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ABSTRACT

Terpenoid compounds, such as sterols, carotenoids or the prenyl groups of various proteins
are synthesized via the mevalonate pathway. A rate-limiting step of this pathway is the
conversion of 3-methylglutaryl-CoA (HMG-CoA) to mevalonic acid catalyzed by the HMG-
CoA reductase. Activity of this enzyme may affect several biological processes, from the
synthesis of terpenoid metabolites to the adaptation to various environmental conditions. In
this study, the three HMG-CoA reductase genes (i.e. hmgR1, hmgR2 and hmgR3) of the -
carotene producing filamentous fungus, Mucor circinelloides were disrupted individually and
simultaneously by a recently developed in vitro plasmid-free CRISPR-Cas9 method.
Examination of the mutants revealed that the function of hmgR2 and hmgR3 are partially
overlapping and involved in the general terpenoid biesynthesis. Moreover, hmgR2 seemed to
have a special role in the ergosterol biosynthesis. Disruption of all three genes affected the
germination ability of the spores and the sensitivity to hydrogen peroxide. Disruption of the
hmgR1 gene had no effect on the ergosterol production and the sensitivity to statins but
caused a reduced growth-at lower temperatures. By confocal fluorescence microscopy using
strains expressing GFP-tagged HmgR proteins, all three HMG-CoA reductases were localized

in the endoplasmic reticulum.
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1. Introduction
Fungal sterols and other terpenoids are synthesized via the mevalonate pathway. This
biosynthetic route leads to the formation of dimethylallyl pyrophosphate and isopentenyl
pyrophosphate, which are the common precursors of the various terpenoid compounds. A
crucial step of this pathway is the conversion of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) to mevalonic acid catalyzed by the HMG-CoA reductase (Fig.1). This'is a
membrane anchored enzyme, which is generally located in the endoplasmic reticulum (ER)
but other subcellular localizations, such as in the mitochondria or peroxisomes, may also
occur (Koning et al., 1996; Breitling and Krisans, 2002; Vaupoti¢ and Plemenitas, 2007).

Playing a central role in the formation of the different terpenoid compounds (i.e.
ergosterol, dolichol, carotenoids or the prenyl components of ubiquinone and several
proteins), activity of the HMG-CoA reductase may affect various biological processes, such
as the pigment production, morphogenesis, maintenance of the cell integrity and adaptation to
environmental changes, especially to fluctuating oxygen tension and osmotic conditions
(Wang and Keasling, 2002; Seong et al., 2006; Verwaal et al., 2007; Bidle et al., 2007;
Vaupotic et al., 2008; Yan et al., 2012; Nagy et al., 2014). Inhibition of the enzyme or
disruption of the encoding gene decreased the virulence of various plant and human
pathogenic fungi, such as Aspergillus fumigatus, Candida albicans or Fusarium graminearum
(Seong et al., 2006; Tashiro et al., 2012; Leal et al., 2013), indicating that HMG-CoA
reductase may also affect the pathogenicity. Moreover, ergosterol and its biosynthesis are
currently among the most important targets of antifungal therapy, therefore, ergosterol
biosynthesis and its regulation are intensively studied areas (Macreadie et al., 2006; Burg and
Espenshade, 2011; Andrade-Pavon et al., 2013).

The B-carotene producing Mucor circinelloides f. lusitanicus is a frequently used

model organism to study, among others, morphogenesis and morphological dimorphism (Lee



et al., 2015; Valle-Maldonado et al., 2015), RNA interference in the fungal cell (Nicolas et al.,
2015), production of enzymes, carotenoids and other metabolites (Papp et al., 2016), as well
as the genetic background of pathogenicity of Mucoralean fungi (Li et al., 2011; Lee et al.,
2013). The genome of this fungus contains three different HMG-CoA reductase genes,
namely, hmgR1, hmgR2 and hmgR3. Previously, transcription of all three genes was proven
by real-time quantitative reverse transcription PCR (qRT-PCR) and the overexpression of
hmgR2 and hmgR3 was found to affect the carotenoid production of the fungus (Nagy et al.,
2014). In the present study, the hmgR genes of M. circinelloides were disrupted separately
and simultaneously applying a recently described plasmid-free CRISPR-Cas9 method
developed for Mucoromycota fungi (Nagy et al., 2017). The resulting transformants were
used to characterize the function of the different HmgRs. In parallel, subcellular localization
of green fluorescent protein (GFP)-fused enzymes was studied by confocal fluorescence

microscopy.

2. Materials and methods

2.1 Strains, media and growth conditions

M. circinelloides f. lusitanicus MS12 strain derived form M. circinelloides f. lusitanicus CBS
277.49 by chemical mutagenesis (Benito et al., 1992) was used in the transformation
experiments. This strain is auxotrophic to leucine and uracil (leuA™ and pyrG ) but wild-type
for carotene and ergosterol biosynthesis. For nucleic acid, carotenoid and ergosterol
extraction, 10° sporangiospores were plated onto solid minimal medium (YNB; 10 g/L
glucose, 0.5 g/L yeast nitrogen base without amino acids (Difco), 1.5 g/L (NH4)2SO4, 1.5 g/L
sodium glutamate and 20 g/L agar) supplemented with leucine and/or uracil (0.5 g/L) if
required and incubated at 25 °C for 4 days. To measure the colony diameters and analyze the

macro- and micromorphology, 10° sporangiospores were inoculated onto the center of solid



YNB plates. The diameter of the colonies was measured daily after incubating the plates at
15, 20, 25, 30 and 35 °C using the MS12 strain as the growth control. To analyze their
viability and germinating ability, sporangiospores were inoculated into 30 ml liquid YNB to
reach the final density of 10° spores/mL and were incubated for 6 h at 25 °C under continuous
shaking at 200 rpm. To examine the stability of the mutants under non-selective conditions,
malt extract agar medium (MEA,; 10 g/L glucose, 5 g/L yeast extract, 25 ml/L. 20% malt

extract and 20 g/L agar) was used.

2.2 General molecular techniques

Genomic DNA was purified by using the ZR Fungal/Bacterial DNA MiniPrep kit (Zymo
Research). PCR products were isolated and concentrated using the Zymoclean Large
Fragment DNA Recovery Kit (Zymo Research) and the DNA Clean & Concentrator-5 (Zymo
Research). Oligonucleotide sequences were designed based on the sequence data available in
the M. circinelloides CBS277.49v2.0 genome database (DoE Joint Genome Institute;
http://genome.jgi-psf.org/Mucci2/Mucci2.home.html) (Corrochano et al., 2016). Primers used

in the PCR and the gRT-PCR experiments are listed in Supplementary Table S1.

2.3 Design of the gRNAs and construction of the disruption cassettes to disrupt the hmgR
genes by the CRISPR-Cas9 method

The protospacer sequences designed to target the DNA cleavage in the hmgR1, hmgR2 and
hmgR3 genes were the followings, 5’-cacatacgctgtttacgcac-3’; 5°- ctctgatatcgtacgeccct-3” and
5’-accacgatcattactgctga-3°, respectively, which correspond to the fragments of the nucleotide
positions between 1994 and 2013 downstream from the start codon of the hmgR1 gene,
between the positions 2117 and 2137 downstream from the start codon of hmgR2 and between

the positions 2571 and 2590 downstream from the start codon of hmgR3, respectively. Using



these sequences, the Alt-R CRISPR crRNA and Alt-R CRISPR-Cas9 tracrRNA molecules
were designed and purchased from Integrated DNA Technologies (IDT). To form the
crRNA:tracrRNA duplexes (i.e. the gRNAS), the Nuclease-Free Duplex Buffer (IDT) was
used according to the instructions of the manufacturer.

Genome editing strategies (Fig. 2) followed the set-up described recently (Nagy et al.,
2017). HDR was applied for all gene disruptions following the strategy described previously
(Nagy et al., 2017). Disruption cassettes functioning also as the template DNA for the HDR
were constructed by PCR using the Phusion Flash High-Fidelity PCR Master Mix (Thermo
Scientific). In case of the hmgR1 gene, at first, two fragments being 1712 and 1958
nucleotides upstream and downstream from the protospacer sequence and the M.
circinelloides pyrG gene (CBS277.49v2.0 genome database ID: Muccil.e_gw1.3.865.1)
along with its promoter and terminator sequences were amplified using the primer pairs hlpl-
h1lp2 and h1lp3-hlp4, respectively (see Supplementary Table S1). The amplified fragments
were fused in a subsequent PCR using the nested primers h1p7 and h1p8 (see Supplementary
Table S1); the ratio of the fragments in the reaction was 1:1:1. Disruption of hmgR2 using the
pyrG gene was carried out previously (Nagy et al., 2017). This gene was also disrupted using
the leuA gene (CBS277.49v2.0 genome database ID: Muccil.e_gw1.2.132.1) as follows: two
fragments, which were 1817 and 1698 nucleotides upstream and downstream from the
protospacer sequence, respectively, were fused with the leuA gene by PCR using the nested
primers h2p7 and h2p8 (see Supplementary Table S1). In case of hmgR3, two fragments,
1800 and 2012 nucleotides upstream and downstream from the protospacer sequence,
respectively, were fused with pyrG or leuA by PCR using nested primers h3p7 and h3p8 (see

Supplementary Table S1).

2.4 Construction of plasmids for the expression of the GFP-tagged proteins



To construct the vectors for the expression of the GFP-fused HmgR proteins, the plasmids
pPNG1, pNG2 and pNG3 were used, which harbor the hmgR1, hmgR2 and hmgR3 genes,
respectively, under the control of the glucose-inducible M. circinelloides gpd1
(glyceraldehyde-3-phosphate dehydrogenase 1) promoter (Nagy et al., 2014). The gfp gene
was ligated in frame with hmgR1 at the restriction sites Nhel-Notl of pNG1, which contained
the coding region of the 1-553 amino acids of HmgR1, arising pH1cGFP. To construct
pH2cGFP and pH3cGFP, gfp was ligated in frame at the restriction sites EcoRI-Notl of pNG2
containing the coding region of the 1-756 amino acids of HmgR2 and pNG3 containing the
coding region of the 1-825 amino acids of HmgR3, respectively. By this way, the hmgR genes
were truncated and the catalytic domains of the enzymes were replaced to gfp. In the final

constructs, expression of each GFP-fused gene was driven by the Mucor gpd1 promoter.

2.5 Transformation experiments

For both the CRISPR-Cas9-mediated gene disruption and the introduction of the plasmids
expressing the GFP-fused proteins, the PEG-mediated protoplast transformation method was
used according to van Heeswijck and Roncero (1984). Protoplasts were prepared as described
earlier (Nagy et al., 1994).

For a single gene disruption by the CRISPR-Cas9 method, 5 ug template DNA
(disruption cassette), 10 UM gRNA and 10 uM Cas9 nuclease were added to the protoplasts in
one transformation reaction as described by Nagy et al. (2017). To perform double gene
disruptions, 20 uM gRNA and 20 uM Cas9 enzyme were applied and 5 pug of each template
DNA was added to the transformation reaction.

In case of the plasmids pH1cGFP, pH2cGFP and pH3cGFP, 3 ug DNA was added to
the protoplasts in a transformation reaction. From each transformation experiment, 10-10

transformant colonies were isolated. Fluorescent microscopy analysis demonstrated that all of



them expressed the corresponding GFP-fused proteins (i.e. HmgR1:GFP, HmgR2:GFP and
HmgR3:GFP).

In each case, transformants were selected on solid YNB medium by the
complementation of the uracil and/or the leucin auxotrophy of the MS12 strain. From each

primary transformant, monosporangial colonies were formed under selective conditions.

2.6 gRT-PCR analysis

RNA was purified using the Direct-zol RNA miniprep kit (Zymo Research) or the TRI
Reagent (Sigma-Aldrich) according to the instructions of the manufacturers. Reverse
transcription was carried out with the Maxima H Minus First Strand cDNA Synthesis Kit
(Thermo Scientific) using random hexamer and oligo(dT)18 primers, following the
manufacturer’s instructions. The qRT-PCR experiments were performed in a CFX96 real-
time PCR detection system (Bio-Rad) using the Maxima SYBR Green gPCR Master Mix
(Thermo Scientific) and the primers presented in Supplementary Table S1. The relative
quantification of the copy number and the gene expression was carried out by the 244
method using the actin gene (scaffold_07: 2052804-2054242) of M. circinelloides as a

reference. All'experiments were performed in three biological and technical parallels.

2.7 Isolation and examination of the membrane fraction

For isolation of the membrane fraction, the mycelium was harvested from the surface of solid
YNB medium and was disrupted in a mortar using liquid nitrogen. Eight ml homogenization
buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris-HCI; pH 7.2) was added to each 4 g of
the mycelium. Homogenized samples were incubated for 10 min at 4 °C and centrifuged for
15 min at 500xg. The supernatant was transferred to an ultracentrifuge tube and centrifuged

for 1 h at 100,000xg at 4 °C. After this procedure, the supernatant containing the soluble



proteins was discarded, while the pellet containing the insoluble membrane fraction was
resuspended in 1 ml homogenization buffer. The fluorescence signal was measured using a
fluorimeter (FLUOstar OPTIMA, BMG Labtech) where the excitation filter was 485 BP and
the emission filter was 500-10. The homogenization buffer was used as the background

control.

2.8 Fluorescence microscopy

To stain the ER, the mitochondria, and the lipid droplets, Er-TrackerRed (BODIPY TR
Glibenclamide; Life Technologies), MitoTracker Red FM (Life Technologies) and Nile Res
(Thermo Scientific) were used according to the instructions of the manufacturer.

To examine the viability of the strains, the FUN 1 dye (Thermo Scientific) was used
according to the instructions of the manufacturer. To determine the ratio of metabolically
active and non-active cells, ten fields of view were counted by fluorescent microscopy. The
experiment was performed in three independent replicates.

In case of light- and fluorescence microscopy analyses, an AxioLab (Carl Zeis)
fluorescence microscope equipped with an AxioCam ERc 5 (Carl Zeis) camera was used.
Filter set 15 (excitation BP 546/12, emission LP 590; Carl Zeiss) was applied to examine the
propidium-iodide staining and filter set 9 (excitation BP 450-490, emission LP 515; Carl Zeis)
was used to detect the Annexin V-FITC staining and the GFP signal. A FluoView FV1000
(Olympus) confocal microscope was used to examine the localization of the GFP signal
(excitation 488, emission 510) and the ER-Tracker and MitoTracker Red staining (excitation

543, emission 603).

2.9 Susceptibility tests



Susceptibility of the fungal strains to hydrogen peroxide was examined in a 96-well microtiter
plate assay. Hydrogen peroxide was diluted in liquid YNB to prepare a stock solution of 100
mM. Final concentrations of the hydrogen peroxide in the wells ranged from 0 to 10 mM.
Dilutions and inocula were prepared in liquid YNB. The final density of sporangiospores.in
the wells was set to 10*. Plates were incubated for 48 h at 25 °C and the optical density of the
fungal cultures was measured at 620 nm using a Jupiter HD plate reader (ASYS Hitech). The
uninoculated medium was used as the background for the calibration and the fungal growth in
the hydrogen peroxide-free medium was considered as 100%; all experiments were performed
in triplicates.

Susceptibility of the original and the mutant strains to fluvastatin, atorvastatin and
rosuvastatin was examined in a broth microdilution assay as described earlier (Nagy et al.,
2014). Minimal inhibitory concentration (MIC) of the statins was determined as the lowest
concentration of the tested compound that caused at least 90% growth inhibition compared to

the drug-free control medium.

2.10 Analysis of the carotenoid and ergosterol content
Carotenoid and ergosterol extraction and HPLC analyses were performed as described earlier

(Nagy etal., 2014).

2.11 Homology modelling

Homology models of M. circinelloides HmgR1, HmgR2 and HmgR3 were generated with I-
TASSER using their amino acid sequences as templates (UniProt 1Ds: AOA168LXB4,
AO0A168P835, AOA168MWSS, respectively) (Yang et al., 2015). The models with highest
confidence scores were refined with ModRefiner (Xu and Zhang, 2011), and visualized with

UCSF Chimera software (Petterson et al., 2001). Accuracy of the protein model prediction
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was analyzed at RAMPAGE server with generation of Ramachandran plot and investigation
of residues in the most favored and allowed positions (Lovell et al., 2003). Contents of the

.pdb files are available in Supplementary Dataset S1-S3.

2.12 Statistical analysis
All measurements were performed in at least two technical and three biological replicates.
Significance was calculated with paired t-test using Microsoft Excel of the Microsoft Office

package. P values less than 0.05 were considered as statistically significant.

3. Results

3.1 Subcellular localization of HMG-CoA reductase proteins

In all GFP-fused HMG-CoA reductase expressing transformants, the green fluorescent signals
co-localized with the Er-Tracker Red stain indicating the accumulation of the fusion proteins
in the ER (Fig. 3). At the same time, the GFP signals were not detected in other organelles. To
investigate whether the GFP-fused proteins were accumulated in the lumen or the membrane
of the ER, membrane and soluble fractions were isolated from the examined strains.
Fluorescence of the membrane fraction was found to be increased with 66-80% compared to
that of the untransformed MS12 strain. At the same time, we could not detect any GFP

fluarescence in the soluble fractions of the transformants.

3.2 Disruption of the hmgR genes using the CRISPR-Cas9 method

Disruption of hmgR2 by homology directed repair (HDR) resulting in the strain MS12-
AhmgR2 was reported previously (Nagy et al., 2017). For the single disruption of hmgR1
(MS12-AhmgR1) and hmgR3 (MS12-4hmgR3), transformation frequencies were 2 and 4

colonies per 10° protoplasts, respectively, while those for the simultaneous disruption of the
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gene pairs hmgR1 - hmgR2 (MS12-4hmgR 1-AhmgR?2) and hmgR1 - hmgR3 (MS12-4hmgR I -
AhmgR3) were found to be 3 and 7 colonies per 10° protoplasts, respectively.

Simultaneous disruption of hmgR2 and hmgR3 was carried out several times. In these
experiments, five small and extremely slow-growing colonies were isolated but all of them
died after four days. Maintenance of these colonies by transferring the mycelium or the spores
onto a fresh selective medium also remained unsuccessful indicating that the simultaneous
failure of these genes is a lethal condition. In case of the successful experiments, the genome
editing efficiency was 100% as it was demonstrated by the PCR analysis of the mutant strains
amplifying the expected fragments in each case (Fig. 4A, C, E, G, I). Mutants proved to be
mitotically stable retaining the integrated fragment even after 20 cultivation cycles. qRT-PCR
analysis proved the absence of the transcripts of the disrupted genes and revealed that the
relative transcript level of the intact hmgR-genes increased significantly in all mutants (Fig.

4B, D, F, H, J).

3.3 Effect of the hmgR gene disruptions on the carotenoid and ergosterol production

Total carotenoid content of all mutants proved to be similar to those of the original MS12
strain (47665 ug/g [dry weight]) being in the range of 457-495 pg/g [dry weight]. Ergosterol
content also did not change significantly in the mutants MS12-4hmgR 1, MS12-AhmgR3 and
MS12-A4hmgR 1-AhmgR3 compared to the MS12 strain. At the same time, ergosterol content
of MS12-AhmgR1-AhmgR?2 strains (3.18 mg/g [dry weight]) was found to be significantly
decreased (p=0.037) but not completely ceased compared to the original strain (4.57 mg/g
[dry weight]). Similarly, a decreased ergosterol content (3.27 mg/g [dry weight]) was

measured previously in MS12-4hmgR2 (Nagy et al., 2017).

3.4 Effect of the hmgR gene disruptions on the susceptibility to statins and hydrogen peroxide
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Sensitivity of the hmgR disrupted mutants and the MS12 strain were determined to
fluvastatin, atorvastatin, rosuvastatin and hydrogen peroxide by using the broth microdilution
method (Table 1). Transformants, except the MS12-4hmgR1 strain, showed increased
susceptibility to statins. Simultaneous disruption of hmgR1 and hmgR2, as well as that of the
hmgR1 and hmgR3 resulted in similar sensitivity to statins as the single disruption of hmgR2
and hmgR3, respectively. Sensitivity to hydrogen peroxide increased in all mutants and this

effect was the most prominent in the MS12-4hmgR I-AhmgR3 strain (Table 1).

3.5 Effect of the hmgR gene disruptions on the viability and the germination of the
sporangiospores
FUN 1 viability assay indicated that the percentage of the metabolically active spores
decreased in case of the mutants, in which-either the hmgR2 or the hmgR3 gene was disrupted
alone or together with the hmgR1 (Fig. 5A).

At 5 h postinoculation, the spores of all types of mutants displayed moderate but
statistically significantly reduced germination compared to those of MS12. This was the most

explicit in case of the MS12-4hmgR 1-AhmgR3 mutant (Fig. 5B).

3.6 Effect of the hmgR gene disruptions on the colony growth

At the optimum growth temperature of M. circinelloides (i.e. 28 °C), colony growth of the
mutants did not differ significantly from that of the MS12 strain, except in the case of the
MS12-AhmgR 1-AhmgR3 mutant, which displayed significantly decreased colony diameter
than the MS12 strain (Fig. 6). At the same time, all mutants, in which hmgR1 had been
disrupted alone or together with another gene (i.e. AhmgR1, AhmgRI1-AhmgR2, and AhmgR I-
AhmgR3), had significantly reduced colony diameters at 15 and 20 °C compared to the

original MS12 (Fig. 6).
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3.7 In silico homology modelling of HmgR proteins

In silico homology modelling experiments revealed that the active site containing the HMG-
CoA and NADPH binding sites forms a compact, closed structure in HmgR1, while this site is
open and accessible for ligands in HmgR2 and HmgR3 (Fig. 7). These predicted putative
structures are highly reliable: Ramachandran plot analysis indicated that 81.2% and 12.5% of
the residues are located in the favored and allowed regions for HmgR1, respectively. These

values were found to be 82.4% and 12.78% at HmgR2 and 85.7% and 10.5% at HmgR3.

4. Discussion
Function of HMG-CoA reductase and its role in the various biological processes have been
poorly characterized in Mucorales fungi. Previously, the presence and expression of three
hmgR genes were demonstrated in M. circinelloides (Lukécs et al. 2009, Nagy et al., 2014)
and the comparison of their sequences showed the genes hmgR2 and hmgR3 closer to each
other than to hmgR1 (Lukacs et al. 2009). Other members of the genus may have one, two or
more hmgR genes (Ruiz-Albert et al., 2002; Lukacs et al. 2009; Nagy et al. 2014). Based on
molecular phylogenetic studies, it can be suggested that a gene duplication occurred in an
ancestor of the Mucorales, which was followed by subsequent duplication and gene loss
events (Ruiz-Albert et al., 2002; Lukacs et al. 2009; Nagy et al. 2014). Whole genome
sequencing of M. circinelloides and Phycomyces blakesleeanus revealed that an extensive
genome duplication occurred before the divergence of these fungi, which contributed to the
expansion of several gene families (Corrochano et al., 2016).

All three HMG-CoA reductases of M. circinelloides were found to be anchored to the
ER membrane. In most organisms, HMG-CoA reductase is also associated to the ER but there

are several exceptions (Learned and Fink, 1989; Stermer et al., 1994; Breitling and Krisans,
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2002; Leivar et al., 2005; Vaupoti¢ and Plemenitas, 2007). For instance, in human, two
isoforms of the HMG-CoA reductase are expressed, one is localized in the ER and the other is
in the matrix of the peroxisome (Liscum et al., 1985; Breitling and Krisans, 2002). Similarly,
only one of the two HmgR enzymes of the halotolerant black yeast, Hortaea werneckii is
localized in the ER, while the other can be found in the mitochondria (Vaupoti¢ and
Plemenitas, 2007). The genome of Arabidopsis thaliana encodes two HMG-CoA reductase
genes and from them three isoforms are expressed and localized in the ER, the mitochondria
and the chloroplasts (Learned and Fink, 1989; Stermer et al., 1994; Leivar et al., 2005).
Subcellular localization of this protein is well studied in Saccharomyces cerevisiae, which has
two HMG-CoA reductases, both associated to the ER playing a significant role in the ER
proliferation and the adaptation to anaerobiosis (Koning et al., 1996).

Based on feeding experiments with C**-labeled precursors in the M. circinelloides-related
species P. blakesleeanus and Blakeslea trispora, it was previously concluded that (3-carotene
and ergosterol are synthesized.in different subcellular compartments using separate precursor
pools from the earliest biosynthetic steps (Kuzina et al., 2006). This would suggest different
localizations for the HMG-CoA reductases participating in the carotenoid and the ergosterol
biosynthesis. However, our results indicate that, at least in M. circinelloides, all the three
enzymes have the same localization in the ER raising the possibility that the different
terpenoid compounds are not synthetized in independent specific compartments.

Disruption of the hmgR2 gene of M. circinelloides was previously carried out by a plasmid-
free CRISPR-Cas9 approach (Nagy et al., 2017). The same technique has now been used to
disrupt the other two genes, hmgR1 and hmgR3 and to create double disruption mutants. This
is the first time when multiple mutations have been induced by the CRISPR-Cas9 method in a
Mucoromycota fungus. To disrupt the genes, extensive parts of them were replaced by the

pyrG or the leuA genes, which complement uracil or leucine auxotrophy of the applied strain,
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respectively, using the HDR method (i.e. by using a template DNA for the gene replacement).
As previously observed (Nagy et al., 2017), this method caused low mutation frequency (1-4
colonies per 10° protoplasts) but a 100% genome editing efficiency in each experiment.

In each disruption mutant, transcription of the intact genes increased. This
phenomenon suggests that the regulation of the three genes is, at least partly, coordinated and
their increased activity can compensate the missing expression of the disrupted gene. In this
regard, it seems that hmgR2 and hmgR3 have a special role in the metabolism of M.
circinelloides as their simultaneous disruption proved to be lethal for the fungus. Earlier,
transcription analysis and overexpression of the hmgR genes indicated that the function of
these two genes is partially overlapping and both have role in the general terpenoid
biosynthesis, especially in the formation of B-carotene and ergosterol (Nagy et al., 2014). A
similar situation was observed in S. cerevisiae. Here, the simultaneous deletion of the HMG-
CoA reductase genes was also found to be lethal while the functionality of one of the two
genes was enough for the survival of the cell (Basson et al., 1986; Seong et al., 2006).

In contrast to the previous finding that overexpression of hmgR2 and hmgR3 led to
elevated carotenoid content (Nagy et al., 2014), disruption of the hmgR genes had no effect on
the carotenoid production. This was also observed in case of hmgR2 previously (Nagy et al.,
2017). We assume that a possible explanation of this contradiction can be the compensatory
effect of the non-disrupted genes.

Disruption of hmgR2 decreased the ergosterol content in agreement with the previous
analysis of the gene (Nagy et al., 2017), and its overexpression also affected the ergosterol
level (Nagy et al., 2014). Although the compensatory effect of the other genes was also
observed, these results indicate that hmgR2 has a primary role in the ergosterol biosynthesis.

Statins are competitive inhibitors of HMG-CoA reductase and widely used cholesterol

lowering agents (Minder et al., 2012). It is known that they may have antifungal effect
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(Macreadie et al., 2006; Galgdczy et al., 2009) and it has recently been found that they can
decrease the virulence of Rhizopus oryzae, the most frequent causative agent of
mucormycoses (Bellanger et al., 2016). Partial silencing of the hmgR gene in Trichoderma
harzianum resulted in increased sensitivity to lovastatin and decreased ergosterol content
(Cardoza et al., 2007). Previously, overexpression of hmgR2 and hmgR3 decreased the
sensitivity of M. circinelloides to statins while similar effects for hmgR1 were not detected
(Nagy et al., 2014). In agreement with this, only the disruption of hmgR2 and hmgR3
increased the susceptibility of M. circinelloides to statins in the present study. Homology
modelling revealed that the HMG-CoA binding site of the HmgR1 protein differs from those
of HmgR2 and HmgR3, having a compact and closed structure. This structural difference can
explain that the lack of HmgR1 had no effect on the susceptibility to statins and may indicate
a function rather different from that of the other two enzymes.

All mutants showed an increased sensitivity to hydrogen peroxide and this effect was
the most explicit in the double disruption mutants. This indicates that the activity of all three
genes may have role in the adaptation to oxidative stress and their effects seem to be additive
in this respect. This effect of the HMG-CoA reductases can be indirect through their possible
role in the structure of the ER or in the formation of ergosterol, the prenyl group of certain
proteins (such as Ras and Rho) and other terpenoid compounds participating in the defense
from and adaptation to oxidative stress. Ergosterol content affects the membrane
permeability, which plays an important role in the adaptation to oxidative stress (Higgins et
al., 2003; Branco et al., 2004). In fact, decreased ergosterol level in S. cerevisiae associated
with an increased sensitivity to oxidative stress (Vincent et al., 2003; Marisco et al., 2011). In.
M. circinelloides, disruption of hmgR2 and hmgR3 had a more explicit effect on the hydrogen
peroxide sensitivity than that of hmgR1. This may also suggest the significance of the

ergosterol content respecting this feature.
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Mutants with disrupted hmgR2 or hmgR3 genes had less metabolically active spores
than the parental strain. This observation reinforces the suggestion that, among the three
genes, hmgR2 and hmgR3 have the principal role in the general isoprenoid biosynthesis and
the production of ergosterol. Disruption of hmgR1 had no effect on the viability of the spores.
This observation agrees with a previous finding that hmgR1 is transcribed only in the hyphae
and not in the spores (Nagy et al., 2014). At the same time, disruption of all three genes
affected the germination of the spores. Simultaneous disruption of hmgR1 and hmgR3
affected the germination of spores and the colony growth in the highest extent compared to
the other mutants. Interestingly, disruption of the hmgR1 genes also affected the colony
growth at temperatures lower than the optimum. Previously, intensity of the transcription of
this gene showed a clear temperature dependence and transcript abundance showed a steady

relative decrease with the increasing growth temperatures (Nagy et al., 2014).

5. Conclusion

Potential roles of the three hmgR genes in M. circinelloides are presented in Fig. 8. Based on
the results presented in this study, we found some overlaps among their functions, especially
in case of hmgR2 and hmgR3. These two genes may have a primary role in the biosynthesis of
ergosterol and other isoprenoid compounds while hmgR1 seems to be involved in the

adaptation to lower temperatures.
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Fig.1. The reaction catalyzed by the HMG-CoA reductase. Abbreviations: HMG-CoA, 3-
hydroxy-3-methylglutaryl coenzyme A; HS-CoA, coenzyme A; NADP*, nicotinamide

adenine dinucleotide phosphate; NADPH, reduced NADP.

Fig. 2. Genome editing strategy designed to disrupt the hmgR genes of Mucor circinelloides
using the CRISPR-Cas9 method. HDR was performed using the disruption cassette/template
DNA containing either the pyrG or the leuA gene as selection markers. Positions of the
primers used to analyze or amplify the constructs are presented (for the nucleic acid
sequences of the primers, see Supplementary Table S1). TGG indicates the PAM sequence

while the arrows show the orientations of the primers.

Fig. 3. Light and fluorescent microscopy examination of the subcellular localization of the

HmgR:GFP fusion proteins. The scale bar indicates 20 pm.

Fig. 4. PCR analysis of the transformants (A, C, E, G, 1) and the relative transcript levels of
the hmgR genes in the mutants compared to the original MS12 strain (B, D, F, H, J).

For panels A, C, E, G and I, M: GeneRuler 1 kb DNA ruler (Thermo Scientific). In the PCR
experiments, the primer pairs HLIcCDNS1 - H1cDNS8 (A), H2cDNS1 - H2cDNS8 (C) and
H3cDNS1 - H3cDNSS8 (E) were used for hmgR1, hmgR2 and hmgR3, respectively. For the
primer sequences and the primers used in the qRT-PCR experiments, see Supplementary
Table S1. In the panels B, D, F, H and J, relative transcript level of the hmgR genes in the
mutants are compared to those in the original strain: transcript level of each gene measured in
the MS12 was taken as 1. The presented values are averages of three independent experiments
(error bars indicate standard deviation). Relative transcript levels significantly different from

the value taken as 1 according to the paired t-test are indicated with * or ** (*p<0.05,
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**p<0.01). Pictures presented in panels A, C, E, G and | were cropped from the same gel
photo; the original undivided, full-length photo is included in the Supplementary Information

file (Supplementary Fig. S1).

Fig. 5. Percentage of the metabolically active spores (A) and the germinating sporangiospores
(B) determined for the hmgR disruption mutants and the original MS12 strain of Mucor

circinelloides. The presented values are averages of three independent experiments (error bars
indicate standard deviation). Germ tube development was counted after cultivations for 5 h at
25 °C. Values followed by * and ** significantly differed from the corresponding value of the

MS12 strain according to the paired t-test (*p<0.05, **p <0.01).

Fig. 6. Colony diameters of the hmgR disruption mutants and the original MS12 strain of
Mucor circinelloides at different temperatures. The presented values are averages; colony
diameters were measured during three independent cultivation (error bars indicate standard
deviation). Values followed by * and ** significantly differed from the corresponding value

of the MS12 strain according to the paired t-test (*p<0.05; **p <0.01).

Fig. 7. Predicted tertiary structures of the proteins HmgR1, HmgR2 and HmgR3 of Mucor
circinelloides. The conserved HMG-CoA and NADPH binding sites are indicated by yellow
and red colors, respectively. Sterol binding transmembrane regions are marked with magenta.

Contents of the .pdb files are available in Supplementary Dataset S1-S3.

Fig. 8. Summary of the processes, which were found to be affected by the activity of the three

hmgR genes of Mucor circinelloides.
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Table 1

Minimal inhibitory concentrations (MIC) of three statins (png/ml) and H,O, (mM) against the

transformants and the parental M. circinelloides MS12 strain.

Strains Fluvastatin Atorvastatin  Rosuvastatin H,0,
MS12 4 16 32 >10
MS12-AhmgR1 4 16 32 9
MS12-4hmgR2 2 8 16 8
MS12-4hmgR3 1 4 8 8
MS12-4hmgRI1-AhmgR2 2 8 16 7
MS12-AhmgR1-AhmgR3 1 4 8 5
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Highlights:

Mucor circinelloides HMG-CoA reductase genes were disrupted by the CRISPR-Cas9
method

Function of hmgR2 and hmgR3 are overlapping and involved in the terpene biosynthesis
HmgR2 has a special role in the ergosterol biosynthesis

Disruption of the hmgR1 gene caused a reduced growth at lower temperatures

By confocal microscopy, all three enzymes were localized in the endoplasmic reticulum
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