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ABSTRACT
Atopic dermatitis (AD) is a common inflammatory skin disease, for which dysbiosis of the skin mycobiome is considered a trig-
gering factor. The aim of this study was to explore the skin mycobiome of AD patients and healthy volunteers (HV). The study 
included 50 AD patients and as many HV. Culture-based species identification involved a battery of conventional phenotypic 
tests and PCR sequencing of the internal transcribed spacer (ITS) 1 and 2 regions within the rDNA cluster. Culture-independent, 
metataxonomic sequencing was performed with ITS1 as the target region. The overall culture-positive rate was higher in AD 
patients than in HV (74% vs 28%). Among the former, Rhodotorula spp. dominated, followed by Candida spp., Malassezia spp. 
and Naganishia albida. The congruence between PCR sequencing and phenotyping was 68.6%. Upon metataxonomy of AD 
samples, 33 (66%) demonstrated close clustering with HV samples (‘control-like’ AD), while 17 (34%) displayed a remarkably dif-
ferent mycobiome composition (‘AD-specific’), with Cladosporium, Malassezia, Candida, Diplodia, Saccharomyces, Penicillium 
and Aspergillus genera showing increased abundance. Patients with ‘AD-specific’ mycobiomes were more commonly exposed to 
air-conditioning compared to ‘control-like’ AD patients (p = 0.030). A subset of patients with AD has a different cutaneous myco-
biome make-up dominated by environmental moulds, and Malassezia and Candida yeasts. Anthropogenic factors may affect the 
cutaneous mycobiome composition in AD and should be taken into account in microbiome studies.

1   |   Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin condi-
tion affecting up to 20.1% of children and 4.9% of adults world-
wide [1, 2]. A number of factors, including genetic background, 
abnormal epidermal barrier, disturbed immune responses and 

dysbiosis, are considered to be involved in the pathogenesis of 
the disease [3].

Fungi make up an important part of the skin microbiome, and 
as such may be implicated in the pathogenesis of various der-
matological conditions [4, 5]. Impaired epidermal barrier in AD, 
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along with increased T-cell reactivity, may favour sensitisation 
to fungal allergens [4].

Until recently, data on the human mycobiome have largely relied 
on cultured microorganisms identified by culture-dependent 
methods. Studies using these methods have linked Malassezia 
and Candida spp. to AD flares and highlighted the role of these 
fungi in cutaneous sensitisation [5–7]. This has been further 
supported by the more frequent occurrence of IgE antibodies 
against Malassezia in AD patients in comparison with healthy, 
nonatopic individuals [6].

The development of advanced molecular techniques, and next-
generation sequencing in particular, has enabled the investigation 
of microbial communities without the need for cultivation. For 
instance, reduced bacterial alpha-diversity, due to the predomi-
nance of Staphylococcus aureus in the skin microbiome, has been 
demonstrated in multiple metagenomic studies [8–10]. However, 
molecular-based data on the role of fungi and skin mycobiome 
composition in this dermatosis are still very limited [8, 11–13].

The aim of the study was to explore the occurrence and diver-
sity of fungi on the skin of AD patients and healthy volunteers 
(HV) by using a two-pronged strategy, that is, involving culture-
dependent and culture-independent approaches.

2   |   Materials and Methods

2.1   |   Patient Recruitment

Patients with AD, aged 15 years or older, who presented to the 
Department of Dermatology, Venereology and Allergology in 
Wroclaw (Poland) between January 2017 and May 2019 were 
recruited for the study. All patients fulfilled the Hanifin–Rajka 
diagnostic criteria for AD [14]. The exclusion criteria included 
concomitant dermatological (e.g., psoriasis, allergic contact der-
matitis, lichen planus) or systemic conditions (e.g., asthma, food 
allergies, diabetes, polycystic ovary syndrome) that might have 
affected the skin mycobiome composition, the use of systemic 
or topical treatment for AD within the preceding 12 or 4 weeks, 
respectively, and the use of systemic or topical antibacterial and/
or antifungal agents within the preceding period of 6 months.

Sociodemographic data, including sex, age, profession, pres-
ence of pets at home, exposure to moulds/humidity, having air-
conditioning at home/work and going to the swimming pool. 
were collected by the investigators using a specially designed 
questionnaire (Appendix S1). The impact of AD on the patient's 
quality of life was evaluated using the Dermatology Life Quality 
Index (DLQI) [15]. The intensity of pruritus was measured using 
the visual analogue scale (VAS) [16].

The severity of AD was assessed using Severity Scoring of Atopic 
Dermatitis (SCORAD) [17]. For every AD patient, the laboratory 
parameters (IgE level, C-reactive protein concentration and 
presence of eosinophilia) were measured.

The control group consisted of HV ≥ 18 years of age, with a neg-
ative history for atopy or AD, who presented for a routine nevi 
check-up.

This work was approved by the local Ethics Committee of the 
Wroclaw Medical University (Decision no. 23/2016) and authors 
can confirm that the ethical policies of the journal, as noted 
on the journal's author guidelines page, have been adhered 
to. The study was conducted according to the Declaration of 
Helsinki. All study participants signed the written informed 
consent form prior to any procedure. In the case of juvenile pa-
tients (< 18 years), the consent was signed by parents or legal 
guardians.

2.2   |   Sample Collection

In AD, skin samples for culture-dependent species identification 
were collected from three locations, that is, antecubital crease, 
neck and popliteal fossa. Samples for the metataxonomic anal-
ysis were taken from active lesions, preferentially located in the 
antecubital creases (n = 44), or the neck (n = 6). Prior to sam-
pling, the designated skin areas were left untreated for at least 
4 weeks. All participants were instructed to avoid washing for 
24 h before material collection.

In the control group, samples from three locations (antecubital 
crease, neck, popliteal fossa) were taken for culture-dependent 
speciation, and a single sample from healthy skin in the antecu-
bital crease was collected for metataxonomic analysis.

All procedures were performed using sterile gloves. In atopic 
dermatitis patients, the typically rough skin surface was scraped 
with a sterile disposable scalpel (Swann Morton, Sheffield, UK), 
and the scrapings were placed in a sterile Petri dish. In the con-
trol group, where it was impossible to collect skin scrapings with 
a scalpel without causing small cuts to the healthy skin, the sam-
ples were collected using OpSite dressings (Smith & Nephew 
Education, Watford, UK).

2.3   |   Culture-Dependent Species Identification

2.3.1   |   Conventional Mycological Diagnostics

Collected samples were inoculated aseptically onto yeast ex-
tract peptone dextrose agar (YPDA) and Modified Leeming 
and Notman agar (MLNA), prepared as described elsewhere 
[18, 19], supplemented with gentamicin (0.01%), chloramphen-
icol (0.005%) and cycloheximide (0.05%) [20, 21]. Plates were in-
cubated at 28°C (YPDA) or at 32°C (MLNA) for up to 14 days. 
All isolates growing on MLNA and unable to grow on YPDA 
were diagnosed according to commonly known protocols 
(Appendix  S2 and Figure  1 green panels). Differentiation and 
species identification of filamentous and yeast-like fungi were 
carried out following standard protocols and approved algo-
rithms for dermatophytes and yeast-like fungi (Appendix S2 and 
Figure 1 orange and blue panels, respectively).

2.3.2   |   PCR-Based Species Identification

Species-level identification was achieved by sequencing the ITS1 
and ITS2 regions within the rDNA cluster, with ITS4 and ITS5 
primers [12]. (Appendix S3).
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The sequences determined were deposited in the GenBank data-
base under the accession numbers provided in Table S1.

2.4   |   Culture-Independent Species Identification

2.4.1   |   DNA Isolation

DNA for metataxonomic analysis was isolated using the 
GeneMATRIX Environmental DNA & RNA Purification Kit 
(EURx, Gdansk, Poland), as per the manufacturer's instructions. 
Purified DNA, dissolved in TE buffer, was quantified with the 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, USA) and stored at −20°C until use.

2.4.2   |   Metataxonomic Sequencing

PCR amplicons for metataxonomic analyses were based on the 
ITS1 fungal marker region. Primers ITS1 5′-TCCGTAGG​TGAAC​

CTGCGG-3′ and ITS2 5′-GCTGCGTTCTTCATCGATG-3′ were 
extended with Illumina adapters and used for the PCR reac-
tion [22, 23]. Obtained amplicons (ca. 300 bp) were checked on 
a 1% agarose gel and purified by Ampure XP magnetic beads 
(Beckman Coulter, Brea, USA). Amplicon libraries were pooled 
in an equimolar ratio and indexed according to the Nextera index-
ing strategy by PCR (Illumina, San Diego, USA). Sample indexing 
allowed pooling of amplicons for the sequencing run and further 
extraction of the sample sequence reads from a large batch of se-
quencing results data.

To minimise technical bias, three technical replicates were pre-
pared and pooled for each PCR amplicon. Amplicon libraries 
were prepared using MiSeq Reagent Kit v3 and sequenced on an 
Illumina MiSeq instrument (Illumina, San Diego, USA) in the 
DNA Sequencing and Oligonucleotide Synthesis Laboratory—
oligo.pl. IBB PAS in a paired-end mode (2×300 cycles). The se-
quencing resulted in the acquisition of 31 919 886 pairs of raw 
reads in total (from 96 448 to 1 130 136 read pairs per sample) 
(Appendix S3 and S4).

FIGURE 1    |    Conventional, phenotype-based species identification algorithm applied in this study. API 20C AUX, name of commercially available 
test; BCPA, brom cresol purple agar; BHIA, brain heart infusion agar; CAA, caffeic acid agar; CGB, canavanine-glycine-bromothymol blue; CHX, 
cycloheximide; DTM, dermatophyte test medium; MLNA, modified Leeming & Notman agar; PDA, potato dextrose agar; RAT, rice agar Tween; 
SDA, Sabouraud dextrose agar; SLAD, synthetic low ammonium dextrose; SPM, sporulation medium; TE, tween esculin; V8, ATCC Medium 343: 
V-8 juice agar; YPDA, yeast extract peptone dextrose agar. For detailed information and composition of used culture media please see Appendix S2 
and cited herein literature.
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2.5   |   Statistical Analysis

Calculations were performed using Statistica 13.0. Categorical 
variables were presented as frequencies with percentages, and 
continuous variables were reported as medians with ranges. 
Fisher's exact test was used for comparisons of categorical vari-
ables, and the Wilcoxon rank test was used for continuous vari-
ables. Statistical differences between alpha- and beta-diversity 
were calculated using the Kruskal–Wallis test with Bonferroni 
correction and ANOSIM test with 999 permutations, respec-
tively. Differentially abundant ASVs and taxonomic groups 
were determined based on ANCOM analyses using the QIIME2 
composition plugin. A p value < 0.05 was considered statistically 
significant.

3   |   Results

3.1   |   Study Population

50 AD patients (mean age ± standard deviation (SD) 
31.8 ± 13.15 years; 24 females and 26 males) and 50 HV (mean 
age 37.7 ± 14.28 years; 39 females and 11 males) were included. 
Both in AD and control groups, the majority of subjects were liv-
ing in the urban area (78% vs 96%), were not exposed to moulds 
or humidity (88% vs 94%) and did not go to the swimming pool 
regularly (90% vs 88%). A substantial percentage of individuals 
had pets at home (40% of AD patients and 52% of HV) and were 
exposed to air-conditioning at home or work (38% of AD patients 
and 32% of HV; Table 1).

3.2   |   Culture-Dependent Species Identification

The results of culture-dependent identification indicated 
a significantly higher number of fungi in AD patients com-
pared to HV (Table  2). The overall culture-positive rate was 
74% (37/50) for AD patients and 28% (14/50) for HV. Taking 
both groups together, a clear predominance of Rhodotorula 
spp. was observed among the isolates. Members of this genus 
were recovered at the highest frequency (21.6%), followed by 
Candida spp. (17.6%), Malassezia spp. (11.8%), and Naganishia 
spp. (7.8%). The percentage shares of Rhodotorula, Candida, 
Malassezia and Naganishia species among AD patients ex-
clusively were 29.7%, 13.5%, 13.5% and 10.8%, respectively. 
Among HV, there were no strains of the Rhodotorula and 
Naganishia genera. Moreover, strains of the Candida and 
Malassezia genera accounted for either a higher or lower per-
centage of isolates compared with AD patients (28.6% and 
7.1%, respectively).

Compared with conventional phenotyping, PCR-sequencing 
gave fully concordant identification results for 68.6% (35/51) of 
the strains cultured. For 5 (9.8%) strains, the two methods en-
abled a consistent genus assignment, but only genotyping per-
mitted identification at the species level. For 11 (11/51; 21.6%) 
strains, the observed discrepancy concerned either genus (8/51; 
15.7%) or species (3/51; 5.9%) level (Table 2).

3.3   |   Culture-Independent Species Identification

3.3.1   |   The Mycobiome of AD Patients Versus HV

First, the diversity and composition of the skin mycobiome in 
AD patients (n = 50) was compared to that of HV (n = 50). Chao1, 
Shannon's Index and Simpson's Index did not show any statisti-
cally significant differences in the fungal alpha-diversity between 
the two groups (p = 0.879, p = 0.241 and p = 0.162, respectively). 
However, statistical significance was reached for the Simpson even-
ness (p < 0.001). The PCoA visualisation of Bray–Curtis dissimilar-
ity showed a high and statistically significant difference (ANOSIM, 
p = 0.001) in the fungal beta-diversity (inter-sample diversity) be-
tween the AD group and HV (Figure 2). Samples from 33 (66%) 
AD patients clustered closely with samples from HV, while the re-
maining samples from 17 (34%) AD patients were very scattered 
and remotely located away from the HV samples. Consequently, 
two groups of patients could be clearly distinguished: one, referred 
to as ‘AD-specific’ where mycobiomes differed importantly from 
those of HV, and the other, referred to as ‘control-like’ with myco-
biomes essentially resembling those of HV.

3.3.2   |   Clinical Characteristics of AD Patients With 
‘AD-Specific’ Mycobiome

The sociodemographic and clinical parameters of AD patients 
with ‘AD-specific’ mycobiome were compared with those of 
‘control-like’ AD patients and HV (Table 1). No significant dif-
ferences were found between patients with ‘AD-specific’ my-
cobiome and ‘control-like’ AD patients in terms of gender, age, 
duration of the lesions, severity of AD, or laboratory parame-
ters. Interestingly, ‘AD-specific’ mycobiome patients were sig-
nificantly more frequently exposed to air-conditioning, either at 
home or at work (p = 0.030) when compared to ‘control-like’ AD 
patients. However, the difference did not reach statistical signif-
icance in a comparison with HV. Comparison between the three 
groups also showed higher percentages of participants living in 
urban areas and washing themselves regularly every day in the 
HV group (p = 0.022 and p = 0.045, respectively).

3.3.3   |   The ‘AD-Specific’ Mycobiome

Patients with ‘AD-specific’ mycobiome (n = 17) were compared 
to ‘control-like’ AD patients (n = 33) and HV (n = 50). Chao1, 
Shannon's Index, Simpson's Index and Simpson's Evenness 
Index showed statistically significant differences in the fungal 
alpha-diversity between AD patients with ‘AD-specific’ my-
cobiome and ‘control-like’ AD patients (p < 0.001, p < 0.0001, 
p < 0.0001 and p < 0.0001 respectively). Similarly, statistically 
significant differences were observed for all alpha-diversity 
metrics in the comparison between the three groups (p < 0.01, 
p < 0.0001, p < 0.0001 and p < 0.0001 respectively; Figure 3).

ANCOM analysis showed a clear predominance of Ascomycota 
in ‘AD-specific’ mycobiomes while Basidiomycota outweighed 
among HV and ‘control-like’ AD patients.
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TABLE 1    |    Clinical characteristics of study participants.

Characteristics

AD

Healthy volunteers 
(n = 50) p**Total (n = 50)

Specific AD 
(n = 17)

Control-like 
AD (n = 33) p*

Sex, n (%)

Female 24 8 16 0.924 39 0.004

Male 26 9 17 11

Age, years

Range 15–65 16–53 15–65 0.652 19–68 0.049

Mean ± SD 31.8 ± 13.15 29.8 ± 10.8 32.8 ± 14.3 37.7 ± 14.28

Median 29 29 29 32.5

Living place, n (%)

Urban area 39 (78.0%) 14 25 0.863 48 0.022

Rural area 11 3 8 2

Farmer, n (%)

Yes 2 0 2 0.784 0 0.126

No 48 17 31 50

Pets at home, n (%)

Yes 20 7 13 0.903 26 0.481

No 30 10 20 24

Gardening, n (%)

Yes 14 5 9 0.873 15 0.964

No 36 12 24 35

Exposure to moulds/humidity, 
n (%)

Yes 6 0 6 3

No 44 17 27 0.157 47 0.06

Air-conditioning at home/
work, n (%)

Yes 19 10 9 16

No 31 7 24 0.030* 34 0.07

Going to the swimming pool, 
n (%)

Yes 5 2 3 6

No 45 15 30 0.842 44 0.912

Frequency of body washing, 
n (%)

Once a day 40 14 26 0.941 48 0.045

Less than once a day 10 3 7 2

(Continues)
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Characteristics

AD

Healthy volunteers 
(n = 50) p**Total (n = 50)

Specific AD 
(n = 17)

Control-like 
AD (n = 33) p*

Age at first symptoms of ad, 
years

Range 0.1–35 0.25–25 0.1–35 —

Mean ± SD 6.6 ± 9.4 6.4 ± 9.2 6.8 ± 9.1 0.319 —

Median 10.5 0.25 2 —

Duration of current 
exacerbation, months

Range 0.25–396 0.5–96 0.25–396 —

Mean ± SD 39.2 ± 79.6 21.8 ± 26.6 49 ± 88.3 0.626 —

Median 19 12 12 —

Milk protein intolerance 
during infancy, n (%)

Yes 24 10 14 0.272 —

No 26 7 19 —

Personal history of atopic-like 
symptoms other that ad, n (%)

Yes 36 11 25 0.41 —

No 14 6 8 —

Family history of atopy, n (%)

Yes 28 10 18 0.773 —

No 22 7 15 —

Prior topical treatment at 
sampling site, n (%)

Corticosteroids 33 11 22 0.89 —

None 17 6 11 —

Prior systemic therapy, n (%)

Immunosuppression (CCS/CsA/
MTX/A)

21 6 15 —

Phototherapy 4 4 1 0.06 —

Immunosuppression + 
phototherapy

3 2 1 —

None 16 5 16 —

Total IgE 0.142

Range 25–141 000 25–16 200 25–141 000 —

Mean ± SD 12 058.1 ± 27 
971.1

2298.7 ± 4079.7 22 656.1 ± 32 
498.2

—

Median 4945 978 7090 —

(Continues)

TABLE 1    |    (Continued)
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At the family level, Trichosporonaceae dominated in HV 
and ‘control-like’ AD patients, while Cladosporiaceae, 
Saccharomycetales familiae incertae sedis and 
Malasseziaceae were most abundant in ‘AD-specific’ mycobi-
ome. Cladosporiaceae, Malasseziaceae, Debaryomycetaceae, 
Saccharomycetales familiae incertae sedis, 
Botryosphaeriaceae, Saccharomycetales unassigned family, 
Aspergillaceae, Saccharomycetaceae and Sporidiobolaceae 
were significantly more abundant, whereas Pleosporales un-
assigned family, Thermoascaceae, Trichosporonaceae and 
Hypocreaceae were significantly underrepresented among 
‘AD-specific’ mycobiome.

Finally, at the genus level, Haglerozyma was most abundant 
in HV and ‘control-like’ AD patients, while Cladosporium, 
Candida and Malassezia dominated in ‘AD-specific’ mycobiome. 
Cladosporium, Debaryomycetaceae unassigned genus, Malassezia, 
Saccharomycetales unassigned family unassigned genus, Candida, 
Diplodia, Saccharomyces, Penicillium and Aspergillus were sig-
nificantly increased in ‘AD-specific’ mycobiome. Whereas 
Haglerozyma, Byssochlamys, Trichoderma and Pleosporales 

unassigned family unassigned genus were significantly more 
abundant in ‘control-like’ AD patients and HV (Figure 4).

4   |   Discussion

The literature on the skin mycobiome in AD has been limited 
[4, 5, 11, 12, 24–33]. Studies exploiting culture-dependent identi-
fication methods have largely focused on yeasts, predominantly 
Malasseziomycetes [24–26]. These fungi were observed less fre-
quently in AD patients than in HV or patients with seborrheic 
dermatitis [26].

High-throughput sequencing techniques allowed a much 
closer insight into the diversity of the skin mycobiome. 
Consequently, some important differences in the cutane-
ous mycobiome in AD patients and HV have been reported 
[4, 5, 11, 12, 30, 31, 34–36]. For instance, an increase in al-
lergenic and/or pathogenic fungi, including Alternaria, 
Fusarium and Scleroderma, in the skin of AD patients with a 
positive atopic background was noted [36].

Characteristics

AD

Healthy volunteers 
(n = 50) p**Total (n = 50)

Specific AD 
(n = 17)

Control-like 
AD (n = 33) p*

C-reactive protein 0.94

Normal (≤ 5) 31 12 19 —

Above normal (> 5) 7 2 5 —

No data 12 3 9 —

Eosinophilia 0.774

Normal (0–0.6) 26 10 16 —

Above normal (> 0.6) 13 4 9 —

No data 11 3 8 —

SCORAD, points 0.73

Range 10–75 21–72 10–75 —

Mean ± SD 50 ± 14.6 45.6 ± 14.6 47.7 ± 14.8 —

Median 46.5 48 46 —

DLQI, points 0.792

Range 1–35 4–27 1–35 —

Mean ± SD 14.1 ± 7.8 12 ± 6.4 17.6 ± 7.8 —

Median 17.5 12 19 —

VAS 0.612

Range 0–10 1–10 0–10 —

Mean ± SD 5.6 ± 2.9 5.2 ± 2.7 5.9 ± 3 —

Median 6 6 5.5 —

Abbreviations: AD, atopic dermatitis; AZA, azathioprine; CCS, corticosteroids; CsA, cyclosporin A; MTX, methotrexate; SD, standard deviation.
*AD patients with ‘AD-specific’ mycobiome vs. ‘control-like AD’ mycobiome patients. 
**AD patients with ‘AD-specific’ mycobiome vs. ‘control-like AD’ vs. control mycobiome patients.

TABLE 1    |    (Continued)
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TABLE 2    |    Species identificationa using culture-dependent methods.

Group Phenotyping PCR sequencing % Similarityb
No. of 

isolates Location

AD Candida albicans Candida albicans 99.8%–100% 3 Neck (n = 1)
Popliteal fossa (n = 2)

Meyerozyma 
guilliermondii

Meyerozyma guilliermondii 100% 3 Popliteal fossa (n = 2)
Antecubital crease (n = 1)

Pichia kudriavzevii Pichia kudriavzevii 100% 3 Neck (n = 2)
Antecubital crease (n = 1)

Yarrowia lipolytica Yarrowia lipolytica 100% 1 Neck

Clavispora lusitaniae Clavispora lusitaniae 99.7% 1 Popliteal fossa

Candida parapsilosis Candida parapsilosis 100% 1 Neck

Candida sp. Candida zeylanoides 100% 1 Popliteal fossa

Filobasidium 
uniguttulatum

Filobasidium uniguttulatum 100% 1 Neck

Malassezia globosa Malassezia globosa 99.0%–99.3% 2 Neck (n = 2)

Malassezia sympodialis Malassezia sympodialis 99.8%–100% 3 Neck (n = 2)
Antecubital crease (n = 1)

Naganishia albidac Naganishia diffluens 99.70%–100% 4 Neck (n = 2)
Popliteal fossa (n = 1)

Antecubital crease (n = 1)

Rhodotorula mucilaginosa Rhodotorula mucilaginosa 99.3%–100% 9 Neck (n = 5)
Popliteal fossa (n = 4)

Rhodotorula mucilaginosa Rhodotorula diobovata 99.7% 1 Antecubital crease

Rhodotorula sp. Rhodotorula diobovata 100% 1 Antecubital crease

Saccharomyces sp. Nakazawaea holstii 98% 1 Neck

Trichosporon beigelii Cutaneotrichosporon 
dermatis

100% 1 Neck

Wickerhamia fluorescens Wickerhamia fluorescens 99.4% 1 Neck

Control Acremonium sp. Phialemonium sp. 100% 1 Popliteal fossa

Candida albicans Candida albicans 100% 3 Neck (n = 1)
Popliteal fossa (n = 1)

Antecubital crease (n = 1)

Pichia kudriavzevii Pichia kudriavzevii 100% 1 Popliteal fossa

Hanseniaspora sp. Candida tropicalis 100% 1 Neck

Malassezia sympodialis Malassezia sympodialis 100% 1 Neck

Ogataea methanolica Ogataea methanolica 99.5% 1 Neck

Saccharomyces cerevisiae Saccharomyces cerevisiae 100% 1 Neck

Sporobolomyces sp. Sporobolomyces roseus 99.6% 1 Popliteal fossa

Sterigmatomyces sp. Cutaneotrichosporon 
curvatum

100% 1 Antecubital crease

Cutaneotrichosporon 
cutaneum

Apiotrichum domesticum 99.8% 1 Popliteal fossa

(Continues)
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In this work, conventional identification methods produced 
a higher culture-positive rate in AD patients than in HV. 
Moreover, culture-based phenotypic and PCR-sequencing meth-
ods used for species identification gave concordant results for 
68.6% of the isolates. Such discrepancies only confirm the supe-
riority of molecular methods over conventional, culture-based 
mycological diagnostics [25].

The mycobiome composition, as assessed by culture-dependent 
and independent methods, was only partially overlapping. The 
discrepancies may result from different growth or metabolic 
capacities of fungi. Methods of metataxonomy disclose higher 
species richness and overall biodiversity, whereas culture-based 
tests reflect more accurately the potential of individual species 
to proliferate in given conditions [4, 37].

Group Phenotyping PCR sequencing % Similarityb
No. of 

isolates Location

Cutaneotrichosporon 
mucoides

Apiotrichum montevideense 100% 1 Neck

Zygosaccharomyces rouxii Saccharomyces cerevisiae 99.6% 1 Neck

Total 51
aNomenclature according to MYCOBANK Database and Taxonomy Browser. Available online at https://www.mycobank.org/ and Taxonomy browser (root) (nih.gov) 
accessed on: August 9th 2024.
bFirst hit according to BLAST Refseq ITS database (https://​www.​ncbi.​nlm.​nih.​gov/​refseq/​).
cNaganishia albida, formerly known as Cryptococcus albidus.

TABLE 2    |    (Continued)

FIGURE 2    |    Alpha- and beta-diversity analyses of examined fungal communities in the case of AD patients and healthy volunteers. On panel (a) 
alpha-diversity of selected metrics was presented with the results of statistical inference. The ‘ns’ abbreviation was used for ‘not significant’, while 
*** indicates the p value of the Kruskal–Wallis test with Bonferroni correction lower than 0.001. On panel (b) PCoA plot based on Bray–Curtis dis-
similarity was shown to visualise the intersample diversity between atopic dermatitis (AD) and healthy individuals. On each panel, a combination 
of the first three principal components was shown with the level of dissimilarity they represent. The sample category colouring scheme between 
panels is the same.

https://www.mycobank.org/
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi
https://www.ncbi.nlm.nih.gov/refseq/
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Conventional analysis indicated a significantly greater share of 
Basidiomycota (especially basidiomycetous yeasts) in the skin 
mycobiome of AD patients, while Ascomycota, especially asco-
mycetous yeasts, dominated among HV. This is exactly the op-
posite of what was found using metataxonomy.

Both methods revealed a clear predominance of opportunistic 
fungal pathogens in AD patients compared to HV. However, 
whereas Rhodotorula, Candida, Malassezia and Trichosporon 
fungi dominated in conventional analysis, Cladosporium, 
Malassezia, Candida, Penicillium and Aspergillus were in the 
majority upon metataxonomic analysis.

Similarities in the abundance of Candida and Malassezia in the 
AD mycobiome confirm the ability of both culture-dependent 
and culture-independent methods to identify the dominant taxa. 
Malassezia is a lipophilic yeast, whose role in the pathogenesis 
of skin inflammation may stem from its lipases and phospholi-
pases. The enzymes damage the epidermis, trigger an immune 
reaction and provoke the production of inflammatory cytokines 
[38]. Sensitisation to Malassezia spp. has been demonstrated to 
constitute an important AD severity marker [39]. Prior culture-
independent studies, implementing sequencing methods, found 
a high prevalence of Malassezia spp. in AD samples, with two 

species, M. slooffiae and M. dermatitis, being specific for AD [5]. 
However, the study was carried out on a very small group of 8 AD 
patients and 8 HV. The higher prevalence of Malassezia spp., espe-
cially M. globosa and M. restricta, in AD patients than in healthy 
subjects was also found by Edslev et al. [12], yet the difference was 
not statistically significant. In another study, Malassezia was again 
found to be the most abundant fungal genus. Importantly, the au-
thors observed an increase in allergenic and/or pathogenic fungi, 
including Alternaria, Fusarium and Scleroderma, in the skin of 
AD patients with a positive atopic background [36].

Candida is another commonly present yeast on human skin, 
which may stimulate immediate hypersensitivity [40]. The 
results of the culture-based studies analysing the carriage 
of Candida spp. in patients with AD have been contradictory 
[27–29]. Frequent Candida spp. colonisation in patients with 
AD was reported by Arzumanyan et al. [27], while these results 
were not confirmed by Javad et  al. [28] In a recent metataxo-
nomic study, Schmid et  al. [11] analysed the skin swabs of 16 
patients with AD by sequencing the ITS1 region and found 
increased abundance of Candida spp. over Malassezia spp. in 
severe AD. These findings are also consistent with the results 
reported by Storz et al. [40], who, along with abundant colonisa-
tion with Candida in AD, found increased sensitisation towards 

FIGURE 3    |    Alpha-diversity analyses of examined fungal communities in the case of AD-specific, healthy and healthy-like groups. The alpha-
diversity of selected metrics was presented with the results of statistical inference. The marks **, *** and **** indicate the p values of the Kruskal–
Wallis test with Bonferroni correction lower than 0.01, 0.001, and 0.0001, respectively. The ns indicates no significant differences between groups.

FIGURE 4    |    Heatmap showing genera with significantly different abundance between atopic dermatitis (AD-specific), healthy and healthy-like 
groups of volunteers. The scale bar's colours reflect their relative abundance. Coloured blocks near taxa names indicate the group of samples that 
were indicated to be significantly more abundant in the ANCOM analysis.
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C. albicans. It should be taken into consideration that individual 
studies were conducted on different patient populations, living 
in different conditions and leading different lifestyles, which 
could have had an impact on the composition of the mycobiomes 
and explain the differences in the results.

The most pronounced difference between the culture-dependent 
and culture-independent identification methods concerned 
environmental moulds (Cladosporium spp., Aspergillus spp., 
Penicillium spp.), which were highly abundant in the metataxo-
nomic analysis, albeit virtually undetected with culture-dependent 
methods. This might be surprising, since environmental moulds 
are frequently identified in culture due to their fast proliferation 
and efficient conidia production [37]. These species are typical 
components of bioaerosols of indoor and outdoor air and are 
well-known air-conditioner colonisers [41]. A compelling expla-
nation relates to the inability of the metataxonomic approach to 
unequivocally distinguish between environmentally derived and 
factually colonising microorganisms [27, 33].

Moreover, metataxonomy allows the detection of fungal species 
irrespective of their metabolic activity, including poorly growing 
and nonviable fungal cells [27, 33]. This may explain the pres-
ence of many fungal species, especially moulds, which remain 
undetected with culture-dependent methods.

So far, few studies have looked at moulds in the cutaneous my-
cobiome in AD. In one study [8], an increased abundance of 
Cladosporium was correlated with transepidermal water loss 
(TEWL), as well as with staphylococcal colonisation. In another 
study, an increased abundance of Alternaria in AD patients 
was demonstrated, along with biofilm formation, composed 
of Staphylococcus and Alternaria, stimulating the production 
of proinflammatory cytokines by keratinocytes [8, 36]. In AD, 
epidermal barrier impairment may favour the penetration of en-
vironmental moulds into the epidermis and subsequent develop-
ment of Th2 immune response and atopic manifestations.

Interestingly, we observed significantly more frequent exposure 
to air-conditioning either at home or at work in patients with 
‘AD-specific’ mycobiome than in the ‘control-like’ AD patients. 
Dry air in air-conditioned rooms is known to exacerbate skin 
problems, with AD in the first place [28, 29, 41]. However, in 
this case, the link between exposure to air-conditioning and AD 
flares needs further elucidation.

Fungi, especially Malassezia, have also been linked to exacerba-
tions of another chronic skin disease, psoriasis [42]. Choi et al. 
[43] found a correlation between increased mycobiome diversity 
and the severity of scalp psoriasis, with increased abundance 
of Malassezia globosa in the most severe cases. In addition, the 
treatment of psoriasis with anti-IL-23 antibodies was demon-
strated to affect the cutaneous mycobiome by reducing its alpha-
diversity and the relative abundance of the Malassezia genus 
[44]. The effectiveness of antifungal therapies in controlling the 
symptoms of chronic diseases such as AD or psoriasis [45] is a 
premise for further research on the role of the mycobiome in the 
development of cutaneous inflammation.

Although our results come from a single-centre study, the ad-
vantage of our work is a large sample size [5, 8]. So far, only 

one metataxonomic study on the skin mycobiome in AD in-
cluded a comparable number of participants, namely 58 AD 
patients and 46 HV [12]. Another advantage is the analysis of 
factors that might have potentially influenced the composition 
of the mycobiome, such as swimming pool use, exposure to air-
conditioning, or having pets at home. In addition, contrary to 
previous works [5, 8, 12], our study implemented a combination 
of culture-dependent species identification and metataxonomic 
analysis of the fungal profile in AD.

One of the limitations of the study, which requires further anal-
ysis in the future, is the lack of evaluation of sensitisation to in-
dividual identified fungi in AD patients enrolled for the study. 
Such an assessment would allow for a better understanding 
of the cause-and-effect relationship between the mycobiome 
composition and the occurrence of AD symptoms. Another 
limitation is the difference in the proportion of females and 
males between the AD group and HV. Although the gender-
related differences in mycobiome composition are well known, 
we believe that this disproportion, given the large group of 
study participants, should not considerably impact the findings 
and final conclusions.

In conclusion, our study adds to the evidence that the cutaneous 
mycobiome in AD differs from that in the healthy population. 
Importantly, a subgroup of AD patients with a distinct mycobi-
ome composition, dominated by moulds of the Cladosporium, 
Aspergillus and Penicillium genera, along with Malassezia and 
Candida yeasts, could be distinguished. It seems that anthropo-
genic factors, such as exposure to air-conditioning, may have a 
role in shaping the mycobiome. This should potentially be taken 
into account when determining the therapeutic strategy for AD.
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