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Malassezia pachydermatis (phylum Basidiomycota, class Malasseziomycetes) is a
zoophilic opportunistic pathogen with recognized potential for invasive infections
in humans. Although this pathogenic yeast is widespread in nature, it has been
primarily studied in domestic animals, so available data on its genotypes in the wild
are limited. In this study, 80 yeast isolates recovered from 42 brown bears (Ursus
arctos) were identified as M. pachydermatis by a culture-based approach. MALDI-
TOF mass spectrometry (MS) was used to endorse conventional identification.
The majority of samples exhibited a high score fluctuation, with 42.5% of isolates
generating the best scores in the range confident only for genus identification.
However, the use of young biomass significantly improved the identification of
M. pachydermatis at the species confidence level (98.8%). Importantly, the same
MALDI-TOF MS efficiency would be achieved regardless of colony age if the
cut-off value was lowered to >1.7. Genotyping of LSU, ITS1, CHS2, and p-tubulin
markers identified four distinct genotypes in M. pachydermatis isolates. The most
prevalent among them was the genotype previously found in dogs, indicating its
transmission potential and adaptation to distantly related hosts. The other three
genotypes are described for the first time in this study. However, only one of the
genotypes consisted of all four loci with bear-specific sequences, indicating the
formation of a strain specifically adapted to brown bears. Finally, we evaluated
the specificity of the spectral profiles of the detected genotypes. MALDI-TOF MS
exhibited great potential to detect subtle differences between all M. pachydermatis
isolates and revealed distinct spectral profiles of bear-specific genotypes.

novel genotypes, brown bear, Ursus arctos, MALDI-TOF mass spectra, Malassezia
pachydermatis, multilocus genotyping
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Introduction

The genus Malassezia currently includes 18 species of lipophilic
basidiomycetous yeasts (Lorch et al., 2018; Theelen et al., 2018).
Although various metagenomic studies have demonstrated the
occurrence of Malassezia phylotypes in diverse ecological niches
(Amend, 2014), most of them are reported to colonize or infect the
skin and mucosa of humans or animals. Thus, Malassezia spp. are
generally considered opportunistic pathogens, some species of which
exhibit host specificity (Cabanes, 2014; Velegraki et al., 2015). Under
normal physiological conditions, this yeast lives in equilibrium with
other members of the skin microbiota. Moreover, in adult humans,
Malassezia is the dominant fungal genus (Byrd et al., 2018) accounting
for 53-80% of the total yeast population on healthy skin (Gao et al.,
2010). However, this biological balance can be disturbed by various
factors, leading to yeast overgrowth associated with various clinically
manifested infections (Gaitanis et al., 2012; Velegraki et al.,, 2015;
Prohic et al., 2016).

Due to its zoonotic potential, Malassezia pachydermatis has
attracted considerable attention (Chang et al., 1998; Morris, 2005).
This species has been recognized as a causative agent of fungemia,
predominantly in immunocompromised patients (Lautenbach et al.,
1998; Roman et al.,, 2016; Lee et al., 2019), children, and neonates
(Chryssanthou et al., 2001; Al-Sweih et al., 2014; Ilahi et al., 2018;
Chow et al., 2020; Teoh et al., 2022). It has been predicted that systemic
infections caused by M. pachydermatis may be underdiagnosed by
standard diagnostic procedures (Cabanes, 2014). In this context, rapid
and correct identification of this yeast is essential for appropriate life-
saving medical treatment (Kolecka et al., 2014).

In domestic animals, M. pachydermatis has been isolated mainly
from dogs and cats (Guillot and Bond, 2020), but it has also been
found in pigs, horses, goats, and other animals (Pinter et al., 2002;
Sugita et al., 2010; Eguchi-Coe et al., 2011; Shokri, 2016). Early studies
also reported the presence of M. pachydermatis in captive wild animals
(Sugita et al., 2010). Although recent studies have shed some light
on commensalism, pathogenicity and genetic variability of
M. pachydermatis and other members of this genus in the wild (Dall’
Acqua Coutinho et al., 2006; Gandra et al., 2008; Lorch et al., 2018;
Puig et al., 2018; Coutinho et al., 2020), available data for genotypes
found in the wild are still very limited.

Various molecular methods are used to systematically identify
Malassezia species directly from skin samples (Sugita et al., 2010).
Genomic markers, such as LSU, ITS, IGS, CHS2, or B-tubulin, are
used for epidemiological or phylogenetic analyses (Cafarchia et al.,
2007; Castella et al., 2014; Cho and Sugita, 2016). Previously reported
data show high genetic diversity among the Malassezia species and
various degrees of intraspecific variability (Makimura et al., 2000;
Gupta et al., 2004). For M. pachydermatis, 15 distinctive genotypes
have been found in domestic animals (Puig et al., 2016, 2017).
In addition to DNA analyses, protein profiling by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS) is increasingly becoming the technique of choice
for routine yeast identification (Patel, 2019; Robert et al., 2021).

Considering the scarcity of data on Malassezia populations in the
wild, the objectives of this research were (i) to investigate the
occurrence of Malassezia species in brown bears inhabiting the
mountainous region of Croatia, (ii) to evaluate the performance of
MALDI-TOF MS for reliable identification of isolates from the wild,
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and (iii) to characterize population genetic diversity using a
combination of selected DNA markers. These objectives allowed us to
identify previously unreported bear-specific genetic variants of
M. pachydermatis and to define their mass spectrum profiles. The
results obtained in this study indicate the adaptive capacity of this
commensal yeast to inhabit a wide host range, thus highlighting the
possible natural reservoirs for its transmission potential between wild
and domestic animals.

Materials and methods
Sample collection

A total of 129 samples were collected from 42 brown bears, using
sterile swabs to sample the left/right external ear canal and anus.
Samples were collected within 12h post mortem of animals after
various accidents or during anesthesia from live animals captured for
telemetry studies (Project: Life Dinalp Bear, Lifel3 Nat/Si/000550) in
accordance with the permits issued by the Committee of Veterinary
Ethics of the Faculty of Veterinary Medicine, University of Zagreb, the
Ministry of Agriculture and the Ministry of Environmental and
Nature Protection, Republic of Croatia. Geospatial mapping was
performed using ArcGIS software v.10.2 (Redlands, California,
United States). Sampling sites are shown in Figure 1, while location
coordinates of bears are listed in Supplementary Table S1.

Isolation, cultivation, and identification of
Malassezia isolates

Swabs were plated on modified Dixon agar (36 g malt extract, 10g
peptone, 20 g desiccated ox-bile, 10 mL Tween 40, 2 mL glycerol, 2mL
oleic acid, and 15g agar per liter, pH adjusted to 6.0) reccommended
for isolation and differentiation of Malassezia species (Guého-
Kellermann et al.,, 2010). The agar was supplemented with 0.5%
chloramphenicol and 0.5% cycloheximide, to prevent the growth of
bacteria and molds, respectively. The plates were incubated at 32° C
for 14 days. Isolates were identified using routine laboratory diagnostic
methods, as follows. All isolates that showed the appearance of
colonies typical for Malassezia, a yellowish-creamy and smooth or
lightly wrinkled surface with a buttery consistency, were selected
(Guého-Kellermann et al., 2010). Smears from the selected colonies
were stained with the Bio-Diff RTU kit (Biognost, Croatia) and
examined under the microscope for “bottle-shaped” morphology that
characterizes Malassezia cells. Subsequently, the lipid dependence for
the growth of Malassezia isolates was determined on Sabouraud
glucose (SGA) agar. After phenotypic identification, isolates were
stored at —80° C until further testing.

MALDI-TOF MS analysis

For the MALDI-TOF MS analyses, direct on-plate extraction and
in tube full protein extraction method were applied, as reccommended
by the manufacturer (Bruker Daltonik, Germany). For protein
extraction, a yeast biomass (~2 pL volume) grown on SGA agar for
up to 3 days was collected with a pipette tip, suspended in 300 uL
HPLC-grade water (Sigma Aldrich) and mixed thoroughly. Nine
hundred microliter of absolute ethanol was added to the suspension
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FIGURE 1

A map of the sampling sites in a mountainous region of Croatia. Malassezia pachydermatis genotypes identified in this study are shown in legend.

and mixed well. The samples were then centrifuged at 13,000 rpm for
2 min, the supernatant was removed, and the pellets were air dried at
room temperature (RT). The pellets were re-suspended in 70% formic
acid to disrupt the cell wall. The volume of formic acid was adjusted
according to the pellet size (1:1 by volume). An equal volume of
acetonitrile was added, and the solution was mixed by vortexing for
1 min and centrifuged at 13,000 rpm for 2 min. One microliter of this
supernatant was placed on a 96-spot polished steel target plate and
air dried at RT. Each sample was overlaid with 1pL of saturated
a-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5%
trifluoroacetic acid and air dried at RT.

MS measurements were performed using a Microflex LT
MALDI-TOF mass spectrometer and FlexControl 3.0 software
(Bruker Daltonics, Germany) for automatic acquisition of mass
spectra. Each mass spectrum was generated with 240 laser shots from
the same spot in six different positions while each isolate was
processed in triplicate and in at least two spots. External calibration
was performed using the Bruker Bacterial Test Standard. The acquired
mass spectra were processed with the MALDI Biotyper 3.1 software
package using the default settings. MALDI Biotyper scores for
identification were expressed as log(score) values. Scores >2 are
indicative of reliable species identification, from 1.7 to 1.999 as reliable
genus identification, and scores <1.7 as unreliable identification. A
score-oriented dendrogram of MALDI-TOF mass spectra profiles
(MSP) was generated using MALDI Biotyper 3.0 software with the
following settings: distance measure was set to Euclidian and linkage
to average.
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DNA extraction, PCR amplification, and
sequencing of ITS1, LSU, CHSZ2, and
B-tubulin DNA regions

A loopful of yeast biomass (up to 30 mg) was harvested from a
culture grown on SGA for 2 to 3 days. Genomic DNA was extracted
using PureLink Genomic DNA Mini Kit (Invitrogen, United States)
according to the protocol described by the manufacturer. DNA
concentration was validated spectrophotometrically using the
BioDrop pLITE (BioDrop, United Kingdom), and the quality of each
DNA sample was assessed by standard agarose gel electrophoresis. The
purified DNA samples were stored at —80°C until use.

DNA regions encoding the large ribosomal subunit (LSU), internal
transcribed spacer 1 (ITS1), chitin synthase 2 (CHS2), and p-tubulin
were amplified from 80 M. pachydermatis DNA samples using
previously described primers (Supplementary Table S2) and PCR
protocols (Fell et al., 2000; Makimura et al., 2000; Cafarchia et al., 2007;
Castella et al.,, 2011). Amplified DNA fragments were checked on 1%
agarose gels, and enzymatically purified using Exonuclease I and
Thermosensitive Alkaline Phosphatase (Thermo Scientific), according
to manufacturer’s protocol. The purified PCR products were submitted
to Macrogen Europe for sequencing. DNA fragments were sequenced
from both directions using the same primers as in the PCR reactions.
Sequence chromatograms were visually inspected, and the sequences
were assembled in Geneious 8.1.4 (Kearse et al., 2012) and BioEdit
7.2.5. programs (Hall, 1999). The CHS2 and p-tubulin gene fragments
were translated into protein sequences in order to confirm the
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TABLE 1 Distribution of gene locus variants (A) LSU, ITS1, CHS2 and p-tubulin sequence types from M. pachydermatis isolates identified in brown bears
(this study), with NCBI accession numbers; (B) Representative sequences of gene locus variants published previously.

LSU sequence types

ITS1 sequence types

CHS2 sequence
types

B-tubulin sequence
types

M. pachydermatis sequence

variants reported in this study

LSU-BI (0Q519274)

All isolates except 1, 2, 29;
identical to LSU-I (see
Table 1B)

ITS1-BI (0Q519261)

All isolates except 1, 2, 29;
identical to ITSI-I (see
Table 1B)

CHS2-BI (0Q550025)

All isolates except 1,2, 24, 29;
identical to CHS2-I (see
Table 1B)

B-tub-BI (0Q550028)

All isolates except 1,2, 24, 29,
68; identical to KC573803 (see
Table 1B)

CHS2-BII' (0Q550026)
Isolate 24; identical to CHS2-IT
(see Table 1B)

B-tub-BIT> 3(0Q550029)

Isolates 24&68; novel sequence

LSU-BII® (0Q519275)

Isolates 1, 2, 29; novel sequence

ITS1-BII* (0Q519262)

Isolates 1, 2, 29; novel sequence

CHS2-BIII® (0Q550027)

Isolates 1, 2, 29; novel sequence

B-tub-BIIF (0Q550030)

Isolates 1, 2, 29; novel sequence

M. pachydermatis previously

reported sequence variants*

AY743605-dog, horse, cat
(LSU-I)

KU313705-goat, pig (LSU-II)
KU313706-dog (LSU-IIT)
KU313707-cat (LSU-IV)
KU313708-dog (LSU-V)

AY743637-dog (ITS1-T)
DQI15505-dog
EU158829-dog
HG529981-human pre-term
neonate

KU313709-dog (ITS1-1I)
KU313710-horse (ITS1-I1I)
KU313711-goat, dog (ITS1-IV)
KU313712—cat (ITS1-V)
KU313713-dog (ITS1-VI)

EF140657-dog, horse (CHS2-I)
KU313719-dog (CHS2-I1)
KU313720-dog (CHS2-I1I)
KU313721-goat, dog (CHS2-
vI)

KU313722—cat (CHS2-V)
KU313723-cat (CHS2-VI)
KU313724-dog (CHS2-VII)
KU313725-pig (CHS2-VIII)
KU313726-dog (CHS2-IX)

KC573803-dog, horse (B-tub -I)
KU313727-dog, horse (B-tub
1)

KU313728-goat, dog (B-tub
11

KU313729—cat (B-tub -IV)
KU313730-cat (B-tub -V)
KU313731-dog (p-tub -VI)
KU313732-pig (B-tub -VII)
KU313733-dog, cow (p-tub

KU313714-dog (ITS1-VII)
KU313715-cat (ITS1-VIII)
KU313716-pig (ITS1-IX)
KU313717-cat (ITS1-X)
KU313718-dog (ITS1-XT)
KY655274-dog (ITS1-XII)
KY655275-dog (ITS1-XIIT)

VIII)
KY655276-dog (p-tub -IX

'Int difference with respect to CHS2-BIL.
“Int difference with respect to p-tub-BI.
*Not previously reported.

“Sequence variants within the respective gene loci. Each sequence represents previously reported gene locus type (Cabaries et al., 2005, 2007; Castella et al., 2014; Puig et al., 2016).

continuity of the open reading frames. The sequences were deposited
in NCBI GenBank under the accession numbers listed in Table 1.

Multiple sequence alignment and
phylogenetic analysis

Haplotypes of ITS1, LSU, CHS2, and p-tubulin DNA sequences of
M. pachydermatis isolates were aligned in the online version of MAFFT
v. 7 (Katoh and Standley, 2013) under default parameters, together with
the corresponding gene sequences of M. pachydermatis from domestic
animals available in the public database NCBI (Cabanes et al., 2005;
Puig et al,, 2016, 2017). Sequences of the corresponding molecular
markers from two other congeneric species (Malassezia furfur, Acc.
numbers HM177260, EU513202, KC573799; M. sympodialis, Acc.
numbers AY743628, AY743657, XM_018885767, KC573797) were used
as outgroups (Cabanes et al,, 2005; Ran et al.,, 2008; Cafarchia et al., 2011;
Castella et al., 2014; Puig et al., 2018). In addition, a combined dataset
corresponding to distinct genotypes of M. pachydermatis from bears was
constructed in BioEdit 7.2.5. (Hall, 1999) through concatenation of
respective sequence haplotypes of four molecular markers (LSU, ITS1,
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CHS2, and p-tubulin). The genotypes of 19 strains defined previously
(Puig et al., 2017) were also included in the combined dataset.

Five datasets (LSU, ITS1, CHS2, p-tubulin, and concatenated
alignment; available in TreeBase') were used in subsequent phylogenetic
analyses. For each separate partition, uncorrected p-distances were
calculated in Mega 7 (Kumar et al., 2016). Neighbor joining (NJ)
phylogenetic trees were constructed in Mega 7 based on p-distances
matrix, with pairwise deletion of gap positions. The best-fit nucleotide
substitution models were determined for each separate partition under
the Akaike information criterion in Jmodeltest 2.0 (Darriba et al., 2012)
(K2 model for the LSU dataset, JC model for the ITS1 dataset, K2+G
for the CHS2 dataset and T92 + G for the p-tubulin dataset). Maximum
likelihood (ML) aLRT analyses for separate partitions were performed
online in PhyML 3.0? (Guindon et al., 2010) under best-fit models. The
concatenated matrix was analyzed in PhyML using the “Automatic
model selection by SMS” option (Lefort et al., 2017) and the Akaike

1 http://purl.org/phylo/treebase/phylows/study/TB2:529914
2 http://www.atgc-montpellier.fr/phyml/
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information criterion. Branch support values were estimated from 1,000
bootstrap replicates in NJ and by aLRT in ML analyses. Phylogenetic
trees in .nwk format are available in TreeBase.

Results and discussion

Isolation of Malassezia pachydermatis from
brown bears

M. pachydermatis has been isolated mainly from dogs but it has
also been found in other domestic animals (Theelen et al., 2018; Guillot
and Bond, 2020) and humans (Gao et al., 2010). However, little is
known about the phylotypes and pathogenicity of M. pachydermatis in
wild habitats. Since the relatedness between yeast genotypes and host
species has already been reported (Cabanes, 2014; Velegraki et al.,
2015), we envisioned that a comparative study of the genetic variants
of M. pachydermatis from broader ecological niches might provide
deeper insight into its potential to colonize diverse hosts, and thus
provide the basis for studying its zoonotic potential. Although the
occurrence of M. pachydermatis in bears and other wild animals was
detected several decades ago, as reviewed by Sugita et al. (2010), data
on its genetic variability are lacking. In Croatia, the brown bear inhabits
the mountains of Gorski Kotar and Lika in an area of about 9,600 km2
(Huber et al., 2008), which provides an opportunity to collect and
analyze yeast isolates from distant locations (Figure 1;
Supplementary Table S1). As expected, the selective medium that was
used mainly grew colonies that resembled Malassezia sp. by their
morphology. Noteworthy, we occasionally noticed the growth of
Candida sp. but their numbers were negligible and they were not
further analyzed. All selected isolates exhibited non-lipid dependent
growth so they were identified as belonging to the species
M. pachydermatis. Altogether, 80 yeast isolates (62%) were obtained out
of 129 swab samples from 42 individuals. No significant difference in
recovery was found when samples were taken from different skin sites.

Standard culture-based identification methods and biochemical
characterization are not always definitive in the identification of
Malassezia species and particularly in discriminating very close species
or subspecies (Robert et al., 2021). For example, the recent discovery
of peculiar lipid-dependent strains of M. pachydermatis demonstrates
broad variability within this species, which includes rare atypical
strains with special growth requirements (Puig et al., 2017). In the last
ten years, methods based on MALDI-TOF MS have been increasingly
applied for the identification of pathogenic microorganisms in clinical
microbiology laboratories (Singhal et al., 2015). Because this method
is very rapid and has been used for the identification of several
Malasezzia species (Kolecka et al., 2014; Vlek et al., 2014; Honnavar
etal, 2018), we used it to verify the identification of M. pachydermatis
from bears obtained by conventional protocols and to investigate the

performance of MALDI-TOF in yeasts isolated from the wild.

MALDI-TOF MS identified yeast isolates
from brown bears as Malassezia
pachydermatis

Initially, yeast isolates were prepared for MALDI-TOF MS using
the direct on-plate extraction method. Due to the very poor quality of
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the protein spectra, this method was not applicable, so the full
extraction protocol was applied to 80 isolates as described.
Considering the MALDI Biotyper identification scores, it can be seen
that a larger number of samples showed a significant fluctuation in the
results. Of the 80 samples, MALDI-TOF MS correctly identified 46
samples (57.5%) as M. pachydermatis with a score >2 (2.007-2.412;
green bars) (Figure 2). The other 34 isolates (42.5%) showed lower
reproducibility between spots and yielded the best scores only in the
confidence range for genus identification. The ranges of scores for all
isolates are shown (Supplementary Table S3). The lower reproducibility
between spots as well as the need to increase the number of runs to
obtain a confident score has been reported previously for Malassezia
species (Kolecka et al., 2014). We noticed that the colony texture of
most isolates with lower scores appeared as if the colony was
impregnated with grease and the biomass crumbled upon sampling.
It has been reported that the texture of colonies can affect the quality
of protein extracts (Denis et al., 2017). Therefore, 34 colonies were
re-cultured and as soon as there was enough biomass (~ 48h) MS
analysis was performed. In this second round of identification, only
one sample did not reach the species reliable score (>2). The
distribution of all scores obtained in the first and second runs was as
follows: 21 isolates yielded scores 1.721-2.244 (yellow/green bars),
while 9 isolates yielded scores 1.573-2.201 (red/yellow/green bars), 3
isolates yielded scores 1.422-2.249 (red/green bars), and only 1 isolate
(red/yellow) never reached score 2 (1.556-1.956; red/yellow bar). To
provide an overview of the fluctuation of scores, these data were used
to create Figure 2. Our results clearly show that aged colonies
significantly affected the range of scores, while using the biomass of
young colonies improved score values to the species confidence level.
This was particularly pronounced for three isolates (30, 45, and 48),
which exhibited scores confident for species level only when young
biomass was used. In contrast, a previous study reported that MS were
reproducible for 2-5 days old Malassezia colonies (Denis et al., 2017).
The discrepancy in the results could be attributed to the phenotypic
characteristics of our isolates, which exhibited a different colony
texture already after 3 days of growth, possibly due to more rapid
aging of the colony. It should be pointed out, however, that all samples,
even those that gave unreliable genus scores (red), scored
M. pachydermatis as the first matching hit. It is important to note that
in the last 10years, numerous reports have suggested lowering the
cutoff threshold (1.7-1.999) to improve the identification of different
yeast species (Rosenvinge et al., 2013; Kolecka et al., 2014; Vlek et al.,
2014; Robert et al., 2021). Consistent with this, by lowering the
threshold score to >1.7, in our study MALDI-TOF MS would
correctly identify 79/80 samples to species level (98.8%).

Molecular genotyping revealed genetic
diversity of Malassezia pachydermatis
isolates from brown bears

Analyses of ribosomal genes and internal transcribed regions have
been used primarily for phylogenetic characterization and genetic
diversity analysis of different Malassezia species (Gemmer et al., 2002;
Gupta et al., 2004; Gaitanis et al., 2006, 2009). An early study based on a
single molecular marker, the 26S rRNA gene (Guillot et al., 1997),
revealed seven genetic groups of M. pachydermatis in wild and
domesticated carnivores, monkeys and humans. Further evaluation of
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FIGURE 2
Presentation of MALDI-TOF MS sample scores. The sample number is shown on the X-axis while the proportion of the score ranges (percentage
scores) obtained by MS analyses for each sample is shown on the Y-axis. Bars marked in green, yellow and red denote samples that showed greater
fluctuation in score values (Supplementary Table S3). The use of young biomass (~48h) yielded scores confident for species identification (> 2, green).
The only exception was sample number 1, which only achieved a score confident for genus identification.

genotype assignment using multiple genetic loci (CHS2, LSU, ITS1)
identified three and four specific genotypes for M. pachydermatis isolated
from domestic animals by Cafarchia et al. (2007) and Aizawa et al. (2001),
respectively. The benefit of multilocus sequencing for differentiation
between Malassezia genotypes has been further demonstrated in recent
studies. Puig et al. (2017) reported the existence of 15 distinct genotypes
as a result of sequence variations in four genomic loci (CHS2, LSU, ITS1,
B-tubulin) of M. pachydermatis, also isolated from domestic animals.
Using the same genetic loci, we examined the genetic variability of
M. pachydermatis isolated from bears. PCR amplification resulted in
~640bp LSU, ~280bp ITS1, ~500bp CHS2 and ~ 1,100 bp p-tubulin DNA
products. Consistent with the results of the MALDI-TOF MS scores, all
locus sequences exhibited the highest similarity to the M. pachydermatis
gene loci deposited in the database. Analysis of these sequences revealed
two distinct types for LSU and ITS1, and three for CHS2 and p-tubulin
DNA regions, as shown in Table 1A. The majority of isolates have the
sequence types LSU-BI, ITS1-BI, CHS2-BI, and p-tubulin-BI, which are
identical to previously reported sequences from dogs, horses, and cats
(Cabaries et al., 2005, 2007; Castella et al., 2014). Variations of these types
(I nt substitution) are observed for the CHS2 gene in one isolate (type
CHS2-BIJ, previously reported) (Puig et al., 2016) and for the p-tubulin
region in two isolates (type B-tubulin-BII, not previously reported). Novel
sequence types for all markers analyzed, LSU-BII, ITS1-BII, CHS2-BIII
and fB-tub-BIII (Table 1A), were found in three isolates.

Distances between the sequence types of M. pachydermatis samples
isolated from brown bears are low, accounting for only 1 nucleotide (nt)
change (0.15%) in LSU, 1-4nt changes (0.2-0.8%) in CHS2, 1-7nt
changes (0.1-0.6%) in p-tubulin, and 9nt changes (3.2%) between
different sequence types in the ITS1 gene region. The low variability in
these genomic regions for M. pachydermatis isolated from bears is not
surprising, as similar distance ranges were already observed for the
same species isolated from other animals (Cafarchia et al., 2007; Puig
et al, 2016). When comparing the sequence types (loci) of
M. pachydermatis samples from bears with sequence types of
M. pachydermatis samples isolated mainly from various domestic
animals (Cabaries et al., 2007; Puig et al., 2016, 2017), the changes
account for 0-7nt (0-3.2%) in LSU, 0-12nt (0-2.4%) in CHS2, 0-30nt
(0-2.7%) in the p-tubulin region, and 0-14nt (0-5%) in ITS1. Overall,
the observed differences are not very pronounced, suggesting that
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M. pachydermatis loci types from bears are most likely descended from
a common ancestor after a recent transmission event, probably from
dogs which exhibited the highest number of genotype variants to date.
However, it is important to keep in mind that dogs represent the largest
group studied and future studies may challenge this assumption.

The alignments of the LSU, CHS2 and f-tubulin sequences did not
contain indels, whereas the ITS1 alignment contained multiple indel
positions (alignments available in TreeBase). The final lengths of the
alignments, including the previously published sequences of
M. pachydermatis and of two outgroup species (M. furfur and
M. sympodialis), were 254bp for ITS1, 544bp for LSU, 489bp for
CHS2, and 952bp for the B-tubulin region. For each of the four
molecular markers, phylogenetic analyses using neighbor joining and
maximum likelihood methods resulted in identical tree topologies
(Figures 3A-D).

As depicted in Figure 3A, two M. pachydermatis LSU sequence types
found in bears are grouped in a strongly supported (92% bs — 0.95 aLRT)
clade with the sequence AY743605 (Table 1B) found in dogs, horses, and
cats (Puig et al., 2016). LSU-BI is identical to the sequence AY743605,
whereas LSU-BII is found exclusively in bears and forms a distinct
branch within this clade. The ITS1 sequences of M. pachydermatis found
in the bear are grouped within one of the two major subclades in the
phylogenetic tree, along with several sequence types reported for dogs,
cats, and horses (Figure 3B). Type ITS1-Bl is identical to type I found in
dogs (AY743637; Table 1B), whereas type ITS1-BII forms a separate
branch. Support for most of the nodes in this subclade is moderate or
low. We further analyzed two protein-coding gene sequences, the chitin
synthase (CHS2) and fp-tubulin genes. As shown in Figure 3C, three
M. pachydermatis CHS2 sequence types found in bears are grouped in a
moderately supported (63% bs, 0.90 aLRT) clade with several sequence
types found in dogs, horses and cats (Puig et al., 2016). The CHS2-BI and
CHS2-BII types are identical to the EF140657 and KU313719 sequence
types (Puig et al., 2016), respectively, as shown in Table 1B. The CHS2-
BIII type, found in bears, has not been described previously and forms
a separate branch within this clade. In Figure 3D, three p-tubulin
sequence types of M. pachydermatis found in bears form a strongly
supported clade (99% bs, 0.85 aRLT) with two previously reported
f-tubulin sequence types (Puig et al., 2016). The B-tubulin-BI type is
identical to KC573803 (Table 1B) found in dogs and horses, whereas the
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FIGURE 3

Maximum likelihood phylogenetic trees of M. pachydermatis gene
loci [(A) LSU; (B) ITS1; (C) CHS2; (D) p-tub]. Reported gene types are
labeled with accession numbers, host animal and respective gene
type name. Gene types of M. pachydermatis isolates from brown
bears are shown in bold. Node numbers denote NJ bootstrap
support/ML aLRT support (values lower than 50%/0.70 are not
shown). Sequences of the respective gene loci of Malassezia furfur
and/or Malassezia sympodialis were used as outgroups.

f-tubulin-BII and p-tubulin-BIII types, not previously reported in other
animals, form separate branches.

The combinations of the described types of the four sequenced
genomic regions of the respective M. pachydermatis isolates collected
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from bears resulted in four distinct genotypes, B1-B4. Each genotype
comprises a specific combination of four loci sequence types: (i)
Bear-B1 (75/80 isolates—LSU-BI/ITS1-BI/CHS2-BI/p-tub-BI), (ii)
Bear-B2 (isolate 24-LSU-BI/ITS1-BI/CHS2-BII/p-tub-BII), (iii)
Bear-B3 (isolate 68-LSU-BI/ITS1-BI/CHS2-BI/p-tub-BII), and (iv)
Bear-B4 (isolates 1, 2, 29-LSU-BII/ITS1-BII/CHS2-BIII/B-tub-BIII).

The majority of M. pachydermatis isolates from bears carry
genotype B1, which is identical to one of the previously described
genotypes from dogs (Puig et al., 2017), suggesting its transmission
potential and adaptation to distantly related hosts. It cannot
be ruled out that genotype Bl is even more widespread in other
wild and domestic animals, but this requires further investigation.
To address this question, it would be particularly interesting to
examine the genetic variability of M. pachydermatis in populations
of gray wolves, the closest wild relative of the dog. In contrast to
the widely distributed Bl genotype, three other genotypes
(B2-B4) isolated from five bears (approx. 10% of the samples
Supplementary Table S1) were unique to bears. Although the B2
and B3 genotypes carry loci variants that have been identified in
various domestic animals, the specific combinations found in bears
have not been reported previously. In contrast, the B4 genotype
consists of loci carrying bear-specific sequences. This may indicate
that this particular M. pachydermatis genotype has emerged only
recently and has not yet spread to other hosts. However, one cannot
rule out the possibility that the B4 genotype has undergone
evolutionary processes leading to the formation of a strain
specifically adapted to bears.

In relation to body site sampling, it has been reported that the
frequency of occurrence of some Malasezzia species depends on body
site sampling (Cafarchia et al., 2008). In this study, most isolates
sampled from different body sites of the same animal (left/right ear
canal or anus) had identical genotypes. Only two out of 42 bears
carried two M. pachydermatis genotypes (B1/B2 and B1/B4) at
different body sites (Supplementary Table S1, bears 14 and 15).
Although a rare event in our case, this is consistent with Guillot et al.
(1997) who reported that the skin of an animal can be colonized by
more than one type of M. pachydermatis, suggesting the possibility of
multiple colonization events between individual animals.

We also investigated the phylogenetic
M. pachydermatis genotypes B1-B4 and those previously described in

relationship  of

other animals. The concatenated matrix consisted of 2,228 aligned
nucleotide positions (available in TreeBase). Phylogenetic analysis
(Figure 4) revealed that M. pachydermatis genotypes B1-B4 from bears
grouped in a well-supported (99%) clade I with several other genotypes
(Puig et al., 2017) isolated mainly from dogs (i.e., only one from a horse).
Three of the four genotypes of M. pachydermatis found in bears (B1-B3)
are grouped close to some of the previously reported genotypes, while the
much more divergent genotype B4 forms a separate branch within this
clade, which is consistent with its loci sequence specificities. Clade II is
moderately supported and consists of M. pachydermatis genotypes
isolated from various domestic animals (cats, cows, pigs, goats, and dogs).
The distances between genotypes within this clade are much higher and
show several well supported subclades comprising predominantly
M. pachydermatis genotypes from dogs, suggesting that dogs are the most
common host for M. pachydermatis strains. In contrast, M. pachydermatis
genotypes specific to cats form a well-supported subclade consisting of
three quite variable genotypes, suggesting their common ancestry and
subsequent independent evolution in this particular host. Similarly, the
only genotype of M. pachydermatis so far recorded from pigs is distinctly
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FIGURE 4
Maximum likelihood phylogenetic tree of M. pachydermatis
genotypes combined of four gene loci (LSU/ITS1/CHS2/B-tub). The
M. pachydermatis genotypes from brown bear host are shown in
bold. Genotypes isolated from other host animals are marked as in
Puig et al. (Puig et al., 2017); host animal as well as combination of
respective gene loci are indicated. Numbers on nodes denote NJ
bootstrap support/ML aLRT support (values lower than 50%/0.70 are
not shown). Genotype of the respective gene loci of M. sympodialis
was used as outgroup.

different from all other genotypes, suggesting its evolutionary distance
from other M. pachydermatis strains and its specialization to this
particular host (Puig et al., 2017). The host specificity of M. pachydermatis
has also been reported for some isolates obtained from rhinoceros, dogs
and ferrets (Guillot et al., 1997).

As shown, phylogenetic analysis of concatenated sequence data
(four loci) proves to be much more informative in the phylogenetic
context and provides better resolution than the single locus approach.
The results obtained demonstrate a close association between the
genetic variants of M. pachydermatis found in bears and several of the
numerous variants isolated from dogs.

It has been reported that Malassezia species can show distinct
geographical differences (Velegraki et al., 2015). We reviewed a possible
relationship between the different M. pachydermatis genotypes (B2-B4)
and the geographic locations where bears were found. In this study
we could not assign any genotype to a specific geographic location
(Figure 1), which is most likely due to the long-distance migration
routes of bears. Overall, genotype B1 is prevalent in bears, and most
likely transmission to offspring occurs vertically, immediately after
birth, as previously reported for dogs (Wagner and Schadler, 2000).

The relationship between Malassezia
pachydermatis genotypes with their MS
spectra

Finally, we examined the relationships between the detected
genotypes and their corresponding MS spectra. We performed an
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Dendrogram clustering the MALDI-TOF MSP obtained for Malassezia
isolates using M. pachydermatis and one M. furfur referent spectra.
Colored bars represent isolates that exhibit score fluctuation

(Figure 2) whereas B2, B3 and B4, represents genotypes unique to
yeast isolates from brown bears identified by molecular genotyping
(all other numbers belong to isolates with B1 genotype).

MSP cluster analysis of 80 M. pachydermatis isolates, in particular to
gain a deeper insight into spectra variability of the identified unique
bears’ genotypes (B2-B4) compared to Bl. The score-oriented
dendrogram of the isolates clustered based on their MSPs is shown in
Figure 5. The isolates of M. pachydermatis are clearly separated from
the congeneric species M. furfur. This dendrogram also shows the
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similarity of the isolates to the spectra of the reference strains of
M. pachydermatis in the Bruker database.

As shown on the MSP dendrogram (Figure 5), the majority
of isolates exhibited spectrum profiles with a Distance Level
(DL) <100 and clustered with three M. pachydermatis reference
strains (VML; CBS 4164 and CBS 1880). The others exhibited a
slightly higher DL and either formed separate subgroups (e.g.,
isolates 53/47), branched separately (e.g., isolate 8), or grouped
closer (e.g., isolate 24 or 29) to M. pachydermatis reference
strain(s) (CBS 1879 T; CBS 9592; CBS 4164_2; CBS 6535 and CBS
1879T_2). With respect to the relationship between the identified
genotypes and the spectrum profiles, isolates with the Bl
genotype formed clades with the widest range of DLs. In contrast,
bear-unique genotypes had only higher DLs, but these genotypes
were dispersed into several branching subgroups, among which
the B4 genotypes were clustered closer to each other and had
slightly higher DL compared to B2 and B3. The 42.5% of isolates
that had higher fluctuation in MALDI Biotyper scores (Figure 2)
were present in all groups and were not evenly distributed across
the dendrogram (Figure 5). Closer inspection reveals that most
of them branch separately (e.g., 8, 29, 45, 1, 17, etc.) or are
grouped with isolates that also exhibit higher fluctuation in
scores (e.g., 53/47, 49/10, 7/2, 19/16, etc.). Species reliable scores
were obtained using younger cell biomass for almost all of these
isolates (33/34), which could be ascribed to some morphological
changes during their growth. Indeed, cell wall thickness may
be related to growth conditions and age of the colony (Guého-
Kellermann et al., 2010). Consequently, our results could
be explained by the fact that the proper lysis of the cells during
the extraction process was partially impaired by a thicker cell
wall and/or the colony texture of the isolates, which showed a
higher fluctuation of the score values.

MALDI-TOF MS shows protein profile
relatedness among Malassezia
pachydermatis isolates

The best MS profiles obtained for all isolates were overlaid to
investigate protein profile relatedness between isolates. The
protein spectra of two main groups subdivided on the arbitrary
DL (those with DL <100 and with DL > 100) were marked in gray
and red, respectively, to investigate whether there are some
specific differences between them (Figure 6A). Comparison of
the intensity and position of the m/z values of the spectra showed
that the highest number of peaks is present in all M. pachydermatis
isolates. However, a few peaks of higher intensity (e.g., 5,380 Da
and 2,686Da) and a few of lower intensity (< 2,500 Da,
represented by four asterisks) were obtained only in isolates with
higher DL (DL > 100). Interestingly, M. pachydermatis genotypes
specific to bears (Figures 6B,C) produced spectra lacking peaks
of lower molecular mass. Although the spectra of genotypes B2
and B3 produced higher intensity peaks, genotype B4 produced
some unique peaks that were not found in other isolates. Overall,
the use of MALDI-TOF MS showed significant potential to
distinguish spectra between the two main subgroups of
M. pachydermatis and also discovered some very specific peaks
in genotype B4. Thus, the method proved to be a very rapid and

Frontiers in Microbiology

10.3389/fmicb.2023.1151107

powerful tool for the identification and subtle differentiation of
M. pachydermatis genetic variants isolated from bears.

To the best of our knowledge, this is the first study to provide
detailed insight into the genetic variability that has led to the
identification of specific M. pachydermatis genotypes from wild.
MALDI-TOF MS approach with adjustment of culturing conditions
or by lowering the cut-off value provides rapid and reliable species
identification. In addition, it exhibits a higher capacity to discriminate
yeast variants. Overall, the results of this study indicate that
M. pachydermatis has significant potential to be transmitted between
distantly related hosts and its ability to adapt to different
ecological niches.
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