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Abstract

Knufia petricola is a black fungus that colonizes sun-exposed surfaces as extreme and oligotrophic environments. As ecologi-
cally important heterotrophs and biofilm-formers on human-made surfaces, black fungi form one of the most resistant groups
of biodeteriorating organisms. Due to its moderate growth rate in axenic culture and available protocols for its transforma-
tion and CRISPR/Cas9-mediated genome editing, K. petricola is used for studying the morpho-physiological adaptations
shared by extremophilic and extremotolerant black fungi. In this study, the bacteria-derived tetracycline (TET)-dependent
promoter (Tet-on) system was implemented to enable controllable gene expression in K. petricola. The functionality i.e.,
the dose-dependent inducibility of TET-regulated constructs was investigated by using GFP fluorescence, pigment synthesis
(melanin and carotenoids) and restored uracil prototrophy as reporters. The newly generated cloning vectors containing the
Tet-on construct, and the validated sites in the K. petricola genome for color-selectable or neutral insertion of expression
constructs complete the reverse genetics toolbox. One or multiple genes can be expressed on demand from different genomic
loci or from a single construct by using 2A self-cleaving peptides, e.g., for localizing proteins and protein complexes in the
K. petricola cell or for using K. petricola as host for the expression of heterologous genes.

Keywords Microcolonial fungi - Inducible promoter - Bimolecular fluorescence complementation - 2A peptide - CRISPR/
Cas9-mediated genome editing - Pigment synthesis

Abbreviations
CRISPR Clustered Regularly Interspaced Short Palin-
dromic Repeats

They share distinct morpho-physiological adaptations such
as slow growth, simple life cycles and the synthesis of pro-
tective metabolites, to resist or even propagate in natural and

Cas9 CRISPR-associated protein-9 nuclease human-made extreme environments with regard to tempera-
GFP Green Fluorescent Protein ture, salinity, pH, radiation, water and nutrient availability
TET Tetracycline (Prenafeta-Boldui et al. 2022; Tesei 2022; Gostincar et al.
DOX Doxycycline 2023). Black yeast-like fungi, often found in hypersaline and

glacial habitats as well as in dishwashers, include pathogenic

and opportunistic species (Giimral et al. 2015; Gostincar and
Introduction Gunde-Cimerman 2023). Microcolonial growth is typical

Black fungi represent a polyphyletic group of melanized
Ascomycetes with members in the Arthoniomycetes, Doth-
ideomycetes and Eurotiomycetes (Selbmann et al. 2020).
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for rock- or material-inhabiting species. The thick-walled
heavily melanized cells reproduce by yeast-like budding or
meristematic growth and form compact black colonies on
desert rocks, monuments, roofs, and photovoltaic panels
(Staley et al. 1982; Wollenzien 1995; Selbmann et al. 2015;
Knabe and Gorbushina 2018; Martin-Sanchez et al. 2018;
Ruibal et al. 2018; Liu et al. 2022).

The rock inhabitant Knufia petricola (syn. Sarcinomyces
petricola; Eurotiomycetes, Chaetothyriales) contributes to
the color change and biodeterioration of antique marble in
the Mediterranean (Gorbushina et al. 1993; Wollenzien et al.
1997; Gorbushina and Broughton 2009). Besides the black
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DHN (1,8-dihydroxynapththalene) melanin, the fungus
produces carotenoids, mycosporines and extracellular poly-
meric substances (EPS) (Volkmann et al. 2003; Breitenbach
et al. 2018; Flieger et al. 2018). The genes encoding the key
enzymes for DHN melanogenesis and carotenogenesis were
targeted to implement and optimize CRISPR/Cas9-medi-
ated genome editing techniques, as their mutation results
in screenable phenotypes. Thus, the mutation of pks/ abol-
ishes melanization making the pinkish carotenoids visible,
while the simultaneous mutation of pks/ and phsl or phdl
results in albino colonies (Voigt et al. 2020). These mutants
were studied regarding the dissolution of olivine, the pen-
etration of carbonate substrates and the composition of the
EPS (Gerrits et al. 2020; Tonon et al. 2021; Breitenbach
et al. 2022). Further, pks! alone or together with phsl is used
for the targeted integration of expression constructs into the
K. petricola genome (black-pink or black-white transformant
screening). For the neutral integration of expression con-
structs, two intergenic regions (igrl/igr2) were validated.
The color-selectable integration is favorable for localization
and protein—protein interactions studies using fluorescent
proteins, while the intergenic regions are to be used in par-
ticular for the genetic complementation of deletion mutants
(Erdmann et al. 2022). Taken together, tools for the targeted
integration of several expression constructs, including five
different resistance cassettes, well-working constitutive pro-
moters and reporter genes combined in highly convenient
cloning vectors, are available for K. petricola. However, a
promoter for regulable gene expression is missing. Neither
the promoter of the nitrate reductase-encoding gene nor the
promoter of the galactokinase-encoding gene mediated gene
expression in response to nitrate or galactose (Erdmann et al.
2022). This observation may point to a differently regulated
primary metabolism in K. petricola as adaptation to the
oligotrophic environment. Therefore, a synthetic system
allowing for controllable gene expression independent of
endogenous regulatory networks was envisaged.

The regulatory components from the bacterial transposon
Tn10 mediating the resistance towards tetracycline (TET)
were used to build an inducible promoter system for eukary-
otic cells as reviewed by Berens and Hillen (2003) and Kluge
et al. (2018). In brief, it is based on the tetracycline repres-
sor protein (tetR) and the corresponding operator sequence
(tetO) of Escherichia coli. TetR represses transcription by
binding to ferO in the absence of TET and dissociate from
tetO if TET is present. For using this negatively regulated
circuit, the prokaryotic tetR was fused to the transcriptional
activation domain from herpes simplex virus protein 16
(VP16) yielding the TET-regulated transcriptional activa-
tor (tTA). A minimal TATA-box-containing promoter was
combined with one to seven copies of fetO to generate tTA-
responsive promoters (Pfef). Because TET prevents bind-
ing of tTA to Ptet and therefore hinders gene expression,
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the system is called Tet-off. For extending the applicability
of the regulatory system, binding properties of tTA were
reversed (rtTA) to enable the binding to zetO in the presence
of TET. Different rtTA variants were generated to optimize
the expression in eukaryotic cells and increase the sensitiv-
ity to the TET derivate doxycycline (DOX). The resulting
Tet-on system allows for the inducible gene expression by
addition of TET or DOX. Taken together, the choice of (r)
tTA determines if the system is positively or negatively regu-
lated. Constructs used in filamentous Ascomycetes including
Aspergillus species (Vogt et al. 2005; Meyer et al. 2011;
Helmschrott et al. 2013; Diimig and Krappmann 2015; Sasse
et al. 2016; Wanka et al. 2016; Geib and Brock 2017; Grau
et al. 2018; Peng et al. 2018; Zheng et al. 2022), Penicil-
lium oxalicum (Jiang et al. 2016), and Fusarium fujikuroi
(Janevska et al. 2017; Marente et al. 2020) differ with regard
to the (r)tTA expression cassette (different constitutive pro-
moters and/or coding sequences) and Ptet (fetO copy num-
bers and/or minimal promoters).

This study reports on the implementation of the Tet-on
system for regulable gene expression in the oligotrophic
fungus K. petricola. The inducer doxycycline (DOX) did
not significantly impair growth and mediated the expression
of genes from a synthetic Pzet in a dose-dependent manner.
This was demonstrated for gfp, two fusion genes from differ-
ent genomic loci for localization of a protein complex, and
endogenous biosynthetic genes that were fused by a viral
2A motif.

Materials and methods
Fungal strains and cultivation conditions

Knufia petricola strain A95 (CBS 123872), isolated in
Athens, Greece (Gorbushina et al. 2008; Nai et al. 2013),
was used as wild type (WT) (Table S1). Relevant genes
and genomic regions are listed in Table S2. WT:A95 and
its derivatives were cultivated on solidified or in liquid
media at 25 °C (and 100 rpm) in darkness. Media con-
tained 2% kobe agar (AppliChem) for solidification. Malt
extract broth/agar [MEB/MEA: 2.0% glucose, 0.1% casein
peptone (Carl Roth), 2.0% malt extract (Carl Roth)] was
used as complex medium for strain maintenance. Synthetic-
defined nitrate glucose broth/agar [SDNG: 0.17% BD Difco
Yeast Nitrogen Base without Amino acids and Ammonium
Sulfate (Thermo Fisher Scientific), 0.3% NaNO;, 2.0% glu-
cose] was used as basal synthetic medium. For cultivation
of auxotrophic strains 50 mg/l adenine hemisulfate (ADE,
Sigma-Aldrich) or 50 mg/l uracil (URA, Sigma-Aldrich)
were added. For inoculation of liquid cultures and growth
assays, cells were taken from surface-grown colonies, resus-
pended in 1 X phosphate-buffered saline [PBS: 137 mM
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NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,,
pH 7.4], and dispersed using glass beads (3 to 5 mm) and
a mixer mill (Retsch) for 5 min at 30 Hz. Cell titers were
determined using a Thoma cell counting chamber. For com-
parative growth assays, cell titers were adjusted with PBS
to 1 10° cells/ml and dilution series down to 1x 103 cells/
ml were prepared. 10-ul were dropped onto solidified media.
Liquid cultures were inoculated with 1x 10 cells and incu-
bated at 25 °C and 100 rpm. Media were supplemented with
doxycycline hyclate (DOX) (Merck) from stock solutions
of 25 or 50 mg/ml H,O. Saccharomyces cerevisiae FY834
(Winston et al. 1995) and the generated derivates for epi-
somal gene expression (Table S3) were cultivated in YPD
(yeast peptone dextrose; Formedium) or synthetic defined
medium without uracil [SD-URA: 0.17% BD Difco Yeast
Nitrogen Base without Amino acids and Ammonium Sulfate
(Thermo Fisher Scientific), 0.5% (NH,),SO,, 0.077% —Ura
Dropout Supplement (Takara Bio)] with 2% glucose (SD/
GLU) or 4% galactose (SD/GAL) at 30 °C (and 200 rpm)
in darkness.

Standard molecular methods

Genomic DNA from K. petricola was prepared according
to Voigt et al. (2020). DNA was mixed with Midori Green
Direct (Biozym Scientific) and separated in 1-2% aga-
rose gels using the 1 kb Plus DNA Ladder (New England
Biolabs, NEB) as size standard. Gel electrophoresis was
carried out in Mupid exU chambers and 0.5% tris—acetate-
EDTA (TAE) buffer. Nucleic acids were visualized with
the ChemiDoc XRS + Imager equipped with Image Lab
6.0.1 (Bio-Rad Laboratories). Total RNA from K. petri-
cola was extracted using the TRI Reagent RNA Isolation
Reagent (Sigma-Aldrich) and purified using the Mon-
arch RNA Cleanup Kit (NEB). 1 pg of total RNA was
submitted to reverse-transcription (RT) using the iScript
gDNA Clear cDNA Synthesis Kit (Bio-Rad Laboratories).
Standard PCR reactions were performed using desalted
primers from Eurofins Genomics listed in Table S4 and
Table S5, the Q5 High-Fidelity DNA Polymerase (NEB)
for cloning and sequencing purposes and the 7ag DNA
Polymerase (NEB) for diagnostic applications. Plasmids
listed in Table S6 were assembled in-vivo by homolo-
gous recombination in S. cerevisiae FY843 (Oldenburg
et al. 1997) or in-vitro using the NEBuilder HiFi DNA
Assembly Master Mix (NEB). Entry plasmids for cloning
expression constructs were pRS426-derived shuttle vectors
containing E. coli bla and S. cerevisiae URA3 for selec-
tion (Mumberg et al. 1994; Schumacher 2012; Erdmann
et al. 2022). S. cerevisiae was transformed with the LiAc/
carrier DNA/PEG method from Gietz and Schiestl (2007).
Plasmid DNA from E. coli and S. cerevisiae was extracted

with the Monarch Plasmid Miniprep Kit (NEB). Sanger
sequencing was accomplished with the Mix2Seq Kit at
Eurofins Genomics. Cloning procedures were supported
by using SnapGene 4.0.8 (GSL Biotech).

Targeted editing of the K. petricola genome

The integration of DNA sequences, e.g., into intergenic
regions (igr) (Fig. S1), was accomplished by introducing
double strand breaks (DSB) in the desired genomic regions
by plasmid-based expression of Cas9 and target-specific
sgRNA and providing donor DNA — expression constructs
flanked by sequences homologous to the integration site
— for repair of the DSB by homologous recombination (HR).
Plasmids containing one to six sgRNAs were generated by
using pFC902 (Ngdvig et al. 2018) as template for the ampli-
fication of tRNA-sgRNA fragments and pFC332 (Ngdvig
et al. 2015) as entry plasmid (Table S6). Protospacer (PS)
sequences of genomic regions of interest were identified
with the CRISPR site finder of Geneious Prime 2023.2.1
(Biomatters). Donor DNA from plasmid DNA was gener-
ated in three different ways: (1) by amplification using prim-
ers containing ~ 75-bp-long 5 overhangs homologous to the
specific genomic regions yielding donor DNA with short-
homologous (SH) sequences (compatible with all used plas-
mids), (2) by digesting plasmids of the pIGRXR-XXX series
with a suitable restriction enzyme, e.g., Swal, cutting up-
and downstream of the long-homologous (LH) sequences,
or (3) by amplification from pIGRXR-XXX with the primer
pair igrX-RF-F1/igrX-RF-R1 binding in the respective LH
sequences for generation of donor DNA with homologous
sequences of medium lengths (Table S7, Fig. S2). The gen-
eration and PEG-mediated transformation of K. petricola
protoplasts were performed as described previously (Noack-
Schonmann et al. 2014; Erdmann et al. 2022). The cell wall
lysis buffer contained 40 mg/ml VinoTaste Pro (Novozymes)
and 1 mg/ml Yatalase (Takara Bio). 2 ug of circular Cas9-
and sgRNA-delivering plasmid DNA and 10 pl of each
linear donor DNA were mixed with 1x 10 protoplasts.
Top agar contained 50 pg/ml hygromycin B [HYG] (Appli-
Chem), 5 pg/ml nourseothricin [NTC] (Jena Bioscience),
100 pg/ml geneticin [G418] (Sigma-Aldrich), and/or 40 pg/
ml glufosinate ammonium [GFS] (ChemPUR) for selection
and 50 pug/ml ADE or 50 pg/ml URA for supplementation.
Biomass of growing colonies were transferred to selective
media, i.e., MEA plus 25 pg/ml HYG, 5 pg/ml NTC and/or
100 pg/ml G418, or SDNG plus 40 pg/ml GFS. The targeted
integration of the expression constructs in resistant trans-
formants was detected by diagnostic PCR combining prim-
ers binding in the expression constructs with those binding
up- and downstream of the homologous sequences in the
K. petricola genome (Fig. S1, Fig. S3, Fig. S4, Fig. S5).
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Fig. 1 Effect of doxycycline (DOX) on growth of different K. petri-
cola strains. a Supplementation of agar media with DOX does not
affect growth. Cells of the indicated strains (10%, 10%, 10%, 10"
were dropped onto MEA or SDNG agar containing DOX in vari-
ous concentrations. Colonies derived from 103 cells are shown only.
b Increasing concentrations of DOX in SDNG liquid cultures nega-

Fluorescence microscopy

Surface-grown cells were resuspended in 200 ul of PBS
by pipetting. 10 ul of these cell suspensions or liquid cul-
tures were spotted onto objective slides, covered with cover
slips, and analyzed with a Zeiss Axiolmager M2m micro-
scope. The filter set 38 HE [excitation BP 470/40, beam
splitter FT 495, emission BP 525/50] and 45 TR [excita-
tion BP 560/40, beam splitter FT 585, emission BP 630/75]
were used for examination of GFP and mCherry fluores-
cence, respectively. Images were captured with a Zeiss Axi-
oCam 503 mono camera. For determining GFP fluorescence
intensities, samples from liquid cultures were prepared and
eight to 25 images of each replicate were acquired on the
same day (new samples were prepared after ten recordings
the latest). The intensity mean value (average brightness of
the pixels in the object) of the GFP channel was determined
using the image analysis with an automated object detection
of the ZEN 3.2 (blue edition) v3.2.0.0000 software (Zeiss).
The output was checked manually, only data from single or
budding cells in focus — randomly selected from all areas
of the field of vision and derived from at least five differ-
ent images — were exported for subsequent quantification. If
GFP intensities were below the detection limit and not auto-
matically determined, they were recorded manually as zero.
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tively affect growth. SDNG (5 ml) supplemented with DOX was
inoculated with 1x 107 cells and incubated for two days at 100 rpm.
Cell numbers were counted using a Thoma chamber. Mean values
and standard deviations of three replicates are shown. *p <0.05 com-
pared to untreated control (0 pg/ml DOX)

Results and discussion

Identification of applicable doxycycline
concentrations

Prerequisite for using a Tet-on/-off system in K. petricola
is that the inducer doxycycline (DOX) does not interfere
with growth and pigmentation. As DOX hyclate is soluble
in water, the use of a toxic solvent could be avoided. In a
drop assay, the effect of varying concentrations of DOX (0
to 60 pg/ml) on the growth characteristics of the K. petricola
wild type strain A95 (WT) and the non-melanized Apks/
and Apks1/Aphs] mutants on solidified media was assessed.
Malt extract medium (MEA) allows for fastest growth of
K. petricola and is used for strain maintenance. SDNG, a
synthetic medium containing nitrate and glucose as nitrogen
and carbon source, respectively, as well as salts, trace ele-
ments and vitamins, is used for comparative growth assays
and cultivation of strains for microscopy. Even at the highest
concentration used, growth of the tested K. petricola strains
on the two media was not negatively affected (Fig. 1a). In a
second experiment, the effect of DOX (20, 30, 40 ug/ml) on
the three strains was evaluated during cultivation in liquid
SDNG medium. Cells in three cultures per strain and condi-
tion were counted after two days (Fig. 1b). The addition of
20 pg/ml DOX marginally affected cell growth. However,
numbers of cells were reduced in cultures exposed to higher
concentrations of DOX, which was about 20% for 30 pg/
ml and 50% for 40 pg/ml. As the cell growth was equally
reduced in all three strains tested, the observed effect of
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DOX is not related with the production of DHN melanin
and/or carotenoids. Growth inhibition caused by higher con-
centrations of DOX was also observed in other fungi. In
A. niger and P. oxalicum, reduced growth rates were reported
for 125 pg/ml and 200 pg/ml DOX (Meyer et al. 2011; Jiang
et al. 2016). In F. fujikuroi, the supplementation of solid
medium with DOX in a concentration of 50 ug/ml DOX led
to a reduction of growth by 30% (Janevska et al. 2017). In
sum, DOX barely affects growth of K. petricola (at higher
concentrations in liquid cultures only) allowing the use of
DOX for the regulation of gene expression.

Validation of the Tet-on system by expression
of cytosolic GFP

For implementing the Tet-on system in K. petricola,
the expression construct shown in Fig. 2a was used. The
core part of the construct originates from pVG2.2 (Meyer
et al. 2011), a plasmid designed for DOX-regulated gene
expression in A. niger. It contains the coding region of an
optimized reverse TET-dependent transcriptional activa-
tor (rtTA25-M2) fused to the A. fumigatus crgA termina-
tor (TcrgA) and a synthetic Ptet (tetO7-Pmin). The latter
comprises seven tetO repeats fused to the last 174 bp of the
A. nidulans gpdA promoter (PgpdA). Janevska et al. (2017)
constructed pPNAH/N-OTGG with a PoliC-regulated rfTA25-
M?2 and Ptet-regulated gfp by inserting the part from pVG2.2
between the A. nidulans oliC promoter (PoliC) and an opti-
mized gfp which is fused to the Botrytis cinerea gluc termi-
nator (Tgluc) in pNAH/N-OGG.

The construct comprising a hygromycin resistance
(hygR) cassette, and the rtTA25-M2 and GFP expression
cassettes was amplified with primers attaching homolo-
gous sequences to the K. petricola genome (igrl or igr2)
and used together with the respective Cas9- and sgRNA-
delivering plasmid for the transformation of WT:A95 pro-
toplasts (Fig. S1). Resistant transformants were screened
for the correct insertion in igr/ or igr2 by diagnostic
PCR. Two TET::gfp®", three TET::gfp'¢"? transformants,
WT:A95 as negative control and PgpdA::gfp's™* and
PoliC::gfp™™® strains as positive controls (constitutive
promoters) were cultivated for two days in liquid SDNG
containing DOX in concentrations from 0 to 50 mg/ml.
Cells were resuspended and submitted to fluorescence
microscopy for quantification of the GFP fluorescence
intensity as indicator for gene expression (Fig. 2b). As
observed before (Erdmann et al. 2022), the intensity/gene
expression mediated by PgpdA was approx. 50% of that
mediated by PoliC, the strongest promoter available in
K. petricola so far. More importantly, GFP fluorescence
was only detected in cells of the TET::gfp’’X strains in the
presence of DOX. The intensities increased in a concen-
tration-dependent manner. The concentration of 5 pug/ml

DOX resulted in almost the same intensity observed for
PgpdA::gfp, which fits to the results observed in A. niger
(Meyer et al. 2011). The observed intensity for PoliC::gfp
was reached in TET::gfp'¢"X strains with DOX concen-
trations of 30-35 pg/ml. Thus, TET::gfp in presence of
40-50 pg/ml DOX mediated higher gene expression than
PoliC (approx. 150%). Standard deviations increased with
the concentrations used, most likely as consequence of
reduced growth in high concentrations of DOX. However,
no morphological changes were observed (not shown).
Taken together, the expression of gfp by Ptet in K. petri-
cola depends on DOX. The regulation does not depend on
the genomic location as equal GFP fluorescence intensities
were detected in strains containing the construct at igr/
origr2.

To identify minimal incubation periods and suitable
concentrations of DOX to induce gfp expression from
Ptet, cells of one TET::gfp™"? transformant were exposed
for different periods to 0, 25, 50, 75 and 100 ug/ml DOX
(Fig. 2¢). No GFP fluorescence was detectable after
two hours of incubation. The first fluorescent cells were
observed after four to six hours. From fifteen hours on,
very heterogenic fluorescence patterns were observed.
Older and younger cells exhibited high and lower intensi-
ties, respectively (not shown). Overall, the GFP fluores-
cence intensities increased with the length of incubation
and the concentration of DOX. These results confirm the
dose-dependent expression of the reporter gene in K. petri-
cola and provide options to avoid the long-term exposure
of cells to high concentrations of DOX and to fine-tune
the DOX-regulated expression of genes of interest. For
instance, the incubation for 24 h in presence of 25 ug/
ml may allow for significant and homogenous expression
without impairing growth.

In conclusion, the used Tet-on construct is suitable for
controlling the expression of gfp in K. petricola. Thus,
pIGRXR-TGG cloning vectors containing the used Tet-on
construct and different resistance cassettes and sequences
for site-specific integration into the K. petricola genome
were generated. The vectors are compatible with those of
the pPNXR-XXX series (Schumacher 2012) allowing the
reuse of primers and the easy integration of genes of inter-
est by in vivo recombination or in vitro DNA assembly
as specified in Fig. S2. Donor DNA with long homolo-
gous sequences for insertion of expression constructs
into K. petricola igrl or igr2 can be isolated by digestion
with rare-cutting restriction enzymes. Donor DNA for the
insertion in any genomic locus can be generated by PCR
using primers binding to the terminators of the resistance
and expression cassettes and containing homologous
sequences of 60 to 75 bp as 5° overhangs.
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Fig.2 Use of GFP for validating the Tet-on system in K. petricola.
a Structure of the Tet-on construct used. The core originates from
pVG2.2, which was combined with PoliC and gfp::Tgluc. The rtTA
cassette with the gfp cassette was assembled with different resistance
(R) cassettes and K. petricola sequences (igrl, igr2; yellow boxes)
in pIGRXR-TGG (Fig. S2). Binding of DOX leads to a conforma-
tion change of the TET/DOX-dependent transactivator (rtTA) which
induces transcription of the gene (here gfp) by binding to tetO7 and
activating Pmin. For validating the Tet-on system, the Pter::gfp con-
struct was integrated in two different genomic loci (igri/2) yielding
strains TET:gfp®®"! and TET::gfp'®?. b DOX induces GFP fluores-
cence in K. petricola in a dose-dependent manner. The strains were
cultivated for two days in liquid SDNG with different concentrations

Additional loci for targeted integration
of expression constructs

The possibility to express multiple sgRNAs along with Cas9

from a single plasmid allows for multiplexing i.e., for simul-
taneous genome editing events, disclosing the necessity
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of DOX. GFP fluorescence intensities of TET::gfp cells (two trans-
formants of TET::gfp"", n=160; three transformants of TET::gfp "2,
n=240) and control cells (WT:A95, n=80; PgpdA::gfp ¥* and
PoliC::gfp'®X, n=320) were determined with a fixed exposure time
of 40 ms. * p<0.001 compared to 0 pg/ml DOX. ¢ GFP fluorescence
becomes detectable four hours after addition of DOX. Two-day-old
cells of TET::gfp ®"? were exposed in one ml of liquid SDNG to five
different DOX concentrations. Cells (100 ul) were submitted to fluo-
rescence microscopy at the indicated time points. The boxplot shows
the distribution of 50 data points per DOX concentration and time
point (exposure time of 40 ms). * p <0.001 compared to values after
2h

for more insertion sites. Targeting pks/ and phsl in the
K. petricola genome enables the fast identification of trans-
formants with one (black to pink) or two integrated expres-
sion constructs (black to white) in the scope of promoter
or protein localization studies. In addition, microscopy of
non-melanized strains is more convenient as cells must not
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be mechanically separated (Erdmann et al. 2022). Nonethe-
less, a third color-selectable insertion site was aspired to
facilitate co-localization studies. Ade2 encoding the phos-
phoribosylaminoimidazole carboxylase required for adenine
(ADE) synthesis was considered as a candidate, as its muta-
tion in S. cerevisiae results in red pigmented colonies due
to the accumulation of the pathway intermediate phospho-
ribosylamino-imidazole (Ugolini and Bruschi 1996). The
deletion of ade2 in K. petricola resulted in ADE-auxotrophic
mutants with a wild-type-like (black) pigmentation (Voigt
et al. 2020). Considering, that an altered pigmentation due
to Aade2 may become visible when the other pigments are
absent, ade2, pksl and phsl were simultaneously replaced
by resistance cassettes (baR, natR, hygR) in the wild type
background. Several whitish colonies but also few black
and pink colonies appeared on the transformation plates.
Light pigmented colonies were transferred to MEA sup-
plemented with ADE and the selective agents, where few
of them stayed white while most of them developed a red-
dish beige (rose) pigmentation. Replacement of all three
genes by the respective resistance cassette were detected in
chosen rose-colored transformants (not shown). For direct
comparison of the growth and pigmentation characteristics
of the obtained triple mutant with those of the available
mutants (Apksl, Apksl/Aphsl, Aade2) and the wild type,
cells were streaked with an inoculation loop (for mimicking
the step of transformant isolation) on ADE-supplemented
MEA and cell suspensions were dropped onto solidified
media with and without ADE (Fig. 3a). As expected, the
triple mutant as the Aade2 mutant failed to grow on medium
lacking ADE (SDNG). On media supplemented with ADE,
the triple mutants grew and exhibited a visibly altered pig-
mentation compared to the white Apks!/Aphsi and pink
Apksl mutants. Therefore, the ade2 locus is suitable — in
parallel to targeting pks! and phsl — for the insertion of a
third expression construct (black-rose screening). However,
the Apksl/Aphsl/Aade2 mutant exhibited slightly reduced
growth even on SDNG supplemented with 50 ug/ml ADE
and showed an altered colony morphology in comparison
to the single mutants. As this growth retardation occurred
only in drop inoculation experiments, it was assumed that
the Apksl/Aphsi/Aade2 cells are more sensitive to the
mechanical separation step (and other stresses) rather than
that their growth rate is affected.

Additional sites for the neutral insertion of expression
constructs into the K. petricola genome were identified
and validated as done before for igr/ and igr2 (Erdmann
et al. 2022). Three regions on different contigs, hereafter
designated as igr3, igr4, and igr5, were chosen as candi-
dates as they represent shared terminator regions of two
expressed genes with lengths of least 2 kb and regular GC
contents (Fig. S1). Protospacers for introducing a DSB in
the middle of the sequences were identified and Cas9- and

sgRNA-delivering plasmids were cloned. These were used to
insert a hygR-containing gfp expression cassette (Fig. S1b,
Fig. S3). Cells from two-day-old liquid cultures of the
WT:A95 and the PoliC::gfp's™ strains were submitted to
fluorescence microscopy. Similar GFP fluorescence inten-
sities were observed for all strains containing PoliC::gfp
in the five different genomic locations, while no fluores-
cence was detectable in wild type cells (negative control).
For assessing the growth characteristics, cell suspensions
of WT:A95 and the PoliC::gfp'®'® strains were spotted onto
SDNG-based media. All strains showed equally reduced
growth upon exposure to UV-B and on media with pH 3 or
pH 8, and those supplemented with 1 M NaCl and 1 mM
H,0, for inducing osmotic and oxidative stress, respectively.
The results indicate that the insertion of sequences in these
regions does not interfere with growth and that genes, here
gfp, are actively expressed from these genomic regions.
Thus, five validated sites for neutral insertions and three
color-selectable insertion sites are now available in K. petri-
cola that can be used for different applications, such as for
the expression of endogenous genes, reporter and fusion
genes.

Application of the Tet-on system for the expression
of fusion genes

Bimolecular fluorescence complementation (BiFC) is a pow-
erful tool for visualizing protein—protein interactions and
the subcellular localization of specific protein complexes in
the native cell (Kerppola 2008). However, finding promot-
ers for appropriate expression of the two needed constructs
is difficult. Native promoters may not result in detectable
fluorescence signals, while the use of constitutive promoters
may result in artefacts, such as the abnormal distribution in
the cell and/or false positive results. These problems can be
bypassed by expressing both interaction partners from the
same controllable promoter.

A first BiFC approach in K. petricola demonstrated the
interaction of the White collar-like transcription factors
WCL1 and WCL2 in the nuclei. The formed White col-
lar complex (WCC) is assumed to drive transcription in
response to blue light (Schumacher and Gorbushina 2020).
The coding regions of the K. petricola genes were fused
to non-fluorescent fragments of the B. cinerea optimized
gfp and constitutively expressed from A. nidulans PgpdA.
The performed negative controls confirmed the specificity
of the interaction (Erdmann et al. 2022). Here, the wcll-
gfpC and gfpN-wcl2 fragments were inserted downstream
of Ptet in the newly constructed pIGRX-TGG vectors yield-
ing pIGR1H-TET::W1GC and pIGR2H-TET::GNW2. In
parallel, pIGR1H-OE::W1GC and pIGR2H-OE::GNW2
were generated that contain the same fragments fused to
the constitutive PgpdA. The wcll-gfpC and gfpN-wcl2
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a Strains

MEA + 50 pg/ml ADE

WT:A95
Apks1

Apks1/Aphs1

Apks1/Aphs1/Aade2
T2, T6

Aade2

Fig.3 Inducible bimolecular fluorescence complementation stud-
ies in K. petricola. a Black-rose screening allows for the phenotypi-
cal identification of three simultaneous integration events. Cell sus-
pensions of the indicated strains were streaked or dropped (10%, 10°,
10?) onto solidified media. Pictures were taken at 10 dpi (MEA) or
14 dpi (SDNG). b TET-regulated expression of the White collar-
like transcription factors which interact in the nuclei. K. petricola
well and wel2 were fused to gfp fragments. Px was PgpdA for con-
stitutive expression (OE::WCC) and Pter for DOX-inducible expres-
sion (TET::WCC). The two BiFC constructs and the PgpdA (Pg)-

expression constructs together with a construct for express-
ing a histone 2B-mcherry fusion protein were inserted either
into the three pigment loci (pksi, phsl, ade2) or three inter-
genic regions (igrl, igr2, igr3) as specified in Fig. 3b. This
resulted in four strains with a wild-type-like (black) or a

@ Springer

+ 5 ug/ml ADE

+ 50 ug/ml ADE
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controlled histone 2B-mcherry fusion construct were integrated
in one step into the K. petricola genome at igrl, igr2, and igr3
(OE::WCC "k TET::WCC ) or by replacing pksl, phsl, and
ade2 (OE::WCC "¢, TET::WCC '”¢). Brown arrows indicate the
Cas9 cutting sites (protospacers). Cells of strains containing the three
constructs, as detected by diagnostic PCR or rose pigmentation plus
resistance, were grown for three days on cellophane-covered MEA or
in liquid SDNG with or without addition of DOX. Images were taken
with exposure times of 100 ms for GFP and mCH. Scale bar — 5 ym

rose pigmentation expressing H2B-mCH for labelling the
nuclei and the two transcription factors fused to the GFP
halves from Ptet (TET) or PgpdA (OE). The OE::WCC "¢
and TET::WCC "¢ strains exhibited slightly impaired
growth as it was observed for the rose triple knock-out



Extremophiles (2024) 28:38

Page90of13 38

strain. Therefore, the step of mechanically separating cells
and high concentrations of DOX were avoided by cultivating
the strains for three days on cellophane-covered MEA (0 or
5 pg/ml DOX) or in liquid SDNG medium (addition of 5 ug/
ml DOX 24 h prior to microscopy). Green fluorescence in
the nuclei was observed for the control strain (OE::WCC "*¢)
and TET::WCC "¢ exclusively in the presence of DOX.
Notably, cells from MEA showed brighter GFP fluorescence
than those from liquid cultivation.

Chosen black strains containing the three constructs as
detected by diagnostic PCR were used to validate and opti-
mize the induction conditions (Fig. S4). Two independent
transformants of TET::WCC %/“* and OE::WCC " were
cultivated with varying DOX concentrations (0, 25, 50, 75
and 100 pg/ml). Cells were screened by fluorescence micros-
copy after 6, 12 and 18 h. After six hours of induction, GFP
fluorescence — indicating the formation of a WCC — was
observed in about two-thirds of the TET::WCC b4 cells
incubated with DOX and nearly all OE::WCC “ cells.
Nuclear GFP fluorescence with roughly the same intensity
compared to that of the control strain was detected after 12 h
of induction with 25 and 50 pg/ml DOX. In contrast, after
18 h GFP fluorescence intensities in the TET::WCC ?/ack
cells were much higher than those detected in OE::WC P
cells. To conclude, the exposure of cells for 12 h to 25 pg/
ml DOX in liquid SDNG was sufficient to detect explicit
GFP fluorescence in the nuclei due the reconstitution of a
functional GFP.

These experiments demonstrated that the used Tet-on
construct is suitable for controllable BiFC studies and that
it has the capacity to mediate much higher gene expression
than the applied standard promoters in dependence on the
inducer DOX. The strategies for simultaneous integration
of three expression constructs, with or without color trans-
formant screening, were validated indicating further that the
insertion of two Tet-on constructs though the long stretches
of identical sequences is feasible. Four cloning vectors with
the Tet-on construct for inserting a gene of interest upstream
or downstream of gfpN or gfpC were generated for further
BiFC studies in K. petricola and other fungi (Fig. S2b).

Application of the Tet-on system for the expression
of biosynthetic genes

Gene expression is an important tool, such as for studying
cell biology by live cell imaging approaches and explor-
ing biosynthetic pathways in the native and/or heterolo-
gous hosts. Usually, as done for the BiFC approach in this
study, two or more genes are expressed from individual
constructs in different genomic loci. However, the inser-
tion of a viral 2A self-cleaving peptide between coding
regions may enable the expression of multiple proteins
from a polycistronic transcript (Kim et al. 2011; Liu

et al. 2017; Schuetze and Meyer 2017). Here, the genes
encoding the key enzymes for DHN melanogenesis and
carotenogenesis were used as reporters to follow their
expression mediated by the Tet-on system in K. petricola.
Three constructs were cloned and inserted into igr2 in the
generated pigment-free recipient strain Apksl/Aphsl-
phdl (Fig. S5): pksl alone (TET::pksl) for restoration
of DHN melanogenesis, phsl and phdl linked via a P2A
motif (TET::pp) for restoration of carotenogenesis, and
gpsl, phsl and phdl linked via P2A motifs (TET::gpp)
for restoration and overstimulation of carotenogenesis if
applicable (Fig. 4a, Fig. S6). Phsl and phdl encoding a
bifunctional lycopene cyclase/phytoene synthase and a
phytoene desaturase, respectively, catalyze in fungi the
consecutive reactions leading to B-carotene and torulene
(Avalos et al. 2017; Sandmann 2022). Gpsl encoding a
geranylgeranyl pyrophosphate synthase was included as
its overexpression is known to result in higher product
yields by providing more precursors (Verwaal et al. 2007;
Jiao et al. 2018). Correct insertion of the constructs in
igr2 of hygR transformants was detected by diagnostic
PCR (not shown). The generated strains were cultivated
together with the wild type and different pigment mutants
as controls on MEA without and with DOX in different
concentrations (0.125, 0.25, 0.5, 1, 5, 10, 30 pug/ml). The
formation of pigments by the TET strains in presence of
high DOX concentrations became already visible after
two to three days of incubation though not much biomass
was present (not shown). After four days of incubation,
all TET strains produced more pigments on MEA supple-
mented with DOX than without DOX. Low dosages were
sufficient; the lowest concentration tested (0.125 ug/ml)
resulted already in visible pigment accumulation, a more
pronounced pigmentation was observed for the carotenoid
gene-expressing strains on MEA supplemented with 1 ug/
ml. Higher concentrations did not visibly increase pig-
ment synthesis. The overexpression of gpsl (native plus
TET-regulated copy) caused a more reddish pigmenta-
tion, suggesting that more carotenoids were produced.
The restoration of carotenoid synthesis in TET::pp and
TET::gpp strains in presence of DOX indicated that the
complete constructs were transcribed, the polycistronic
transcripts were translated into single proteins due to
functional P2A motifs causing ribosome skipping, and
that the enzymes were functional despite the remaining
P2A-derived residues. The Tet-on constructs allowed for
expression of the carotenogenic genes in S. cerevisiae as
well indicating at least moderate expression of rtTA medi-
ated by A. nidulans PoliC (Fig. S7). Thus, the experiment
demonstrated the tunable expression of the synthesis genes
by DOX. However, the light gray and light pink pigmen-
tation of TET::pksl and TET::gpp strains in absence of
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Fig.4 TET-regulated synthesis genes are highly inducible but show
moderate basal activity in K. petricola. a Expression of genes for
synthesis of DHN melanin and carotenoids. The viral P2A sequence
was used to express multiple proteins from a polycistronic transcript.
The expression constructs were inserted in igr2 of Apksl/Aphsl-
phdl mutants defective in DHN melanin and carotenoid synthesis.
Indicated strains were cultivated for four days on MEA supplemented
with DOX as shown. PKS1 — polyketide synthase, GPS1 — geranylge-

DOX indicated a basal activity of the Tet-on construct in
K. petricola (Fig. 4a).

To take a closer look at this, a TET-regulated ura3 was
neutrally integrated in igrl or igr2 in the Aura3 mutant
(Fig. 4b). Mutation of ura3 encoding the orotidine 5-phos-
phate decarboxylase for the de-novo synthesis of pyrimi-
dine ribonucleotides results in an auxotrophy for uracil
(URA) and the resistance to 5-fluorootic acid (FOA) (Voigt
et al. 2020). Cells of the generated Aura3/TET::ura3's™
strains together with those of the wild type and the recipi-
ent strain Aura3 were dropped onto SDNG (without URA)
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ranyl pyrophosphate synthase, PHS1 — bifunctional lycopene cyclase/
phytoene synthase, PHD1 — phytoene desaturase. b Expression of
ura3, essential for growth on minimal medium. TET::ura3 expression
constructs were integrated at igr/ or igr2 in a Aura3 mutant. Cells
(104, 103, 103, 10.") were dropped onto SDNG, supplemented with
uracil (URA, 50 pg/ml), 5-fluoroorotic acid (FOA, 1 mg/ml), or DOX
(1 pg/ml)

supplemented with URA, FOA or 1 pg/ml DOX to test the
restoration of URA synthesis. Control strains showed the
expected phenotype; wild type cells grew on all media
except to SDNG with FOA whereas the Aura3 mutant
grew on URA- and FOA-supplemented SDNG. However,
the Aura3/TET::ura3 strains grew — without the addition
of DOX - in a wild-type-like manner. Consequently, the
basal activity of the Tet-on construct mediated sufficient
expression of this essential nutritional gene.

Taken together, the Tet-on system together with the viral
P2A motif allows for inducible (over)-expression of one or
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more biosynthetic genes from a single construct/genomic
locus in K. petricola.

Conclusions

As DOX is not toxic in relevant culture conditions and con-
centrations, it can be used to control gene expression in
K. petricola by Tet-on and Tet-off systems. Here, we vali-
dated the suitability of the Tet-on construct that was devel-
oped by Meyer et al. (2011) for the application in A. niger
for driving gene expression in a DOX-dependent manner in
K. petricola. Two major reporter activities (GFP fluores-
cence and pigmentation) were studied. GFP fluorescence
was detected in DOX-treated cells only. However, for the
TET-regulated biosynthetic genes a basal activity of the
Tet-on construct was observed that must be considered
for further applications. Nevertheless, reporter genes were
expressed in a dose-dependent manner (concentration and
incubation time) with the possibility of higher expression
levels compared to those mediated by constitutive promoters
(PoliC, PgpdA) and tested endogenous promoters. The tool-
box for knock-in approaches in K. petricola was extended by
cloning vectors containing the Tet-on construct and different
resistance cassettes, and additional integration sites in its
genome. Up to three expression constructs can be inserted in
the genome with color selection (pks1, phsl, ade2) and up to
five expression constructs in intergenic regions (igrl-5) for
leaving all genes intact. This extension allowed the targeted
integration of three expression constructs at the same time
for testing the simultaneous induction of two TET-regulated
expression constructs for co-localizing the WCC due to a
reconstituted GFP with a H2B-mcherry protein in the nuclei.
By fusing two or three genes for carotenogenesis via P2A
motifs, it was demonstrated that also multiple genes can be
expressed in a DOX-dependent manner from a single con-
struct/genomic locus. The simplicity to edit the genome, the
possibility to express genes from synthetic clusters and con-
venient intrinsic characteristics render K. petricola a suitable
host for the expression of heterologous genes for produc-
tion of secondary metabolites or secreted enzymes. K. petri-
cola has a very limited secondary metabolism but can bear
the burden of constitutive pigment formation and protein
secretion. Acetyl-CoA accumulating in white Apks1/Aphsl
strains can be used for other synthesis pathways and their
yeast-like growth facilitates cultivation. Gene expression
mediated by the Tet-on system in a metabolism/medium-
independent manner further enables the design of an induc-
ible in-vivo mutagenesis tool for forward genetics screens. In
sum, the well-stocked toolbox for editing the genome of the
black fungus K. petricola allows for elucidating the shared
traits of extremophilic and extremotolerant fungi including
the regulation of the primary metabolism in an oligotrophic

environment, the unconventional modes of cell division as
well as the genetic basis and regulation of the characteristic
metabolites.

K. petricola serves as a model for eukaryotic hetero-
trophic biofilm-formers on diverse human-made surfaces
— from marble monuments to renewable solar energy produc-
tion facilities. As a highly adhesive and material-interacting
organism (olivine dissolution, penetration of carbonate sub-
strates and corrosive activity of its EPS was demonstrated
for K. petricola), this genetically amenable black fungus
offers a modern tool of highly reproducible and relevant bio-
deterioration research. Tools and experiences gained from
K. petricola as a model system are transferrable to other
challenging (black) fungi. Recently these tools have already
allowed us to genetically manipulate the cryptoendolithic
Cryomyces antarcticus (Catanzaro et al. 2024), a black fun-
gus with extremely low growth rates and assumed as being
one of the most stress-resistant eukaryotes on Earth.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00792-024-01354-2.
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