abundant in HN (79.45%) and HO (74.94%) than DO (40.65%, p < 0.0001). Conversely, Firmicutes were more abundant in DO (58.85%) than HN (19.63%) and HO (24.22%, p < 0.0001) (Figure 1A). Other phyla exhibited low relative abundance across all groups. This significant shift in the relative abundance of dominant bacterial phyla suggests a substantial alteration in the microbial ecosystem between healthy and dandruff-affected scalps.
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FIGURE 1
 Taxonomic annotations at the phylum and genus levels for bacterial and fungal communities. Histograms for bacterial phylum (A) and genus-level annotations for bacteria (B), as well as histograms for fungal phylum (C) and genus-level annotations for fungi (D).


Genus-level analysis (Figure 1B) revealed further distinctions. Staphylococcus was more abundant in the DO group (58.70%) than in HN (19.35%) and HO (23.85%, p < 0.0001). In contrast, Cutibacterium was significantly more abundant in HN (64.98%) and HO (63.24%) groups compared to DO (27.87%, p < 0.0001). Corynebacterium was more abundant in HO (0.43%) and DO (0.41%) than in HN (0.19%). These genus-level variations suggest a potential role for these bacterial taxa in dandruff development or progression.

Fungal analysis (Figure 1C) showed Basidiomycota as the dominant phylum (>98%) in all groups. Ascomycota was more prevalent in HN (1.14%) than in HO (0.18%) and DO (0.08%). Rozellomycota, Mortierellomycota, and Olpidiomycota were present at low abundances across all groups. While significant differences were observed at the fungal genus level (Figure 1D), these variations were less pronounced compared to the observed bacterial shifts. Malassezia represented the majority of fungal communities across all groups (90.14%, 85.05%, and 78.80% in HN, HO, and DO, respectively). The DO group exhibited a higher relative abundance of Malasseziales_gen_Incertae_sedis (21.10%) compared to HN (8.36%) and HO (14.62%).

The composition of the overall taxonomy and abundance patterns resulting from the 16S rRNA and ITS1 amplicon sequencing (Figure 1) largely agreed with findings from shotgun metagenomic sequencing (Supplementary Figure S1). Both methodologies indicated a substantial increase in Staphylococcus and a decrease in Cutibacterium abundance within the DO group compared to the healthy cohort.



3.2 Diversity indices and community comparisons of scalp microbiota

Alpha diversity analysis assessed within-group diversity using Chao1, observed operational taxonomic units (OTUs), dominance, Good's coverage, Pielou's evenness, Simpson's, and Shannon diversity indices (Supplementary Table S1). No significant differences in alpha diversity existed among the three groups (HN, HO, DO), indicating similar species richness and evenness for bacterial and fungal communities (Figures 2A, C).
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FIGURE 2
 (A) Bacterial Shannon alpha diversity box plots with pairwise Wilcoxon rank-sum tests. (B) Box plots of inter-group median Bray-Curtis dissimilarities (computed as the average distance of each sample to all samples in the opposing group). Statistical significance was evaluated utilizing Kruskal–Wallis tests (3-group comparison) succeeded by pairwise Wilcoxon tests (FDR-adjusted). (C) Fungal Shannon alpha diversity box plots with pairwise Wilcoxon rank-sum tests. (D) Box plots of between-group median unweighted UniFrac distances, analyzed as in (B). (E, F) PCoA plots of Bray-Curtis dissimilarities for bacterial (E) and fungal (F) communities (Qiime2-emperor), with axes showing variance explained (%). Confidence ellipses denote groups with >3 samples. Beta diversity box plots (B/D) reflect group-wise dissimilarity medians (see Methods). While PERMANOVA is standard for distance matrices, Kruskal-Wallis was used here as a non-parametric alternative for median distance comparisons.


Beta diversity analysis using Bray-Curtis dissimilarity compared microbial community structures across groups. Bacterial community structure differences were observed between groups (p < 0.05, Figure 2B). This contrasted with the fungal communities, where no statistically significant differences were found across groups (Figure 2D).

Principal coordinate analysis (PCoA) of Bray-Curtis dissimilarities from 16S rRNA data (Figure 2E) showed a clear separation between healthy groups (HN, HO) and the dandruff oily (DO) group. Analysis of similarities (ANOSIM) confirmed significant differences in bacterial community structure between DO and both HN (p = 0.015) and HO (p = 0.005). This contrasted with the fungal communities, where no statistically significant differences were found across groups (Figure 2D).

Pairwise comparisons of bacterial genera was conducted through genus-level t-tests (Figures 3A, B). The results were further illustrated using volcano plots (Figures 3C, D), which combined p-values with fold changes in abundance. A noteworthy difference in the average abundance of Cutibacterium and Staphylococcus was found between the HO and DO groups (p < 0.001 for both genera). Cutibacterium was significantly more abundant in the HO group, while Staphylococcus predominated in the DO group. The volcano plot (Figure 3C) confirmed this, showing a substantial positive fold change [–log10(p-adj) > 4] for Cutibacterium in HO relative to DO, indicating strong upregulation in healthy oily scalps. Conversely, Staphylococcus showed a significant negative fold change in HO compared to DO. Comparative analyses of the DO and HN groups (Figure 3B) indicated a notably higher prevalence of Staphylococcus in the DO group (Figure 3D). While Cutibacterium showed numerically lower abundance in DO compared to HN, the difference was not statistically significant.
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FIGURE 3
 Group differences identified via t-test. (A) Comparison between HO and DO, (B) comparison between HN and DO, (C) volcano plot for HO vs. DO, and (D) volcano plot for HN vs. DO, with red (upregulated) and blue (downregulated) dots indicating differential genus abundance.




3.3 PICRUSt analysis of microbial functions and network dynamics in microbial communities

Functional profiles were predicted using PICRUSt2, which inferred pathways from 16S rRNA gene sequencing and the KEGG database. Metabolic pathways made up about 50% of the predicted functions: 50.87% (HN), 50.72% (HO), and 49.84% (DO). Genetic Information Processing constituted the second most prevalent category, comprising 18.65%, 18.63%, and 18.15% for the HN, HO, and DO groups, respectively. This was succeeded by Environmental Information Processing, which accounted for 15.91%, 16.01%, and 15.81% for HN, HO, and DO, correspondingly. These three functional categories represent the primary areas of predicted functional enrichment in the microbial communities across the three scalp groups (Figure 4A). In our analysis, the functional predictions from DIAMOND alignment (Supplementary Table S1) and PICRUSt2 were broadly consistent and both methods showed similar trends.
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FIGURE 4
 PICRUSt functional predictions and genus-level network analysis. (A) Functional prediction histogram. Network analysis for HN (B), HO (C), and DO (D) groups, with node size representing relative abundance and color of line indicating positive (red) or negative (blue) correlations.


To examine inter-genus relationships, co-occurrence networks at the genus level were established for each respective genus group. Distinct interaction patterns emerged across groups. Within the HN group, the predominant genera, namely Cutibacterium, Staphylococcus, and Lawsonella, demonstrated intricate interrelationships with various other genera, as depicted in Figure 4B. A negative correlation between Cutibacterium and Lawsonella suggests potential competitive or inhibitory interactions. The HO group displayed similar interaction patterns but also included Pseudonocardia within its core network, and a negative correlation was observed between Lawsonella and Pseudomonas, a notable difference from the HN group (Figure 4C). In the DO group, both Cutibacterium and Lawsonella showed individual negative correlations with other genera (Methylobacterium-Methylorubrum and Porphyromonas, respectively). Pseudomonas exhibited extensive connections with various genera, including Streptococcus, highlighting its significant ecological role. Positive correlations were observed between Staphylococcus and Pseudonocardia (p = 0.005), as well as Acinetobacter (p = 0.029). The absence of correlations between Staphylococcus and Cutibacterium or Lawsonella in the DO group suggests niche differentiation or specialization (Figure 4D).



3.4 Taxonomic differences at the species level

Shotgun metagenomic sequencing revealed notable differences in the scalp microbiome composition between healthy individuals and those affected by dandruff individuals. Taxonomic annotation, visualized using Krona (Supplementary Figure S1), provided a high-level overview of taxonomic distribution at the phylum and class levels. The dandruff oily cohort showed a bacterial composition comprising 65% of the microbiome, with increased Staphylococcus and decreased Cutibacterium abundance (Figure 5A).
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FIGURE 5
 Species diversity between dandruff and healthy samples. Krona visualization for DO samples (A); bar chart showing species abundance across HN, HO, and DO groups (B). Heatmap of absolute unigene sequence counts (range 500–2,000) and abundance clustering for HN, HO, and DO (C); genus-species level differential expression via clustering heatmap (D), with color intensity reflecting Z-scores.


Species-level analysis (Figure 5B) highlighted specific taxa differentiating the groups. Cutibacterium acnes showed a markedly higher prevalence in the HN (7.21%) and HO (5.45%) groups compared to the DO group (0.78%). Similarly, Cutibacterium namnetense showed higher relative abundance in HN (1.13%) and HO (0.89%) compared to DO (0.36%). In contrast, the DO group showed a higher prevalence of Staphylococcus aureus at 1.31%, compared to HN and HO. Malassezia restricta, frequently associated with dandruff, exhibited higher abundance in the HO (4.32%) and DO (3.39%) groups relative to HN (2.78%). Lactobacillus crispatus, recognized for its probiotic properties, was more prevalent in the DO group (0.83%) compared to HN and HO. These variations in species abundance may significantly influence alterations in skin barrier function observed in individuals with dandruff.

Further analysis involved a statistical heatmap of unigene annotation numbers and a species abundance clustering heatmap (Figures 5C, D) to visualize differences in microbial composition across the samples. Malassezia restricta exhibited consistently high unigene abundance across all groups (2,497, 2,526, and 2,510 in HN, HO, and DO, respectively). Conversely, Cutibacterium acnes abundance was significantly higher in HN (887) and HO (893) groups compared to DO (565). The species abundance heatmap (Figure 5D) indicated that the DO group exhibited greater abundances of Staphylococcus, Pseudomonas, and Cutibacterium granulosum. In contrast, Cutibacterium acnes and Cutibacterium namnetense were more prevalent in the HN group compared to the HO and DO groups. Malassezia restricta also showed greater relative abundance in HO compared to HN and DO.



3.5 Functional profiling of the scalp microbiome via KEGG pathway analysis

Shotgun metagenomic sequencing data allowed for the investigation of the functional potential of the scalp microbiome across the three groups (HN, HO, DO). Level 1 KEGG pathway analysis, consistent with previous PICRUSt2 predictions (Supplementary Figure S2), revealed distinct functional profiles. Bray-Curtis hierarchical clustering (Figure 6A) indicated that HN and HO samples were functionally similar. Compared to DO, HN, and HO groups showed higher relative abundance of carbohydrate/amino acid metabolism, nucleotide/energy metabolism, and membrane transport pathways (though statistical testing was precluded by sample pooling). Furthermore, HN and HO groups showed greater representation of nucleotide and energy metabolism pathways compared to the DO group. The “Environmental Information Processing: Membrane Transport” KEGG category was significantly enriched in both HN and HO groups, suggesting differences in nutrient acquisition and environmental responsiveness between these groups and the DO group. Similarly, the “Genetic Information Processing: Translation” pathway was significantly enriched in HN and HO groups.
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FIGURE 6
 Bray-Curtis clustering and KEGG functional abundance distribution. Bray-Curtis distance clustering and functional relative abundance for level 2 KEGG categories (A). Hierarchical heatmap of EC categories among healthy and dandruff groups (B), with color intensity based on Z-scores.


To further refine the functional analysis, Enzyme Commission (EC) numbers were annotated to identify specific enzymes. Hierarchical clustering of EC numbers (Figure 6B) showed that EC number 7.6.2.4, linked to ABC-type fatty-acyl-CoA transporters, was mainly found in the DO group, indicating a possible role in fatty acid transport. In contrast, EC numbers 3.6.4.13 (an ATPase linked to energy metabolism and transport) and 3.1.3.16 (a phospholipase connected to lipid metabolism and membrane dynamics) were significantly more common in the HO group.



3.6 Functional profiling of the scalp microbiome via eggNOG analysis

Orthologous gene clusters were analyzed across scalp groups using the EggNOG database to assess functional differences. Hierarchical clustering (Figure 7A) showed that the DO group displayed increased activity in functions associated with replication, recombination, and DNA repair, indicating improved genomic maintenance and stability. In contrast, the HN group showed greater activity in transport and metabolism pathways, particularly membrane biogenesis, reflecting adaptations for nutrient uptake and cellular integrity. The HO group showed notable activity in post-translational modification, protein turnover, chaperone functions, secretion, vesicular transport, and cell cycle regulation. These variations highlight the distinct ecological roles and adaptive strategies of microbial communities within each scalp group.


[image: Heat map graphic with two sections, A and B, displaying gene expression data. Section A shows various biological functions, including protein turnover and cell cycle control, with colors ranging from red (high expression) to blue (low expression). Section B lists specific proteins and activities with a similar color scheme, indicating expression levels.]
FIGURE 7
  Functional profiling via eggNOG analysis. Functional categories at level 1 (A) and level 2 (B) visualized by hierarchical clustering heatmaps, with color intensity based on Z-scores.


Further analysis using level 2 hierarchical clustering (Figure 7B) revealed more specific functional enrichments. The DO group showed significant enrichment in transposition-related functions, with abundant transposases and transposable element-associated domains (L1, LINE1), indicating a high degree of genomic plasticity. The HN group displayed significant enrichment in carbohydrate transport functions, primarily via ABC transporters and the major facilitator superfamily, suggesting efficient carbohydrate metabolism and utilization. The HO group exhibited a more balanced functional profile, with moderate representation of both transposition-related and carbohydrate transport functions, along with rRNA binding and transcriptional regulation, consistent with a more generalist metabolic strategy compared to the HN and DO groups.



3.7 Function and interaction profilings referencing CAZy, VFDB, and PHI databases

Hierarchical clustering of CAZyme family abundances (Figure 8A) revealed distinct functional adaptations across the three groups, potentially correlating with sebum composition and dandruff pathogenesis. The DO group showed a relatively lower abundance of polysaccharide lyases (PLs), suggesting reduced capacity for complex polysaccharide degradation. The HN group showed more glycosyl hydrolases (GHs), especially for degrading simple sugars from host-derived (skin cells) and environmental sources (e.g., skincare products). Increased levels of carbohydrate esterases (CEs) in the HN group, and comparable levels of glycosyl transferases (GTs) in both HN and HO groups, suggest enhanced capabilities for utilizing lipid-associated carbohydrates and modifying host-produced lipids. The HO group showed increased relative abundance of auxiliary activities (AAs) and PLs, indicating a greater capacity for complex polysaccharide degradation, which may contribute to the breakdown of stratum corneum components, potentially mitigating barrier disruption and inflammation associated with dandruff.


[image: Image showing four panels of data visualizations. Panel A is a heatmap displaying activities related to various enzymes. Panel B features a dendrogram with abundance bar graphs, indicating VFDB level one relative abundance among different samples. Panel C is a stacked bar chart of the relative abundance of various elements across three samples labeled HN, HO, and DO. Panel D is another heatmap illustrating microbial species distribution across samples. Each uses color gradients to indicate varying levels of abundance or activity.]
FIGURE 8
 Functional profiling of CAZy, VFDB, and PHI categories. Hierarchical clustering heatmap of CAZy family abundances (A); virulence factor clustering based on Bray-Curtis dissimilarity (B); PHI level 1 abundance histogram (C) and level 2 hierarchical clustering heatmap (D). Heatmap intensity represents Z-scores.


Hierarchical clustering utilizing Bray-Curtis dissimilarity (Figure 8B) showed that the healthy groups (HN and HO) exhibited higher community cohesion and resilience compared to the DO group. Although essential virulence factors (VF0317, VF0842, and VF0302) existed in every group, they were found to be more plentiful in the healthy groups. The higher abundance of VF0842 in the DO group suggests a specific role in dandruff pathogenesis. Other virulence factors (VF0738, VF0739, VF0758, VF0755, VF0298, VF0849, and VF0858) were present across groups but exhibited lower prevalence in the DO group.

Analysis of pathogen-host interactions using the PHI database (Figures 8C, D) revealed a higher relative abundance of factors associated with skin infections in the DO group, indicating a skewed microbial community potentially contributing to dandruff. At level 2, specific pathogen-host interactions were highlighted. The much higher levels of Staphylococcus aureus in the DO group indicate a connection to inflammation and infection, upset the balance of the skin microbiota. Conversely, the HO group exhibited increased levels of fungi (Ustilago maydis and Candida albicans), which may contribute to scalp health through competition with pathogenic organisms. The HN group exhibited a more balanced microbial profile, indicative of a healthier scalp environment.



3.8 Genomic plasticity and horizontal gene transfer

Figures 9A–D show significant differences in the relative abundance of ARGs and mobile genetic elements (MGEs) among the three scalp samples groups. Figure 9A shows the relative abundance of key ARGs. The vanT gene (vanG cluster) consistently exhibits high relative abundance, particularly in healthy groups (76.41% in HO and 86.16% in HN of the total ARG pool), suggesting widespread potential for vancomycin resistance. Other ARGs (sdrM, norC, mdeA, fosBx1, sepA, mgrA, and inuA) account for the remaining 15–25% of the ARG pool. While these genes maintain similar proportions in the DO group (8.23–15.6%), with vanT, sdrM, and norC each representing ~15.6%, many are associated with Staphylococcus aureus, suggesting potential contributions to resistance mechanisms.


[image: Four stacked bar charts labeled A, B, C, and D show the relative percentage of various components across three sample names: HN, HO, and DO. Chart A highlights gene clusters, chart B shows CP codes, chart C displays IS elements, and chart D illustrates NZ codes. Each chart uses a color-coded legend to differentiate categories, with notable variations in distribution patterns among the samples.]
FIGURE 9
 Resistance gene analysis in healthy and dandruff samples. Relative abundances of ARGs (A), integrons (B), insertion sequence elements (C), and plasmids (D) shown by histograms.


Figure 9B depicts the relative abundance of integrons. The integron CP012744.1 constitutes ~40–50% of the total integron pool, indicating its significant role in the microbiome's genetic landscape. This integron is significantly more abundant in the DO group (53.81%) compared to HN (40.01%) and HO (41.45%), suggesting an adaptive response to selective pressures associated with dandruff. In contrast, integron LT996886 is nearly five times more prevalent in the healthy groups, possibly reflecting a protective role in maintaining scalp health. The diverse integron composition further underscores the complexity of microbial interactions and resistance mechanisms.

Figure 9C shows the relative abundance of the top 10 insertion sequence (IS) elements. In HN samples, ISArsp12 (68.01%) and ISSau6 are most prevalent. ISSau6, linked to Staphylococcus aureus, is significantly more abundant in DO (54.71%) compared to HN (21.28%) and HO (17.67%), suggesting a microbial shift during dandruff development that may contribute to inflammation. ISCge1, primarily found in HO (45.65%), exhibits lower frequency in HN (0.36%) and DO (15.12%), suggesting a potential protective role. Other IS elements show subtle variations.

Figure 9D shows the relative abundance of plasmids. Plasmid NZ_CP053353.1, originating from Staphylococcus aureus, is significantly more abundant in DO (39.49%) compared to HN (9.24%) and HO (11.77%), suggesting a link to dandruff-associated microbial dynamics. Healthy groups show a relatively even distribution of plasmids NC_021086.1, NZ_CP017041.1, and NZ_LN868939.1 (36–40% of total plasmid pool), potentially indicating a more stable plasmid composition reflecting a balanced ecosystem. The remaining plasmids exhibit considerable diversity and variation across groups.




4 Discussion

Variations in sebum secretion can influence scalp conditions, leading to ecological imbalances that contribute to dandruff (Borda and Wikramanayake, 2015; Ro and Dawson, 2005; Yoon et al., 2021). To investigate the differential interaction mechanisms underlying different scalp conditions, we conducted an integrative omics study analyzing the composition and function of the scalp microbiome in individuals with and without dandruff, focusing on oily scalp conditions. Our research findings indicate a complex interplay of microbial communities, functional pathways, and genomic plasticity that contribute to the condition of dandruff pathogenesis.

Both amplicon and shotgun metagenomic sequencing demonstrated significant alterations in the scalp microbiome between dandruff-affected oily (DO) scalps and healthy oily (HO) and non-oily (HN) scalps. Amplicon sequencing indicated that the scalp microbiome is predominantly composed of three phyla, with substantial variations noted among the groups. It is important to note that the DO group displayed a heightened prevalence of Firmicutes, specifically of the genus Staphylococcus, which has been associated with inflammation linked to dandruff (Liu et al., 2018). In contrast, the genus Cutibacterium was found to be more prevalent in healthy groups, suggesting its potential protective role against scalp disorders (Rozas et al., 2021). The fungal community, primarily consisting of Ascomycota and Basidiomycota, exhibits no notable differences among the scalp samples. Nonetheless, it encompasses the genus Malassezia, recognized for its association with various skin disorders (Prohic et al., 2016). Our findings regarding the fungal community composition, specifically the relatively low abundance of Malassezia in DO group are not consistent with some previous studies (Grimshaw et al., 2019). This inconsistency may stem from methodological variations, differences in study populations (such as ethnicity and geographic location), or our limited sample size. The presence of Malasseziales_gen_Incertae_sedis, an unclassified genus within the Malassezia family in the DO group, can potentially lead to further research in determining Malassezia imbalance.

The results from our alpha and beta diversity analyses further emphasized that while the DO group shares a common microbial community with the healthy groups, distinct differences in abundance underline a complex community structure rather than the presence of a singular causative agent for dandruff. The constructed genus-level relationship network revealed unique interaction patterns among genera. For instance, the observed negative correlation between Cutibacterium and Lawsonella in the HN group indicates competitive dynamics influencing their ecological roles. In the HO group, Pseudonocardia emerged as a key component, suggesting its importance in shaping community dynamics, while the negative correlation between Lawsonella and Pseudomonas suggests competition that further distinguishes this group (Cosseau et al., 2016; Watanabe et al., 2021). Interestingly, the lack of interaction between Staphylococcus and both Cutibacterium and Lawsonella in the DO group implies niche differentiation, potentially enhancing community stability and resilience.

At the species level, shotgun metagenomic sequencing has offered supplementary insights. Species such as Cutibacterium acnes, Malassezia restricta, and Staphylococcus aureus align with prior research, indicating the presence of a shared microbial community among scalp samples (Soares et al., 2016; Grimshaw et al., 2019). This is particularly true for Pseudomonas sp., which appeared in greater numbers in dandruff samples, indicating its potential influence on scalp health homeostasis. One study also indicated that the relative abundance of Pseudomonas is associated with severe scalp psoriasis (Choi et al., 2022). Additionally, the increased abundance of Escherichia coli in the DO group is noteworthy. Although not a typical resident of the scalp microbiome, its elevated levels suggest potential translocation from hair or other sources, possibly contributing to inflammation or dysbiosis. One study has shown that Escherichia coli and Pseudomonas aeruginosa demonstrate distinct adherence patterns on hair surfaces, effectively colonizing without significantly affecting the hair shaft's surface morphology (Kerk et al., 2018).

These findings establish the groundwork for an in-depth examination of the functional profiling of these microbial communities, which may further clarify their roles in scalp health and disease. KEGG pathway analysis revealed a higher abundance of carbohydrate and amino acid metabolism, nucleotide and energy metabolism, and membrane transport in HN and HO samples, suggesting more active, adaptive microbiomes. In contrast, the dandruff-affected (DO) group showed reduced representation in these pathways, potentially indicating impaired nutrient uptake and metabolism linked to dysbiosis (Belizario et al., 2018).

Functional profiling via eggNOG highlighted increased DNA repair functions in the DO group, suggesting stress responses due to pathogen overgrowth, a characteristic of dysbiosis often seen in dandruff (Trueb et al., 2018; Polak-Witka et al., 2020). Conversely, HN samples displayed enhanced functions in transport and membrane biogenesis, reinforcing the idea that a balanced microbiome is crucial for maintaining scalp homeostasis and preventing inflammatory conditions, which include dandruff (Polak-Witka et al., 2020; Lousada et al., 2021).

Further insights from the CAZy database analysis indicated that the microbiota in HN samples demonstrates robust adaptability for utilizing a diverse range of carbohydrate substrates. This capability potentially supports skin health and enhances barrier function. Conversely, the DO group displayed a diminished capacity to degrade complex structural components of the stratum corneum, indicating possible deficiencies in nutrient acquisition essential for maintaining scalp integrity. The elevated abundance of AA and PL in healthy oily (HO) samples further suggests that a well-functioning scalp microbiome contributes positively to skin barrier integrity, aiding in the resolution of inflammation (Prescott et al., 2017). While Kruskal–Wallis on centroid distances provided a conservative test for beta diversity, future studies with larger cohorts should apply PERMANOVA to assess centroid shifts directly.

The analysis of virulence factors underscored their critical role in maintaining scalp health and their association with dandruff. Factors, including VF0317 and VF0302, which are associated with immune modulation and resistance to oxidative stress, were identified as being more abundant in individuals characterized as healthy. This suggested that higher levels of these factors contributed to a protective microbial environment against pathogens. Conversely, the reduced abundance of these factors in scalps affected by dandruff indicated a predominance of pathogenic bacteria, leading to increased inflammation and microbial dysbiosis. For instance, VF0842 appeared to exacerbate inflammation by promoting pathogenic colonization or triggering local immune responses. Additionally, other virulence factors like VF0738 and VF0758 were also observed to be less abundant in dandruff-affected scalps, further indicating a diminished capacity for protective functions.

Analysis from the PHI database corroborated these observations, revealing a higher prevalence of skin infection-associated factors in the DO group, particularly from Staphylococcus aureus. This association may contribute to inflammation and exacerbate dandruff symptoms. The healthy-oily scalp group (HO) showed a notable level of Candida albicans, potentially aiding the survival of Staphylococcus aureus by offering protection against antimicrobial agents via polysaccharide-mediated biofilm formation. This dynamic interplay suggests that while Candida albicans may provide defensive benefits against certain pathogens, it could also facilitate bacterial resilience within polymicrobial environments (Kong et al., 2016).

Additionally, our analysis of ARGs, integrons, Is elements, and plasmids identified significant differences between the sample groups, particularly highlighting increased genomic plasticity within the DO group. The presence of Staphylococcus aureus-associated ARGs—such as sdrM, and norC—in both healthy and dandruff-affected groups suggests that these microorganisms have evolved mechanisms to withstand environmental stresses, including antibiotic pressure (Anjum et al., 2024). Notably, the elevated abundance of ARGs and MGEs in the DO cohort indicates an increased potential for horizontal gene transfer, contributing to microbial instability and adaptability (Thomas and Nielsen, 2005). This rise in ARG prevalence, especially among Staphylococcus species, reflects selective pressures arising from antibiotic usage in the treatment of dandruff, which may inadvertently promote the emergence of antibiotic-resistant strains. Furthermore, the enhanced presence of plasmids, integrons, and diverse Is elements signifies the dynamic nature of the microbiome associated with dandruff, further amplifying its virulence and adaptability in response to therapeutic interventions (Bennett, 2008).

The gender-specific analysis, although not explicitly detailed in the results, is a critical strength of the study and needs further discussion in the context of observed differences. Hormonal variations between males and females could influence sebum production, pH, and immune responses, potentially impacting the structure and function of the scalp microbiome. An exploration of the gender-specific aspects of microbiome composition and function in dandruff will facilitate a more comprehensive understanding of the disease and pave the way for more customized therapeutic intervention approaches.



5 Limitations

While our research offers original insights, it is essential to recognize specific limitations. Although we applied FDR correction and LEfSe to address compositional bias, future studies should use modeling approaches (e.g., MaAsLin2) to integrate covariates. Furthermore, the study's design limits causal determination; therefore, longitudinal studies are needed to understand microbiome fluctuations and their relationship with dandruff progression. The restricted sample size (n = 7 per cohort for metagenomic examination) might impede the statistical strength and broader significance of the findings. Further research involving larger cohorts is essential to validate these results. Additionally, a comprehensive and integrative approach to determine microbial contributors with different gene functions is required to enhance understanding of how the microbiome can impact dandruff pathology. Finally, the functional predictions rely on bioinformatic analyses; experimental validation of predicted functions is necessary for complete confirmation.



6 Conclusion

This integrative omics study provides strong evidence that a dysbiotic scalp microbiome is central to the pathogenesis of dandruff, particularly in individuals with oily scalps. Our analysis reveals significant differences in microbial composition, virulence factors, and metabolic capacities between healthy and dandruff-affected scalps. The DO group showed signs of dysbiosis, including increased DNA repair functions and a higher prevalence of pathogenic bacteria, which may contribute to inflammation and exacerbate dandruff. In contrast, healthy scalps (HN and HO) displayed enhanced functions supporting skin health, such as carbohydrate metabolism and immune modulation. Additionally, the study highlights differences in genomic plasticity and antibiotic resistance genes in the dandruff-associated microbiome, suggesting its adaptability and potential for pathogenicity. This research underscores the importance of considering the entire scalp microbiome ecosystem, rather than focusing solely on species like Malassezia restricta. A balanced microbiome is crucial for preventing dandruff and other inflammatory conditions. Future studies should investigate the temporal dynamics of microbiome changes, validate functional predictions, and explore microbiome-targeted therapies to restore balance and alleviate dandruff symptoms. The integrated approach applied here offers a valuable framework for investigating other complex skin conditions and for developing more personalized and effective treatments.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov, accession number PRJNA1199187.



Ethics statement

The studies involving humans were approved by Guangdong Technion-Israel Institute of Technology-E20231121001. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

HY: Investigation, Writing – original draft, Formal analysis, Data curation, Methodology, Writing – review & editing. JL: Writing – review & editing, Investigation, Methodology, Data curation, Writing – original draft, Formal analysis. YW: Data curation, Writing – review & editing, Writing – original draft, Investigation, Methodology, Formal analysis. TZ: Investigation, Conceptualization, Methodology, Writing – review & editing, Writing – original draft. TM: Investigation, Methodology, Writing – review & editing, Writing – original draft, Conceptualization. OH: Methodology, Conceptualization, Investigation, Writing – review & editing, Supervision, Funding acquisition, Project administration, Formal analysis, Resources, Writing – original draft.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Acknowledgments

The authors acknowledge with gratitude the generous support of the GTIIT's startup fund for supporting Prof. Olivier Habimana's research, without which the timely production of the current report/publication would not have been feasible. The authors are also grateful for the generous seed funding support from GTIIT-Changzhou Innovation Institute (GCII-Seed-202409).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Generative AI statement

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



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1595030/full#supplementary-material

SUPPLEMENTARY FIGURE S1 | Taxonomic annotations by Krona for HN (A), HO (B), and DO (C) groups.

SUPPLEMENTARY FIGURE S2 | Top 6 relative abundances of level 1 KEGG functional pathways among HN, HO, and DO groups.

SUPPLEMENTARY TABLE S1 | Integrated summary of microbial taxonomic profiles, alpha diversity indices, genus-level differential abundance (t-test statistics for DO-vs-HN and HO-vs-DO comparisons), demographic metadata, and functional annotations across HN, HO, and DO groups, including: bacterial/fungal phylum (top 10) and genus (top 30) composition from 16S/ITS amplicon sequencing; metagenomic species-level genus rankings (top 10); DIAMOND functional alignment results; and alpha diversity metrics for all samples.



References

 Abarenkov, K., Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., May, T. W., Froslev, T. G., et al. (2024). The UNITE database for molecular identification and taxonomic communication of fungi and other eukaryotes: sequences, taxa and classifications reconsidered. Nucleic Acids Res. 52, D791–D797. doi: 10.1093/nar/gkad1039

 Alcock, B. P., Raphenya, A. R., Lau, T. T. Y., Tsang, K. K., Bouchard, M., Edalatmand, A., et al. (2020). CARD 2020: antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res. 48, D517–D525. doi: 10.1093/nar/gkz935

 Anjum, A., Tabassum, J., Islam, S., Hassan, A., Jabeen, I., Shuvo, S. R., et al. (2024). Deciphering the genomic character of the multidrug-resistant Staphylococcus aureus from Dhaka, Bangladesh. AIMS Microbiol. 10, 833–858. doi: 10.3934/microbiol.2024036

 Apetri, R. C., and Gurgas, L. (2022). Impact of seborrheic dermatitis manifestations on quality of life during COVID-19 pandemic. ARS Medica Tomitana 28, 176–179. doi: 10.2478/arsm-2022-0037

 Belizario, J. E., Faintuch, J., and Garay-Malpartida, M. (2018). Gut microbiome dysbiosis and immunometabolism: new frontiers for treatment of metabolic diseases. Mediators Inflamm. 2018:2037838. doi: 10.1155/2018/2037838

 Bennett, P. M. (2008). Plasmid encoded antibiotic resistance: acquisition and transfer of antibiotic resistance genes in bacteria. Br. J. Pharmacol. 153, S347–57. doi: 10.1038/sj.bjp.0707607

 Borda, L. J., and Wikramanayake, T. C. (2015). Seborrheic dermatitis and dandruff: a comprehensive review. J. Clin. Investig. Dermatol. 3, 10-3188. doi: 10.13188/2373-1044.1000019

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

 Callahan, B. J., Mcmurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., Holmes, S. P., et al. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods, 13, 581–583. doi: 10.1038/nmeth.3869

 Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V., Henrissat, B., et al. (2009). The Carbohydrate-Active EnZymes database (CAZy): an expert resource for Glycogenomics. Nucleic Acids Res. 37, D233–8. doi: 10.1093/nar/gkn663

 Chen, L., Yang, J., Yu, J., Yao, Z., Sun, L., Shen, Y., et al. (2005). VFDB: a reference database for bacterial virulence factors. Nucleic Acids Res. 33, D325–8. doi: 10.1093/nar/gki008

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

 Choi, J. Y., Kim, H., Koo, H. Y., You, J., Yu, D. S., Lee, Y. B., et al. (2022). Severe scalp psoriasis microbiome has increased biodiversity and relative abundance of pseudomonas compared to mild scalp psoriasis. J. Clin. Med. 11:7133. doi: 10.3390/jcm11237133

 Cosseau, C., Romano-Bertrand, S., Duplan, H., Lucas, O., Ingrassia, I., Pigasse, C., et al. (2016). Proteobacteria from the human skin microbiota: species-level diversity and hypotheses. One Health 2, 33–41. doi: 10.1016/j.onehlt.2016.02.002

 Galata, V., Fehlmann, T., Backes, C., and Keller, A. (2019). PLSDB: a resource of complete bacterial plasmids. Nucleic Acids Res. 47, D195–D202. doi: 10.1093/nar/gky1050

 Grimshaw, S. G., Smith, A. M., Arnold, D. S., Xu, E., Hoptroff, M., Murphy, B., et al. (2019). The diversity and abundance of fungi and bacteria on the healthy and dandruff affected human scalp. PLoS ONE, 14:e0225796. doi: 10.1371/journal.pone.0225796

 Honnavar, P., Chakrabarti, A., Joseph, J., Thakur, S., Dogra, S., Lakshmi, P. V. M., et al. (2024). Molecular epidemiology of seborrheic dermatitis/dandruff associated Malassezia species from northern India. Med. Mycol. 62:myae104. doi: 10.1093/mmy/myae104

 Huerta-Cepas, J., Szklarczyk, D., Forslund, K., Cook, H., Heller, D., Walter, M. C., et al. (2016). eggNOG 4.5: a hierarchical orthology framework with improved functional annotations for eukaryotic, prokaryotic and viral sequences. Nucleic Acids Res. 44, D286–93. doi: 10.1093/nar/gkv1248

 Jourdain, R., Moga, A., Magiatis, P., Fontanie, M., Velegraki, A., Papadimou, C., et al. (2023). Malassezia restricta-mediated Lipoperoxidation: a novel trigger in dandruff. Acta Derm. Venereol. 103:adv00868. doi: 10.2340/actadv.v103.4808

 Kanehisa, M., Goto, S., Hattori, M., Aoki-Kinoshita, K. F., Itoh, M., Kawashima, S., et al. (2006). From genomics to chemical genomics: new developments in KEGG. Nucleic Acids Res. 34, D354–7. doi: 10.1093/nar/gkj102

 Kerk, S. K., Lai, H. Y., Sze, S. K., Ng, K. W., Schmidtchen, A., Adav, S. S., et al. (2018). Bacteria display differential growth and adhesion characteristics on human hair shafts. Front. Microbiol. 9:2145. doi: 10.3389/fmicb.2018.02145

 Kong, E. F., Tsui, C., Kucharikova, S., Andes, D., Van Dijck, P., Jabra-Rizk, M. A., et al. (2016). Commensal protection of staphylococcus aureus against antimicrobials by candida albicans biofilm matrix. mBio 7, 10–128. doi: 10.1128/mBio.01365-16

 Kurtz, Z. D., Muller, C. L., Miraldi, E. R., Littman, D. R., Blaser, M. J., Bonneau, R. A., et al. (2015). Sparse and compositionally robust inference of microbial ecological networks. PLoS Comput. Biol. 11:e1004226. doi: 10.1371/journal.pcbi.1004226

 Langille, M. G., Zaneveld, J., Caporaso, J. G., Mcdonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

 Li, D., Liu, C. M., Luo, R., Sadakane, K., and Lam, T. W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033

 Limbu, S. L., Purba, T. S., Harries, M., Wikramanayake, T. C., Miteva, M., Bhogal, R. K., et al. (2021). A folliculocentric perspective of dandruff pathogenesis: could a troublesome condition be caused by changes to a natural secretory mechanism? Bioessays, 43:e2100005. doi: 10.1002/bies.202100005

 Liu, Q., Mazhar, M., and Miller, L. S. (2018). Immune and inflammatory reponses to staphylococcus aureus skin infections. Curr. Dermatol. Rep. 7, 338–349. doi: 10.1007/s13671-018-0235-8

 Lousada, M. B., Lachnit, T., Edelkamp, J., Rouille, T., Ajdic, D., Uchida, Y., et al. (2021). Exploring the human hair follicle microbiome. Br. J. Dermatol. 184, 802–815. doi: 10.1111/bjd.19461

 Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

 Mayser, P., Genrich, F., Meunier, L., and Nordzieke, S. (2024). Scalp microbiome and dandruff—exploring novel biobased esters. Cosmetics 11:174. doi: 10.3390/cosmetics11050174

 McArthur, A. G., Waglechner, N., Nizam, F., Yan, A., Azad, M. A., Baylay, A. J., et al. (2013). The comprehensive antibiotic resistance database. Antimicrob Agents Chemother 57, 3348–3357. doi: 10.1128/AAC.00419-13

 Meray, Y., Gencalp, D., and Guran, M. (2018). Putting it all together to understand the role of Malassezia spp. in dandruff etiology. Mycopathologia 183, 893–903. doi: 10.1007/s11046-018-0283-4

 Moura, A., Soares, M., Pereira, C., Leitao, N., Henriques, I., Correia, A., et al. (2009). INTEGRALL: a database and search engine for integrons, integrases and gene cassettes. Bioinformatics 25, 1096–1098. doi: 10.1093/bioinformatics/btp105

 Nakamura, K., O'neill, A. M., Williams, M. R., Cau, L., Nakatsuji, T., Horswill, A. R., et al. (2020). Short chain fatty acids produced by Cutibacterium acnes inhibit biofilm formation by Staphylococcus epidermidis. Sci. Rep. 10:21237. doi: 10.1038/s41598-020-77790-9

 Narshana, M., and Ravikumar, P. (2018). An overview of dandruff and novel formulations as a treatment strategy. Int. J. Pharm. Sci. Res. 9, 417–431. doi: 10.13040/IJPSR.0975-8232.9(2).417-31

 Numata, T., Iwamoto, K., Matsunae, K., Miyake, R., Suehiro, M., Yanagida, N., et al. (2024). A Staphylococcus epidermidis strain inhibits the uptake of Staphylococcus aureus derived from atopic dermatitis skin into the keratinocytes. J. Dermatol. Sci. 113, 113–120. doi: 10.1016/j.jdermsci.2024.01.006

 Ondov, B. D., Bergman, N. H., and Phillippy, A. M. (2011). Interactive metagenomic visualization in a Web browser. BMC Bioinform. 12:385. doi: 10.1186/1471-2105-12-385

 Polak-Witka, K., Rudnicka, L., Blume-Peytavi, U., and Vogt, A. (2020). The role of the microbiome in scalp hair follicle biology and disease. Exp. Dermatol. 29, 286–294. doi: 10.1111/exd.13935

 Prescott, S. L., Larcombe, D. L., Logan, A. C., West, C., Burks, W., Caraballo, L., et al. (2017). The skin microbiome: impact of modern environments on skin ecology, barrier integrity, and systemic immune programming. World Allergy Organ. J. 10:29. doi: 10.1186/s40413-017-0160-5

 Prohic, A., Jovovic Sadikovic, T., Krupalija-Fazlic, M., and Kuskunovic-Vlahovljak, S. (2016). Malassezia species in healthy skin and in dermatological conditions. Int. J. Dermatol. 55, 494–504. doi: 10.1111/ijd.13116

 Ro, B. I., and Dawson, T. L. (2005). The role of sebaceous gland activity and scalp microfloral metabolism in the etiology of seborrheic dermatitis and dandruff. J. Investig. Dermatol. Symp. Proc. 10, 194–197. doi: 10.1111/j.1087-0024.2005.10104.x

 Rozas, M., Hart De Ruijter, A., Fabrega, M. J., Zorgani, A., Guell, M., Paetzold, B., et al. (2021). From dysbiosis to healthy skin: major contributions of cutibacterium acnes to skin homeostasis. Microorganisms 9:628. doi: 10.3390/microorganisms9030628

 Saunders, C. W., Scheynius, A., and Heitman, J. (2012). Malassezia fungi are specialized to live on skin and associated with dandruff, eczema, and other skin diseases. PLoS Pathog. 8:e1002701. doi: 10.1371/journal.ppat.1002701

 Schwartz, J. R., Shah, R., Krigbaum, H., Sacha, J., Vogt, A., Blume-Peytavi, U., et al. (2011). New insights on dandruff/seborrhoeic dermatitis: the role of the scalp follicular infundibulum in effective treatment strategies. Br. J. Dermatol. 165, 18–23. doi: 10.1111/j.1365-2133.2011.10573.x

 Seite, S., Rougier, A., and Talarico, S. (2009). Randomized study comparing the efficacy and tolerance of a lipohydroxy acid shampoo to a ciclopiroxolamine shampoo in the treatment of scalp seborrheic dermatitis. J. Cosmet. Dermatol. 8, 249–253. doi: 10.1111/j.1473-2165.2009.00460.x

 Siguier, P., Perochon, J., Lestrade, L., Mahillon, J., and Chandler, M. (2006). ISfinder: the reference centre for bacterial insertion sequences. Nucleic Acids Res. 34, D32–6. doi: 10.1093/nar/gkj014

 Soares, R. C., Camargo-Penna, P. H., De Moraes, V. C., De Vecchi, R., Clavaud, C., Breton, A. S., et al. (2016). Dysbiotic bacterial and fungal communities not restricted to clinically affected skin sites in dandruff. Front. Cell. Infect. Microbiol. 6:157. doi: 10.3389/fcimb.2016.00157

 Tao, R., Li, R., and Wang, R. (2021). Skin microbiome alterations in seborrheic dermatitis and dandruff: a systematic review. Exp. Dermatol. 30, 1546–1553. doi: 10.1111/exd.14450

 Thomas, C. M., and Nielsen, K. M. (2005). Mechanisms of, and barriers to, horizontal gene transfer between bacteria. Nat. Rev. Microbiol. 3, 711–721. doi: 10.1038/nrmicro1234

 Trueb, R. M., Henry, J. P., Davis, M. G., and Schwartz, J. R. (2018). Scalp condition impacts hair growth and retention via oxidative stress. Int. J. Trichol. 10, 262–270. doi: 10.4103/ijt.ijt_57_18

 Urban, M., Cuzick, A., Seager, J., Wood, V., Rutherford, K., Venkatesh, S. Y., et al. (2022). PHI-base in 2022: a multi-species phenotype database for Pathogen-Host Interactions. Nucleic Acids Res. 50, D837–D847. doi: 10.1093/nar/gkab1037

 Vano-Galvan, S., Reygagne, P., Melo, D. F., Barbosa, V., Wu, W. Y., Moneib, H., et al. (2024). A comprehensive literature review and an international expert consensus on the management of scalp seborrheic dermatitis in adults. Eur. J. Dermatol. 34, 4–16. doi: 10.1684/ejd.2024.4703

 Wang, L., Yu, T., Zhu, Y., Luo, Y., Dong, F., Lin, X., et al. (2022). Amplicon-based sequencing and co-occurence network analysis reveals notable differences of microbial community structure in healthy and dandruff scalps. BMC Genom. 23:312. doi: 10.1186/s12864-022-08534-4

 Watanabe, K., Yamada, A., Nishi, Y., Tashiro, Y., and Sakai, K. (2020). Relationship between the bacterial community structures on human hair and scalp. Biosci. Biotechnol. Biochem. 84, 2585–2596. doi: 10.1080/09168451.2020.1809989

 Watanabe, K., Yamada, A., Nishi, Y., Tashiro, Y., and Sakai, K. (2021). Host factors that shape the bacterial community structure on scalp hair shaft. Sci. Rep. 11:17711. doi: 10.1038/s41598-021-96767-w

 Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014). The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 42, D643–8. doi: 10.1093/nar/gkt1209

 Yoon, J. S., Shim, J., Lim, J. M., and Park, S. G. (2021). Biophysical characteristics of dandruff-affected scalp categorized on the basis of sebum levels. J. Cosmet. Dermatol. 20, 1002–1008. doi: 10.1111/jocd.13626

 Zhu, W., Lomsadze, A., and Borodovsky, M. (2010). Ab initio gene identification in metagenomic sequences. Nucleic Acids Res. 38, e132–e132. doi: 10.1093/nar/gkq275

 Zingkou, E., Pampalakis, G., and Sotiropoulou, G. (2020). Exacerbated dandruff in the absence of kallikrein-related peptidase 5 protease. J. Dermatol. 47, 311–313. doi: 10.1111/1346-8138.15174

Copyright
 © 2025 Yu, Li, Wang, Zhang, Mehmood and Habimana. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dysbiosis and genomic plasticity in the oily scalp microbiome: a multi-omics analysis of dandruff pathogenesis



		1 Introduction



		2 Materials and methods



		2.1 Study population and sample collection



		2.2 DNA extraction and amplicon sequencing



		2.3 Shotgun metagenomic sequencing



		2.4 Bioinformatic analysis



		2.4.1 Amplicon sequencing data analysis



		2.4.2 Shotgun metagenomic data analysis













		3 Results



		3.1 Microbial community composition of healthy and dandruff scalp



		3.2 Diversity indices and community comparisons of scalp microbiota



		3.3 PICRUSt analysis of microbial functions and network dynamics in microbial communities



		3.4 Taxonomic differences at the species level



		3.5 Functional profiling of the scalp microbiome via KEGG pathway analysis



		3.6 Functional profiling of the scalp microbiome via eggNOG analysis



		3.7 Function and interaction profilings referencing CAZy, VFDB, and PHI databases



		3.8 Genomic plasticity and horizontal gene transfer







		4 Discussion



		5 Limitations



		6 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References























OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology







OPS/images/fmicb-16-1595030-g005.gif





OPS/images/fmicb-16-1595030-g006.gif





OPS/images/fmicb-16-1595030-g003.gif
AT





OPS/images/fmicb-16-1595030-g004.gif





OPS/images/fmicb-16-1595030-g009.gif





OPS/images/fmicb-16-1595030-g007.gif





OPS/images/fmicb-16-1595030-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Dysbiosis and genomic plasticity

in the oily scalp microbiome: a

multi-omics analysis of dandruff
pathogenesis





OPS/images/fmicb-16-1595030-g001.gif
i
H i
c b






OPS/images/fmicb-16-1595030-g002.gif





