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ABSTRACT Malassezia encompasses a monophyletic group of basidiomycetous yeasts naturally found on the skin of humans and
other animals. Malassezia species have lost genes for lipid biosynthesis, and are therefore lipid-dependent and difficult to manipulate
under laboratory conditions. In this study, we applied a recently-developed Agrobacterium tumefaciens-mediated transformation
protocol to perform transfer (T)-DNA random insertional mutagenesis inMalassezia furfur. A total of 767 transformants were screened
for sensitivity to 10 different stresses, and 19 mutants that exhibited a phenotype different from the wild type were further charac-
terized. The majority of these strains had single T-DNA insertions, which were identified within open reading frames of genes,
untranslated regions, and intergenic regions. Some T-DNA insertions generated chromosomal rearrangements while others could
not be characterized. To validate the findings of our forward genetic screen, a novel clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 system was developed to generate targeted deletion mutants for two genes identified in the screen: CDC55 and
PDR10. This system is based on cotransformation ofM. furfurmediated by A. tumefaciens, to deliver both a CAS9-gRNA construct that
induces double-strand DNA breaks and a gene replacement allele that serves as a homology-directed repair template. Targeted
deletion mutants for both CDC55 and PDR10 were readily generated with this method. This study demonstrates the feasibility and
reliability of A. tumefaciens-mediated transformation to aid in the identification of gene functions inM. furfur, through both insertional
mutagenesis and CRISPR/Cas9-mediated targeted gene deletion.
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THE genusMalassezia is a lipophilic, monophyletic group
of basidiomycetous yeasts that colonize sebaceous skin

sites and represents . 90% of the skin mycobiome (Findley
et al. 2013; Wu et al. 2015; Byrd et al. 2018). In addition to
their ubiquitous presence on the skin of humans and ani-
mals, recent data support the hypothesis that Malassezia
fungi are much more widespread than previously thought.
Metagenomic studies have revealed the presence ofMalassezia

DNA in a number of unexpected areas, such as in association
with corals and sea sponges in the ocean (Amend et al.
2019).

Malassezia are highly divergent from other fungi that are
commonly found on the skin, such as Candida species and the
dermatophytes, and there are currently 18 species within the
Malassezia genus. Malassezia species belong to the Ustilagi-
nomycotina subphylum, which includes the plant pathogens
Ustilago, Sporisorium, and Tilletia, and are highly divergent
from other basidiomycetous fungi that infect humans, such as
Cryptococcus neoformans. A defining characteristic of the
Malassezia genus is the lack of a fatty acid synthase, a D9

desaturase, and a D2,3 enoyl-CoA isomerase, making them
lipid-dependent, and difficult to study and manipulate under
laboratory conditions. Recent classifications have revealed
that Malassezia represents a sister group to the blast yeast-
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like fungi Moniliella (Wang et al. 2014, 2015), which also
includes species reported to be pathogenic on human and
animal skin (McKenzie et al. 1984; Pawar et al. 2002).

In the last decade, there has been increasing scientific
interest in Malassezia, with several sequencing projects
aimed at defining genomic features and gene content for
15 broadly recognized Malassezia species. All haploid
Malassezia species have small genomes compared to other
phylogenetically related fungi (7–9 Mb compared to �20
Mb), with the exception of Malassezia furfur hybrid species
whose genomes are twice the size of otherMalassezia species.
Genome analyses have revealed intriguing features, such as
(1) loss of the RNA interference pathway components; (2)
evidence of horizontal gene transfer events from bacteria; (3)
the presence of genes unique to Malassezia; and (4) expan-
sion of secreted protein, lipase, and protease gene families
that encode products predicted to breakdown lipids and pro-
teins important for growth, and host–microbe interactions
(Xu et al. 2007; Gioti et al. 2013; Triana et al. 2015; Wu
et al. 2015; Park et al. 2017; Zhu et al. 2017; Kim et al.
2018; Lorch et al. 2018; Cho et al. 2019; Morand et al.
2019). It is likely that the genomes ofMalassezia species have
reduced over time concomitantly with their evolution as a
commensal organism and adaptation to the skin (Wu et al.
2015). There are other cases in which fungal genome reduc-
tion correlates with niche specialization, with the most
remarkable examples being the obligate Pneumocystis spe-
cies, with genomes of �7–8 Mb (Ma et al. 2016), and
Microsporidia species, with genomes as small as 2.9 Mb
(Cuomo et al. 2012).

Aside from their commensal lifestyle, Malassezia fungi
have been associated with several skin disorders, includ-
ing pityriasis versicolor, dandruff, severe atopic dermatitis
in humans, and otitis in dogs (Gaitanis et al. 2012; Wu
et al. 2015). However, the exact role of Malassezia in these
clinical conditions has been controversial, with recent studies
even hypothesizing a protective role of M. globosa against
Staphylococcus aureus, a bacterium that is associated with
severe atopic dermatitis (Ianiri et al. 2018; Li et al. 2018).
The lack of knowledge regardingMalassezia functions within
the skin mycobiome is due, in part, to the dearth of experi-
mental systems for studying Malassezia–host interactions;
current knowledge is based solely on in vitro experiments
with isolated host cells (Watanabe et al. 2001; Ishibashi
et al. 2006; Donnarumma et al. 2014; Glatz et al. 2015;
Sparber and LeibundGut-Landmann 2017). Recently, two
groundbreaking studies reported novel experimental murine
models for studyingMalassezia interactions with the skin and
intestinal mucosa (Limon et al. 2019; Sparber et al. 2019),
and their importance has been highlighted in two commen-
taries (Dawson 2019; Wrighton 2019).

Although these models represent an important advance-
ment of our understanding of the mechanisms of host re-
sponses to Malassezia, a lack of technologies for functional
genetic studies has hampered the identification and character-
ization of the fungal components that promote inflammation,

and induce host responses. We developed a transformation
system based on Agrobacterium tumefaciens-mediated trans-
formation (AtMT) that is effective for both insertional and
targeted mutagenesis, and enabled the first genetic manipula-
tion ofM. furfur andM. sympodialis (Ianiri et al. 2016, 2017a).
Subsequently, M. pachydermatis has also been transformed
(Celis et al. 2017).

CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas9 was originally discovered as a mechanism of
adaptive bacterial immunity (Jinek et al. 2012). The CRISPR/
Cas9 system has beenmodified for use in other organisms and,
at present, represents a revolutionary technology that has
allowed gene editing in a number of cell types, including fungi
(Shi et al. 2017; Adli 2018). The system consists of two ele-
ments, a specific endonuclease (Cas9) and a guide RNA
(gRNA), that form a complex that catalyzes double-strand
breaks (DSBs) at a specific DNA site flanking a protospacer
adjacent motif (PAM) sequence of the host genome. After the
DSB is generated, the DNA is repaired either through non-
homologous end joining or through homology-directed re-
pair (HDR) when donor DNA is provided (Shi et al. 2017).

The present study is divided into two sections. In the first,
we built upon the previously developed AtMT technology to
perform the first transfer (T)-DNA-mediated genetic screen in
M. furfur. The aim was to generate a library of random in-
sertional mutants, select for mutants with a phenotype of
interest, and characterize insertion sites within the M. furfur
genome to infer the function of genes involved in physiolog-
ical and clinical processes of interest. In the second part of
this study, we developed the first efficient, transient CRISPR/
Cas9 mutagenesis system for Malassezia, and successfully
generated targeted deletion mutants of two genes identified
in the forward screen: CDC55, which encodes a subunit of
protein phosphatase 2A (PP2A), and PDR10, which encodes
an ATP-binding cassette (ABC) transporter predicted to be
involved in pleiotropic drug resistance. While validating the
effectiveness of the T-DNA insertional mutagenesis for gene
function studies, this novel CRISPR/Cas9 method enabled us
to overcome issues related to the reduced rate of homologous
recombination (HR) observed in M. furfur, and we expect
that this technology will facilitate future molecular research
on Malassezia fungi.

Materials and Methods

Strains and culture conditions

The haploidM. furfur strain CBS14141 (previously known as
JPLK23) was used as the wild-type (WT) strain for transfor-
mation experiments. This strain was maintained on modified
Dixon’s media (mDixon) [mycological peptone (10 g/liter),
malt extract (36 g/liter), glycerol (2 ml/liter), tween
60 (10 ml/liter), desiccated ox-bile (10 g/liter), and agar
(20 g/liter) for solidmedia]. Transformants weremaintained
on mDixon supplemented with the antifungal agents nour-
seothricin (NAT) or G418 (NEO).
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Forward genetics screen in M. furfur

Insertional mutagenesis was performed through AtMT using
A. tumefaciens strain EHA105 engineered with the binary
vectors pAIM2 or pAIM6, which contain NAT and NEO resis-
tance markers under the control of the M. sympodialis ACT1
promoter and terminator, respectively (Ianiri et al. 2016).
Initially, transformations were performed using previously
developed methods (Ianiri et al. 2016; Celis et al. 2017).
Selected transformants were colony purified on selective me-
dia and arrayed in 96-well plates containing 100 ml of
mDixon + NAT or mDixon + NEO for in vitro assays and
long-term storage.

For the primary screen, a 1.5-ml aliquot of cellular suspen-
sion of transformants was spotted onmDixon agar containing
the following chemicals: Congo red (0.5%), sodium chloride
(NaCl, 1 M), sodium dodecyl sulfate (SDS, 0.3%), or fluco-
nazole (FLC, 150 mg/ml) for cell wall and plasma membrane
stress; NaNO2 (100 mM) for nitrosative stress; or cadmium
sulfate (CdSO4, 30 mM) for protein-folding defects and
heavy-metal stress. Transformants were also exposed to UV
light (250–450 mJ/cm2 3 100), elevated temperature (37�),
pH (pH 7.5), and nutrient-limiting conditions [yeast nitrogen
base media (YNB)]. When used, arginine and tyrosine were
added at 30 mg/liter. Transformants selected in the primary
screen as having a phenotype different from the WT were
confirmed through a standard 1:10 serial dilution method
by spotting 1.5 ml of cellular suspension on mDixon agar in
the conditions that allowed their selection.

Molecular characterization of the T-DNA insertional
mutants of M. furfur

Insertional mutants with a phenotype of interest were single-
colony purified and grown overnight (ON) in 25 ml of liquid
mDixon for genomic DNA extraction using a CTAB extraction
buffer (Pitkin et al. 1996). To identify the insertion sites of the
T-DNA in the M. furfur genome, inverse PCR (iPCR) was
performed (Idnurm et al. 2004; Ianiri and Idnurm 2015).
Briefly, �2 mg of DNA were digested with the restriction en-
zymes PvuII, XhoI, SacII, ApaI, EcoRI (6-bp recognition site),
or TaqI (4-bp recognition site), column purified, and eluted in
30 ml of elution buffer. Then, 8.5 ml of digested DNA were
self-ligated with T4 DNA ligase (New England Biolabs, Bev-
erly, MA) ON at 4�, and 1 ml was used as template for iPCR
using primers ai76-ai77 for DNA digested with restriction
enzymes that cut outside the T-DNA region, or ai076-M13F
and ai077-M13R for DNA digested with restriction enzymes
that cut inside the T-DNA (Idnurm et al. 2004). iPCR condi-
tions were: initial denaturation at 94� for 2min, denaturation
at 94� for 30 sec, annealing at 55� for 30 sec, and extension at
72� for 2.5 min. PCR reactions were performed using ExTaq
polymerase (Taqara Bio, Shiga Japan). When ExTaq was un-
successful, we used LaTaq polymerase (Taqara Bio) suitable
for highly G+C-rich regions with an annealing temperature
of 55 or 60�. Amplicons were either PCR- or gel-purified, and
Sanger sequenced. Sequences were subjected to basic local

alignment search tool nucleotide (BLASTn) analysis against
the M. furfur CBS14141 genome assembly available on the
National Center for Biotechnology Information (NCBI) web-
site (reported with the previous designation as JPLK23) (Wu
et al. 2015) and against an unpublished PacBio (Pacific Bio-
sciences) assembly. Gene boundaries and regulatory regions
were determined using unpublished RNA sequencing (RNA-
seq) data, which allowed us to define the accurate locations
of T-DNA insertions. RetrievedM. furfur sequences were sub-
jected first to BLASTx analysis against the latest genome as-
sembly ofM. sympodialis (Zhu et al. 2017) and subsequently
on the Saccharomyces Genome Database (SGD), to identify
orthologs and infer gene function. Genes were named based
on orthologous genes in Saccharomyces cerevisiae. Gene an-
notation was carried out manually based on BLAST searches
and with Augustus (http://bioinf.uni-greifswald.de/augustus/
submission.php), using RNAseq for untranslated regions (UTRs)
and introns.

For Southern blot analysis, �2 mg genomic DNA were
digested with SacII (no cut sites are within the NAT or NEO
cassette, thus allowing us to determine the number of T-DNA
insertions), resolved on a 0.8% agarose gel in 13 Tris-acetate
EDTA (TAE) buffer, transferred to a Zeta-Probe membrane,
and probed with NAT or NEO cassettes labeled with [32P]-
dCTP. NAT and NEO cassettes were amplified from plasmids
pAIM2 and pAIM6, respectively, with universal M13F and
M13R primers.

RNA extraction was performed using the standard TRIzol
method (Rio et al. 2010). RNA was treated with the TURBO
DNAse enzyme (Thermo Fisher Scientific) according to the
manufacturer’s instructions, and quality was assessed using a
NanoDrop spectrophotometer. Then, 3 mg of purified RNA
were converted into cDNA via the Affinity Script QPCR cDNA
synthesis kit (Agilent Technologies). cDNA synthesized with-
out the RT/RNAse block enzyme mixture was used as a con-
trol for genomic DNA contamination. Approximately 500 pg
of cDNAwere used tomeasure the relative expression level of
target genes through quantitative real-time PCR (RT-qPCR)
using the Brilliant III ultrafast SYBR green QPCRmix (Agilent
Technologies) in an Applied Biosystems (Foster City, CA)
7500 Real-Time PCR System. A “no-template control” was
included for each target. Technical and biological triplicates
were performed for each sample. Gene expression levels
were normalized using the endogenous reference gene
TUB2 and determined using the comparative DDCt method.

Generation of plasmids for CRIPSR/Cas9 targeted
mutagenesis in M. furfur

Plasmids for targeted mutagenesis of M. furfur CDC55 and
PDR10 through A. tumefaciens-mediated transformation
were assembled in S. cerevisiae using the binary vector
pGI3, as previously reported (Ianiri et al. 2016, 2017a,b).
The NAT cassette was amplified from plasmid pAIM1
using primers JOHE43277 and JOHE43278. The 5ʹ and 3ʹ
flanking regions for HR were amplified from the geno-
mic DNA of M. furfur CBS14141, using primer pairs
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JOHE45209-JOHE45210 and JOHE45211-JOHE45212 for
CDC55, and JOHE45201-JOHE45212 and JOHE45203-
JOHE45204 for PDR10, respectively. The PCR products and
the double-digested (KpnI and BamHI) binary vector pGI3
were transformed into S. cerevisiae using lithium acetate
and PEG 3750, as previously reported (Ianiri et al. 2016).
To assess correct recombination of the newly generated plas-
mids, single colonies of S. cerevisiae transformants were
screened by PCR using primers specific for the NAT marker
(JOHE43281-JOHE43282) in combination with primers ho-
mologous to outside of the region of the plasmid pGI3 involved
in the recombination event (JOHE43279-JOHE43280). Posi-
tive clones of S. cerevisiae were grown ON in YPD and sub-
jected to phenol–chloroform–isoamyl alcohol (25:24:1)
plasmid extraction using a previously reported protocol
(Hoffman 2001). The plasmid DNA was then introduced into
the A. tumefaciens EHA105 strain by electroporation and trans-
formants were selected on LB + 50 mg/ml kanamycin. PCRs
were performed using ExTaq and/or LATaq polymerase as de-
scribed previously, except with a 1.5-min extension time.

To generate the components of theCRISPR/Cas9 system in
Malassezia, histone H3 was identified in the M. sympodialis
ATCC42132 genome assembly (Zhu et al. 2017) through
BLASTp analysis using S. cerevisiae H3 as the query. The
813-bp upstream and 257-bp downstream regions, including
the M. sympodialis H3 promoter and terminator (pH3 and
tH3), respectively, were PCR-amplified using JOHE46457-
JOHE46458 and JOHE46461-JOHE46462, respectively.
High-Fidelity (HF) Phusion Taq polymerase (New England
Biolabs) was used with an annealing temperature of 55� for
30 sec and extension for 1 min at 72�. Primer JOHE46457
includes a chimeric region for recombination in pPZP-201BK
and a multicloning site. Primers JOHE46458 and JOHE46461
include chimeric regions for recombination with JOHE46459
and JOHE46460, which were used to amplify the CAS9 open
reading frame (ORF) from plasmid pXL1-Cas9 (Fan and Lin
2018). JOHE46462 has SacII and SpeI restriction sites, and a
region for recombinationwith the promoter of the 5S rRNA of
M. sympodialis used to drive expression of the single gRNA.
CAS9 amplification did not work well with HF Phusion Taq,
so we used ExTaq polymerase as described above, but with
fewer cycles (20 cycles) and a 4-min extension. The M. sym-
podialis ATCC42132 ribosomal cluster was identified in the
latest genome assembly and annotation (Zhu et al. 2017)
through BLASTn analysis using internal transcribed spacer
(ITS) sequences fromM. sympodialis CBS7222 (GenBank ac-
cession number NR_103583). We PCR-amplified a 674-bp
region from the end of the rRNA-eukaryotic large subunit
ribosomal RNA (position 612351 on chromosome 5), includ-
ing the rRNA-5S ribosomal RNA gene (position 613025 on
chromosome 5), using primers JOHE46463 and JOHE46464.
Primer JOHE46463 has a chimeric region complementary to
JOHE46462. This PCR was performed using the touchdown
protocol with an initial denaturation of 94� for 5 min, fol-
lowed by 24 cycles of denaturation at 94� for 30 sec, anneal-
ing at a gradient temperature of 62� for 30 sec minus 1� per

cycle, and extension at 72� for 1 min. This was followed by
16 cycles of denaturation at 94� for 30 sec, annealing at 50�
for 30 sec, extension at 72� for 1 min, and final extension of
72� for 5 min. The gRNA scaffold was amplified from plasmid
pSDMA64 (Arras et al. 2016) using primers JOHE46465 and
JOHE46466. JOHE46466 includes SpeI and SacII restriction
sites, six thymine residues (6T terminator), and a chimeric
region for recombination in pPZP-201BK.

The specific target sequence for CDC55 was identified us-
ing EuPaGDT (http://grna.ctegd.uga.edu/), available on
FungiDB (https://fungidb.org/fungidb/). A specific target
sequence for CDC55 was added by PCR with primers
JOHE46468 and JOHE46466 using the gRNA scaffold as
template. Primer JOHE46468 has a chimeric region for re-
combination with both the 5S rRNA sequence and the gRNA
scaffold, with an intervening target sequence specific for
CDC55. We used HF Phusion Taq as reported above. All com-
ponents were gel purified, and equimolar amounts of the
purified amplicons were used for overlap PCR to generate
the Cas9 expression cassette (pH3- CAS9, tH3) and the com-
plete gRNA (5S rRNA promoter fused with the gene-specific
gRNA scaffold). PCRs were carried out using HF Phusion Taq
and the touchdown protocol as above, with the only differ-
ence being extension times of 5 and 1 min, respectively.
The two resulting amplicons were cloned into the T-DNA
of pPZP201BK digested with KpnI and BamHI through
HiFi (New England Biolabs) assembly and recovered in
Escherichia coliDH5a. We screened E. coli clones for recombi-
nant plasmids by PCR using primers specific for the plasmid
backbone (JOHE43279 and JOHE43280) with JOHE46458
and JOHE46463. The plasmid sequence for CRISPR/Cas9
deletion of CDC55 (named pGI40) was confirmed by Sanger
sequencing.

To generate the CRISPR/Cas9 plasmid for targeted muta-
genesis of PDR10, the binary vector pGI40 was digested with
SpeI to remove the CDC55-specific gRNA, recovered from the
gel, and purified. A PDR10-specific target sequence designed
using EuPaGDTwas added to the gRNA scaffold by PCRusing
primers JOHE46466 and JOHE46467, which have chimeric
regions for recombination with both the 5S rRNA sequence
and the gRNA scaffold, with the specific target sequence for
PDR10 in between.

This amplicon and the 5S rRNA previously generatedwere
recombined through HiFi assembly within the T-DNA of the
SpeI-digested pGI40 plasmid, and the novel recombinant
plasmids with the PDR10-specific gRNA (named pGI48) were
identified by Sanger sequencing. This procedure is reported
in Figure 4B. Recombinant plasmids were introduced into A.
tumefaciens through electroporation.

AtMT was performed with modifications that increase
transformation efficiency compared to our previous protocol
used to generate insertional mutants. Briefly, M. furfur was
grown for 2 days at 30� and the culture was diluted to OD600

�1.0. The engineered A. tumefaciens strains with the gene
deletion cassettes and the CRISPR/Cas9 expression system
were grown ON, diluted to an OD600�0.1, and incubated for
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4–6 hr in shaking cultures (30�) in liquid induction medium
(IM) until OD600 reached a value of 0.6–0.8. These bacterial
cellular suspensions were mixed in 1:1, 1:2, and 2:1 ratios,
respectively, and added to M. furfur cellular suspensions at
1:2 and 1:5 ratios, respectively. These cellular suspensions
were centrifuged at 5200 3 g for 15 min, the supernatants
were discarded, and �500 ml to 1 ml of these fungal and
bacterial mixes were spotted directly onto nylon membranes
placed on modified IM (mIM) agar containing 200 mM ace-
tosyringone. These were co-incubated for 5 days at room
temperature (plates maintained without Parafilm), prior to
transferring the dual cultures to mDixon supplemented with
NAT (100 mg/ml) to select for fungal transformants and cefo-
taxime (350 mg/ml) to inhibit Agrobacterium growth.

M. furfur transformants resistant to NAT were colony pu-
rified, and subjected to phenotypic and molecular character-
ization. Putative mutants for the CDC55 gene were exposed
to UV light (250–300 mJ/cm2 3 100) to identify those with
impaired growth according to the results of the forward ge-
netic screen. For molecular analysis, 23 representative NAT-
resistant, UV light-sensitive transformants were subjected to
phenol–chloroform–isoamyl alcohol (25:24:1) DNA extrac-
tion, and the correct replacement of the target loci was
assessed by PCR. Diagnostic PCRs to identify HR events for
the CDC55 gene were carried out with primers JOHE45213
or JOHE45874 in combination with specific primers for the
NAT gene (JOHE43281 and JOHE43282, respectively), and
with primers JOHE45215 and JOHE45216 specific for the
internal region of CDC55. To evaluate the overall rate of
HR of the CRISPR/Cas9 system, a larger number of cdc55D
candidate mutants were tested for sensitivity to hydroxyurea,
which was found to be the stressor with the strongest phe-
notype. Similarly, putative pdr10D mutants were exposed to
FLC (150 mg/ml) for phenotypic characterization, and trans-
formants displaying impaired growth were subjected to DNA
extraction for molecular characterization. Diagnostic PCRs
were carried out using primers JOHE45205 and JOHE45206,
alone and in combination with specific primers for the NAT
gene (JOHE43281 and JOHE43282, respectively), and with
primers JOHE45207 and JOHE45208 specific for the internal
region of PDR10. PCR analyses consisted of 34 cycles of de-
naturation at 94� for 30 sec, annealing at 55� for 30 sec,
extension at 72� of 1 min/kb with an initial denaturation at
94� for 2 min, and a final extension at 72� for 5 min. PCR
analyses were performed using ExTaq (Takara) according the
manufacturer’s instructions. To detect HR events at the 3ʹ
region of CDC55 and to amplify the full-length PDR10 gene,
LATaq polymerase (Takara) with Buffer I was used. PCR for
CAS9 was carried out with ExTaq, and the touchdown pro-
tocol with primers JOHE46459–JOHE46461. PCR for the
gRNA was carried out with JOHE46465 and JOHE46466 us-
ing ExTaq as reported above. All the primers used are listed in
Supplemental Material, Table S1.

Phenotypic analysis of the target mutants was performed
on mDixon agar by spotting 1.5 ml of 1:10 dilutions of
each cellular suspension under the following conditions:

UV (250–450 mJ 3 100), hydroxyurea (50 mM), benomyl
(50 mM), FLC (150 mg/ml), amphotericin B (AmB, 50 mg/ml),
5-flucytosine (1 mg/ml), caspofungin (100 mg/ml), cyclo-
sporin A (CsA) at 100 mg/ml both alone and in combination
with 10 mM of lithium chloride, tacrolimus (FK506) at
100 mg/ml both alone and in combination with 10 mM of
lithium chloride, and dimethyl sulfoxide (40 ml), which was
used to dissolve benomyl (10 mM).

Genomic comparison and phylogeny of the ABC
transporter of M. furfur and M. sympodialis

The predicted amino acid sequences of S. cerevisiae Pdr10,
Pdr5, Pdr15, Pdr12, Snq2, Pdr18, Aus1, and Pdr11 were used
as queries for tBLASTn and BLASTp searches against the ge-
nomes of M. furfur CBS14141 and M. sympodialis ATCC
42132, available on GenBank (Wu et al. 2015; Zhu et al.
2017). The Malassezia best hits were retrieved, and the
encoded proteins forM. furfurwere predicted using Augustus
(http://bioinf.uni-greifswald.de/augustus/submission.php)
based on RNAseq evidence for UTRs and introns. The web
portal of ACT Artemis (https://www.webact.org/WebACT/
home) was used for synteny analysis of an �15,000-bp re-
gion of M. sympodialis and M. furfur, containing orthologs of
the Pdr10-encoding genes. tBLASTx analysis with a E-value
of 0.1 was performed. For phylogeny, the aforementioned
predicted ABC transporter proteins were aligned using MUS-
CLE and the phylogenetic tree was generated with MEGA
7 (http://www.megasoftware.net/) (Kumar et al. 2016), us-
ing the maximum likelihood method (LG model, five discrete
g categories) and 100 bootstrap replications.

Data availability

Strains and plasmids are available upon request. The authors
affirm that all data necessary for confirming the conclusions
of the article are presentwithin the article, figures, and tables.
Supplemental material available at FigShare: https://doi.org/
10.25386/genetics.8309342.

Results

Molecular and phenotypic characterization of M. furfur
insertional mutants

Insertional mutants of M. furfur were generated through
AtMT using both NAT and NEO dominant drug-resistance
markers. A total of 767 insertional mutants were isolated
and their growth was assayed under several stress conditions
(see Materials and Methods, and Table 1). A total of 19 mu-
tants (�2.5%) displayed phenotypes different from the WT
and were selected for further characterization.

iPCR was utilized to identify the genes inactivated by the
T-DNA insertions. The sequenced amplicons were compared
to the unannotated M. furfur CBS14141 genome assemblies
(one reported in NCBI, and another unpublished based on
PacBio sequencing) coupled with RNAseq data, which facil-
itated the identification of the coding and regulatory se-
quences. This allowed an accurate determination of T-DNA
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insertion sites. Southern blot analysis was performed to de-
termine the number of T-DNA insertions, revealing that
16 transformants harbored single T-DNA insertions and three
transformants had two T-DNA insertions (strains 4A10, 4B1,
and 6B2) (Figure 1). In parallel, iPCR allowed the character-
ization of 15 T-DNA insertions (Figure 2). Six strains had
T-DNA insertions within predicted ORFs, two strains had
insertions within UTRs, and three strains had T-DNA inser-
tions in intergenic regions. Of the remaining eight strains,
four were suspected to have chromosomal rearrangements
because the T-DNA borders were found in different locations
in the M. furfur CBS14141 genome, and the junctions be-
tween the T-DNA and the M. furfur genome could not be
identified in four other strains. Table 1 summarizes the re-
sults of the forward genetics approach performed in this
study, and properties of the T-DNA insertions are reported
in Figure 2.

Twomutantswith reducedgrowthonYNBwere identified,
and analysis of the genome sequence flanking the T-DNA
revealed insertions in genes involved in amino acid biosyn-
thesis (Figure 3A). Strain 6C8 had a nonstandard T-DNA in-
sertion that generated a deletion of �800 bp in the M. furfur
genome. Moreover, we were unable to identify the left border
sequence from iPCR and the first nucleotides obtained
mapped within the ORF of TYR1, which encodes a prephen-
ate dehydrogenase involved in tyrosine biosynthesis
(Mannhaupt et al. 1989). Conversely, the right border was
within the ORF of the adjacent gene encoding an uncharac-
terized protein with no conserved domains that shares similar-
ity with several other Malassezia species and basidiomycetes.
Although addition of tyrosine did not restore the growth of
strain 6C8 to the WT level (Figure 3A), YNB media supple-
mented with all amino acids did restore growth, suggesting

that Tyr1 is involved in the biosynthesis of other amino acids.
In strain 2A8, T-DNA inserted within the ORF of ARG1, which
encodes the enzyme arginosuccinate synthetase in the argi-
nine biosynthesis pathway (Jauniaux et al. 1978). Addition
of L-arginine to YNB was sufficient to restore a WT phenotype,
confirming thatM. furfur ARG1 is involved in arginine biosyn-
thesis (Figure 3A).

Four insertional mutants with decreased growth at an
elevated temperature (37�) were identified. Of these, only
strain 7H6 had a standard T-DNA insertion, which integrated
between two genes: downstream of an RNA-binding domain-
containing protein and upstream of JEN1 (Figure 3B). While
the RNA-binding domain-containing protein is uncharacter-
ized in S. cerevisiae, Jen1 is a plasmamembranemonocarbox-
ylate/proton symporter that transports pyruvate, acetate,
lactate, and other substrates (Casal et al. 1999). To assess
which gene was affected by the T-DNA insertion and there-
fore responsible for the phenotype of interest, RT-qPCR was
performed. Expression levels were normalized to the TUB2
gene ofM. furfurWT grown at 30�. Expression of the unchar-
acterized gene encoding the RNA-binding domain-containing
protein in strain 7H6 was �60% lower compared to the
WT, whereas expression of JEN1 was undetectable, indicat-
ing that either or both genes could be responsible for the
temperature-sensitive phenotype (Figure 3B). Other trans-
formants that displayed a temperature-sensitive phenotype
had a nonstandard T-DNA insertion pattern, and they in-
cluded strains 5F1, 6B2, and 7D5 (Table 1).

Strain 1A7 showed increased sensitivity to UV light
(250 and 350 mJ/cm2 3 100) compared to WT M. furfur
CBS14141 (Figure 3C). The T-DNA inserted into the fourth
exon of the CDC55 gene in this strain. In S. cerevisiae, CDC55
encodes a regulatory subunit of PP2A. CDC55 is involved in

Table 1 Insertional mutants for M. furfur isolated in the forward genetic screen

Strains Phenotype Hit gene Position Comments

1A7 UV CDC55 ORF Fourth exon
1F12 CdSO4 NA NA NA
2A8 YNB ARG1 ORF Exon
2F4 CdSO4 SEC13-PRP43 SEC13-59 region PRP43-59 region Intergenic
2G9 FLC NA NA Tandem insertion
2H11 FLC, NaCl ERG5/PDA1 ERG5-ORF/PDA1-59 region Chromosomal rearrangement
3A1 CdSO4 JLP2/TCP1 JLP2-ORF/TCP1-59 region Chromosomal rearrangement
4A10 NaNO2, SDS Uncharacterized enoyl-CoA

hydratase
ORF 2 T-DNA insertions

4B1 CdSO4 MAE1 39-UTR 2 T-DNA insertions
5D11 FLC NA NA Tandem insertion
5F1 37�C GPD1/INO80 GPD1-59 region/INO80-59 region Chromosomal rearrangement
5F10 NaCl DUG1/RPC10 DUG1-39UTR/RPC10-59-UTR Chromosomal rearrangement
6A10 FLC SIP5 ORF Altered stop codon
6B2 37�C Uncharacterized Rho GTPase ORF 2 T-DNA insertions
6C8 YNB TYR1 uncharacterized gene ORF Nonstandard T-DNA insertion
7D5 37�C NA NA NA
7D9 FLC PDR10- UCB6 PDR10-59 region UBC6-39 region Intergenic
7F8 FLC ADY2 39-UTR 260 bp after the predicted stop codon
7H6 37�C JEN1 uncharacterized protein

with RNA-binding domain
JEN1-59 region uncharacterized 39 region Intergenic

FLC, fluconazole; NA: inverse PCR failed to identify T-DNA insertions; T-DNA, transfer DNA; YNB, yeast nitrogen base; (/), chromosomal rearrangements.
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cell cycle control, and is required for successful chromosome
segregation and nuclear division (Healy et al. 1991; Bizzari
and Marston 2011).

Six strains showed increasedsensitivity to theantifungalFLC
(150 mg/ml) compared to the WT strain (Figure 3D). Strain
6A10 had a T-DNA insertion in the predicted stop codon of the
S. cerevisiae ortholog SIP5. The function of this protein is un-
known and it has no known domains. However, it has been
reported to interact with both the Reg1/Glc7 phosphatase and
the Snf1 kinase in response to glucose starvation (Sanz et al.
2000). In strain 7D9, the T-DNA was found in the intergenic
region between the 5ʹ end of an ABC multidrug transporter
gene and the 3ʹ end of the UBC6 gene. As shown in Figure
6E, the closest S. cerevisiae homolog is the ABC transporter
PDR10, which is the designation that we adopted. ABC multi-
drug transporters are involved in pleiotropic drug responses
that mediate resistance to xenobiotic compounds including
mutagens, fungicides, steroids, and anticancer drugs (Sipos
and Kuchler 2006). UBC6 encodes a ubiquitin-conjugating en-
zyme involved in ER-associated protein degradation (Walter
et al. 2001). As confirmed by targeted mutagenesis (discussed
below), the FLC-sensitive phenotype of strain 7D9 is due to
T-DNA insertion in the promoter region of PDR10. In strain
7F8, the T-DNA inserted within the 39-UTR of ADY2 (Figure
3D), which encodes an ammonium and acetate transmem-
brane transporter involved in nitrogen utilization (Rabitsch
et al. 2001; Paiva et al. 2004). For the remaining three FLC-
sensitive isolates, strain 2H11 had a chromosomal rearrange-
ment involving the ERG5 gene and the region close to the 5ʹ
end of the PDA1 gene, and in strains 2G9 and 5D11, the T-DNA
likely integrated in tandem repeats because iPCR amplicons
consisted of both the left and right borders of the T-DNA fused
together, and this prevented retrieval of the junctions between
the T-DNA and the genome.

Four strains showed sensitivity to CdSO4 (30 mM), and
only one (strain 2F4) showed a standard T-DNA insertion
in the 5ʹ regions of both SEC13 and PRP43 (Figure 3E).
SEC13 in S. cerevisiae encodes an essential protein that is a
structural component of the coat protein complex II, of the
nuclear pore outer ring, and of the Seh-1-associated complex.
S. cerevisiae PRP43 encodes an RNA helicase protein that is
also essential for viability and contributes to the biogenesis of

ribosomal RNA, and it is also involved in spliceosomal com-
plex disassembly (Arenas and Abelson 1997; Giaever et al.
2002). RT-qPCR did not show clear downregulation of ei-
ther gene (data not shown), and whether either or both
genes are responsible for the cadmium sulfate-sensitive
growth defect remains to be established. Because the
T-DNA inserted in the 5ʹ region of SEC13 and PRP43, whose
orthologs are essential in S. cerevisiae, we speculate that the
functions of both genes are affected or that the phenotype
observed is unlinked to the T-DNA insertion. In strain 3A1,
we identified a rearrangement involving the JLP2 and TCP1
genes, and for strain 4B1, Southern blotting indicated two
T-DNA insertions, one of which was identified within the
39-UTR of the MAE1 gene. For strain 1F12, iPCR using dif-
ferent restriction enzymes was unsuccessful. We also iden-
tified a strain (4A10) that was sensitive to sodium nitrite
(NaNO2) and SDS. According to Southern blot analysis,
strain 4A10 has two T-DNA insertions, one of which was
identified in an uncharacterized enoyl-CoA hydratase gene.
Another strain (5F10) was sensitive to NaCl and iPCR, and
revealed the presence of a chromosomal rearrangement in-
volving the 3ʹ region of the DUG1 gene and the 5ʹ-UTR of
the RPC10 gene.

Development of a CRISPR/Cas9 gene deletion system to
generate cdc55D M. furfur mutants

To validate the results of the insertional mutagenesis screen,
the insertional mutants 1A7 and 7D9, and their associated
mutated genes, were chosen for further analysis. First, we
focused on theUV-sensitive strain 1A7with a T-DNA insertion
in the CDC55 gene. We were intrigued by this strain because
CDC55 mutation is not known to be responsible for UV sen-
sitivity in other fungi.

Todetermine if theUVphenotypeof theoriginal insertional
mutant in 1A7 is attributable to CDC55 mutation, we first
generated a cdc55D-targeted mutant. For targeted mutagen-
esis, molecular biology techniques were performed following
our previously published methods (Ianiri et al. 2016). Re-
gions of 1500 and 1000 bp flanking the 5ʹ and 3ʹ ends of
the CDC55 target gene, respectively, were amplified from
M. furfur genomic DNA and fused with the NAT marker
within the T-DNA borders of plasmid pGI3. The recombinant

Figure 1 Southern blot analysis of M. furfur insertional mutants selected in the insertional genetic screen as having a phenotype different from WT.
Genomic DNA was digested with SacII, which does not cut within the NAT or NEO cassette, and hybridized with the ORFs of the NEO (left) and NAT
(right) genes. Each hybridization band corresponds to a single T-DNA insertion. The names of the transformants and of the M. furfur WT are indicated.
NAT, nourseothricin; NEO, G418; T-DNA, transfer DNA; WT, wild-type.
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Figure 2 T-DNA insertion sites in 15 transformants of M. furfur as determined by iPCR. For each transformant, the mutated region and its correspond-
ing region in the WT are shown. The region altered by the T-DNA is indicated above the sequence. When the sequences of two regions are shown above
the sequence, it indicates that the T-DNA insertion involved different locations of the M. furfur genome. The borders of the T-DNA are depicted in bold.
Uppercase letters represent nucleotides corresponding to regions with RNAseq coverage (and hence representing either 5ʹ- or 3ʹ-UTRs as indicated, or
ORFs), while lowercase letters represent intergenic regions with no RNAseq coverage. The red nucleotides in strain 6A10 indicate a TAG stop codon. The
symbol “2/2” indicates chromosomal rearrangement, with genomic locations shown in parentheses for the two transformants (2H11 and 5F10) having
rearrangements involving the same chromosome. iPCR, inverse PCR; RNAseq, RNA sequencing; T-DNA, transfer DNA; WT, wild-type.

1170 G. Ianiri et al.



plasmid (pGI41) bearing the cdc55D::NAT allele was identi-
fied in S. cerevisiae by colony PCR and transformed in
A. tumefaciens EHA105 via electroporation. Several rounds
of AtMT were performed, and NAT-resistant transformants of
M. furfur were single-colony purified and subjected to diag-
nostic PCR to confirm CDC55-targeted mutagenesis. None of

the transformants tested (0 out of . 100) showed full re-
placement of CDC55.

Next, we developed a CRISPR/Cas9 system forM. furfur to
increase HR efficiency. Because the plasmid for targeted gene
replacement of CDC55 was already available, we generated
an additional plasmid to make a DNA DSB in CDC55, and

Figure 3 Position of T-DNA inser-
tions in M. furfur mutants and their
associated phenotypes. Each sec-
tion shows mutants sensitive to
the same stress or condition, such
as reduced growth on mYNB me-
dium (A), reduced growth at 37�
(B), and sensitivity to UV light (C),
FLC (D), or CdSO4 (E). The positions
of the T-DNA insertions are indi-
cated by red bars, and in the same
panel the phenotypes of the mu-
tants are also shown. Exons are rep-
resented in blue, introns in white,
and UTRs in gray. In the qPCR of
(B) **** P , 0.0001 and *** P ,
0.001 for each pairwise compari-
son. FLC, fluconazole; mDixon;
modified Dixon’s media; qPCR,
quantitative PCR; T-DNA, transfer
DNA; unch./unchar., uncharacter-
ized; WT, wild-type; mYNB, mini-
mal yeast nitrogen base.
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then used the available cdc55D::NAT allele as the HDR tem-
plate to repair the break. For expression of Cas9, the ORF of
the CAS9 endonuclease was cloned under the control of the
strong promoter and terminator of the histone H3 gene ofM.
sympodialis ATCC42132. To drive expression of gRNA spe-
cific for the target CDC55 gene, the promoter of the 5S rRNA
was chosen. Because the ribosomal cluster is well annotated
in the newly released genome of M. sympodialis (Zhu et al.
2017), and we have evidence that M. sympodialis promoters
and terminators are functional in M. furfur (Ianiri et al.
2016), a 689-bp region including the 5S rRNA and its
upstream region was amplified from M. sympodialis
ATCC42132. The forward primer for the p5S rRNA contained
restriction sites for SacII and SpeI to facilitate genetic manip-
ulations. The scaffold gDNA was also obtained by PCR, and
6 thymine residues were included as a terminator. A 20-nt
oligonucleotide target of gRNA was designed to match a re-
gion of the CDC55 gene adjacent to a PAM site, and it in-
cluded the 5ʹ and 3ʹ regions that overlapped with the 5S
rRNA promoter and the gRNA scaffold, respectively. This tar-
get oligonucleotide was added to the gRNA scaffold through
PCR as reported in Figure 4B. The five PCR fragments (pH3,
CAS9, tH3, p5S rRNA, and gRNA) were used as templates for
overlap PCRs, and two final amplicons (pH3-CAS9-tH3 and
p5SrRNA-gRNA) were cloned in pPZP201BK to generate
plasmid pGI40 (Table 2) (Figure 4, A and B).

AtMT of M. furfur CBS14141 was conducted to test the
developed CRISPR/Cas9 system to generate targeted gene
replacement of the CDC55 gene. Since our previous reports
of AtMT of Malassezia (Ianiri et al. 2016, 2017a), we have
optimized the protocol to achieve greater transformation
efficiency. The main change involves the use of a 2:1 to
5:1 Malassezia:A. tumefaciens mixture that is concentrated
through centrifugation before the co-incubation step on
mIM (Ianiri et al. 2016); the detailed procedure is reported
in theMaterials andMethods. A representative subset of 23M.
furfur NAT-resistant transformants were single-colony puri-
fied and subjected to molecular characterization through
PCR. Genotyping was performed using: (1) primers designed
beyond the regions of DNA used in the generation of the
deletion allele in combination with specific NAT primers;
(2) primers internal to the gene CDC55; (3) primers specific
for the CAS9 genes, and (4) primers specific for the gRNA
(Figure 5B). Specific amplicons of�1.6 and�1.4 kb for the 5ʹ
(left) and 3ʹ (right) T-DNA-genomic DNA junctions, respec-
tively, were obtained for all of the 23 randomly selected
transformants. Accordingly, the internal region of CDC55
was amplified only from the WT strain. No amplicons for
CAS9 or the gRNAwere obtained. These results indicate that
all transformants tested had full replacement of the CDC55
gene, and an absence of CAS9 and gRNA integration in the
genome (Figure 5C). Furthermore, 64 additional random
cdc55D mutant candidates were tested for sensitivity to hy-
droxyurea, which we found to be the most effective stressor
for the cdc55D phenotype, and we found that 62 displayed
impaired growth compared to WT (Figure S1). Therefore,

molecular and phenotypic analyses revealed that out of
87 transformants analyzed, 85 were cdc55D mutants, result-
ing in a rate of successful HR of 97.7%.

In S. cerevisiae, CDC55 positively regulates mitotic entry at
the G2/M phase transition, mitotic spindle assembly, and the
morphogenesis checkpoint, and negatively regulates mitotic
exit (Wang and Burke 1997; Bizzari and Marston 2011). Null
cdc55D mutants display abnormally elongated buds, de-
creased growth rate, and increased sensitivity to g rays and
hydroxyurea (DNA-damaging agents that interfere with DNA
replication), to benomyl and nocodazole (which interfere
with microtubule polymerization), and cold-induced stress.
Phenotypic characterization of two representative indepen-
dent cdc55D mutants confirmed that they were sensitive to
UV light (Figure 5D), corroborating the phenotype of the in-
sertional mutant 1A7. Moreover, the cdc55D mutants had
slower growth rates compared to the WT strain, and in-
creased sensitivity to hydroxyurea and benomyl (Figure
5D). Due to the inability of M. furfur WT to grow at low
temperatures, cold sensitivity could not be determined for
M. furfur cdc55D. The cdc55D mutants were subjected to
microscopy analysis both under normal and stress conditions,
and when exposed to hydroxyurea, the cells displayed abnor-
mal morphology and elongated buds, similar to S. cerevisiae
cdc55D mutants (Figure 5E).

Generation of a pdr10D M. furfur mutant with
CRISPR/ Cas9

Theother insertionalmutant of interestwas strain 7D9,which
has a T-DNA insertion between the PDR10 and UBC6 genes,
and exhibited FLC sensitivity. It was hypothesized that the
phenotype of strain 7D9 was due to the T-DNA interfering
with the function of PDR10, which is well known to mediate
an antifungal drug response and therefore was chosen for
targeted mutagenesis. The pdr10D::NAT gene disruption cas-
sette was generated as previously described for CDC55, and
the vector was named pGI42. For the gRNA, a primer with a
specific PDR10 target between regions that overlap with the
5S rRNA promoter and the gRNA scaffold was added to the
gRNA scaffold by PCR. The resulting amplicon was then
cloned together with the p5S rRNA in the T-DNA of pGI40
digested with SpeI, as reported in Figure 4B; this vector was
named pGI48.

Cotransformation of M. furfur CBS14141 was performed
using A. tumefaciens strains bearing plasmids pGI42 and
pGI48, as reported in Figure 5A. SixtyM. furfurNAT-resistant
transformants were single-colony purified and streaked onto
mDixon + FLC. Five (8.3%) transformants that displayed
FLC sensitivity plus a randomly selected FLC-resistant control
strain were subjected to molecular characterization (Figure
6B). PCR analysis using external screening primers designed
beyond the region of DNA utilized to generate the
pdr10D::NAT deletion allele produced two amplicons: a
6183-bp amplicon for the WT and the FLC-resistant strain,
and a 3933-bp amplicon for the five transformants that dis-
played FLC sensitivity. For these five transformants, PCR
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carried out using the external primers with specific NAT pri-
mers generated amplicons of�1.1 and�1.3 kb on the 5ʹ and
3ʹ regions, respectively. PCR using primers internal to the
PDR10 gene generated an amplicon of 486 bp only in the
WT and the randomly selected NAT-R strain. These PCR re-
sults indicate full replacement of the PDR10 gene in the five
transformants that displayed FLC sensitivity.

Mutants of pdr10D showed hypersensitivity to FLC, indi-
cating that the phenotype of strain 7D9 was due to T-DNA
interfering with the function of PDR10. Because ABC trans-
porters are involved in pleiotropic drug resistance and cellu-
lar detoxification, the phenotypic response of pdr10D
mutants was tested against other antifungal drugs of clinical
relevance. Surprisingly, M. furfur pdr10D mutants showed
only sensitivity to FLC and grew at the WT level on AmB,
5-flucytosine, caspofungin, FK506, and CsA both alone and
in combination with the plasma membrane stressor lithium
chloride (Figure 6C and data not shown), which we previ-
ously showed enhances antifungal activity of tacrolimus
against M. furfur (Ianiri et al. 2017a). M. furfur pdr10D mu-
tants did not display sensitivity to the DNA-damaging agents
UV or hydroxyurea, and only displayed sensitivity to the fun-
gicide benomyl (Figure 6C).

During BLAST searches, we noted that M. furfur has two
adjacent ABC transporter-encoding genes that are orthologs of
three adjacent ABC transporter-encoding genes in M. sympo-
dialis (Figure 6D), a Malassezia species that is a model for
genomic comparison within the genus because of the high
quality of its genome assembly (Zhu et al. 2017). Interestingly,
BLASTp of these ABC transporters against S. cerevisiae revealed
a high level of similarity (i.e., E-value 0.0) with several ABC
transporters, such as Pdr18, Pdr12, Pdr5, Pdr10, Pdr15, Aus1,
and Pdr11. Reciprocal BLAST (BLASTp and tBLASTn) of these
proteins againstM. furfur andM. sympodialis identified only the
aforementioned adjacent ABC transporters, which we named
Mf (M. furfur) and Ms (M. sympodialis) PDR10_1, PDR10_2,
and PDR10_3. The mutated gene in M. furfur corresponds to

PDR10_1. Phylogenetic analysis revealed that ABC transporters
ofM. furfur andM. sympodialis cluster together in a maximum
likelihood tree, and are related to the S. cerevisiae Pdr10 ABC
transporter,which is the gene designation thatwe selected. This
analysis suggests a common duplication event of theMalassezia
PDR10 (green dot on Figure 6E), followed by another more
recent duplication in M. sympodialis (blue dot on Figure 6E).

Discussion

AtMT is considered a “silver bullet” in functional genomics of
fungi, and its main applications as well as the major discov-
eries that it has allowed have been recently reviewed
(Idnurm et al. 2017a). Because A. tumefaciens can grow un-
der a variety of conditions, the transformation method is
versatile and has been successfully applied in a number of
fungi, including those with particular nutrient requirements
and that are recalcitrant to other transformation approaches,
such as Malassezia (Ianiri et al. 2016; Celis et al. 2017).

In this report, we present the first application of forward
genetics inM. furfur, a representative species of the fungemia-
causing Malassezia group. The goal was to generate random
insertional mutants, expose them to stress to isolate strains
displaying sensitivity compared to the WT, and identify the
corresponding T-DNA insertion sites to determine the func-
tion of the genes causing the phenotypes. Given the lack of
knowledge on gene function in Malassezia, insertional mu-
tants were assayed on a variety of conditions that are known
to interfere with: (1) important cellular processes, such as
those involved in plasma membrane and cell wall mainte-
nance, growth under nutrient-limiting conditions, and pro-
tein folding; (2) response to environmental stresses, such as
osmotic and nitrosative stresses, UV light, elevated tempera-
ture and pH, and heavy metals; and (3) response to the an-
tifungal FLC, which is of clinical relevance.

This loss-of-function screenallowed thecharacterizationof
eight M. furfur insertional mutants (1A7, 2A8, 2F4, 6A10,

Figure 4 Development of a CRISPR/Cas9 system in M.
furfur. (A) Complete T-DNA necessary for CAS9 ex-
pression and gRNA excision inM. furfur. The promoter
and terminator of the histone H3 gene of M. sympo-
dialis ATCC42132 (pH3 and tH3, respectively) and the
CAS9 gene are shown in green. The gRNA is shown in
red, and the gene-specific target region is shown in
yellow. Sites for recombination are shown in blue, and
the RB and LB of the T-DNA are shown in purple.
Restriction sites were added to facilitate further mo-
lecular manipulation. The black bar indicates the full-
length gRNA that is shown in greater resolution in (B).
(B) The gRNA includes the 5S rRNA promoter region

(p5S rRNA) obtained with primers JOHE46463 and JOHE46464 through touchdown PCR with M. sympodialis ATCC42132 genomic DNA. The gene-
specific gRNA was obtained by PCR using a target-specific primer, which overlaps with the p5S rRNA and the gRNA scaffold, and includes a 20-nt target
sequence (represented in yellow). This was used in combination with JOHE46466, which includes the 6T terminator (and a region for recombination in
pPZP201BK, which is not shown). A SpeI restriction site was added to facilitate further use of the CRISPR/Cas9 system inMalassezia. To perform targeted
mutagenesis of another gene, we recommend using SpeI digestion of the plasmid in (A) (pGI40), and cloning the two PCR products (p5S rRNA and
gene-specific gRNA) through Gibson or HiFi assembly. We used this strategy to generate binary vector pGI48 for CRISPR/Cas9-mediated mutagenesis of
the PDR10 gene. CRISPR, clustered regularly interspaced short palindromic repeats; HiFi, plasmid recombination kit; gRNA, guide RNA; LB, left border;
RB, right border; T-DNA, transfer DNA.
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6C8, 7D9, 7F8, and 7H6) that had single T-DNA insertions as
determined by Southern blot analysis (Figure 1), and that
displayed sensitivity to one or more stress conditions (Figure
3 and Table 1). In four strains, the T-DNA inserted within the
ORFs of genes, and in one strain it was found to lie within a
3ʹ-UTR (Figure 2, Figure 3, and Table 1), thus allowing us to
define a direct link between genotype and phenotype with
high confidence. Clear examples of this wereM. furfur trans-
formants 2A8 and 1A7. Strain 2A8was selected because of its
reduced growth onminimal medium (YNB), and it was found
to have a T-DNA insertion in the ARG1 gene. Strain 1A7 was
selected for its increased sensitivity to UV light, and was
found to have a T-DNA insertion in the CDC55 gene. Two
approaches were employed to validate the findings of the
insertional mutagenesis screen. For strain 2A8, the addition
of arginine was sufficient to rescue growth to a WT level
(Figure 3A), while targetedM. furfur cdc55Dmutants (Figure
5) confirmed the role of CDC55 in UV sensitivity for strain
1A7.

In three other mutants of interest, the T-DNA inserted
between two adjacent genes and further experiments were
conducted to identify the gene(s) responsible for the observed
phenotype. A successful approach for strain 7H6 was gene
expression analysis through RT-qPCR, which revealed down-
regulation of both genes flanking the T-DNA insertion (Figure
3B). Strain 7D9 was sensitive to FLC, and had a T-DNA in-
sertion between the 3ʹ region of UBC6 and the 5ʹ region of
PDR10; targeted mutagenesis confirmed that the observed
phenotype was due to T-DNA insertion in the promoter re-
gion of PDR10 (Figure 6). Lastly, the RT-qPCR approach did
not allow us to define which genes were responsible for the
cadmium sulfate-sensitive phenotype of strain 2F4 (data not
shown).

Despite the benefits of an AtMT random mutagenesis
approach, analysis of theT-DNA insertionevents also revealed
limitations. For example, 11 of 19 M. furfur insertional mu-
tants selected (�58%) were not useful for gene function
analysis due to either multiple or tandem T-DNA insertions,
difficulties in identifying T-DNA insertion sites, or T-DNA in-
sertion mediating chromosomal rearrangements (Figure 1
and Table 1). Although AtMT represents a powerful method

for random mutagenesis, we and other authors have com-
monly found nonstandard T-DNA insertion events in the ge-
nome of both ascomycetous and basidiomycetous fungi [for
more details see the following reviews and references within
them (Michielse et al. 2005; Bourras et al. 2015; Idnurm et al.
2017a; Hooykaas et al. 2018)]. For example, in a recent study
on systematic T-DNA insertion events in the red yeast
Rhodosporidium toruloides, Coradetti et al. (2018) found that
only 13% of mutants had regular T-DNA insertions and 21%
of total insertions were useful to identify the mutated genes
(Coradetti et al. 2018). Moreover, in classical forward genetic
screens in which loss-of-function events are selected, it is
common to isolate strains with chromosomal rearrangements
that originated following the insertion of the T-DNA because
these strains are generally less fit and display increased sen-
sitivity to stress (Ianiri and Idnurm 2015). These undesirable
events have been also described following AtMT of plants
(Clark and Krysan 2010).

In forward genetics, the link between T-DNA insertion and
phenotype is typically confirmed through: (1) sexual crosses
and analysis of the phenotype in the recombinant progeny, (2)
functional complementation, or (3) generation of an inde-
pendent targeted mutation for the identified gene (Idnurm
et al. 2017a). Because of the lack of a known sexual cycle
in Malassezia and the difficulty of genetic manipulation for
complementation studies, we aimed to generate M. furfur
mutants specifically for the genes CDC55 and PDR10, to
validate their involvement in UV and FLC resistance, respec-
tively. Despite several rounds of transformation, we did not
obtain any CDC55 or PDR10 mutants. Therefore, we devel-
oped a system based on CRISPR/Cas9 to increase HR and
facilitate the generation of targeted mutants in M. furfur.
Because AtMT is the only effective transformation technique
for Malassezia, both a functional CAS9 cassette and a gRNA
needed to be cloned within the T-DNA of a binary vector,
together with a marker for selection. We also needed a spe-
cific gene replacement construct to serve as a template to
repair the DSB for HR-mediated targeted mutagenesis. In
fungi, CRISPR/Cas9 has been used with AtMT in two studies
(Idnurm et al. 2017b; Kujoth et al. 2018). For CRISPR/Cas9
in Malassezia, we opted for a system that would be suitable

Table 2 Plasmids used in the present study

Name Background Relevant features Purpose References

pAIM2 pPZP-201BK pACT1-NAT-tACT1 Random insertional mutagenesis Ianiri et al. (2016)
pAIM6 pPZP-201BK pACT1-NEO-tACT1 Random insertional mutagenesis Ianiri et al. (2016)
pPZP-201BK NA KAN-R Binary vector that replicates in E. coli and

A. tumefaciens
Covert et al. (2001)

pGI3 pPZP-201BK ScURA3 + 2m; KAN-R Binary vector that replicates in E. coli,
A. tumefaciens, and S. cerevisiae

Ianiri et al. (2017b)

pGI40 pPZP-201BK pH3-CAS9-tH3 + p5S rRNA-gRNA CDC55 Cas9 endonuclease and CDC55 target
gRNA

This study

pGI41 pGI3 cdc55::NAT HDR template to generate cdc55D This study
pGI42 pGI3 pdr10::NAT HDR template to generate pdr10D This study
pGI48 pGI40 pH3-CAS9-tH3 + p5S rRNA-gRNA PDR10 Cas9 endonuclease and PDR10_1 target

gRNA
This study

HDR, homology-directed repair; KAN-R, kanamycin-resistant; gRNA, guide RNA.
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for targeted gene replacement through HR based on cotrans-
formation of M. furfur with two A. tumefaciens strains, one
bearing the binary vector with the HDR gene deletion allele
and the other with a binary vector engineered for the
CRISPR/Cas9 system without a gene marker. The rationale
for generating a marker-free binary vector was to: (1) have a

CRISPR/Cas9 transient expression system with a reduced
rate of CAS9 and/or gRNA ectopic integration in the host
genome, similar to a system developed for C. albicans and
C. neoformans (Min et al. 2016; Fan and Lin 2018); (2) allow
further genetic manipulation of the NAT-generated mutant
using the other available Malassezia-specific gene marker

Figure 5 CRISPR/Cas9-mediated target mutagenesis of M. furfur CDC55. (A) Cotransformation of M. furfur mediated by two A. tumefaciens strains,
one that delivers a T-DNA including the HDR template (i.e., cdc55D::NAT deletion construct in red), and another that includes the CAS9 cassette (in
green) and the gene-specific gRNA (dark red). Also depicted are the vir plasmids present in A. tumefaciens cells that are necessary for T-DNA excision
and transfer to the M. furfur nucleus where HR occurs. (B) Magnification of the HR event that occurs in the M. furfur nucleus. The top construct
represents the T-DNA of the plasmid pGI41 bearing the cdc55D::NAT HDR template. The middle panel represents the nativeM. furfur CDC55 locus, the
primers used to amplify the 5ʹ and 3ʹ regions for HR, the internal primer for the CDC55 gene, and the 20-nt target sequence (yellow). The gRNA guides
Cas9 to the target site to generate a DSB that is repaired using the deletion allele as template, resulting in the targeted replacement of CDC55 with a
NAT dominant marker (lower panel). Primers outside the region in which HR events occur are used in combination with primers for the NAT marker to
identify cdc55D mutants. (C) Diagnostic PCR analyses of M. furfur WT and NAT-resistant transformants for the identification of cdc55D mutants. Each
panel used the indicated combination of primers, whose position can be found in (B). PCR primers for CAS9 and gRNA are reported in Table S1. (D)
Phenotypic analysis of M. furfur WT, insertional mutant 1A7, and two independent cdc55D mutants on mDixon (control), UV (300 mJ/cm2 3 100),
hydroxyurea (50 mM), and benomyl (50 mM); 1.5 ml of 10-fold serial dilutions were spotted on the agar plates, incubated at 30� for 3–7 days, and then
photographed. (E) Microscopic analysis of cell morphology of WT and a representative cdc55D mutant, after growth on mDixon and mDixon
supplemented with hydroxyurea (50 mM). The black bar indicates 5 mm. CRISPR, clustered regularly interspaced short palindromic repeats; DSB,
double-strand break; gRNA, guide RNA; HDR, homology-directed repair; HR, homologous recombination; mDixon; modified Dixon’s media; NAT,
nourseothricin; T-DNA, transfer DNA; WT, wild-type.
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encoding resistance to NEO; and (3) reduce recombination
within the actin promoter, and terminator regions of the NAT
and NEO gene markers.

Thechoiceofanappropriatepromoter forgRNAexpression
has been a major challenge for the application of CRISPR/
Cas9 technology in fungi. Common approaches include the

use of a strong promoter recognized by RNA polymerase II,
such as that of the ACT1 or GDP1 genes, coupled with a
hammerhead ribozyme and/or hepatitis d virus ribozyme
for gRNA excision (Idnurm et al. 2017b; Kujoth et al.
2018); the use of RNA polymerase III promoters, such as the
U6 promoters of small nuclear RNA used for C. neoformans

Figure 6 Targeted CRISPR/Cas9-mediated gene replacement of theMf PDR10 gene. (A) The T-DNA including the pdr10D::NAT HDR template is shown
at the top. The PDR10 gene, the primers used to amplify the 5ʹ and 3ʹ regions for HR, the internal primer for the PDR10 gene, and the 20-nt target
sequence (yellow) for the DSB are shown in the middle. The bottom part shows the pdr10D mutant allele and the primers used for PCR. (B) Diagnostic
PCR analyses of Mf WT, and five FLC-sensitive and one FLC-resistant, transformants for the identification of pdr10D mutants. Each panel used a
combination of primers that are represented in (A). (C) Cellular suspension (1.5 ml) of the WT strain CBS14141, insertional mutant 7D9, and two
independent pdr10D mutants were spotted on mDixon (control), FLC (150 mg/ml), AmB (50 mg/ml), 5-FC (1 mg/ml), Caspo (100 mg/ml), CsA alone or
with 10 mM of LiCl (100 mg/ml), FK506 (100 mg/ml) alone or with 10 mM of LiCl, benomyl (50 mM), UV (300 mJ/cm2 3 100), hydroxyurea (50 mM), or
DMSO [800 ml/liter (solvent used to resuspend benomyl)]. (D) ACT Artemis synteny comparison of a 15-kb region including the three copies of the
PDR10 gene of Ms and the two copies of the PDR10 gene of Mf. (E) The predicted proteins of the Sc ATP-binding cassette transporters Pdr10, Pdr5,
Pdr15, Pdr12, Snq2, Pdr18, Aus1, and Pdr11; Ms Pdr10_1, Pdr10_2, and Pdr10_3; and Mf Pdr10_1 and Pdr10_2 were used to generate a maximum
likelihood phylogenetic tree with the LG + G method (100 bootstrap replications). AmB, amphotericin B; Caspo, caspofungin; CRISPR, clustered
regularly interspaced short palindromic repeats; CsA, cyclosporine A; DSB, double-strand break; 5-FC, 5-fluorocytosine; FLC, fluconazole; G, g category;
gRNA, guide RNA; HDR, homology-directed repair; HR, homologous recombination; mDixon; modified Dixon’s media; Mf, M. furfur; Ms, M. sympo-
dialis; NAT-R, nourseothricin-resistant; Sc, S. cerevisiae; T-DNA, transfer DNA; WT, wild-type.
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(Wang et al. 2016; Fan and Lin 2018); or the promoters of the
tRNA or rRNA, with or without ribozymes (Shi et al. 2017). In
this study, we first tested a strategy based on the use of the 5S
rRNA promoter ofM. sympodialis (Figure 4B). While we were
working on developing this system, Zheng and colleagues re-
ported a similar approach in Aspergillus niger, demonstrating
high efficiency of gene editing using both the 5S rRNA pro-
moter alone or in combination with the hepatitis d virus ribo-
zyme (Zheng et al. 2018). In this study, we utilized the
regulatory regions of the histone H3 gene of M. sympodialis
to drive Cas9 expression (Figure 4A). During our first CRISPR/
Cas9 attempt, we generated M. furfur cdc55D mutants with a
HR rate of�98% (Figure 4C and Figure S1), similar to the high
rates observed in other studies (Fan and Lin 2018; Zheng et al.
2018). Given these positive results, we did not test the use of
ribozymes flanking the 5S rRNA promoter. Phenotypic analysis
confirmed the involvement of CDC55 in UV resistance, and
further assays revealed sensitivity of theM. furfur cdc55D mu-
tant to benomyl and hydroxyurea (Figure 5D), which also in-
duced abnormal bud morphology (Figure 5E). This indicates a
conserved function of the cell division cycle protein Cdc55 in
M. furfur and S. cerevisiae.

The CRISPR/Cas9 technology was then successfully
employed for targeted mutagenesis of PDR10, although the
rate of HR was lower for this gene, relative to CDC55. This
could be due to several factors, such as shorter flanking re-
gions of�800 bp used in the HDR pdr10D::NAT template, the
length of the PDR10 gene (. 4 kb), the genomic location, or
lower activity of the PDR10-specific gRNA. Analysis of M.
furfur pdr10D mutants revealed an unexpected specificity
of M. furfur PDR10 for resistance to the clinically relevant
drug FLC and to the antifungal agent benomyl (Figure 6C).
While there are multiple studies on the pleiotropic drug-re-
sistance function of ABC transporters in nonpathogenic (S.
cerevisiae) and pathogenic (C. albicans) yeasts (Sipos and
Kuchler 2006; Coste et al. 2008; Paul and Moye-Rowley
2014), specific analysis of Pdr10 mutation in response to
several drugs has yet to be performed, and therefore it is
not possible to provide a detailed comparison analysis that
supports conserved or divergent functions of PDR10 in M.
furfur. Further bioinformatics analyses revealed that Pdr10
is the only ABC transporter present in the genome of two
Malassezia species, and that it underwent ancestral and more
recent gene duplication events (Figure 6, D and E). This sug-
gests profound differences with other fungi, and further stud-
ies are needed to elucidate the evolution and specific roles of
theseMalassezia ABC transporters in resistance to chemicals,
and their network of interactions.

HistoricallyMalassezia research has been hampered by the
fastidious nature, and growth and temperature requirements
of specieswithin this genus, and by their difficult identification
and classification. Although understanding of Malassezia ge-
netics is still limited, the T-DNA-mediated random insertional
mutagenesis applied in this study coupled with a novel and
efficient CRISPR/Cas9 system represent straightforward ap-
proaches to advance molecular genetics in this understudied

organism. Furthermore, the available genome sequence and
annotation of mostMalassezia species, the recent introduction
of animalmodels to studyMalassezia interactionswith the skin
and the gastrointestinal tract (Limon et al. 2019; Sparber et al.
2019), and the development of molecular technologies (Ianiri
et al. 2016, 2017a; Celis et al. 2017) represent key scientific
advances to study the biology and pathophysiology of
Malassezia.
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