
Diverse human skin fungal communities in children converge in 
adulthood

Jay-Hyun Jo1, Clayton Deming2, Elizabeth A. Kennedy1, Sean Conlan2, Eric C. Polley3,6, 
Weng-lan Ng2, NISC Comparative Sequencing Program4, Julia A. Segre2,5, and Heidi H. 
Kong1,5

1Dermatology Branch, Center for Cancer Research, National Cancer Institute, National Institutes 
of Health, Bethesda, MD 20892, USA

2Microbial Genomics Section, Translational and Functional Genomics Branch, National Human 
Genome Research Institute, National Institutes of Health, Bethesda, MD 20892, USA

3Biometric Research Program, Division of Cancer Treatment and Diagnosis, National Cancer 
Institute, National Institutes of Health, Bethesda, MD 20892, USA

4NIH Intramural Sequencing Center, National Human Genome Research Institute, National 
Institutes of Health, Bethesda, MD 20892, USA

Abstract

Understanding the skin mycobiome (fungal communities) is important because both commensal 

and pathogenic fungi can drive cutaneous disease depending on host status and body sites, 

including the scalp, feet, and groin. Interestingly, age may also affect skin fungal infections as 

certain dermatophytoses (i.e. tinea capitis) are more frequent in children than adults. We 

previously described the skin mycobiomes in healthy adults, showing lipophilic fungi Malassezia 
predominate in most skin sites. Since children have less sebaceous skin before puberty, we 

compared the fungal communities of primary clinical samples from healthy children and adults, 

based on sequencing of a fungal phylogenetic marker. While Malassezia predominated on trunk, 

head and arm skin of adults (age 20s–30s), children (age <14) had more diverse fungal 

communities, for example, Eurotiomycetes which includes common dermatophytes. Species-level 

classification showed M. globosa predominated in children. Collectively, our findings indicate that 

prepubertal skin is colonized by diverse fungi, whereas adult skin is predominantly obligatory 

lipophilic Malassezia, suggesting that fungal communities on skin profoundly shift during puberty. 

Mycobiome shifts during puberty are likely due to alterations in sebaceous gland activation and 

sebum composition. This study provides a foundational framework for studies investigating 

interactions between fungi, skin, and pediatric dermatophytosis.
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Introduction

Human skin is a dynamic habitat hosting a wide variety of microbes, including bacteria, 

fungi, viruses, and parasites (Belkaid and Segre, 2014). Although bacteria often predominate 

in the ‘skin microbiome’ and have been the major focus of most studies (Grice and Segre, 

2011; Oh et al., 2014), understanding the fungal communities - mycobiome - on skin is also 

important given the close association of commensal and pathogenic fungi, e.g. Malassezia, 
Candida, and dermatophytes, with various skin disorders, such as seborrheic dermatitis, 

atopic dermatitis, and dermatophytosis (Gaitanis et al., 2012; Gupta et al., 2004; Havlickova 

et al., 2008; Seebacher et al., 2008; White et al., 2014). However, in contrast to bacterial 

communities, less is known about the structure and dynamics of the skin mycobiome in 

health and disease.

Sequence-based skin mycobiome studies have revealed that Malassezia is commonly found 

on healthy adult skin at most body sites, along with Aspergillus and Penicillium as less 

abundant commensals (Findley et al., 2013; Paulino et al., 2006; Underhill and Iliev, 2014; 

Zhang et al., 2011). Interestingly, previous culture-based and targeted PCR-based studies 

demonstrated that the prevalence of major commensal Malassezia fungi on the skin of 

prepubertal children was lower than on adults (Faergemann and Fredriksson, 1980; Gupta 

and Kohli, 2004; Jang et al., 2009; Sugita et al., 2010), and the incidence of fungus-

associated diseases, such as tinea capitis, tinea corporis, and tinea versicolor, varies among 

different age groups (Hawkins and Smidt, 2014; Kyriakis et al., 2006; Shy, 2007), 

suggesting differential fungistatic properties of the skin in children (prepubertal) and adults 

(postpubertal). In addition, we previously showed the striking differences in the nares and 

skin bacterial communities in adults versus children (Oh et al., 2012). Collectively, these 

observations suggest that the skin mycobiome may differ between young children and 

adults, but the potential differences remain unknown.

The fungal internal transcribed spacer-1 (ITS1) sequence is a taxonomic signature enabling 

identification at the genus, and sometimes species level. Using ITS1 sequencing, we 

compared taxonomic relative abundance, diversity and similarity of healthy children (HC) 

mycobiomes with those of healthy adults (HA). We found the mycobiomes of children were 

more diverse than those of adults, who were colonized almost exclusively with Malassezia. 

Within-group comparisons revealed that children had higher interpersonal variation than 

adults. Furthermore, species-level classification showed that M. globosa was the 

predominant species of Malassezia on children across all skin sites tested, whereas M. 
restricta constituted a significant proportion of several skin sites in adults. Together, our 

results demonstrate that children possess distinct and diverse skin mycobiomes as compared 

to adults. To our knowledge, this study represents the initial sequence-based approach to 

analyzing skin fungal communities based on age and sexual maturation.

Results

Overview of dataset and taxonomic analysis

To investigate whether skin fungal communities of healthy children (HC) differed from 

healthy adults (HA), samples from nine skin sites [four from the head (external auditory 
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canal (Ea), forehead (Fh), occiput (Oc), and retroauricular crease (Ra); sebaceous), two from 

the trunk (back (Ba) and manubrium (Mb); sebaceous), two from folds in extremities 

(antecubital fossa (Ac) and inguinal crease (Ic); moist), and one from flat surfaces of 

extremities (volar forearm (Vf); dry)] and nares of 33 individuals (19 HAs and 14 HCs) were 

collected and sequenced using the internal transcribed spacer-1 (ITS1) region to investigate 

fungal diversity (Table 1 and Supplementary Table S1). Sequencing data were collected 

using both the Roche 454 and Illumina MiSeq instruments, due to changes in sequencing 

technologies capabilities (see Materials and Methods for platform comparability test). A 

total of 16,561,411 reads passed initial quality control (quality trimming for 454, and quality 

trimming and end-joining for MiSeq). To explore fungal communities on skin in different 

age groups, all sequence data were taxonomically classified to the genus level using a 

previously established database (Findley et al., 2013). Rarefaction curves indicated that 

taxonomic diversity plateaued near 3,000 reads for all samples (Supplementary Figure S1). 

Therefore, all samples were randomly subsampled to 3,000 reads/sample for further 

analysis, seven samples were excluded because of low read numbers (Supplementary Table 

S1).

Fungal communities differ in children and adults

To determine whether fungal communities differed between children and adults, genus-level 

taxonomic abundance and Shannon diversity, an ecological measure of community richness 

and evenness, were evaluated (Figure 1a and b, and Supplementary Figure S2a and b). As 

previously reported, Malassezia fungi predominated on the skin of adults (Ac: mean 80.40% 

(95% CI 76.10–84.71), Ba: mean 99.41% (95% CI 99.22–99.60), Ea: mean 99.84 (95% CI 

99.80–99.88), and Vf: mean 82.79 (95% CI 78.14–87.43)) (Findley et al., 2013). In contrast, 

Malassezia had a lower relative abundance on children (Ac: mean 36.50 (95% CI 29.8–

43.72), Ba: mean 76.65 (95% CI 71.55–81.76), Ea: mean 64.58 (95% CI 54.86–74.30), and 

Vf: mean 35.02 (95% CI 7.40–42.63)). Furthermore, diverse Ascomycota fungi including 

Aspergillus, Epicoccum, and Phoma constituted commensal flora on children, with levels 

>5% in 40.2% of samples from children as compared to only 9.5% of adult samples (Figure 

1a and Supplementary Figure S2a). Similarly, fungal diversity was significantly increased in 

children (Figure 1b and Supplementary Figure S2b). For clinical samples from children, 

decreased diversity was correlated with increased relative abundance of Malassezia, 

especially on sebaceous sites (Figure 1b). Given the predominance of Malassezia on 

sebaceous skin, it is possible that reduction in diversity was attributed to relative 

overexpansion of Malassezia. Normalized diversity (recalculated after excluding Malassezia 
sequences) was not correlated with Malassezia abundance (Supplementary Figure S2c), 

suggesting independence of fungal community diversity from Malassezia predominance.

Similarities between samples were determined by principal coordinate analysis using 

taxonomic abundance-based Yue-Clayton Theta (θ) similarity coefficient (Figure 2a and 

Supplementary Figure S2d) (Yue and Clayton, 2005). Fungal communities of adults 

clustered tightly together, suggesting high similarity among subjects. On the other hand, 

fungal communities in children were scattered throughout both axes without noticeable 

clustering, suggesting high within-group variation. Concordantly, pairwise comparison of 

Theta similarity showed that adults were similar to each other while within-group variation 

Jo et al. Page 3

J Invest Dermatol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were higher in children (Figure 2b). Taken together, these results suggest that healthy 

children have more diverse and divergent fungal communities on skin than healthy adults.

Nares fungal communities differ in children and adults

The anterior nares have been regarded as a physiologically important microbial habitat, 

because the nares can serve as a reservoir for colonization of potential bacterial pathogens 

such as Staphylococcus aureus and Streptococcus pneumoniae (Archer and Climo, 2001; 

von Eiff et al., 2001). With stratified, non-cornified epithelium, the nares also represented a 

different physiological niche as compared to other sites studied in this cohort. Furthermore, 

a previous report determined that prominent bacterial shifts occurred in the nares during 

puberty (Oh et al., 2012). Therefore, we investigated whether fungal profiles in the nares 

differed between children and adults (Figure 3a–c). Fungal communities of nares were less 

Malassezia predominant (56.1% (95% CI 48.87–63.34) in children, versus 92.3% (95% CI 

89.12–95.50) in adults) and colonized by diverse fungi, similar to other body sites.

M. globosa predominates on the skin of healthy children

Previously, using a curated reference database of species-level Malassezia ITS1 sequences, 

we observed that M. restricta predominated at Ea, Ra, and Fh (head-sebaceous sites), and M. 
globosa predominated at Ba and Oc in healthy adults (Findley et al., 2013). Various reports 

have shown that distinct Malassezia species exhibit different lipid-dependency and are 

potentially implicated in various cutaneous diseases including seborrheic dermatitis (Gupta 

et al., 2004). Since our current results showed that fungal communities in children were 

considerably different from those in adults, we next interrogated species-level abundances of 

Malassezia fungi. Consistent with previous reports (Findley et al., 2013; Wu et al., 2015), 

among sebaceous sites in adults, Ea, Ra, and Fh exhibited M. restricta predominance (mean: 

90.0%, 74.4%, and 85.2% of M. restricta, respectively) whereas M. globosa predominated 

on Ba, Oc, and Mb (mean: 61.1%, 78.4%, and 53.5% of M. globosa, respectively) (Figure 4a 

and b, and Supplementary Figure S3). While M. restricta was identified on children, M. 
globosa was the only predominant Malassezia species independent of body site (mean, Ba: 

59.1%, Ra: 66.3%, Fh: 72.5%, Ba: 84.0%, Oc: 92.4%, and Mb: 79.9% of M. globosa) 

(Figure 4a and b, and Supplementary Figure S3).

Effect of gender on the fungal community

Since children have higher fungal diversity than adults and are less similar to each other, 

clinical metadata were examined as potential factors contributing to the diversity and 

structure of fungal skin communities in children (Supplementary Table S1). Interestingly, 

linear discriminant analysis (LDA) effect size (LEfSe, LDA score (log 10) > 3) test 

demonstrated that there were discriminatory taxa between boys and girls (Segata et al., 

2011). Epicoccum and Cryptococcus genera were enriched (11.6 and 9.6 fold, respectively) 

in sebaceous sites of boys, whereas Malassezia was enriched (1.4 fold) in girls 

(Supplementary Figure S4). These results suggested that gender may affect mycobiome 

structures during sexual maturation.
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Discussion

Fungi are clinically important constituents of the skin microbiome. In this report, using ITS1 

sequencing, we demonstrated differences in skin fungal communities of healthy children and 

adults. In accordance with our previous report, Malassezia predominated on all body and 

arm sites of all individuals (Findley et al., 2013). However, unlike adult subjects, children 

exhibited more diverse fungal communities on skin, as shown by both relative abundance 

and community diversity (Figure 1, and 2 and Supplementary Figure S2). Within-group 

analysis showed that the interpersonal variation of children was significantly higher than 

adults (Figure 2), and species-level analysis indicated that children were predominantly 

colonized by M. globosa (Figure 4). Together, these observations suggested age-dependent 

differences in skin physiology and mycobiome. This initial investigation of the skin 

mycobiomes of healthy children and adults strongly suggests an association between sexual 

maturity, skin mycobiome and physiology.

Prior culture-based studies have reported the presence versus absence of Malassezia in 

different age groups, such that the percentage of individuals with Malassezia increased 

during puberty (36.3% (age < 14) and 90.7% (age 15–25) in one study, 55.7% (age<10), 

68% (age 11–20) and 75% (age 21–30) in another study), and decreased after the third 

decade of life (Faergemann and Fredriksson, 1980; Gupta and Kohli, 2004; Jang et al., 

2009). In contrast, our sequence-based, culture-independent mycobiome analyses revealed 

that all subjects are essentially positive for Malassezia. Because Malassezia spp. are 

fastidious microbes in vitro and various fungi optimally grow in different conditions (Gupta 

et al., 2004), sequence-based studies provide a culture-independent and global view of the 

mycobiome. In addition, since Malassezia is an obligatory lipophilic fungus, differential 

Malassezia abundance might be due to the full activation of sebaceous glands during puberty 

(Pochi et al., 1979). Therefore, it would be intriguing to identify the sebaceous gland activity 

and sebum signatures during childhood in conjunction with sequence-based mycobiome 

analysis.

In this report, we demonstrated that diverse and divergent fungi can colonize the skin of 

children. The major taxa on each child were highly variable (Figure 1a and Supplementary 

Figure S2a). Malassezia was less frequent, and diverse fungi, such as Aspergillus, 

Epicoccum, Cladosporium, Phoma, and Cryptococcus, contributed to the fungal flora of 

healthy children. Pairwise Theta index comparison also indicated that within-group 

similarity of children was even lower than similarity between children and adults (Figure 

2b). We propose a possible relationship of these observations to dermatoses. Several fungal 

skin infections (dermatophytoses), such as tinea capitis and tinea corporis, are more 

frequently seen in children (Havlickova et al., 2008; Seebacher et al., 2008). This 

epidemiological dichotomy in fungal infections may relate to the physiologic characteristics 

of younger skin, which appears more permissive to colonization by diverse fungi. 

Conversely, tinea versicolor (pityriasis versicolor), which is primarily caused by mycelial 

growth of Malassezia spp., is more prevalent in adults (20s–40s) (Kyriakis et al., 2006). 

More detailed studies are necessary to elucidate the relationship between fungistatic 

property of skin and its link to pathogenic fungal colonization.
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Along with finding distinct skin mycobiomes of children, we also identified features of 

mycobiome that relate to gender (Supplementary Figure S4). In adults, the skin of both 

genders was predominantly colonized by Malassezia (except foot sites). In children, 

however, taxonomic comparison showed Cryptococcus relative abundances were 

significantly higher in boys (Supplementary Figure S4), consistent with epidemiologic 

findings that Cryptococcus neoformans, a human pathogen underlying both meningitis and 

cryptococcosis, preferentially colonizes males (Lortholary et al., 2002; McClelland et al., 

2013). Although our sample size was not powered to extensively compare fungal 

communities on girls versus boys, additional investigations of the fungal communities of 

different genders with a larger cohort size and more in-depth evaluation of sexual maturation 

status, i.e. endocrine studies, would be of great interest.

In this study, two different sequencing platforms were used: 454 pyrosequencing and 

Illumina MiSeq. With increasing technical advances and rapid platform turnover, more 

studies may utilize more than one sequencing platform. We extensively tested platform 

comparability, and confirmed statistically significant high correlation between the platforms 

(r=0.75–0.88, P < 2.2e-16; See Materials and Methods, and Supplementary Figure S5 and 

S6). Sequencing standardized control and mock community samples on each platform 

ensured optimal comparative analyses. Of note, the Illumina read-joining methods can alter 

which sequences pass quality control and discernably alter downstream results describing 

the fungal community composition (Supplementary Figure S6a and b).

It was especially striking to identify preferential colonization of prepubertal skin with M. 
globosa. This result suggested a selective colonization of Malassezia on the skin of children. 

M. globosa was previously reported to have stronger lipase activity compared to M. restricta, 

based on p-nitrophenyl olate metabolism in vitro (DeAngelis et al., 2007). More recently, 

Wu et al. showed different lipid assimilation specificity of Malassezia species, confirming 

lipid preferences of each Malassezia species (Wu et al., 2015). In the same report, the 

authors sequenced and compared the genomes of 14 known Malassezia species, and 

identified variable lipase gene family numbers in different species. Therefore, expansion and 

colonization of Malassezia may be affected by the surrounding niche, especially 

composition of lipid source. Investigating Malassezia colonization along with lipid 

composition of the skin in different age groups may provide insights into understanding 

molecular determinants of Malassezia colonization and pathogenesis of fungus-associated 

diseases, such as dandruff, atopic dermatitis and dermatitis (Gaitanis et al., 2012).

Materials and Methods

Subjects

Healthy adults (age 20s–30s, 19 individuals) and children (age <14, 14 individuals) 

volunteers were recruited from the Washington, DC metropolitan region, United States, from 

January 2011 to August 2015. Sample collection was approved by the Institutional Review 

Board of the National Human Genome Research Institute (http://www.clinicaltrials.gov/ct2/

show/NCT00605878. Written informed consent was obtained from subjects (for adults) or 

parents or guardians of the subjects (for children). When age appropriate, children also 

provided assent. Subjects provided medical and medication history and underwent a 
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dermatologic examination. Exclusion criteria included use of antibiotics within one year 

prior to skin sampling. Subjects bathed and/or showered with only non-antibacterial soap or 

cleansers for 7 days prior to sample collection. No bathing, shampooing or moisturizing was 

permitted for 24 hours before sample collection.

Sample collection, DNA extraction, PCR amplification and sequencing

Samples (including negative controls) were collected and processed similarly to those 

described previously (Findley et al., 2013; Grice et al., 2009; Oh et al., 2014). Specifically, 

Catch-All Sample Collection Swabs (Epicentre) were pre-moistened with Yeast Cell Lysis 

Solution (Epicentre) prior to sample collection. Sampling methods were comparable (data 

not shown; (Grice et al., 2008)). At each sampling event, controls were obtained by pre-

moistening swabs and exposing them to air without skin contact to monitor for potential 

contamination. Swabs were stored in lysis solution at −80°C following collection. For 

extractions, skin swabs were incubated in Yeast Cell Lysis buffer and ReadyLyse Lysozyme 

Solution (Epicentre) for 1 h with shaking at 37°C. 5-mm steel beads were added to 

mechanically disrupt fungal cell walls using a Tissuelyser (Qiagen) for 2 minutes at 30 Hz, 

followed by 30 minutes incubation at 65°C for complete lysis. MPC Reagent was added to 

samples and resulting supernatant was processed using the PureLink Genomic DNA Kit 

(Invitrogen). DNA was eluted in DNA-Free PCR Water (MoBio). Control swabs also 

underwent DNA extraction processes and sequencing along with experimental samples, and 

no contamination from either reagents or experimental procedures were observed.

The ITS1 region was amplified using primers modified with 454 adapters 18S-F (5′-
GTAAAAGTCGTAACAAGGTTTC) and 5.8S-1R (5′-GTTCAAAGAYTCGATGATTCAC) 

as previously described (Findley et al., 2013; Khot et al., 2009; Lennon et al., 2010). The 

following PCR conditions were used: 2.5ul 10X AccuPrime Buffer II, 0.2ul Accuprime Taq 

(Invitrogen), 0.1ul 18SF (100 mM), 2ul barcoded 5.8S-1R (5uM), 16.2ul PCR Water 

(MoBio), and 4ul of DNA. Reactions were performed in duplicate for 32 cycles, combined, 

purified using Agencourt AmpureXP (Beckman Coulter), and quantified using the Quant-IT 

dsDNA Kit (Invitrogen). Equivalent amounts of amplicons were pooled together, purified 

(MinElute PCR Purification Ki; Qiagen), and sequenced on a Roche 454 GS20/FLX 

platform.

For Illumina MiSeq sequencing, the ITS1 region was amplified with the primers 18S-F and 

5.8S-1R using the strategy described (Fadrosh et al., 2014). The following PCR conditions 

were used: 2.5ul 10X PCR Buffer, 4ul dNTP Mix, 0.25ul Takara LA Taq Polymerase 

(Clontech), 1ul 18S-F (10uM), 1ul 5.8S-1R (10uM), 13.75ul PCR Water (MoBio), and 2.5ul 

DNA. Reactions were performed in duplicate for 30 cycles, combined, purified using 

Agencourt AmpureXP (Beckman Coulter), and quantified using the Quant-IT dsDNA Kit 

(Invitrogen). Equivalent amounts of amplicons were pooled together, purified with MinElute 

PCR purification kit (Qiagen), and sequenced on an Illumina MiSeq.

Sequence analysis pipeline

For ITS1 sequence analysis, a mothur-based pipeline was used, as previously described 

(Findley et al., 2013; Schloss et al., 2009). Briefly, sequences were pre-processed to remove 
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primers and barcodes and subsampled to 3000 sequences per sample. Chimeras from PCR 

artifacts were identified and removed using UCHIME in mothur (Edgar et al., 2011). Next, 

remaining sequences (median 2995 reads, range 2877–3000) were classified down to the 

genus level with reference database from Findley, et al (Findley et al., 2013).

Malassezia ITS1 sequences were classified to species level as previously described (Findley 

et al., 2013). First, only Malassezia sequences were acquired via get.lineage command in 

mothur, and each sequence was classified phylogenetically using manually curated 

Malassezia database and pplacer software package (likelihood score >0.65) (Matsen et al., 

2010). Later, species information was merged into mothur-compatible taxonomy file for 

further community analysis.

Platform comparability test

Due to evolution of sequencing technologies, two different sequencing platforms were used 

in this study: 454 pyrosequencing and Illumina MiSeq. To assess whether ITS1 amplicon 

sequencing from 454 and MiSeq were comparable, we analyzed results from two different 

microbial sources: i) samples from human skin, ii) Fungal Mock Community (FMC). For 

MiSeq, several paired-end joining methods (single read only, FLASh, mothur, PANDAseq, 

and PEAR) were tested for comparability with 454 sequencing results. Results from 40 

human skin samples (5 sites each from 8 subjects) indicated that correlations of relative 

abundance of 25 major taxa (15 genera and 10 phyla) with 454 sequencing were 

significantly correlated to MiSeq (Supplementary Figure S5, r=0.75–0.88, P < 2.2e-16). 

Among tested joining methods, the mothur, PEAR and PANDAseq showed similar level of 

correlation with 454 data. Also, relative abundances of major taxa of FMC showed that 454 

data is highly similar when MiSeq sequences were joined by mothur (Supplementary Figure 

S6a–c). Therefore, we used mothur-based paired-end joining method for MiSeq data in 

current analysis. We also tested the robustness of our reference database, by comparing 

results with the recent version of other ITS1 databases: UNITE (version 7, released at 

08/01/2015) (Koljalg et al., 2005), and ITSoneDB (ITS1 GenBank annotation, released at 

06/2014) (Santamaria et al., 2012) were similar with our database (Supplementary Figure 

S6d).

In addition, we tested possible effects of confounders, including sequencing platforms, 

collection dates and sample processing dates, on the dataset; however, no bias was detected.

Data access

The sequence data from this study have been submitted to NCBI BioProject under accession 

number 46333.

Community analysis

Community analysis was done with genus-level taxonomic classifications. R software was 

implemented to generate all plots including relative abundance of fungal genera and species. 

To estimate sampling saturation and subsampling size, rarefaction curves were generated for 

each sample, using rarefaction.single command in mothur. For alpha diversity (community 
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evenness and richness), Shannon index was used, and for beta diversity (shared community 

structure and membership), Theta index was used (Yue and Clayton, 2005).

Statistics

All statistical analyses in figures are represented as mean ± standard error of the mean unless 

otherwise indicated, values for relative abundance in the text are represented as mean and a 

95% confidence interval (CI) calculated using the normal approximation formula:

where n = number of samples, and σ = standard deviation. For statistical testing of 

differences in abundance and Shannon index between groups, non-parametric Wilcoxon rank 

sum test was used (wilcox.test in the statistical software R). Analysis of molecular variance 

(AMOVA) was used with theta index to test for statistically significant differences between 

groups (Excoffier et al., 1992).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ac Antecubital fossa

Ba Back

Ea External auditory canal

Fh Forehead

Ic Inguinal crease

Mb Manubrium

Oc Occiput

Ra Retroauricular crease

Vf Volar forearm
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Figure 1. 
Relative abundances and Shannon diversity of fungal genera at different skin sites of healthy 

adults (HA) and children (HC). (a) Relative abundances of the 14 major genera from 4 

representative body sites, back/Ba (trunk, sebaceous), external ear canal/Ea (head, 

sebaceous), antecubital fossa/Ac (extremity, moist), and volar forearm/Vf (extremity, dry) 

for HA and HC: average (upper pie charts) and individual relative abundances (lower bar 

charts). (b) Box-plot of Shannon diversity in each group. The box represents the lower 

quartile, median, and upper quartile. Color intensity of each dot represents relative 

abundance of Malassezia in each sample. Statistical significance tested with Wilcoxon rank-

sum test; ***P≤0.001.
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Figure 2. 
Dissimilarity comparison between HA and HC. (a) Samples clustered using principle 

coordinate analysis (PCoA) of the Theta similarity coefficient. Difference of population 

tested with Analysis of Molecular Variance (AMOVA) method. (b) Mean Theta similarity 

index of pairwise comparisons of within or between individuals of each group. A value of 1 

indicates identical fungal community structure. Error bars represent the SEM. Statistical 

significance tested with Wilcoxon rank-sum test; *P≤0.05, **P≤0.01, ***P≤0.001.
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Figure 3. 
Fungal communities in nares. (a) Relative abundance of major genera in nares; average 

(upper pie chart), and individual abundance (lower bar charts). (b) Box-plot of Shannon 

diversity in HA and HC. Color intensity of each dot represents abundance of Malassezia in 

each sample. Statistical significance tested with Wilcoxon rank-sum test; ***P≤0.001. (c) 

PCoA plot of nares using Theta coefficient. Difference of population tested with AMOVA.
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Figure 4. 
Comparison of relative abundance of Malassezia species between HA and HC. (a) Relative 

abundance plot of the major Malassezia species on representative sebaceous skin sites. (b) 

Heatmap of relative predominance of M. globosa versus M. restricta on 6 sebaceous sites. 

Red color indicates M. globosa predominance.
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Table 1

Characteristics of the participants.

Characteristic Healthy adults (HA) Healthy children (HC)

Total subjects analyzed 19 14

Male:Female 12: 7 8: 6

Tanner stage,
(Age, median (range))

5
(28yr (19–33))

1 – 3
(Stg 1: 12.5yr (12–13)

Stg 2: 11yr (10–12)
Stg 3: 10yr (7–11))
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