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Abstract:16

The hair follicle serves as the foundation of a complex ecological system within the17
skin microbiome. Among its inhabitants, fungi contribute to maintaining a healthy18
microenvironment, helping prevent infections caused by pathogenic organisms such19
as keratinophilic fungi. However, excessive fungal growth can itself lead to20
inflammatory diseases. Malassezia is a lipophilic yeast that resides as a commensal21
organism within the hair follicle under homeostatic conditions. Its overgrowth is22
associated not only with a wide range of cutaneous disorders but has also been23
implicated in tumor progression and cancer onset. This review explores the24
multifaceted roles of Malassezia, including its colonization patterns, ecological25
niches, and disease associations. Given its dual nature—both protective and26
pathogenic—further research is needed to clarify its functions and to inform the27
development of targeted therapies for Malassezia-associated skin and hair disorders.28
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Introduction:32

The skin is the largest organ of the human body. The skin surface, hair follicles, and33
sweat glands are inhabited by numerous bacterial, fungal, and mite microorganisms34
that constitute a complex ecosystem [1–3]. These microbial communities constitute35
a microbial barrier that, together with the host's epidermal barrier, maintains the36
homeostasis of our skin immune system [4,5]. And the scalp, as a specialized region37
of the skin, provides a unique environment for these microorganisms with its38
abundant follicular and sebaceous gland units [6,2,7].39

An imbalance within the skin microbiome, known as dysbiosis, has been40
associated with a number of inflammatory skin diseases, including atopic dermatitis,41
acne, and psoriasis [1,2,7]. Fourteen well-established species of Malassezia and four42
additional species have been identified to date. Out of the 18 species, 10 species (M.43
restricta, M. globosa, M. arunalokei, M. sympodialis, M. dermatis, M. slooffiae, M.44
furfur, M. obtusa, M. japonica, and M. yamatoensis), were isolated mainly from45
human skin, whereas the others are normally isolated from animal skin [8]. In these46
skin disorders, Malassezia spp., similar to other commensal organisms, such as47
Staphylococcus spp. and Propionibacterium acnes, have gained increasing attention48
for their complex and sometimes contradictory roles [1,7]. Lipophilic Malassezia49
spp. are widely found on human skin and hair. Because they lack the ability to50
synthesize their own fatty acids, these organisms must rely on external sources for51
survival. Long-chain unsaturated fatty acids derived from sebum lipids, including52
triglycerides, wax esters, squalene, and free fatty acids, serve as their primary53
substrates [10–13] . Numerous human microbiome studies have identified54
Malassezia as the dominant component of the skin microbiome eukaryome across55
the majority of human sites [1,2,5,7,9]. Recent studies has increasingly focused on56
the mechanisms of action of Malassezia spp. in various skin diseases and its57
interaction with the host immune system [1–3,10]. Although Malassezia spp. are58
widely present on the human scalp and generally considered as commensals59
[1–3,5,7], certain physiological changes can disturb this balance. For example,60
during puberty, fluctuating hormone levels increased sebum secretion; because61
Malassezia depends on fatty acids for growth, this lipid-rich environment can62
promote abnormal proliferation or disrupt the microbial community structure. Such63
dysbiosis has been linked to a series of skin conditions, many of which directly or64
indirectly affect hair health [7,11–14] .65

However, whether Malassezia truly constitutes an “enemy” or is simply an66
integral component of normal skin symbiosis remains a matter of debate [1]. Some67
argue that even low levels of Malassezia found in healthy individuals may carry68
potential, whereas others emphasize that clinical manifestations arise only when69
there is a disturbance in the local microenvironment [1,14]. Moverover, the intricate70
interactions between Malassezia and other members of microbiome, and the host71
immune system further blur the distinction between “friend” and “foe” [1–4,14,15].72
Given these unresolved questions, this review aims to examine the complex and73
dynamic relationship between Malassezia and the hair follicle system, including74
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from its colonization pattern in the hair follicle system, dominant ecological niches,75
associated diseases, and paradoxical roles. Through a synthesis of current literature,76
we highlight the gaps in knowledge that must be addressed to clarify Malassezia’s77
dual nature and its implications for hair and skin health.78

1. Fungi in hair follicle79

The hair follicle system provides a unique and highly specialized environment for80
microbial community in the skin. Beyond anchoring the hair bulb, the deep tubular81
structure of the follicle extends into the dermis and associated with other accessory82
structures such as sebaceous glands, which produces sebum to lubricate the hair, and83
arrector pili muscle [16]. The different anatomical regions of the hair follicle exhibit84
distinct microenvironments and immune characteristics. The infundibulum (funnel85
part of the hair follicle) is the upper opening of the hair follicle that communicates86
directly with the skin surface and serves as the primary site of microbial87
colonization [17–19].88

The traditional view is that the bulb and bulge are relatively sterile,89
immune-privileged region essential for maintaining the hair growth cycle [2,3].90
However, recent studies have challenged this assumption. Analyses of plucked hair91
follicles have detected microbial DNA and antimicrobial peptides below the92
infundiblum, suggesting that microorganisms or their components may penetrate93
deeper into the follicle than previously thought. These interactions with the local94
immune system may influence both the hair growth cycle and follicle health [20].95
Fungi that colonize or infect the skin surface and hair follicles [5] can be divided96
into two groups based on their substrate preferences and morphology: keratinophilic97
fungi (Dermatophytes) and yeasts, with Malassezia being an important98
representative [21].99

Dermatophytes including Microsporum, Trichophyton, and Epidermophyton100
utilize keratin as a nutrient source and are the leading cause of tinea infections of the101
skin, hair, and nails [22–27]. Dermatophyte genera exhibit distinct scalp102
colonization tropism. Microsporum and Trichophyton species penetrate the hair103
follicle outer root sheath and invade the hair shaft (endothrix or ectothrix pattern),104
which defines tinea capitis. In contrast, Epidermophyton floccosum lacks the ability105
to invade hair follicles or shafts and is exclusively restricted to the stratum corneum106
of the scalp epidermis, and does not cause tinea capitis. All three genera colonize107
only keratinized structures and do not invade the deep follicular matrix or dermis108
[28–30]. The local host immune response is essential for clearing these infections109
but may also contribute to inflammation and tissue damage [31,22]. In contrast,110
yeast such as Candida spp. generally do not colonize hair follicles [32–34].111
Although typically considered commensals inhabiting mucosal surfaces—including112
the oral cavity, intestines, and vagina—Candida can invade mucosal sites and skin113
folds when host immunity is compromised or the skin barrier is disrupted, causing114
candidiasis [35–37]. when host immunity is compromised or the skin barrier is115
disrupted, Candida spp. Notably, several case reports have documented that116
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Candida spp. can also involve hair follicles in regions such as the scalp, mustache117
and beard areas, trunk, and pubic region, leading to pustular or papular eruptions118
and the rare condition known as candidal folliculitis [38,39].119

In contrast to keratin-avid fungi, lipophilic Malassezia colonize areas rich in120
sebaceous glands, such as the scalp, face, and upper trunk [40–44]. Malassezia is the121
most common fungal genus on the scalp, and its level of colonization is influenced122
by a variety of factors, including age, sex, geographic location, hygiene practices,123
and host physiology [45–48]. Its presence in these sebum rich area has been124
associated with variety of skin disorders, including dandruff, seborrheic dermatitis,125
pityriasis versicolor, and Malassezia folliculitis [7,9,13,24,44]. In those disorders126
directly affecting scalp and follicular health sometimes lead to hair loss [7,12,49].127

Unlike dermatophytes, which are highly prevalent in prepubertal children,128
Malassezia dominates the adult scalp microbiome [45,50]. This shift is closely129
linked to the maturation of sebaceous glands and increased sebum secretion during130
puberty, which provides Malassezia with lipid-rich substrates that promote its131
growth and colonization [51]. As a major member of the scalp microbial community132
[7,17,51], alterations in both the abundance and species composition of Malassezia133
are associated with multiple scalp disorders [1,7,14]. The most common Malassezia134
species on the healthy adult scalp are M. globosa and M. restricta, typically present135
in yeast form [52,14,47,48]. However, the relative abundance of dominant species136
varies across populations and studies. For example, in an Indian cohort, M. globosa137
predominated in healthy controls, whereas M. restricta was more frequently138
detected in patients with seborrheic dermatitis or dandruff [48]. Similarly, an139
Ethiopian study identified M. globosa, M. furfur, and M. restricta as the main140
species in dandruff patients [47]. These findings suggest that different Malassezia141
species may play distinct roles in scalp health and disease, or that shifts in their142
relative abundance may reflect dysbiosis in the scalp microecology [52,14,47,48,53].143
Taken together, fungi are an important component of the hair follicle144
microenvironment, and inflammatory disorders arising from overgrowth or145
ecological imbalance of yeasts such as Malassezia reflect a complex dialogue146
between microbes and the host immune system that ultimately influences hair health147
and disease.148

149

2. Malassezia in hair follicle150
2.1 Dominant ecological niches of Malassezia spp.151

The scalp is one of the most sebaceous gland-rich regions of the body, secreting152
large amounts of sebum [52,45,46,54,55], which creates an ideal environment for153
the survival of Malassezia and makes it the predominant fungal inhabitant of154
healthy adult scalps [45,46,14]. Hair follicles—particularly the infundibulum, where155
the follicle connects to the sebaceous gland—further support Malassezia growth.156
Sebum drains into the follicular lumen and lubricates both the hair shaft and the skin157
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surface [2,3]. This region is not only rich in the fatty acids required by Malassezia,158
but also relatively moist, forming a favorable microenvironment for its proliferation.159
Studies have shown that Malassezia colonizes mainly in the funnel part of the hair160
follicle [2,56]. However, the detection of bacteria and their products deeper within161
the follicular structure [20] suggests that Malassezia or its metabolites may also162
penetrate beyond the infundibulum—an area of follicular biology that has likely163
been underestimated.164

Hair follicles not only serve as a nutrient supply site for Malassezia but also165
provide a protective physical niche. Malassezia tends to aggregate within the funnel166
region of the follicle, where it forms biofilm-like structure [15]. These biofilms167
enhance microbial resistance, making the organisms more difficult to eliminate, and168
may facilitate their adhesion to and interaction with host cells [10,15]. The169
characteristics of the hair follicle microenvironment—including abundant lipids, a170
relatively anaerobic milieu in the deeper follicular compartments, and a unique171
immunological profile in the bulb and bulge regions [2,3], —together establish a172
dominant ecological niche forMalassezia within the follicular system.173

Malassezia species composition differs significantly between the human scalp174
epidermis and hair follicles. The scalp surface is characterized by a mixed175
community dominated by M. globosa and M. sympodialis, with moderate fungal176
diversity. In contrast, hair follicles harbor a less diverse, specialized mycobiome177
where M. restricta is strongly enriched. M. globosa is present but less dominant in178
follicles, while M. sympodialis is scarce or absent in the hair follicles compartment.179
This spatial partitioning reflects niche adaptation: M. restricta is specialized for the180
sebaceous follicle environment, whereas M. sympodialis is restricted to the stratum181
corneum [57–59].182

However, this seemingly stable symbiotic relationship is inherently dynamic183
and regulated by a combination of factors, including the host's physiological status,184
local microenvironmental parameters, as well as interactions with other commensal185
microorganisms. Perturbations in any of these factors can induce alterations in the186
abundance, species composition, or metabolic activity of Malassezia, thereby187
disrupting the microbial homeostasis and potentially predisposing the host to related188
diseases.189

It is worth noting that different Malassezia species vary in their fatty acid190
requirements, spatial distribution on the scalp, and association with disease [14,52,191
57,60-62,47,48]. The interactions with the host immune system may further192
influence their relative abundance across different scalp microenvironments or193
pathological states [52,53]. Although all Malassezia species depend on external194
lipids due to incomplete fatty acid synthesis pathways, their lipid utilization195
capacities differ. For example, M. globosa secretes a broader range of lipases and196
phospholipases than M. restricta, enabling it to proliferate extensively in sebum-rich197
environments and efficiently hydrolyze complex skin lipids. In contrast, M. restricta198
shows a stronger preference for simple lipids and contains fewer lipase genes;199
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nevertheless, it can dominate in certain scalp niches, potentially reflecting its200
metabolic specialization and reduced competitive pressure [63,64]. These metabolic201
and ecological differences help explain why specific Malassezia species202
preferentially dominate distinct regions of the human body.203

Furthermore, different Malassezia species vary in their ability to activate204
keratinocytes and immune cells [61, 68–82] . For example, M. globosa tends to205
induce a stronger pro-inflammatory response due to its enzyme secretion and cell206
wall components. The expression of Malassezia allergens, such as Mala s 1, Mala s207
6 and Mala s 11, also differs among various species, which may exert different208
effects on atopic dermatitis and other allergic reactions [66,68,70]. Key209
species-specific features of Malassezia species are summarized in Table 1.210

Genotypic differences in specific Malassezia spp. or strains may also influence211
their colonization and pathogenicity.M. restricta with specific short sequence repeat212
(SSR) genotypes were more abundant on the scalp of patients with androgenetic213
alopecia (AGA), suggesting there may be a link between these genotypes with the214
onset or exacerbation of AGA [53,52,72]. Understanding these variations helps215
explain their role in related diseases [74,76,78].216

2.2 Malassezia-related diseases217

Malassezia is associated with a variety of skin diseases, many of which directly or218
indirectly affect the hair follicle system. The development of these diseases is219
usually associated with an abnormal increase in the population of Malassezia,220
dysbiosis, and an abnormal immune response of the host to Malassezia and its221
metabolites [1,7,11,12,14]. The most common Malassezia-associated diseases are222
dandruff and seborrheic dermatitis (SD) [7,12,14,47,48].223

2.2.1 Seborrheic dermatitis224

Seborrheic dermatitis presents clinically with erythema and greasy scales on225
sebaceous gland-rich areas of the scalp, face, and chest [12]. While Malassezia is a226
normal inhabitant of a healthy scalp, typically exhibit a significant increase in227
Malassezia load and alterations in species composition; in particular, M. restricta228
has been strongly associated with these conditions [14,48]. By hydrolyzing sebum229
lipids through secreted lipases,Malassezia releases free fatty acids—especially oleic230
acid—that can irritate keratinocytes, leading to inflammation and abnormal231
desquamation of the stratum corneum [10,80]. In addition, Malassezia induces the232
production of inflammatory cytokines in the host, further exacerbating the233
inflammatory process [80]. Chronic or severe dandruff and seborrheic dermatitis234
may result in itching, discomfort, and impairment of follicular function, which can235
be associated with hair shedding and reduced hair growth [12,48].236

Antifungal therapies targeting Malassezia, such as ketoconazole-containing237
shampoos, are widely used and are generally effective in reducing symptoms238
[80,82,84]. Several natural extracts have also demonstrated inhibitory activity239
against Malassezia and have shown potential to improve scalp health and support240
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hair growth [12,80,86,88]. Increased hair shedding has been documented in241
individuals with dandruff, and moderate to severe dandruff is strongly correlated242
with hair loss and pruritus[48]. Therefore, controlling Malassezia overgrowth and243
inflammation in dandruff and seborrheic dermatitis is essential for maintaining scalp244
and hair health [7,12,84,54].245

2.2.2 Malassezia folliculitis246

Malassezia folliculitis (MF) is an inflammatory disease caused by direct invasion of247
hair follicles by Malassezia[10,13,56]. Clinically, MF often presents as red papules248
and pustules on the chest, back, neck, and even face, and is easily confused with249
acne [10,13]. Diagnosis of MF requires the detection of large numbers of250
Malassezia yeast cells within the hair follicles by microscopic examination or251
histopathologic examination [10,13]. Studies indicate that the Malassezia species252
implicated in MF are typically resident skin commensals rather than invasive253
exogenous organisms [14]. This suggests that MF results from excessive254
proliferation of resident yeasts under specific conditions, followed by follicular255
invasion.256

MF has significant differences in pathogenic species composition, including257
spatial, regional, and disease-specific variations. Spatially, hair follicle lesions258
mainly harbor M. restricta, M. globosa, and M. sympodialis [90]. Regionally,259
dominant species vary: M. restricta is prevalent in Japan and M. globosa in Turkey260
[92,94].261

Although MF is primarily characterized by inflammation of the hair follicle,262
recurrent or chronic inflammation may exert long-term effects on follicular health.263
However, whether MF directly leads to irreversible hair loss remains unclear and264
requires further investigation.265

2.2.3 Androgenetic alopecia266

In addition to its direct involvement in the disorders discussed above, Malassezia267
has also been implicated in alopecia-related conditions. Androgenetic alopecia268
(AGA) is the most common form of hair loss and has a multifactorial pathogenesis269
involving genetic predisposition, androgen metabolism, and chronic follicular270
microinflammation [52,96,97]. Malassezia exhibits distinct spatial colonization271
patterns in the scalp of patients with AGA. It predominantly colonizes the scalp272
stratum corneum and preferentially accumulates in the infundibular region of hair273
follicles, rather than invading deep follicular compartments or the dermis.274
Significantly higher fungal loads and enrichment of M. restricta are observed in the275
vertex and frontal balding areas compared with the occipital non-balding scalp. This276
topographical distribution is closely associated with regional differences in277
sebaceous gland activity and sebum production [52,53,96]. Moreover, alterations in278
sebum composition have been described in AGA, such as elevated levels of279
triglycerides and palmitic acid—lipid substrates that M. restricta can efficiently280
utilize [52]. These changes may create a microenvironment more favorable to the281
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proliferation of particularMalassezia species.282

Collectively, Malassezia may contribute to the onset or progression of AGA by283
modulating the lipid milieu of the follicular microenvironment or triggering local284
inflammatory responses [52,96,98]. Clinical observations provide indirect support285
for this hypothesis: shampoos containing ketoconazole have shown therapeutic286
benefit in AGA [99,84], and formulations containing caffeine and adenosine have287
been found to reduce Malassezia abundance and alter lipid fractions while288
improving hair loss [98].289

2.2.4 Pityriasis versicolor290

The typical clinical manifestation of pityriasis versicolor (PV) is the appearance of291
pigment-altered patches on the skin surface. The mycelial phase of Malassezia spp.292
is consistently detected within the lesions, making it the key causative agent of the293
disease [100]. From PV lesions, the most frequently isolated species was M. furfur,294
followed by M. globosa [101]. Regional differences are obvious: M. globosa is295
dominant in temperate regions, while M. furfur and M. sympodialis are more296
prevalent in hot and humid areas [102]. In addition, the species distribution of PV297
differs from that of healthy skin, M. globosa accounts of PV lesions, significantly298
higher than that in healthy individuals, while M. sympodialis is the dominant species299
on healthy skin [103]. Although PV primarily presents with pigmentary changes,300
one study reported that areas affected by PV may also show hair loss or thinning.301
Histopathological examination revealed features such as follicular degeneration,302
miniaturization, and atrophy, which appeared to be directly or indirectly related to303
the presence of Malassezia within hair follicles or in the stratum corneum [49].304
These observations suggest that inflammation and metabolic products generated by305
Malassezia may exert toxic or inhibitory effects on hair follicles, potentially306
impairing normal hair growth.307

2.2.5 Atopic dermatitis308

Atopic dermatitis (AD) is a chronic recurrent inflammatory skin disease309
characterized by severe pruritus and skin barrier dysfunction. As a lipophilic310
commensal yeast on the skin, Malassezia mainly acts as an exacerbating factor in its311
pathogenesis, amplifying inflammation and accelerating disease progression.312
Malassezia is the most abundant fungal component in the skin mycobiome of both313
AD patients and healthy individuals, but significant differences exist in its species314
composition, abundance, and interaction with the host, which are closely related to315
the occurrence, development and severity of AD [104,105] .316

There are regional and population differences in the pathogenic Malassezia317
species associated with AD, but the dominant species are relatively consistent318
globally: M. globosa and M. restricta are the most common, detected in319
approximately 90% of AD cases; M. furfur and M. sympodialis are the next,320
detected in about 40% of patients. The diversity of Malassezia species in AD321
patients is significantly higher than that in healthy individuals, and specific322
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genotypes of M. globosa are associated with AD exacerbation [106]. The positive323
rate of Malassezia-specific IgE in patients with head and neck AD is as high as324
79.3%, further confirming the association between them [107].325

The pathogenic mechanisms of Malassezia in AD mainly involve skin barrier326
damage, immune disorders and virulence factor release, forming a vicious cycle: it327
overproliferates by taking advantage of the damaged skin barrier in AD patients, and328
its metabolites further damage the barrier; it activates innate and adaptive immunity329
through Toll-like receptors, driving Th1/Th2/Th17 imbalance to amplify330
inflammation and pruritus; it secretes virulence factors such as lipases and331
phospholipases to aggravate skin damage, and can form biofilms to enhance drug332
resistance, promoting chronic recurrence of AD [105,108,109] .333

2.2.6 Primary cicatricial alopecia334

The relationship betweenMalassezia and hair disorders is not clear in some cases. A335
study of primary cicatricial alopecia including lichen planopilaris (LPP), fibrosing336
alopecia in a pattern distribution (FAPD), and frontal fibrosing alopecia (FFA) has337
shown that Malassezia and hair diseases are not always correlated. While338
Malassezia yeast was rarely detected on histopathologic examination in the lesions339
of FFA and FAPD, yeast cells were more abundant in seborrheic340
dermatitis-associated female pattern hair loss (FPHL) [110]. One of the341
characteristics of scarring alopecia is inflammation and fibrosis around the hair342
follicle (especially the funnel/isthmus) that will lead to sebaceous gland343
loss[111,112]. The researchers hypothesized that the absence of sebaceous glands344
may result in a local environment that is unsuitable for the survival of lipophilic345
Malassezia, and the absence of Malassezia thus could be a histological clue to346
scarring alopecia [110]. This finding highlights another perspective of the close347
association of Malassezia with the sebaceous gland and non-scarring follicular348
environment, where its presence may reflect the relative structural integrity of the349
hair follicle, i.e., Malassezia is unable to survive in an environment of severely350
damaged hair follicles and atrophied sebaceous glands. Its absence may be351
associated with follicular disruption and scarring.352

In summary, Malassezia is closely associated with a wide spectrum of353
conditions involving the hair follicle system—from common seborrheic dermatitis,354
to Malassezia folliculitis, which directly affects hair follicles, to androgenetic355
alopecia, where it may act as a contributing factor. Moreover, its absence has been356
noted as a potential diagnostic clue in certain cases of scarring alopecia. Together,357
these diverse disease associations reflect the complex role of Malassezia within the358
hair follicle ecosystem, functioning either as a direct pathogen or as an indirect359
modulator by altering the local microenvironment or interacting synergistically with360
other factors.361

2.3 Possible pathogenic mechanisms of Malassezia affecting hair follicle cycle362

Malassezia cell wall components, such as β-glucans and mannans, are recognized by363
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scalp keratinocytes and follicular immune cells via pattern recognition receptors,364
especially Toll-like receptors (TLR2, TLR4) and C-type lectin receptors (Dectin-1).365
This triggers downstream NF-κB signaling, leading to the transcription of366
pro-inflammatory cytokines and CXCL8, that may inhibit the Wnt/β-catenin367
pathway, resulting in local inflammation and disruption of hair cycle368
homeostasis[113–115]. Furthermore, Malassezia secretes a variety of lipases and369
phospholipases, hydrolyzing host sebum triglycerides and phospholipids into free370
fatty acids. Certain byproducts can damage follicular keratinocytes, compromise371
barrier function, and activate inflammatory pathways. Altered lipid profiles also372
influence the microbiome and hair follicle stem cell niche[62]. Malassezia produces373
allergens that are processed by antigen-presenting cells and presented to T cells.374
These allergens induce Th2-skewed immune responses, contributing to atopic375
micro-inflammation and peri-follicular immune cell infiltration, which can disturb376
normal hair follicle cycling and promote telogen effluvium [113,40,116,117].377
Malassezia forms biofilm structures on the scalp epithelial surface. Biofilm matrix378
protects yeast cells from antifungals and host immunity. Quorum sensing molecules379
may modulate gene expression in Malassezia, enhancing persistence and chronic380
inflammation which prolongs the telogen phase [118–120]. During its metabolic381
process, Malassezia generates reactive oxygen species (ROS), including superoxide382
and hydrogen peroxide. Excessive ROS can damage hair follicle stem cells and383
keratinocytes, and also promote the transition of hair follicles from the anagen phase384
to the catagen phase by activating the ASK1-MAPK pathway.[121–123]. In385
addition, Malassezia can outcompete beneficial scalp bacteria, leading to dysbiosis.386
This imbalance impairs local immune tolerance, upregulates follicular stress signals,387
and can indirectly affect stem cell quiescence and hair cycle progression388
[62,124,125].389

390

3. Friend or foe? The paradoxical role of Malassezia391

The relationship between Malassezia and the hair follicle system cannot be simply392
defined as beneficial or harmful. Rather, it represents a complex and dynamic393
equilibrium that depends heavily on the surrounding microenvironment and the394
host’s physiological state. As mentioned earlier, Malassezia is the predominant395
commensal fungus on the scalp of healthy adults, and its presence alone does not396
imply disease [10,11,13]. once this equilibrium is disrupted, the same commensal397
organism can transition into an opportunistic pathogen capable of driving a398
spectrum of inflammatory conditions. It is precisely this dual identity—commensal399
under homeostasis yet pathogenic under dysbiosis—that reflects the paradoxical role400
ofMalassezia within the hair follicle system, as illustrated in Figure 1.401

3.1 An important component of the microbial barrier402

Malassezia is a symbiotic microorganism that constitutes a normal component of the403
healthy skin microbiome [1–3,5,14]. In a healthy microecological balance,404
Malassezia coexists peacefully with the host as well as with other microorganisms,405
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and may be involved in the maintenance of skin homeostasis in a variety of ways.406
For example, the skin microbiome is thought to be in constant dialog with the host407
immune system, helping to regulate local immune responses and prevent pathogen408
invasion [109–112]. Its presence may act as a barrier by occupying ecological409
niches and competing for nutrients and space with other potential pathogens, such as410
certain bacteria or exotic fungi. For example, dominant colonization by Malassezia411
may be associated with the relative rarity of adult tinea capitis, although the exact412
mechanisms are not fully understood [23]. Although direct evidence suggests that413
the mechanism by which Malassezia is beneficial to the hair follicle system in a414
healthy state is unclear, its presence as a dominant bacterial population in itself415
constitutes part of the microecological balance. Several studies have suggested that416
healthy bacterial communities may maintain scalp health by synthesizing and417
metabolizing nutrients that are essential for hair growth, and that Malassezia, as a418
dominant member of the fungal group, may also be involved in some way in, or419
influence, the cycling or availability of such nutrients [14,14,126]. In addition,420
innate immune molecules such as antimicrobial peptides produced by the skin help421
to control microbial populations and maintain a symbiotic state [4,20,127,128].422
Malassezia, as a commensal yeast, may have adapted to this immune environment423
and found survival strategies within it.424

3.2 Inflammation inducer425

However, when changes occur in the microenvironment, the quantity or community426
structure ofMalassezia may become imbalanced, shifting from a commensal state to427
a pathogenic state. Factors such as increased sebum secretion, alterations in the428
host's immune function, and changes in other microbial communities can disrupt429
this balance(16,114,115). Consequently, interactions with bacteria may drive the430
transition to pathogenicity or exacerbate host inflammation [70,131].431

Malassezia can sense environmental signals such as skin lipids, temperature,432
and host immune factors, and regulate gene expression accordingly. Transcriptomic433
studies have shown that during skin colonization and434
inflammation, Malassezia upregulates the expression of genes related to lipid435
metabolism, stress response, and immune evasion [132–136,40]. Meanwhile,436
some Malassezia species not only inhibit the production of inflammatory cytokines,437
including IL-8 and TNF-α but also induce the production of IL-10, thereby438
promoting regulatory T-cell responses and maintaining their commensal state439
[137,130,138]. In atopic individuals, however, Malassezia allergens can drive440
Th2-skewed immune responses and exacerbate chronic inflammation.441
Malassezia produces a variety of allergens, which can trigger IgE-mediated442
hypersensitivity reactions, particularly playing a role in atopic dermatitis443
[64,68,135].444

Malassezia possesses a thick, lipid-rich cell wall and a biofilm matrix. This445
structure not only masks pathogen-associated molecular patterns (PAMPs) to reduce446
recognition by pattern recognition receptors but also protects Malassezia from447
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phagocytosis and antifungal drugs[40]. Furthermore, some Malassezia species, such448
as M. furfurcan form biofilms on the skin surface and indwelling medical devices,449
enhancing their resistance to antifungal drugs and host defense mechanisms[8].450
Additionally, heat shock proteins (HSPs) are upregulated under host temperature451
and immune stress, helping Malassezia survive—all of which undoubtedly enhance452
the invasive capacity ofMalassezia [139].453

In seborrheic dermatitis, increased Malassezia populations and dysbiosis lead to454
inflammation and flaking [12,14,47,140]. Lipases, phospholipases, and metabolites455
produced by Malassezia are considered to be major virulence factors that activate456
the host immune response and induce an inflammatory cascade [11,12,14].457
Malassezia may also produce oxidative stressors that negatively affect scalp and458
hair health and even lead to premature hair loss [54]. In MF, Malassezia invades the459
hair follicle directly, causing inflammation and destruction of the follicle [56,141].460
In PV-associated hair loss, the presence of Malassezia has also been associated with461
pathologic changes in the hair follicle [49]. Some studies have also suggested that462
Malassezia may be involved in androgenetic alopecia and PV-associated alopecia463
by inducing microinflammation around the hair follicle [52,49,96,98], but whether it464
is a direct or secondary cause of AGA still needs to be investigated in depth.465

Animal models are crucial for understanding the pathogenic mechanisms, host466
responses, and therapeutic targets of fungal infections affecting hair. Several studies467
have attempted to explore the potential pathogenic mechanisms of Malassezia by468
establishing animal models of fungal infection.469

Since dogs are naturally susceptible to Malassezia dermatitis—often presenting470
with greasy skin, desquamation, and patchy alopecia—stable induction of hair and471
skin lesions can be achieved by promoting the over proliferation of Malassezia ,472
through inoculation or antibiotic-induced microbial dysbiosis [142]. In some studies,473
mild dermatitis, hyperkeratosis, and alopecia were induced in model mice via474
topical application or intradermal injection of Malassezia. It was found that the475
severity of skin lesions usually depends on the host’s immune status and skin lipid476
content [136]. In immunosuppressed or genetically modified mice, those lacking the477
IL-17 signaling pathway, more severe symptoms of dermatitis, alopecia, and478
folliculitis were observed. Th17-driven inflammation plays a key role in controlling479
the over proliferation of Malassezia and infections associated with hair-related480
lesions; defects in Th17 function lead to more severe alopecia [144].Animal studies481
have shown that topical or systemic azole drugs, especially ketoconazole, can482
restore hair growth and reduce yeast load[146].Findings from animal models require483
cautious extrapolation to human disease.484

Therefore, Malassezia may invade or tightly attach to hair follicles, causing485
local inflammation and abnormalities in the hair growth cycle. Additionally, it may486
alter the follicular microenvironment through enzyme activity, leading to hair shaft487
damage or shedding [136,144,148–151].488

3.3 Paradoxical role of Malassezia within scalp microbiome489
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The paradoxical role of Malassezia can be reflected in its interactions with other490
microorganisms. The scalp microbiome is a complex community of multiple species491
and bacterial communities [137–139]. There are complex interactions between492
Malassezia and scalp bacteria, such as Cutibacterium acnes and Staphylococcus493
epidermidis that can be competitive or synergistic, and that collectively affect the494
balance of scalp microecology and host health [7,14,15,23,98,128]. For example,495
one study found that heat-inactivated Lactobacillus paracasei could co-aggregate496
with M. furfur, inhibit its biofilm formation, and modulate the scalp microbiome by497
increasing M. globosa abundance while decreasing M. restricta and C. acnes498
abundance, resulting in improved scalp health and hair growth [15]. Another study499
showed that a synthetic sandalwood-like odorant altered the hair follicle500
microbiome by activating olfactory receptors in the hair follicle and upregulating the501
expression of antimicrobial peptides, which favored the growth of S. epidermidis502
and M. restricta while inhibiting S. aureus, M. globosa, and C. acnes, suggesting503
that hosts can modulate the microbiome [128]. These studies suggest that the504
interactions between S. marcescens and other microorganisms as well as the host are505
dynamic and complex, and that its role in the hair follicle system depends on the506
state of the entire microcosm.507

Studies have found significant differences in the structure of both bacterial and508
fungal communities between healthy and dandruff scalps, suggesting that an overall509
dysbiosis of the flora rather than alterations in a single microorganism is key to the510
disease [140,141] . The host immune system also plays a key role in maintaining511
this balance. Skin keratinocytes and immune cells recognize microbial components512
and produce antimicrobial peptides (AMPs) and inflammatory mediators that513
regulate the local microenvironment and microbial growth [142–144]. A study514
showed that the synthesis of sandalwood-like odorants could upregulate the515
expression of the anti-microbial peptide DCD by activating the olfactory receptor516
OR2AT4 in hair follicles, thereby affecting the follicular microbial community and517
favoring the growth of S. epidermidis and M. restricta, while inhibiting S. aureus518
and M. globosa and C. acnes [128]. This suggests that the host can actively shape519
the hair follicle microecology, including through the modulation of AMPs, to520
maintain a microbial composition conducive to health, including the relative521
abundance of specificMalassezia spp.522

The choice of treatment strategy also reflects the paradoxical nature of the role523
of Malassezia. Treatments targeting Malassezia overgrowth can be effective in524
controlling dandruff and seborrheic dermatitis, improving scalp health and indirectly525
benefiting hair [154–156]. However, excessive or inappropriate antifungal526
treatments may disrupt the microecological balance of the scalp and generate drug527
resistance, instead creating new problems [157–159]. With growing concerns about528
drug resistance to traditional antifungal agents and increasing understanding of skin529
microecology, innovative therapeutic strategies have attracted widespread attention.530
Some novel therapeutic approaches—such as using probiotics/postbiotics or natural531
extracts to modulate the scalp microbiome, rather than simply532
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eliminatingMalassezia—are showing potential[15,41,160,41,161,97,162].533

Some novel therapies, such as the use of probiotics/postbiotics or natural534
extracts to modulate the scalp microbiome rather than simply killingMalassezia, are535
showing potential [15,80,86,88,98,128,140,163]. Prebiotics are substrates that536
selectively stimulate the growth and/or activity of beneficial skin microorganisms.537
By promoting the growth of commensal bacteria, prebiotics help maintain the538
balance of the skin microbiome and indirectly restrict the overproliferation539
of Malassezia [164–168]. Postbiotics refer to inactive bacterial products or540
metabolic by-products with health benefits, including short-chain fatty acids541
(SCFAs), bacteriocins, and other metabolites. Postbiotics can act through direct542
antifungal effects and/or modulating host immunity to reduce inflammation.543
[169,170,172,173,175,176]. In addition, approaches such as modulating sebum544
production and inhibiting biofilm formation also show potential and prospects for545
the future[178,180,182–188] . Major microbiome-targeted interventions are546
summarized in Table 2. It reflecting the recognition of Malassezia as a commensal,547
i.e., the goal is to restore homeostasis rather than to eliminate it completely.548

It is worth noting that although the research field of microbial ecological549
intervention measures and alternative antifungal strategies targeting Malassezia has550
been explored, it still has obvious limitations in current clinical practice, and there is551
no sufficient basis to confirm its practical application value [189]. Currently, no552
topical probiotic preparation has been approved by regulatory authorities for the553
treatment of scalp fungal diseases. Ketoconazole remains first-line globally, with554
advanced delivery systems improving outcomes [84,155].555

Furthermore, the absence of Malassezia in certain scarring alopecia lesions [110]556
is also worth pondering. This suggests that the presence of Malassezia is associated557
with a healthy follicular environment with an intact sebaceous gland structure. Its558
absence may not be the cause, but rather a consequence of the destruction of the hair559
follicle and the loss of sebaceous glands. However, this in turn suggests that a560
healthy follicular microenvironment may be required for normal colonization of561
Malassezia and that its presence itself is part of this healthy environment.562

In summary, the role of Malassezia in the hair follicle system is paradoxical.563
While it constitutes an integral component of the healthy scalp microecology and564
may contribute to maintaining homeostasis, it can also shift into a pathogenic state565
under disrupted conditions, triggering inflammation, disease, and potentially566
impairing hair health. The outcome of its presence depends on multiple interacting567
factors, including the host’s genetic background, immune status, sebum composition,568
coexisting microbiota, and the specific species or strain characteristics of569
Malassezia itself. Thus, categorizing Malassezia simply as either an enemy or a570
friend is overly reductive; rather, it exists in a complex, dynamic, and571
context-dependent relationship with the hair follicle system. Recognizing this572
ambivalent nature is essential for designing more precise and effective therapeutic573
strategies for hair and scalp disorders.574
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4. Current unresolved issues and prospects for the future575

Despite substantial progress in understanding the relationship between Malassezia576
and the hair follicle system, several fundamental questions remain unanswered and577
require further investigation. Key unresolved issues include: (1) What triggers the578
transition of Malassezia from a commensal organism to a pathogenic state? (2) How579
do strain-specific genetic variations influence virulence, inflammatory potential, and580
disease associations? (3) To what extent does the shift toward the mycelial phase581
reflect pathogenic activity, and is this transition a reliable biomarker of disease582
severity? (4) How does the host hair follicle immune system interact with the local583
microbial community, and what signaling pathways mediate this crosstalk? (5) Does584
the presence of Malassezia or its metabolites in deeper follicular regions influence585
the hair growth cycle or follicular stem cell niche? (6) Can combined586
approaches—such as targeted microbiome modulation together with antifungal587
therapy—enhance treatment efficacy and reduce the risk of drug resistance?588

5. Conclusion589

Ultimately, a deeper understanding of the complex relationship between Malassezia590
and the hair follicle system will help develop more precise and effective diagnostic591
methods and therapeutic strategies. In the future, it is necessary to strengthen592
clinical observation and sample collection, and clarify the factors that trigger the593
transition of Malassezia from a commensal to a pathogenic state by combining in594
vivo and in vitro experiments; sequence clinically isolated strains, establish the595
correlation between genotypes and pathogenicity, and explore key virulence genes596
with the help of gene editing technology; analyze the interaction mechanism597
between host hair follicle immunity and local microbiota using multi-omics598
techniques and animal models; improve detection technologies and conduct clinical599
studies to evaluate the impact of Malassezia in the deep hair follicles on the hair600
growth cycle; design randomized controlled clinical trials to optimize the combined601
regimen of microecological intervention and traditional antifungal therapy.Thus,602
targeting species- or strain-specific pathways and integrating microbiome-based603
interventions represent promising avenues for future therapy.604
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Figure titles and legends: As a symbiotic microorganism, Malassezia is a normal610

component of the healthy skin microbiome (A). Under the state of healthy611

microecological balance, Malassezia coexists harmoniously with the host and other612

microorganisms, and may participate in maintaining skin homeostasis through613
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various ways.Malassezia triggers the innate immune response by binding to614

Toll-like receptors (TLRs) on keratinocytes, leading to the secretion of antimicrobial615

peptides, which can quickly kill a variety of pathogenic microorganisms including616

fungi. SomeMalassezia species not only inhibit the production of inflammatory617

cytokines, but also induce the generation of interleukin-10 (IL-10), thereby618

promoting regulatory T-cell responses and maintaining their own symbiotic state.619

Malassezia can sense changes in environmental signals such as skin lipids,620

temperature, and host immune factors, leading to pathogenesis (B). In this state, it621

exhibits an increase in quantity, conversion to the hyphal phase, and microbial622

dysbiosis. Byproducts generated during fatty acid metabolism—such as oleic acid,623

arachidonic acid, and indoles—are irritants that can promote the proliferation of624

keratinocytes and induce inflammation. Additionally, Malassezia produces a variety625

of allergens, which can trigger immunoglobulin E (IgE)-mediated hypersensitivity626

reactions.627

Malassezia can form biofilm structures on the surface of scalp epithelium. The628

biofilm matrix protects yeast cells from the effects of antifungal drugs and clearance629

by the host immune system. Malassezia has a thick, lipid-rich cell wall and a630

biofilm matrix. This structure not only masks pathogen-associated molecular631

patterns (PAMPs) to reduce their recognition by pattern recognition receptors, but632

also protectsMalassezia from phagocytosis and the impact of antifungal drugs,633

enhancing its ability to persistently colonize the scalp and trigger chronic634

inflammation (C). Malassezia may invade or tightly attach to hair follicles, causing635

local inflammation that may inhibit the Wnt/β-catenin pathway, leading to636

abnormalities in the hair growth cycle. It may also alter the hair follicle637

microenvironment through enzymatic activity, resulting in hair shaft damage or638

shedding. In addition, Malassezia produces reactive oxygen species (ROS);639

excessive ROS can damage hair follicle stem cells and keratinocytes, and also640

promote the transition of hair follicles from the anagen phase to the catagen phase641

by activating the ASK1-MAPK pathway642

643

644

REFERENCE645

[1] Chen, Knight, Gallo. Evolving approaches to profiling the microbiome in skin disease.646
Frontiers in Immunology 2023, 14,647

[2] Polak‐Witka, Rudnicka, Blume‐Peytavi, Vogt. The role of the microbiome in scalp648

Ju
st

 A
cc

ep
te

d



18

hair follicle biology and disease. Experimental Dermatology 2020, 29, 286–294.649

[3] Constantinou, Kanti, Polak-Witka, Blume-Peytavi, Spyrou, Vogt. The Potential650
Relevance of the Microbiome to Hair Physiology and Regeneration: The Emerging Role of651
Metagenomics. Biomedicines 2021, 9, 236.652

[4] Coates, Blanchard, MacLeod. Innate antimicrobial immunity in the skin: A protective653
barrier against bacteria, viruses, and fungi. PLOS Pathogens 2018, 14, e1007353.654

[5] Outerbridge. Mycologic Disorders of the Skin. Clinical Techniques in Small Animal655
Practice 2006, 21, 128–134.656

[6] Paul, Azmal, Talukder, Haque, Meem, Ghosh. Unlocking the secrets of the hair657
microbiome: From scalp health to therapeutic advances. The Microbe 2025, 7, 100353.658

[7] Shah, Larrondo, Dawson, Mcmichael. Scalp microbiome: a guide to better understanding659
scalp diseases and treatments. Archives of Dermatological Research 2024, 316,660

[8] Theelen, Cafarchia, Gaitanis, Bassukas, Boekhout, Dawson. Malassezia ecology,661
pathophysiology, and treatment. Medical Mycology 2018, 56, S10–S25.662

[9] Ianiri, Applen Clancey, Lee, Heitman. FKBP12-Dependent Inhibition of Calcineurin663
Mediates Immunosuppressive Antifungal Drug Action in Malassezia. mBio 2017, 8,664

[10] Song, Kim, Kim. Comparison between Malassezia Folliculitis and665
Non-MalasseziaFolliculitis. Annals of Dermatology 2014, 26, 598.666

[11] Pal, Saraswat, Wal, Wal, Pal. Preparation & Assessment of Poly-Herbal Anti-Dandruff667
Formulation. The Open Dermatology Journal 2020, 14, 22–27.668

[12] Mustarichie, Rostinawati, Pitaloka, Saptarini, Iskandar. Herbal Therapy for the669
Treatment of Seborrhea Dermatitis. Clinical, Cosmetic and Investigational Dermatology 2022,670
Volume 15, 2391–2405.671

[13] Vlachos, Henning, Gaitanis, Faergemann, Saunte. Critical synthesis of available data672
in Malassezia folliculitis and a systematic review of treatments. Journal of the European673
Academy of Dermatology and Venereology 2020, 34, 1672–1683.674

[14] Saxena, Mittal, Clavaud, Dhakan, Hegde, Veeranagaiah, Saha, Souverain, Roy, Breton,675
Misra, Sharma. Comparison of Healthy and Dandruff Scalp Microbiome Reveals the Role676
of Commensals in Scalp Health. Frontiers in Cellular and Infection Microbiology 2018, 8,677

[15] Tsai, Fang, Huang, Chiang, Lin, Chang. Heat-killed Lacticaseibacillus paracasei678
GMNL-653 ameliorates human scalp health by regulating scalp microbiome. BMC679
Microbiology 2023, 23,680

[16] Harkey. Anatomy and physiology of hair. Forensic Science International 1993, 63,681

Ju
st

 A
cc

ep
te

d



19

9–18.682

[17] Schneider, Paus. Deciphering the functions of the hair follicle infundibulum in skin683
physiology and disease. Cell and Tissue Research 2014, 358, 697–704.684

[18] Kiselev, Park. Immune niches for hair follicle development and homeostasis. Frontiers685
in Physiology 2024, 15, 1397067.686

[19] Vogt, Constantinou, Rancan, Ghoreschi, Blume-Peytavi, Combadiere. A niche in the687
spotlight: Could external factors critically disturb hair follicle homeostasis and contribute688
to inflammatory hair follicle diseases? Experimental Dermatology 2020,689

[20] Polak-Witka, Constantinou, Schwarzer, Helmuth, Wiessner, Hadam, Kanti, Rancan,690
Andruck, Richter, Moter, Edelmann, Rudnicka, Blume-Peytavi, Vogt. Identification of691
anti-microbial peptides and traces of microbial DNA in infrainfundibular compartments of692
human scalp terminal hair follicles. European Journal of Dermatology 2021, 31, 22–31.693

[21] An, Hong, Cho, Park, Kim, Kim. Clinicopathological differentiation between694
Pityrosporum folliculitis and acneiform eruption. The Journal of Dermatology 2019, 46,695
978–984.696

[22] Deng, Wang, Li. Dermatophyte infection: from fungal pathogenicity to host immune697
responses. Frontiers in Immunology 2023, 14,698

[23] Tao, Zhu, Zhou, Li, Wan, Li, Wang. Altered skin fungal and bacterial community699
compositions in tinea capitis. Mycoses 2022, 65, 834–840.700

[24] Gawdzik, Nowogrodzka, Hryncewicz-Gwóźdź, Maj, Szepietowski,701

Jankowska-Konsur. Epidemiology of dermatomycoses in southwest Poland, years 2011702
–2016. Advances in Dermatology and Allergology 2019, 36, 604–608.703

[25] Mercer, Stewart. Keratin hydrolysis by dermatophytes. Medical Mycology 2019, 57,704
13–22.705

[26] Martinez-Rossi, Peres, Rossi. Pathogenesis of Dermatophytosis: Sensing the Host706
Tissue. Mycopathologia 2017, 182, 215–227.707

[27] Segal, Elad. Human and Zoonotic Dermatophytoses: Epidemiological Aspects. Frontiers708
in Microbiology 2021, 12, 713532.709

[28] Hay. Tinea Capitis: Current Status. Mycopathologia 2017, 182, 87–93.710

[29] Hill, Gold, Lipner. Comprehensive Review of Tinea Capitis in Adults: Epidemiology,711
Risk Factors, Clinical Presentations, and Management. Journal of Fungi 2024, 10, 357.712

[30] Deng, Wang, Li. Dermatophyte infection: from fungal pathogenicity to host immune713

Ju
st

 A
cc

ep
te

d



20

responses. Frontiers in Immunology 2023, 14, 1285887.714

[31] Celestrino, Verrinder Veasey, Benard, Sousa. Host immune responses in dermatophytes715
infection. Mycoses 2021, 64, 477–483.716

[32] Durdu, Güran, Kandemir, Ilkit, Seyedmousavi. Clinical and Laboratory Features of717
Six Cases of Candida and Dermatophyte Folliculitis and a Review of Published Studies.718
Mycopathologia 2016, 181, 97–105.719

[33] Zadik, Burnstein, Derazne, Sandler, Ianculovici, Halperin. Colonization of Candida :720
prevalence among tongue-pierced and non-pierced immunocompetent adults. Oral Diseases721
2010, 16, 172–175.722

[34] Bauters, Moerman, Vermeersch, Nelis. Colonization of voice prostheses by albicans723
and non-albicans Candida species. The Laryngoscope 2002, 112, 708–712.724

[35] Rasmussen. Classification of diaper dermatitis: an overview. Pediatrician 1987, 14725
Suppl 1, 6–10.726

[36] Kashem, Kaplan. Skin Immunity to Candida albicans. Trends in Immunology 2016,727
37, 440–450.728

[37] Datta, Das, Nett, Vyas, Lionakis, Thangamani. Differential skin immune responses729
in mice intradermally infected with Candida auris and Candida albicans. Microbiology730
Spectrum 2023, 11, e0221523.731

[38] Mansur, Aydingoz, Artunkal. Facial Candida folliculitis: possible role of sexual contact.732
Mycoses 2012, 55, e20-22.733

[39] Okwuwa, Alam, Wai, Shayeb, Sanchez, Gandhi, Garza, Ventolini. Pubic Candida734
Folliculitis, A Case Report in a Patient With Recurrent Vaginal Candidiasis. Journal of Family735
& Reproductive Health 2023, 17, 62–64.736

[40] Ruchti, Zwicky, Becher, Dubrac, LeibundGut‐Landmann. Epidermal barrier impairment737
predisposes for excessive growth of the allergy‐associated yeast Malassezia on murine skin.738
Allergy 2024, 79, 1531–1547.739

[41] Truglio, Sivori, Cavallo, Abril, Licursi, Fabrizio, Cardinali, Pignatti, Toma, Valensise,740
Cristaudo, Pimpinelli, Di Domenico. Modulating the skin mycobiome-bacteriome and741
treating seborrheic dermatitis with a probiotic-enriched oily suspension. Scientific Reports742
2024, 14, 2722.743

[42] Triana, de Cock, Ohm, Danies, Wösten, Restrepo, González Barrios, Celis. Lipid744
Metabolic Versatility in Malassezia spp. Yeasts Studied through Metabolic Modeling.745
Frontiers in Microbiology 2017, 8, 1772.746

[43] Park, Lee, Jung, Lee. pH-Dependent Expression, Stability, and Activity of Malassezia747

Ju
st

 A
cc

ep
te

d



21

restricta MrLip5 Lipase. Annals of Dermatology 2020, 32, 473–480.748

[44] Kumar Rai, Wankhade. Tinea Versicolor - An Epidemiology. Journal of Microbial &749
Biochemical Technology 2009, 01, 051–056.750

[45] Jo, Deming, Kennedy, Conlan, Polley, Ng, Segre, Kong. Diverse Human Skin Fungal751
Communities in Children Converge in Adulthood. Journal of Investigative Dermatology 2016,752
136, 2356–2363.753

[46] Park, Schwardt, Jo, Zhang, Pillai, Phang, Brady, Portillo, MacGibeny, Liang, Pensler,754
Soldin, Yanovski, Segre, Kong. Shifts in the Skin Bacterial and Fungal Communities of755
Healthy Children Transitioning through Puberty. Journal of Investigative Dermatology 2022,756
142, 212–219.757

[47] Gebrezihier, Abdulkadir, Sbhatu, Tsegay, Berhe. Prevalence and associated factors for758
isolated Malassezia species in patients with Dandruff in Mekelle City, Tigrai, Ethiopia. BMC759
Research Notes 2024, 17,760

[48] Honnavar, Chakrabarti, Dhaliwal, Dogra, Handa, Lakshmi, Rudramurthy.761
Sociodemographic characteristics and spectrum of Malassezia species in individuals with and762
without seborrhoeic dermatitis/dandruff: A comparison of residents of the urban and rural763
populations. Medical Mycology 2021, 59, 259–265.764

[49] Mostafa, Assaf, Ameen, El Safoury, Al Sulh. Hair loss in pityriasis versicolor lesions:765
A descriptive clinicopathological study. Journal of the American Academy of Dermatology766
2013, 69, e19–e23.767

[50] Zienicke, Korting, Lukacs, Braun-Falco. Dermatophytosis in children and adolescents:768
epidemiological, clinical, and microbiological aspects changing with age. The Journal of769
Dermatology 1991, 18, 438–446.770

[51] Sowell, Pena, Elewski. Seborrheic Dermatitis in Older Adults: Pathogenesis and771
Treatment Options. Drugs & Aging 2022, 39, 315–321.772

[52] Suzuki, Inoue, Cho, Mizutani, Shimizu, Nagahama, Sugita. Scalp Microbiome and773
Sebum Composition in Japanese Male Individuals with and without Androgenetic Alopecia.774
Microorganisms 2021, 9, 2132.775

[53] Suzuki, Cho, Nagahama, Sugita. Short sequence repeats of the intergenic spacer regions776
of ribosomal RNA genes in Malassezia globosa and Malassezia restricta colonizing the scalps777
of male individuals with and without androgenetic alopecia. Microbiology and Immunology778
2022, 66, 350–352.779

[54] Trueb, Henry, Davis, Schwartz. Scalp condition impacts hair growth and retention780
via oxidative stress. International Journal of Trichology 2018, 10, 262.781

[55] Mayser. Medium chain fatty acid ethyl esters – activation of antimicrobial effects782

Ju
st

 A
cc

ep
te

d



22

by Malassezia enzymes. Mycoses 2015, 58, 215–219.783

[56] Akaza, Akamatsu, Sasaki, Kishi, Mizutani, Sano, Hirokawa, Nakata, Nishijima,784
Matsunaga. Malasseziafolliculitis is caused by cutaneous residentMalasseziaspecies. Medical785
Mycology 2009, 47, 618–624.786

[57] Lousada, Edelkamp, Lachnit, Fehrholz, Pastar, Jimenez, Erdmann, Bosch, Paus.787
Spatial Distribution and Functional Impact of Human Scalp Hair Follicle Microbiota. The788
Journal of Investigative Dermatology 2024, 144, 1353-1367.e15.789

[58] Jo, Kennedy, Kong. Topographical and physiological differences of the skin mycobiome790
in health and disease. Virulence 2017, 8, 324–333.791

[59] Vijaya Chandra, Srinivas, Dawson, Common. Cutaneous Malassezia: Commensal,792
Pathogen, or Protector? Frontiers in Cellular and Infection Microbiology 2020, 10, 614446.793

[60] Jourdain, Moga, Magiatis, Fontanié, Velegraki, Papadimou, Rahoul, Guéniche,794
Chopra, Gaitanis. Malassezia restricta-mediated Lipoperoxidation: A Novel Trigger in795
Dandruff. Acta Dermato-Venereologica 2023, 103, adv00868.796

[61] Billamboz, Jawhara. Anti-Malassezia Drug Candidates Based on Virulence Factors of797
Malassezia-Associated Diseases. Microorganisms 2023, 11, 2599.798

[62] Pagac, Gempeler, Campiche. A New Generation of Postbiotics for Skin and Scalp:799
In Situ Production of Lipid Metabolites by Malassezia. Microorganisms 2024, 12, 1711.800

[63] Xu, Saunders, Hu, Grant, Boekhout, Kuramae, Kronstad, Deangelis, Reeder, Johnstone,801
Leland, Fieno, Begley, Sun, Lacey, Chaudhary, Keough, Chu, Sears, Yuan, Dawson.802
Dandruff-associated Malassezia genomes reveal convergent and divergent virulence traits803
shared with plant and human fungal pathogens. Proceedings of the National Academy of804
Sciences of the United States of America 2007, 104, 18730–18735.805

[64] Gioti, Nystedt, Li, Xu, Andersson, Averette, Münch, Wang, Kappauf, Kingsbury,806
Kraak, Walker, Johansson, Holm, Lehtiö, Stajich, Mieczkowski, Kahmann, Kennell,807
Cardenas, Lundeberg, Saunders, Boekhout, Dawson, Munro, de Groot, Butler, Heitman,808
Scheynius. Genomic insights into the atopic eczema-associated skin commensal yeast809
Malassezia sympodialis. mBio 2013, 4, e00572-00512.810

[65] Jia, Hu, Wang, Deng, Zhang, Li. Malassezia globosa Induces Differentiation of811
Pathogenic Th17 Cells by Inducing IL-23 Secretion by Keratinocytes. Mycopathologia 2024,812
189, 85.813

[66] Ianiri, Averette, Kingsbury, Heitman, Idnurm. Gene Function Analysis in the Ubiquitous814
Human Commensal and Pathogen Malassezia Genus. mBio 2016, 7, e01853-16.815

[67] Zarei-Mahmoudabadi, Zarrin, Mehdinezhad. Seborrheic dermatitis due to Malassezia816
species in Ahvaz, Iran. Iranian Journal of Microbiology 2013, 5, 268–271.817

Ju
st

 A
cc

ep
te

d



23

[68] Gaitanis, Magiatis, Hantschke, Bassukas, Velegraki. The Malassezia genus in skin and818
systemic diseases. Clinical Microbiology Reviews 2012, 25, 106–141.819

[69] Dawson. Malassezia globosa and restricta: breakthrough understanding of the etiology820
and treatment of dandruff and seborrheic dermatitis through whole-genome analysis. The821
Journal of Investigative Dermatology. Symposium Proceedings 2007, 12, 15–19.822

[70] Vijaya Chandra, Srinivas, Dawson, Common. Cutaneous Malassezia: Commensal,823
Pathogen, or Protector? Frontiers in Cellular and Infection Microbiology 2020, 10, 614446.824

[71] Juntachai, Oura, Murayama, Kajiwara. The lipolytic enzymes activities of Malassezia825
species. Medical Mycology 2009, 47, 477–484.826

[72] Hiruma, Cho, Hiruma, Kurakado, Sugita, Ikeda. Genotype analyses of human827
commensal scalp fungi, Malassezia globosa, and Malassezia restricta on the scalps of patients828
with dandruff and healthy subjects. Mycopathologia 2014, 177, 263–269.829

[73] Akaza, Akamatsu, Takeoka, Sasaki, Mizutani, Nakata, Matsunaga. Malassezia globosa830
tends to grow actively in summer conditions more than other cutaneous Malassezia species.831
The Journal of Dermatology 2012, 39, 613–616.832

[74] Hadrich, Khemekhem, Neji, Trablesi, Ilahi, Sellami, Makni, Ayadi. Production and833
Quantification of Virulence Factors in Malassezia Species. Polish Journal of Microbiology834
2022, 71, 529–538.835

[75] Angiolella, Leone, Rojas, Mussin, de Los Angeles Sosa, Giusiano. Biofilm, adherence,836
and hydrophobicity as virulence factors in Malassezia furfur. Medical Mycology 2018, 56,837
110–116.838

[76] Celis Ramírez, Amézquita, Cardona Jaramillo, Matiz-Cerón, Andrade-Martínez,839
Triana, Mantilla, Restrepo, Barrios, de Cock. Analysis of Malassezia Lipidome Disclosed840
Differences Among the Species and Reveals Presence of Unusual Yeast Lipids. Frontiers in841
Cellular and Infection Microbiology 2020, 10, 338.842

[77] Yasueda, Hashida-Okado, Saito, Uchida, Kuroda, Onishi, Takahashi, Yamaguchi,843
Takesako, Akiyama. Identification and cloning of two novel allergens from the lipophilic844
yeast, Malassezia furfur. Biochemical and Biophysical Research Communications 1998, 248,845
240–244.846

[78] Ruchti, Tuor, Mathew, McCarthy, LeibundGut-Landmann. γδ T cells respond directly847
and selectively to the skin commensal yeast Malassezia for IL-17-dependent fungal control.848
PLoS pathogens 2024, 20, e1011668.849

[79] Brooks, Brown. Systemic infection with Malassezia furfur in an adult receiving850
long-term hyperalimentation therapy. The Journal of Infectious Diseases 1987, 156,851
410–411.852

Ju
st

 A
cc

ep
te

d



24

[80] Sahraie-Rad, Izadyari, Rakizadeh, Sharifi-Rad. Preparation of Strong Antidandruff853
Shampoo Using Medicinal Plant Extracts: A Clinical Trial and Chronic Dandruff Treatment.854
Jundishapur Journal of Natural Pharmaceutical Products 2015, 10,855

[81] Park, Jung, Han, Lee, Lee. Characterisation and Expression Analysis of MrLip1, a856
Class 3 Family Lipase of Malassezia restricta. Mycoses 2015, 58, 671–678.857

[82] Ergin, Kurt, Türkoğlu, Sevinç, Akbaba. Evaluation of novel cosmetic shampoo858

formulations against Malassezia species: Preliminary results of ANTI‐DANDRUFF shampoo859
formulations. Journal of Cosmetic Dermatology 2024, 23, 2078–2083.860

[83] Sommer, Overy, Kerr. Identification and characterization of lipases from Malassezia861
restricta, a causative agent of dandruff. FEMS yeast research 2015, 15, fov078.862

[84] Choi, Juhasz, Atanaskova Mesinkovska. Topical ketoconazole: a systematic review863
of current dermatological applications and future developments. Journal of Dermatological864
Treatment 2019, 30, 760–771.865

[85] Koyama, Kanbe, Ishiguro, Kikuchi, Tomita. Antigenic components of Malassezia866
species for immunoglobulin E antibodies in sera of patients with atopic dermatitis. Journal867
of Dermatological Science 2001, 26, 201–208.868

[86] Hashem, Attia, Hashem, Hendy, AbdelBasset, Adel, Salama. Rosemary and neem:869
an insight into their combined anti-dandruff and anti-hair loss efficacy. Scientific Reports870
2024, 14,871

[87] Casagrande, Flückiger, Linder, Johansson, Scheynius, Crameri,872
Schmid-Grendelmeier. Sensitization to the yeast Malassezia sympodialis is specific for873
extrinsic and intrinsic atopic eczema. The Journal of Investigative Dermatology 2006, 126,874
2414–2421.875

[88] Indradewi Armadany, Sopyan, Mustarichie, Ruslin, Arfan. Antifungal activity and hair876
growth stimulation of purple sweet potato leaf fraction (Ipomoea batatas (L.) Lamk) and877
its molecular mechanism through androgen receptor inhibition. Pharmacia 2024, 71, 1–14.878

[89] Honnavar, Chakrabarti, Joseph, Thakur, Dogra, Lakshmi, Rudramurthy. Molecular879
epidemiology of seborrheic dermatitis/dandruff associated Malassezia species from northern880
India. Medical Mycology 2024, 62, myae104.881

[90] Akaza, Akamatsu, Sasaki, Kishi, Mizutani, Sano, Hirokawa, Nakata, Nishijima,882
Matsunaga. Malassezia folliculitis is caused by cutaneous resident Malassezia species.883
Medical Mycology 2009, 47, 618–624.884

[91] Pini, Faggi. Extracellular phospholipase activity of Malassezia strains isolated from885
individuals with and without dermatological disease. Revista Iberoamericana De Micologia886
2011, 28, 179–182.887

Ju
st

 A
cc

ep
te

d



25

[92] Ko, Lee, Choe, Ahn. Epidemiologic Study of Malassezia Yeasts in Patients with888
Malassezia Folliculitis by 26S rDNA PCR-RFLP Analysis. Annals of Dermatology 2011,889
23, 177–184.890

[93] Čonková, Váczi, Malinovská. Extracellular phospholipase production by Malassezia891
pachydermatis strains and its inhibition by selected antimycotics and plant essential oil892
components. Veterinary Research Communications 2024, 48, 3271–3282.893

[94] Durdu, Güran, Ilkit. Epidemiological characteristics of Malassezia folliculitis and use894
of the May-Grünwald-Giemsa stain to diagnose the infection. Diagnostic Microbiology895
and Infectious Disease 2013, 76, 450–457.896

[95] Tragiannidis, Bisping, Koehler, Groll. Minireview: Malassezia infections in897
immunocompromised patients. Mycoses 2010, 53, 187–195.898

[96] Huang, Ran, Pradhan, Yan, Dai. Investigation on Microecology of Hair Root Fungi899
in Androgenetic Alopecia Patients. Mycopathologia 2019, 184, 505–515.900

[97] Filaire, Dreux, Boutot, Ranouille, Berthon. Characteristics of healthy and androgenetic901
alopecia scalp microbiome: Effect of Lindera strychnifolia roots extract as a natural solution902
for its modulation. International Journal of Cosmetic Science 2020, 42, 615–621.903

[98] Li, Liu, Han, Li, Chen, Shi, Tan, He, Liu, Zhao, Wang. The effects of caffeine904
and adenosine on the microbiome and lipidome of the scalp. International Journal of Cosmetic905
Science 2025,906

[99] Fields, Vonu, Monir, Schoch. Topical ketoconazole for the treatment of androgenetic907
alopecia: A systematic review. Dermatologic Therapy 2020, 33, e13202.908

[100] Mendez-Tovar. Pathogenesis of dermatophytosis and tinea versicolor. Clinics in909
Dermatology 2010, 28, 185–189.910

[101] Honnavar, Dogra, Handa, Chakrabarti, Rudramurthy. Molecular Identification and911
Quantification of Malassezia Species Isolated from Pityriasis Versicolor. Indian Dermatology912
Online Journal 2020, 11, 167–170.913

[102] Guého, Midgley, Guillot. The genus Malassezia with description of four new species.914
Antonie Van Leeuwenhoek 1996, 69, 337–355.915

[103] Kaur, Narang, Bala, Gupte, Aggarwal, Manhas. Study of the distribution of Malassezia916
species in patients with pityriasis versicolor and healthy individuals in Tertiary Care Hospital,917
Punjab. Indian Journal of Medical Microbiology 2013, 31, 270–274.918

[104] Sugita, Suto, Unno, Tsuboi, Ogawa, Shinoda, Nishikawa. Molecular analysis of919
Malassezia microflora on the skin of atopic dermatitis patients and healthy subjects. Journal920
of Clinical Microbiology 2001, 39, 3486–3490.921

Ju
st

 A
cc

ep
te

d



26

[105] Saunte, Gaitanis, Hay. Malassezia-Associated Skin Diseases, the Use of Diagnostics922
and Treatment. Frontiers in Cellular and Infection Microbiology 2020, 10, 112.923

[106] Sugita, Nishikawa. [Molecular and quantitative analyses of Malassezia microflora on924
the skin of atopic dermatitis patients and genotyping of M. globosa DNA]. Nihon Ishinkin925
Gakkai Zasshi = Japanese Journal of Medical Mycology 2003, 44, 61–64.926

[107] See Tow, Yew. Malassezia specific IgE in head and neck dermatitis of eczema: A927
systematic review & meta-analysis. Experimental Dermatology 2024, 33, e15108.928

[108] Kurniadi, Hendra Wijaya, Timotius. Malassezia virulence factors and their role in929
dermatological disorders. Acta Dermatovenerologica Alpina, Pannonica, Et Adriatica 2022,930
31, 65–70.931

[109] Wu, Yu, Chen, Liu, Xia. Malassezia Globosa Aggravates Atopic Dermatitis by932
Influencing the Th1/Th2 Related Cytokines in Mouse Models. Clinical, Cosmetic and933
Investigational Dermatology 2025, 18, 837–844.934

[110] Williams, Tosti, Thompson. Histologic absence of yeast as a clue for classic lichen935
planopilaris, fibrosing alopecia in a pattern distribution, and frontal fibrosing alopecia: A936
cross-sectional observational study. JAAD International 2025, 19, 10–11.937

[111] Rocchetto, Oliveira Costa Fechine, Anzai, Munck, Rochetto Assalin, Valente, Romiti.938
Cicatricial Alopecia with Particular Trichoscopic and Histopathological Features. Skin939
Appendage Disorders 2019, 5, 193–195.940

[112] Hashmi, Rashid, Ali, Dowlah, Ali, Diwan, Malik, Irfan, Zia, Ahmad.941
Clinicopathological Features of Alopecia With an Emphasis on Etiology and Histopathological942
Characteristics of Scarring Alopecia. Cureus 2022, 14, e27661.943

[113] Ehemann, Mantilla, Mora-Restrepo, Rios-Navarro, Torres, Celis Ramírez. Many944
ways, one microorganism: Several approaches to study Malassezia in interactions with model945
hosts. PLoS pathogens 2022, 18, e1010784.946

[114] Yang, Ouyang, Pi, Feng, Yang. Malassezia in Inflammatory Bowel Disease:947
Accomplice of Evoking Tumorigenesis. Frontiers in Immunology 2022, 13, 846469.948

[115] Roesner, Ernst, Chen, Begemann, Kienlin, Raulf, Lepenies, Werfel. Human949
thioredoxin, a damage-associated molecular pattern and Malassezia-crossreactive950
autoallergen, modulates immune responses via the C-type lectin receptors Dectin-1 and951
Dectin-2. Scientific Reports 2019, 9, 11210.952

[116] Corzo Leon, Scheynius, MacCallum, Munro. Malassezia sympodialis Mala s 1 allergen953
is a potential KELCH protein that cross reacts with human skin. FEMS yeast research 2023,954
23, foad028.955

[117] Balaji, Heratizadeh, Wichmann, Niebuhr, Crameri, Scheynius, Werfel. Malassezia956

Ju
st

 A
cc

ep
te

d



27

sympodialis thioredoxin-specific T cells are highly cross-reactive to human thioredoxin in957
atopic dermatitis. The Journal of Allergy and Clinical Immunology 2011, 128, 92-99.e4.958

[118] Zhou, Chen, Patil, Dong. Unveiling the therapeutic symphony of probiotics, prebiotics,959
and postbiotics in gut-immune harmony. Frontiers in Nutrition 2024, 11, 1355542.960

[119] Cannizzo, Eraso, Ezkurra, Villar-Vidal, Bollo, Castellá, Cabañes, Vidotto,961
Quindós. Biofilm development by clinical isolates of Malassezia pachydermatis. Medical962
Mycology 2007, 45, 357–361.963

[120] Angiolella, Rojas, Mussin, Greco, Sosa, Zalazar, Giusiano. Biofilm formation,964
adherence, and hydrophobicity of M. sympodialis, M. globosa, and M. slooffiae from965
clinical isolates and normal skinVirulence factors of M. sympodialis, M. globosa and M.966
slooffiae. Medical Mycology 2020, 58, 1162–1168.967

[121] Sasikumar, P P, Naik, Das. A greener side of health care: Revisiting phytomedicine968
against the human fungal pathogen Malassezia. Fitoterapia 2024, 179, 106243.969

[122] Chen, Liu, Cui, Xia, Zhang, Cheng, Peng, Yu, Li, Yu, Zhang, Zheng, Zhang.970
Intermittent fasting triggers interorgan communication to suppress hair follicle regeneration.971
Cell 2025, 188, 157-174.e22.972

[123] Calvo-Sánchez, Fernández-Martos, Espada. A Photodynamic Tool to Promote a973
Sustained, ROS-Dependent Growth of Human Hair Follicles in Ex Vivo Culture. Methods974
in Molecular Biology (Clifton, N.J.) 2021, 2202, 51–61.975

[124] Liu, Guo, Su, Ji, Chang, Huang, Zhang, Wang, Wang. Extracellular Vehicles from976
Commensal Skin Malassezia restricta Inhibit Staphylococcus aureus Proliferation and Biofilm977
Formation. ACS infectious diseases 2024, 10, 624–637.978

[125] Mayser, Genrich, Meunier, Nordzieke. Scalp Microbiome and Dandruff—Exploring979
Novel Biobased Esters. Cosmetics 2024, 11, 174.980

[126] Wang, Sweren, Andrews, Li, Chen, Xue, Wier, Alphonse, Luo, Miao, Chen, Zeng,981
Lee, Li, Dare, Kim, Archer, Reddy, Resar, Hu, Grice, Kane, Garza. Commensal982
microbiome promotes hair follicle regeneration by inducing keratinocyte HIF-1α signaling983
and glutamine metabolism. Science Advances 2023, 9, eabo7555.984

[127] Christophers, Schröder. Evolution of innate defense in human skin. Experimental985
Dermatology 2022, 31, 304–311.986

[128] Edelkamp, Lousada, Pinto, Chéret, Calabrese, Jiménez, Erdmann, Wessel, Phillip,987
Angelis, Rinaldi, Bertolini, Paus. Management of the human hair follicle microbiome by988
a synthetic odorant. Journal of Dermatological Science 2023, 112, 99–108.989

[129] Ugochukwu, Rhimi, Chebil, Rizzo, Tempesta, Giusiano, Tábora, Otranto, Cafarchia.990
Part 1: Understanding the role of Malassezia spp. in skin disorders: Malassezia yeasts as991

Ju
st

 A
cc

ep
te

d



28

commensal or pathogenic organisms of human and animal skin. Expert Review of992
Anti-Infective Therapy 2023, 21, 1327–1338.993

[130] Kim, Kim, Kim, Kim, Kim, Kim, Park, Lee, Jung, Lee, Choe, Ahn. Isolation and994
identification of Malassezia species from Chinese and Korean patients with seborrheic995
dermatitis and in vitro studies on their bioactivity on sebaceous lipids and IL-8 production.996
Mycoses 2016, 59, 274–280.997

[131] Baishya, Bisht, Rimbey, Yihunie, Islam, Al Mahmud, Waller, Wakeman. The Impact998
of Intraspecies and Interspecies Bacterial Interactions on Disease Outcome. Pathogens (Basel,999
Switzerland) 2021, 10, 96.1000

[132] Yang, Cho, Lee, Kim. Transcriptional Interplay between Malassezia restricta and1001
Staphylococcus Species Co-Existing in the Skin Environment. Journal of Microbiology and1002
Biotechnology 2023, 33, 319–328.1003

[133] Pianalto, Telzrow, Brown Harding, Brooks, Granek, Gushiken-Ibañez,1004
LeibundGut-Landmann, Heitman, Ianiri, Alspaugh. Malassezia responds to environmental1005
pH signals through the conserved Rim/Pal pathway. mBio 2024, 15, e0206024.1006

[134] Wu, Zhao, Li, Rajapakse, Wong, Xu, Saunders, Reeder, Reilman, Scheynius, Sun,1007
Billmyre, Li, Averette, Mieczkowski, Heitman, Theelen, Schröder, De Sessions, Butler,1008
Maurer-Stroh, Boekhout, Nagarajan, Dawson. Genus-Wide Comparative Genomics of1009
Malassezia Delineates Its Phylogeny, Physiology, and Niche Adaptation on Human Skin.1010
PLoS genetics 2015, 11, e1005614.1011

[135] Wolf, Limon, Nguyen, Prince, Castro, Underhill. Malassezia spp. induce1012
inflammatory cytokines and activate NLRP3 inflammasomes in phagocytes. Journal of1013
Leukocyte Biology 2021, 109, 161–172.1014

[136] Sparber, De Gregorio, Steckholzer, Ferreira, Dolowschiak, Ruchti, Kirchner, Mertens,1015
Prinz, Joller, Buch, Glatz, Sallusto, LeibundGut-Landmann. The Skin Commensal Yeast1016
Malassezia Triggers a Type 17 Response that Coordinates Anti-fungal Immunity and1017
Exacerbates Skin Inflammation. Cell Host & Microbe 2019, 25, 389-403.e6.1018

[137] Lee, Yassa, Park, Song, Jung, Lee, Kang, Kim. Interactions between Malassezia1019
and New Therapeutic Agents in Atopic Dermatitis Affecting Skin Barrier and Inflammation1020
in Recombinant Human Epidermis Model. International Journal of Molecular Sciences 2023,1021
24, 6171.1022

[138] Thomas, Ingham, Bojar, Holland. In vitro modulation of human keratinocyte pro-1023
and anti-inflammatory cytokine production by the capsule of Malassezia species. FEMS1024
immunology and medical microbiology 2008, 54, 203–214.1025

[139] Ashbee. Update on the genus Malassezia. Medical Mycology 2007, 45, 287–303.1026

[140] Kim, Lee, Kim, Park, Song, Hong, Lee, Jung, Hong, Kim, Lee. Conductive1027

Ju
st

 A
cc

ep
te

d



29

Bio-Harvesting Tonic (CBT) with an Anti-Dandruff Effect Enhances Hair Growth by Utilizing1028
Naturally Generated Electric Energy during Human Activities. Journal of Microbiology and1029
Biotechnology 2024, 34, 2376–2384.1030

[141] Henning, Jemec, Saunte. [Malassezia folliculitis]. Ugeskrift for Laeger 2020, 182,1031
V08200572.1032

[142] Akerstedt, Vollset. Malassezia pachydermatis with special reference to canine skin1033
disease. The British Veterinary Journal 1996, 152, 269–281.1034

[143] Liu, Ranallo, Rios, Grice, Moon, Gallo. Crosstalk between skin microbiota and1035
immune system in health and disease. Nature Immunology 2023, 24, 895–898.1036

[144] Sparber, LeibundGut-Landmann. Host Responses to Malassezia spp. in the Mammalian1037
Skin. Frontiers in Immunology 2017, 8, 1614.1038

[145] Baquer, Jaulhac, Barthel, Paz, Wolfgramm, Müller, Boulanger, Grillon. Skin1039
microbiota secretomes modulate cutaneous innate immunity against Borrelia burgdorferi s.s.1040
Scientific Reports 2023, 13, 16393.1041

[146] Jones, Bloom. Efficacy of a Silver-Based Shampoo for Treatment of Canine Malassezia:1042
A Pilot Study. Journal of the American Animal Hospital Association 2023, 59, 7–11.1043

[147] Nakatsuji, Cheng, Gallo. Mechanisms for control of skin immune function by the1044
microbiome. Current Opinion in Immunology 2021, 72, 324–330.1045

[148] Guillot, Bond. Malassezia pachydermatis: a review. Medical Mycology 1999, 37,1046
295–306.1047

[149] Hoes, van den Broek, Vroom. The efficacy of a novel topical spray composed of1048
sodium benzoate, alcohol and botanical oils for the treatment of Malassezia dermatitis in1049
dogs - a split body, randomised, blinded study. Veterinary Dermatology 2022, 33,1050
398–401.1051

[150] Meason-Smith, Olivry, Lawhon, Hoffmann. Malassezia species dysbiosis in natural1052
and allergen-induced atopic dermatitis in dogs. Medical Mycology 2020, 58, 756–765.1053

[151] Zhang, Zheng, Ye, Ma, Liu, Pang, He, Zhang, Li, Zeng, Guo. Microbiome: Role1054
in Inflammatory Skin Diseases. Journal of Inflammation Research 2024, 17, 1057–1082.1055

[152] Grimshaw, Smith, Arnold, Xu, Hoptroff, Murphy. The diversity and abundance of1056
fungi and bacteria on the healthy and dandruff affected human scalp. PloS One 2019, 14,1057
e0225796.1058

[153] Wang, Yu, Zhu, Luo, Dong, Lin, Zhao, He, Hu, Dong. Amplicon-based sequencing1059
and co-occurence network analysis reveals notable differences of microbial community1060
structure in healthy and dandruff scalps. BMC genomics 2022, 23, 312.1061

Ju
st

 A
cc

ep
te

d



30

[154] Kamamoto, Nishikaku, Gompertz, Melo, Hassun, Bagatin. Cutaneous fungal1062
microbiome: Malassezia yeasts in seborrheic dermatitis scalp in a randomized, comparative1063
and therapeutic trial. Dermato-Endocrinology 2017, 9, e1361573.1064

[155] Tynes, Johnson, Vaish, Abbott, Vučenović, Varrassi, Potharaju, Lopez Torres, Lee,1065
Ahmadzadeh, Shekoohi, Kaye. Ketoconazole Shampoo for Seborrheic Dermatitis of the Scalp:1066
A Narrative Review. Cureus 2024, 16, e67532.1067

[156] Dall’Oglio, Nasca, Gerbino, Micali. An Overview of the Diagnosis and Management1068
of Seborrheic Dermatitis. Clinical, Cosmetic and Investigational Dermatology 2022, 15,1069
1537–1548.1070

[157] McCormick, Ghannoum. Time to Think Antifungal Resistance Increased Antifungal1071
Resistance Exacerbates the Burden of Fungal Infections Including Resistant Dermatomycoses.1072
Pathogens & Immunity 2023, 8, 158–176.1073

[158] Flint, Rhoads, Carlisle, Ferrel, Hopkins, Secrest. The continued inappropriate use1074
and overuse of combination topical clotrimazole-betamethasone. Dermatology Online Journal1075
2021, 27,1076

[159] Gupta, Mann, Polla Ravi, Wang. An update on antifungal resistance in dermatophytosis.1077
Expert Opinion on Pharmacotherapy 2024, 25, 511–519.1078

[160] Kulkarni, Hastak, Jadhav, Date. Fenugreek Leaf Extract and Its Gel Formulation Show1079
Activity Against Malassezia furfur. Assay and Drug Development Technologies 2020, 18,1080
45–55.1081

[161] Rawal, Ali. Probiotics and postbiotics play a role in maintaining dermal health. Food1082
& Function 2023, 14, 3966–3981.1083

[162] Mayer, Weibel, De Luca, Ibragimova, Trakhtman, Kharaeva, Chandler, Korkina.1084
Biomolecules of Fermented Tropical Fruits and Fermenting Microbes as Regulators of Human1085
Hair Loss, Hair Quality, and Scalp Microbiota. Biomolecules 2023, 13, 699.1086

[163] Isnaini, Muhammad, Prajaputra, Indra, Sufriadi, Ernawati, Riski. Hybrid function of1087
light fraction patchouli oil in hair care formulations for effective hair and anti-dandruff1088
treatment. Narra J 2025, 5, e1622.1089

[164] Salem, Ramser, Isham, Ghannoum. The Gut Microbiome as a Major Regulator of the1090
Gut-Skin Axis. Frontiers in Microbiology 2018, 9, 1459.1091

[165] Dewi, Perdiyana, Wiliantari, Nadhira, Arkania, Salsabila, Allun, Allatib, Dewantara.1092
Managing the Skin Microbiome as a New Bacteriotherapy for Inflammatory Atopic Dermatitis.1093
Cureus 2023, 15, e48803.1094

[166] Zeng, Li, Cheng, Wang, Liu. Prebiotic Oligosaccharides in Skin Health: Benefits,1095
Mechanisms, and Cosmetic Applications. Antioxidants (Basel, Switzerland) 2025, 14, 754.1096

Ju
st

 A
cc

ep
te

d



31

[167] Colombo, Rigoni, Cantù, Carnevali, Filippetti, Franco, Grassi, Loi, Mazzotta, Patroi,1097
Raone, Tomassini, Young Dermatologists Italian Network, Amoruso, Pane, Damiani.1098
Probiotics and Prebiotics Orally Assumed as Disease Modifiers for Stable Mild Atopic1099
Dermatitis: An Italian Real-Life, Multicenter, Retrospective, Observational Study. Medicina1100
(Kaunas, Lithuania) 2023, 59, 2080.1101

[168] Kang, Oh, Cho, Kwon, Lee, Jeon, Lee, Choi, Han, Nam, Song, Jung, Kim, Park,1102
Choi, Kim, Eyun, Yang. 3’-Sialyllactose prebiotics prevents skin inflammation via1103
regulatory T cell differentiation in atopic dermatitis mouse models. Scientific Reports 2020,1104
10, 5603.1105

[169] De Almeida, Antiga, Lulli. Oral and Topical Probiotics and Postbiotics in Skincare1106
and Dermatological Therapy: A Concise Review. Microorganisms 2023, 11, 1420.1107

[170] Knackstedt, Knackstedt, Gatherwright. The role of topical probiotics in skin conditions:1108
A systematic review of animal and human studies and implications for future therapies.1109
Experimental Dermatology 2020, 29, 15–21.1110

[171] Soares, Camargo-Penna, de Moraes, De Vecchi, Clavaud, Breton, Braz, Paulino.1111
Dysbiotic Bacterial and Fungal Communities Not Restricted to Clinically Affected Skin Sites1112
in Dandruff. Frontiers in Cellular and Infection Microbiology 2016, 6, 157.1113

[172] Greenzaid, Chan, Chandani, Kiritsis, Feldman. Microbiome modulators for atopic1114
eczema: a systematic review of experimental and investigational therapeutics. Expert Opinion1115
on Investigational Drugs 2024, 33, 415–430.1116

[173] Chung, Lee, Kim, Lee, Saeed, Lee, Jung, Shim, Lee, Heo, Choi. Development1117
and metabolic profiling of a postbiotic complex exhibiting antibacterial activity against skin1118
microorganisms and anti-inflammatory effect on human keratinocytes. Food Science and1119
Biotechnology 2022, 31, 1325–1334.1120

[174] Watanabe, Yamada, Nishi, Tashiro, Sakai. Host factors that shape the bacterial1121
community structure on scalp hair shaft. Scientific Reports 2021, 11, 17711.1122

[175] Cruz, Sanz-Rodríguez, Zamarrón, Reyes, Carrasco, González, Juarranz. A1123
secretion of the mollusc Cryptomphalus aspersa promotes proliferation, migration and survival1124
of keratinocytes and dermal fibroblasts in vitro. International Journal of Cosmetic Science1125
2012, 34, 183–189.1126

[176] Michelotti, Cestone, De Ponti, Giardina, Pisati, Spartà, Tursi. Efficacy of a probiotic1127
supplement in patients with atopic dermatitis: a randomized, double-blind,1128
placebo-controlled clinical trial. European journal of dermatology: EJD 2021, 31,1129
225–232.1130

[177] Lunjani, Ahearn-Ford, Dube, Hlela, O’Mahony. Mechanisms of microbe-immune1131
system dialogue within the skin. Genes and Immunity 2021, 22, 276–288.1132

Ju
st

 A
cc

ep
te

d



32

[178] Crocco, Bonifácio, Facchini, da Silva, da Silva, Pinheiro, Avelar, Eberlin.1133
Modulation of skin androgenesis and sebum production by a dermocosmetic formulation.1134
Journal of Cosmetic Dermatology 2021, 20, 360–365.1135

[179] Chieosilapatham, Kiatsurayanon, Umehara, Trujillo-Paez, Peng, Yue, Nguyen,1136
Niyonsaba. Keratinocytes: innate immune cells in atopic dermatitis. Clinical and1137
Experimental Immunology 2021, 204, 296–309.1138

[180] Kumar, Bisen, Harjai, Chhibber, Azizov, Lalhlenmawia, Kumar. Advances in1139
Nanotechnology for Biofilm Inhibition. ACS omega 2023, 8, 21391–21409.1140

[181] Hesse-Macabata, Morgner, Morgenstern, Grimm, Elsner, Hipler, Wiegand. Innate1141
immune response of human epidermal keratinocytes and dermal fibroblasts to in vitro1142
incubation of Trichophyton benhamiae DSM 6916. Journal of the European Academy of1143
Dermatology and Venereology: JEADV 2019, 33, 1177–1188.1144

[182] Cate, Sullivan, King. Inhibition of Microbial Growth and Biofilm Formation in Pure1145
and Mixed Bacterial Samples. Microorganisms 2024, 12, 1500.1146

[183] Laneri, Dini, Tito, Di Lorenzo, Bimonte, Tortora, Zappelli, Angelillo, Bernardi,1147
Sacchi, Colucci, Apone. Plant cell culture extract of Cirsium eriophorum with skin pore1148
refiner activity by modulating sebum production and inflammatory response. Phytotherapy1149
research: PTR 2021, 35, 530–540.1150

[184] Quadri, Cavallero, Milani. Efficacy of a new antidandruff thermophobic foam: a1151
randomized, controlled, investigator-blinded trial vs. ketoconazole 2% scalp fluid. Journal1152
of Cosmetic Dermatology 2005, 4, 23–26.1153

[185] Esler, Tesz, Hellerstein, Beysen, Sivamani, Turner, Watkins, Amor,1154
Carvajal-Gonzalez, Geoly, Biddle, Purkal, Fitch, Buckeridge, Silvia, Griffith, Gorgoglione,1155
Hassoun, Bosanac, Vera, Rolph, Pfefferkorn, Sonnenberg. Human sebum requires de novo1156
lipogenesis, which is increased in acne vulgaris and suppressed by acetyl-CoA carboxylase1157
inhibition. Science Translational Medicine 2019, 11, eaau8465.1158

[186] Dong, Wang, Peng, Zhou, Zhao, Jiang, Zhang, Jin. Synergistic antifungal effects1159
of curcumin derivatives as fungal biofilm inhibitors with fluconazole. Chemical Biology &1160
Drug Design 2021, 97, 1079–1088.1161

[187] Hořejší, Angelisová, Pokorná, Charnavets, Benada, Čajka, Brdička. Novel class1162
of peptides disintegrating biological membranes to aid in the characterization of membrane1163
proteins. The Journal of Biological Chemistry 2024, 300, 107154.1164

[188] Jarensungnen, Jetsrisuparb, Phanthanawiboon, Theerakulpisut, Hiziroglu, Knijnenburg,1165
Okhawilai, Kasemsiri. Development of eco-friendly antifungal and antibacterial adhesive1166
derived from modified cassava starch waste/polyvinyl alcohol containing green synthesized1167
nano-silver. Scientific Reports 2023, 13, 13355.1168

Ju
st

 A
cc

ep
te

d



33

[189] Flint, Ahmad, Rowland, Hildebolt, Raskin. Topical Probiotics Reduce Atopic1169
Dermatitis Severity: A Systematic Review and Meta-Analysis of Double-Blind, Randomized,1170
Placebo-Controlled Trials. Cureus 2024, 16, e70001.1171

1172
Ju

st
 A

cc
ep

te
d


