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markers were selected and amplified in two multiplex 
PCR reactions. The included isolates were discrimi-
nated in a genetic cluster analysis using the Pearson 
algorithm to reveal the relatedness of the isolates. The 
E. dermatitidis isolates clustered on basis of both, 
their source and their origin. The invasive isolates 
from Asia were unrelated to isolates from CF. Nearly 
all environmental isolates were grouped separately 
from patients’ isolates. The Simpson index was 0.94. 
In conclusion, we were able to establish a STR geno-
typing scheme for investigating population genomics 
of E. dermatitidis.

Keywords  Exophiala dermatitidis · Microsatellite 
PCR · Genotyping · Short tandem repeats · Cystic 
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Introduction

The incidence of infections with fungi increased in 
the last years posing new challenges to health care 
professionals. Black yeast-like fungi are opportunistic 
and rarely found as pathogens in clinical specimen. 
The most prominent member of the group of black 
yeast-like fungi is Exophiala dermatitidis. Exophiala 
belongs to the Ascomycotina order Chaetothyriales. 
The taxonomic classification of E. dermatitidis has 
undergone revisions over time, and it is currently 
classified under the genera Exophiala, formerly 
known as Wangiella [1].

Abstract  The opportunistic black yeast-like fun-
gus Exophiala dermatitidis frequently colonizes 
the respiratory tract of cystic fibroses (CF) patients. 
Additionally, it can cause superficial, systemic, and 
cerebral forms of phaeohyphomycoses. The objec-
tive of this study was to develop and apply a micro-
satellite or short tandem repeat (STR) genotyping 
scheme for E. dermatitidis. In total, 82 E. dermati-
tidis isolates from various geographic origins (envi-
ronmental = 9, CF = 63, invasive isolates = 9, mela-
nin-deficient mutant = 1) were included in this study. 
After next-generation sequencing of a reference strain 
and sequence filtering for microsatellites, six STR 
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E. dermatitidis exhibits distinct characteristics, 
among others the melanized and thick cell walls, 
being responsible for high resistances to environmen-
tal stress, including temperature and salt concentra-
tions, and the capability to switch between conidial 
and hyphal forms. The presence of melanin in the 
cell wall contributes to the fungus’s virulence and 
enhances its resistance to host defense mechanisms 
and antifungal treatments [2, 3].

In nature, E. dermatitidis is ubiquitously distrib-
uted in various environments, including extreme nat-
ural habitats, hydrocarbon-rich artificial settings like 
steam baths and bathrooms, decaying organic matter, 
and even dishwashers [4]. Little is known about the 
natural habitat and the transmission routes of E. der-
matitidis [2]. It is suggested that the natural habitat 
of E. dermatitidis is the warm and wet tropics, as E. 
dermatitidis is regularly found in environments with 
high temperatures, high humidity and pH changes. 
One potential transmission route for E. dermatitidis is 
through aerosol inhalation from household dishwash-
ers, although household-acquired colonisations seems 
to be rare and predominantly observed in individuals 
with conditions such as cystic fibrosis (CF) or immu-
nosuppression [4].

In the Western countries, E. dermatitidis is mostly 
isolated from the sputa of CF patients, only once in 
a while with clinical relevance. Furthermore, E. der-
matitidis rarely acts as the primary causative agent of 
fungal infections affecting immunocompromised indi-
viduals [2].  Additionally,  E. dermatitidis has been 
described to cause invasive infections of the central 
nervous system of otherwise healthy individuals with 
Asian origin. In systemic and invasive cases, it has 
been associated with mortality rates ranging from 25 
to 80% [5]. However, E. dermatitidis is also described 
to cause cutaneous and superficial infections in both 
humans and animals [6].

Advancements in various methods, including 
molecular methods, have shown promising results in 
the identification of E. dermatitidis. Techniques such 
as matrix-assisted laser desorption-ionization time of 
flight mass spectrometry (MALDI-TOF MS), PCR, 
and ITS sequencing have been utilized for rapid and 
accurate identification [7–9]. The internal transcribed 
spacer region (ITS) has been particularly useful as 
a barcode marker for distinguishing black yeasts, 
including E. dermatitidis, and can even differentiate 
between different subtypes [10].

However, limitations include incomplete refer-
ence databases for black yeast species and chal-
lenges in distinguishing closely related species [7, 
11]. This led us to conduct a thorough assessment of 
current typing techniques and select novel microsat-
ellite markers to differentiate E. dermatitidis and to 
perform cluster analysis of various E. dermatitidis 
isolates. This is the first study on genotyping using 
short tandem repeat markers for discrimination of 
E. dermatitidis isolates from various sources.

Materials and Methods

Study Outline

After identifying short tandem repeat markers and 
establishing a microsatellite PCR, we applied the 
new method to a total of 82 clinical isolates of E. 
dermatitidis. A genotypic cluster analysis was 
performed.

Isolates

The study did not include patient’s details and did 
not result in additional constraints for the patients. 
All data (fungal strains) were anonymously ana-
lyzed without patients’ consent due to the retrospec-
tive nature of the study. All procedures and meth-
ods were carried out in accordance with approved 
guidelines.

Isolates were predominantly collected from 
patient’s specimen, mainly CF sputa, as well as from 
environmental sources across different countries. 
All isolates are listed with their origin in Table  1. 
In case of the isolates obtained from CF sputa, for 
three patients, serially isolated E. dermatitidis were 
collected over time and included. These isolates are 
marked by patients’ ID (a, b, c) in the table below.

All isolates were cultured on malt extract agar 
(Life Technologies GmbH, Darmstadt, Germany) and 
incubated at a temperature of 35°C for a duration of 
48 h. Identification of the isolates relied on a com-
bination of macroscopic and microscopic morphol-
ogy evaluation. In case of uncertainty additionnally 
sequencing of the internal transcribed spacer region 1 
(ITS1) was performed [12].
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Table 1   List of included Exophiala dermatitidis isolates

Isolate Reference ID Description Source City/country of origin Serial isolate

F111 CBS120574 Environmental Sauna room Thailand –
F116 CBS 123467 Clinical Human, CF China –
F101 CBS 549.90 Clinical Human, CF Germany –
F102 CBS 748.88 Clinical Human, CF Norway –
F103 CBS 148.90 Clinical Human, CF Germany –
F106 CBS 153.90 Clinical Human, CF Germany –
F104 CBS 213.90 Clinical Human, CF Germany –
F105 CBS 156.90 Clinical Human, CF Germany –
F118 CBS 116372 Clinical Human, invasive Japan –
F120 CBS 579.76 Clinical Human, invasive Japan –
F117 CBS 109154 Clinical Human, invasive South Korea –
F114 CBS120435 Environmental Steam bath Thailand –
F112 CBS120479 Environmental Air Germany –
F115 CBS 578.76 Clinical Human, invasive(chromomycosis) Taiwan –
F119 CBS 577.76 Clinical Human, invasive Taiwan –
F 05 CBS 149.90 Clinical Human, CF Aachen, Germany –
F 39 CBS 154.90 Clinical Human, CF Aachen, Germany –
F 40 CBS 207.35 Clinical Human, invasive Osaka, Japan –
F 41 CBS 552.90 Clinical Human, CF Aachen, Germany –
F 82 CBS 120550 Environmental Steam bath Austria –
F 83 CBS 120546 Clinical Human Greece –
F 84 CBS 120429 Clinical Human, CF Finland –
F 85 CBS 109143 Environmental Shower Laren, The Netherlands –
F 86 CBS 109148 Clinical Human Human faeces, The Netherlands –
F 88 CBS 109142 Environmental Berry The Netherlands –
F 91 CBS 739.87 Environmental Lager beer Ireland –
F 92 CBS 109153 Clinical Human Oulu, Finland –
1872 Clinical Human, CF Essen, Germany c
1873 Clinical Human, CF Essen, Germany a
1874 Clinical Human, CF Essen, Germany a
1883 Clinical Human, CF Essen, Germany –
1908 Clinical Human, CF Hannover, Germany –
1909 Clinical Human, CF Hannover, Germany –
1910 Clinical Human, CF Hannover, Germany –
1911 Clinical Human, CF Hannover, Germany –
1912 Clinical Human, CF Hannover, Germany –
1913 Clinical Human, CF Hannover, Germany –
1915 Clinical Human, CF Hannover, Germany –
1916 Clinical Human, CF Hannover, Germany –
1917 Clinical Human, CF Hannover, Germany –
1919 Clinical Human, CF Hannover, Germany –
1920 Clinical Human, CF Hannover, Germany –
1921 Clinical Human, CF Hannover, Germany –
1922 Clinical Human, CF Hannover, Germany –
1923 Clinical Human, CF Hannover, Germany –
1924 Clinical Human, CF Hannover, Germany –
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DNA Extraction

DNA was extracted using the Maxwell16 nucleic acid 
extraction instrument (Promega, Mannheim, Ger-
many) and the Maxwell16 Tissue LEV Total RNA 
Purification Kit. Several colonies were inoculated 
in sterile water and vigorously shaken in a 2-mL 

innuSPEED Lysis Tube B (Analytic Jena, Jena, Ger-
many) three times at 2000× g for 50 s each using a 
MagNA Lyser (Roche Diagnostics, Basel, Switzer-
land). After centrifugation at 8600× g for 30 s, the 
supernatant was transferred to the extraction car-
tridge. DNA was eluted in 50 μL of nuclease-free 
water. DNA concentrations were determined using 

Table 1   (continued)

Isolate Reference ID Description Source City/country of origin Serial isolate

1925 Clinical Human, CF Hannover, Germany –
1926 Clinical Human, CF Hannover, Germany –
1927 Clinical Human, CF Hannover, Germany –
1928 Clinical Human, CF Hannover, Germany –
1929 Clinical Human, CF Hannover, Germany –
1930 Clinical Human, CF Hannover, Germany –
1931 Clinical Human, CF Hannover, Germany –
1932 Clinical Human, CF Hannover, Germany –
1933 Clinical Human, CF Hannover, Germany –
1935 Clinical Human, CF Hannover, Germany –
1936 Clinical Human, CF Hannover, Germany –
1937 Clinical Human, CF Hannover, Germany –
1938 Clinical Human, CF Hannover, Germany –
1939 Clinical Human, CF Hannover, Germany –
1940 Clinical Human, CF Hannover, Germany –
1942 Clinical Human, CF Hannover, Germany –
1943 Clinical Human, CF Hannover, Germany –
1947 Environmental Dish washer Essen, Germany –
1948 Environmental Dish washer Essen, Germany –
1952 Clinical Human, CF Essen, Germany c
2011 Clinical Human, CF Essen, Germany c
2021 Clinical Human, CF Essen, Germany c
2094 Melanin deficient Mutant Mel−3, 

derived from ATCC 34100,
Aachen, Germany –

2128 Clinical Human, CF Essen, Germany –
2565 Clinical Human, CF Essen, Germany –
2566 Clinical Human, CF Essen, Germany b
2567 Clinical Human, CF Essen, Germany b
2569 Clinical Human, CF Essen, Germany b
2570 Clinical Human, CF Essen, Germany b
2571 Clinical Human, CF Essen, Germany b
2572 Clinical Human, CF Essen, Germany b
2574 Clinical Human, CF Essen, Germany b
2575 Clinical Human, CF Essen, Germany b
2578 Clinical Human, CF Essen, Germany b
2579 Clinical Human, CF Essen, Germany b
2580 Clinical Human, CF Essen, Germany –
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the NanoDrop 1000 instrument (PeqLab Biotechnolo-
gie GmbH, Erlangen, Germany).

Identification of Microsatellite Primers and 
Microsatellite PCR

Next-generation sequencing and sequence filtering for 
microsatellites were conducted by ecogenics GmbH 
(Balgach, Switzerland) using the E. dermatitidis 
reference strain CBS 550.90. In total, 286 potential 
primer pairs were identified (data not shown).

The Illumina TruSeq nano library was analyzed 
on an Illumina MiSeq sequencing platform using a 
nano v2 500 cycles sequencing chip (Illumina, CAL, 
USA). The resulting paired-end reads which passed 
Illumina’s chastity filter were subject to de-multi-
plexing and trimming of Illumina adaptor residuals. 
Subsequently the quality of the surviving reads was 
checked with the software FastQC v0.117. In a next 
step the paired end reads were merged with the soft-
ware USEARCH v10.0.240 to in-silico reform the 
sequenced molecule. The resulting merged reads were 
screened with the software Tandem Repeats Finder, 
v4.09. After this process, 7′409 merged reads con-
tained a microsatellite insert with a tetra- or a trinu-
cleotide of at least 6 repeat units or a dinucleotide of 
at least 10 repeat units. Primer design was performed 
with primer 3. Suitable primer design was possible in 
5′848 microsatellite candidates. Primers were chosen 
according to the size of the amplification product in 
order to be able to perform multiplex pcr and accord-
ing to the motif (motif variation).

Multiplex PCR was carried out using the Taq PCR 
Core Kit (Qiagen, Hilden, Germany) with three dif-
ferent primer sets. Each primer set consisted of three 
primer pairs, with one primer labeled with FAM, 
VIC/HEX, and NED markers, respectively (Table 2). 

The reaction mixture consisted of 10 μL of reac-
tion buffer, 2 μL of dNTP mix, 2 μL of each primer 
per set, 0.8 μL of Taq polymerase, and 55.2 μL of 
nuclease-free water, resulting in a total volume of 
80 μL. Subsequently, 20 μL of the reaction mix was 
combined with 5 μL of DNA at a concentration of 1 
ng/μL. The microsatellite analysis took place on an 
abi3130 sequencing instrument (Life Technologies, 
Germany) in a total volume of 10 μL.

For analysis, 2 μL of each amplification product 
was mixed with 0.5 μL of GeneScan 1200 LIZ size 
standard and 7.5 μL of Hi-Di formamide (both sup-
plied by Life Technologies). After denaturation at 
92 °C for 2 min, the reaction was rapidly cooled on 
ice. Based on the fragment size, the DNA samples 
were subsequently classified into distinct genotypes.

Statistical Analysis

The analysis of microsatellite data was conducted 
using the R program version 4.2.2 (2022-10-31). 
The cluster dendrograms are created using the R pro-
gram with the Pearson algorithm to visualize the sim-
ilarities and differences among the samples, allowing 
for the identification of distinct clusters based on their 
geographic origin and sources (CF, invasive, environ-
mental sources).

A robust approach was adopted to quantify the 
epidemiological cutoff values (ECVs/ECOFFs) for 
each average primer value, utilizing the 95th per-
centile method. This statistical approach, performed 
in R, allowed the calculation of upper thresholds for 
each primer value. This statistical procedure facili-
tated the derivation of ECVs, acting as upper thresh-
olds for attribute values. Then, Isolates were classi-
fied based on primer values relative to the calculated 
ECVs. A classification system was implemented to 

Table 2   Sequences of six primer pairs used for microsatellite PCR

STR short tandem repeat

STR Forward primer sequence Reverse primer sequence MasterMix

1A (CCA) 5′-ACG​AGG​ATA​GGG​TTG​CCT​TG-3′ 5′-TAA​GGG​CGT​GTT​CAC​TGG​AG-3′ 1
2B (CT) 5′-CAG​GTT​GAA​CAT​TCA​CGG​GG-3′ 5′-TGT​CAA​ACT​GCT​CGA​TTG​CG-3′ 2
2C (TGG) 5′-TAC​TAG​CAG​GGC​TCG​ATG​TC-3′ 5′-CTG​GCA​GAT​CGT​CTT​TTC​CG-3′ 2
3C (GAA) 5′-ACA​TCA​ATG​CAA​GCC​TCG​AC-3′ 5′-TGT​AGC​TGA​CAA​CGT​CCT​CC-3′ 2
4A (GAC) 5′-AAC​TTC​TTG​AAA​CAG​GGC​GG-3′ 5′-TCG​CTA​GGG​GTT​GGG​ATT​TC-3′ 1
5B (AG) 5′-TGG​ATA​CGA​CAA​GGG​CTG​TG-3′ 5′-ACT​AGT​ATG​GGC​CGG​CAA​G-3′ 1
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categorize isolates as “related” or “unrelated,” which 
was integrated into the dataset. Isolates with primer 
values below the ECV were categorized as “related,” 
whereas those surpassing the ECV were classified as 
“unrelated.”

The discriminatory power of the STR typing 
method was mathematically defined by calculating 
the Simpson index of diversity (D):  
D = 1 −

1

N(N−1)

∑s

j=1
nj
�

nj − 1
�

 , where N is the total 
number of isolates, s is the total number of clades, 
and nj is the number of isolates belonging to the jth 
type. A D value of 1 indicates good discriminatory 
power of the method whereas a D value of 0.0 indi-
cates that all included isolates are defined as identical 
by this method.

Results

A cluster analysis with Pearson  algorithm was per-
formed. The analysis revealed a distinct cluster 
for the invasive isolates from patients with Asian 
origin, marked in Fig.  1 in green. In addition, the 

environmental isolates, marked in red, cluster with 
one exception: Isolate CBS109143, obtained from a 
shower in the Netherlands, clustered more likely with 
human isolates from CF than with the other isolates 
from environmental origin (Fig. 1).

Serial isolates from patients a and c were scat-
tered across the dendrogram while the serial isolates 
from patient b were mainly  of the same genotype. 
The dendrogram built for the cluster analysis of E. 
dermatitidis, in recognition of their origin, showed 
closely related isolates from the same or similar ori-
gin (Fig. 2). More than one cluster consists solely of 
isolates from Germany. In addition, the Greek isolates 
cluster together.

Based on the calculated ECVs, a cut-off value 
of 95% was used to distinguish between related and 
unrelated strains. As a result, 77 isolates exhibited 
genetic relatedness and were classified as related 
strains. On the other hand, five isolates (F111, F88, 
F114, F05, F120) showed lower genetic relatedness 
and were classified as unrelated strains. In addition, 
strains were named related even though they were 
from distinct sources and geographical origins.

Fig. 1   Dendrogram of E. dermatitidis isolates from various sources with marked origin. Red: Environment; Blue: Human, CF; 
Green: Human, invasive; black: unknown
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The calculated Simpson diversity index was 0.94, 
indicating that the typing method of microsatellite 
PCR for E. dermatitidis is suitable for the discrimina-
tion of unrelated isolates.

Discussion

We here performed for the first time a genetic clus-
ter analysis via STR of 82 E. dermatitidis isolates 
from various origins. The included strain collection 
is diverse and the isolates were from three sources: 
9 environmental isolates and 73 clinical isolates, 
among them 63 CF and 9 invasive isolates as well as 
one melanin-deficient mutant (mel−3 mutant). The 
data showed distinct cluster for isolates from dif-
ferent origins and sources. The CF isolates cluster 
together, although no person-to-person transfection 
is described yet and the suggested source of coloni-
zation is the environment. The invasive isolates from 
Asian and otherwise healthy patients formed distinct 
clusters. Additionally, the country of origin was influ-
encing the genetic cluster. The distinct strains differ 
each in more than one STR from another, some even 
in all.

Fingerprinting of E. dermatitidis isolates has been 
performed with other methods before. However, these 
analyses were done solely for a set of strains from CF 
patients sputa [13, 14]. Rath et  al. included eleven 
strains of E. dermatitidis from which ten were iso-
lated from CF patients and one was a reference strain 
from an invasive infection from Japan. In this study 
from 1997, different methods were applied, none of 
them being microsatellite PCR. The authors recom-
mend rather the application of fatty acid methyl ester 
(FAME) profiles and random amplification of poly-
morphic DNA (RAPD) analysis than assimilation 
tests. However, each of the results showed a separa-
tion of the included Japanese strain from the Euro-
pean CF isolates [13], which is comparable to the 
here obtained results.

Additionally, Packeu et  al. performed molecular 
typing using RAPD of E-dermatitidis isolates from 
patients with CF. They included 71 isolates from 13 
patients. They did not find genetic clustering of iso-
lates according to their geographical origin, the date 
of isolation or their antifungal susceptibility [14]. 
Packeu et  al. further included as well serially iso-
lated strains in RAPD analysis. They detected for 
the majority of the sequential isolates a distribution 

Fig. 2   Dendrogram of E. dermatitidis isolates from various sources with marked country of origin
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in patient specific clusters only with a few exceptions 
[14]. In contrast to these findings, via the microsatel-
lite approach we did see a clustering of isolates from 
geographical closeness. In this study, basing on the 
genotypes of the serial isolates, it can be hypothesized 
that patients a and c got recolonized and the isolates 
were replaced. All three patients were CF patients.

The here developed molecular typing method 
showed good discriminatory power with a Simpson 
index of diversity with 0.94, demonstrating the STR 
typing being capable to discriminate between most 
of the E. dermatitidis isolates. The method could 
find application in the genetic analysis of E. derma-
titidis infection outbreaks, e.g. on clinical wards, as 
described to took place in the US in 2002 [15] and 
2016 [16]. However, there are limitations of this 
method as relatedness has been detected here for 
isolates from different geographical origins as well 
as from differing sources e.g. patients, CF sputa and 
environment.

Conclusion

We here developed a novel short tandem repeat 
scheme for molecular typing of E. dermatitidis iso-
lates from various origin, demonstrating geographical 
and source specific genetic clustering.
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