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The CRISPRoff system was recently introduced as a programmable epigenetic memory writer that can be used to
silence genes in human cells. The system makes use of a dead Cas9 protein (dCas9) that is fused with the ZNF10
KRAB, Dnmt3A, and Dnmt3L protein domains. The DNA methylation resulting from the CRISPRoff system can be
removed by the CRISPRon system that consists of dCas9 fused to the catalytic domain of Tetl. Here, the
CRISPRoff and CRISPRon systems were applied for the first time in a fungus. The CRISPRoff system resulted in an

inactivation up to 100 % of the target genes flbA and GFP in Aspergillus niger. Phenotypes correlated with the
degree of gene silencing in the transformants and were stable when going through a conidiation cycle, even when
the CRISPRoff plasmid was removed from the fibA silenced strain. Introducing the CRISPRon system in a strain in
which the CRISPRoff plasmid was removed fully reactivated flbA showing a phenotype similar to that of the
wildtype. Together, the CRISPRoff and CRISPRon systems can be used to study gene function in A. niger.

1. Introduction

CRISPR/Cas9 is widely used to edit genes. However, the double
stranded DNA breaks resulting from Cas9 may lead to genome rear-
rangements and gene loss (Cullot et al., 2019). Recently, a CRISPRoff
system was developed that can be used to silence genes in human cells
without introducing DNA breaks (Nunez et al., 2021). This system is a
programmable epigenetic memory writer that establishes DNA methyl-
ation and repressive histone modifications. The epigenetic changes
resulting from transient expression of the CRISPRoff system are main-
tained for more than 450 cell divisions, showing this form of gene
silencing is stable and inheritable (Nunez et al., 2021). The CRISPRoff
system is composed of a dead Cas9 (dCas9) that is fused with the human
ZNF10 KRAB and the Dnmt3A (D3A) and Dnmt3L (D3L) protein do-
mains. D3A methylates DNA, while its binding partner D3L maintains
DNA methylation (O'Geen et al., 2019). The transcriptional repressor
domain Kriippel-associated box (KRAB) is found in about one third of
the zinc-finger proteins in the human genome, while it is absent in
fungal genomes (Urrutia, 2003). KRAB interacts with KAP1, which is a
scaffold protein recruiting histone modification proteins, leading to
heterochromatin (Lupo et al., 2013). The DNA methylation resulting
from the CRISPRoff system can be removed by the CRISPRon system.
This system is based on TETv4 (Nunez et al., 2021), which consists of an
80 amino acid XTENS8O linker flanked by dCas9 and the catalytic domain
of TET1 (Nunez et al.,, 2021). TET1 is part of the TET (ten-eleven
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translocation) family enzymes, which have been used for programmable
demethylation of promoters of human genes, thus resulting in gene
activation (Holtzman and Gersbach, 2018; Maeder et al., 2013; Xu et al.,
2016).

In this study, genes flbA (under control of its own promoter) (Wieser
et al., 1994; Yu et al., 1996; Krijgsheld et al., 2013) and GFP (under
control of the glaA promoter) (Siedenberg et al., 1999) were used to
assess the CRISPRoff and CRISPRon systems in A. niger. Both genes have
an easily screenable phenotype. Decreased GFP and flbA expression re-
sults in reduced fluorescence and decreased sporulation, respectively.
FIbA is a RGS domain protein that stimulates GTPase activity of the
Ga-subunit FadA. As a consequence, it promotes formation of the
Ga-Gp-Gy trimer thereby repressing hyphal proliferation and stimu-
lating asexual development. Genes flbA and GFP were silenced in A. niger
with an efficiency up to 100 %. Expression of the flbA gene could be
restored by the CRISPRon system. Together, CRISPRoff and CRISPRon
can be used to study gene function in A. niger.

2. Material and methods
2.1. Strains and culture conditions
Escherichia coli TOP10 was used for constructing plasmids. A. niger

strains (Table 1) were routinely grown at 30 °C on minimal glucose
medium (70.6 mM NaNOs, 11 mM KH3PO4, 6.7 mM KCl, 2 mM
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Table 1

A. niger strains used in this work.
Strain Genotype Reference
N400 CBS 120.49
AflbA uncA’, pyrG*, AfibA::hph Krijgsheld et al. (2013)
N400pyrG378 pyrG378 Unpublished data
AR9#2 uncA’, pyrG*, PglaA:: sGFP(S65T) Siedenberg et al.

(1999)
AR9#2XC uncA’, pyrG378’, PglaA:: sGFP This study
(S65T)
CFFAl uncA’, pyrG* This study
CFFA2 uncA’, pyrG* This study
CFGAl uncA’, pyrG' This study
TEFA1 uncA’, pyrG* This study
CF(-sgRNA, uncA’, pyrG* This study
-KRAB)

CF(-KRAB) uncA’, pyrG* This study
CF(+KRAB) uncA’, pyrG* This study
sgRNA_1-10 uncA-, pyrG+ This study

MgS040.7 H20, trace metal solution (Vishniac and Santer, 1957), 1 %
glucose), with (MM-GA) or without (MM-G) 1.5 % agar. Spores were
collected from 3-day-old confluent potato dextrose agar (PDA) cultures
that had been inoculated with a confluent layer of 50,000 conidia. For
preparing protoplasts, mycelium was harvested from 16-h liquid shaken
cultures (200 rpm) using transformation medium (TM; MM-G with 0.5 %
yeast extract and 0.2 % casamino acids). TM was also used to isolate
DNA. MM-SA (MM with 327 g L1 sucrose and 1.2 % agar) was used to
regenerate protoplasts and to select transformants, while purification of
transformants was done on MM-G. To this end, 2 g L' uridine and 100
ug mL 7 hygromycin were added, if necessary. RNA was extracted from
mycelium of 3-day-old colonies that had been grown between two pol-
ycarbonate membranes (pores of 0.1 um, diameter 76 mm; Profiltra,
Almere, The Netherlands) on MM-GA medium for RT-qPCR assay.

2.2. Construction of plasmids

\The chimaeric gene consisting of KRAB, dCas9 and Dnmt3A-3L
(Fig. 1) was obtained from the CRISPRoff V2.1 plasmid (Addgene
#167981; Nunez et al., 2021) using BglI and Smal. The sequence was
introduced into Stul linearized vector pyrG plug 3.0 (Supplemental
Table 1) using NEBuilder® HiFi DNA Assembly (NEB), resulting in
plasmid pG3.0-CRISPRoff-v2.1 (Fig. 1). The sgRNA sequences targeting
the flbA (ASPGD ID An02g03160) and glaA (ASPGD ID An03g06550)
promoters (the latter to control expression of GFP) were designed using
CHOPCHOP (https://chopchop.cbu.uib.no/) (Supplemental Table 2).
Two sgRNAs were designed for flbA and one for glaA targeting the
promoters 802 (flbA), 133 (fibA), and 129 (glaA) bp upstream of the start
codon of flbA and GFP. The flbA and glaA sgRNA sequences were
introduced between the proline tRNA promoter (tRNAP™) and termi-
nator (tRNA') by Gibson assembly. To this end, the promoter was
amplified by PCR using primer sgRNA universal-F combined with
dcas9-flbA-sgRNA1-P-R, dcas9-flbA-sgRNA2-P-R, or dcas9-glaA-sg
RNA1-P-R (Supplemental Table 3). Similarly, the terminator was
amplified wusing primer sgRNA universal-lR combined with
dcas9-flbA-sgRNA1-T-F, dcas9-flbA-sgRNA2-T-F or dcas9-glaA-sg
RNA1-T-F (Supplemental Table 3). The Gibson assembled sgRNA gene
was inserted into Pacl linearized pG3.0-CRISPRoff-v2.1 plasmid using
NEBuilder assembly mix resulting in vectors pG3.0-CRIS-
PRoff-v2.1-flbA802, pG3.0-CRISPRoff-v2.1-flbA133, and pG3.0-CRIS
PRoff-v2.1-glaA (Fig. 1).

Plasmid pG3.0-CRISPRoff-v2.1(-KRAB) was constructed by
removing the KRAB domain from plasmid CRISPRoff-v2.1. To this end,
CRISPRoff-v2.1 was digested with PshAI and NotI and self-ligated. The
resulting plasmid was cut with Bglll and Smal to obtain a fragment
containing dCas9 and the Dnmt3A-3L domains. This fragment was
inserted in Stul linearized vector pyrG plug 3.0 (Supplemental Table 1)
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using NEBuilder® HiFi DNA assembly, resulting in plasmid pG3.0-
CRISPRoff-v2.1(-KRAB). The sgRNA sequence targeting the flbA pro-
moter 133 bp upstream of the start codon of flbA and flanked by the
proline tRNA promoter and terminator (see above) was inserted into
Pacl linearized pG3.0-CRISPRoff-v2.1(-KRAB) using NEBuilder assem-
bly mix resulting in vector pG3.0-CRISPRoff-v2.1-flbA133(-KRAB).

For the flbA CRISPRon construct (Fig. 2), the TET1-XTEN80-dCas9
gene sequence was cut from plasmid TETv4 (Addgene, #167983;
Nunez et al., 2021) using EcoRI and BglI and introduced in Stul linear-
ized pyrG plug 3.0 vector by using NEBuilder assembly. This was fol-
lowed by introducing flbA sgRNA flanked by the promoter and
terminator sequences (see above) in the resulting plasmid pG3.0-TETv4,
which had been cut with Pacl (Fig. 2). This resulted in plasmid
pG3.0-TETv4-flbAsgRNA. Targeted gene editing was verified by PCR
(Supplemental Fig. 1).

2.3. Inactivation of pyrG in AR9#2

A cytosine deletion at position 378 of the pyrG open reading frame
was introduced in strain AR9#2 (Siedenberg et al., 1999) by
co-transforming plasmid pFC332-pyrG-sgRNA (consisting of a sgRNA
cloned in pFC332 [Addgene plasmid #87845; N¢dvig et al., 2015]) and
pJET-pyrG (consisting of a PCR-amplified mutant fragment of pyrG
cloned in the pJET1.2 backbone [our unpublished data]) (Supplemental
Fig. 1). This resulted in strain AR9#2XC (Table 1). Targeted gene editing
was verified by PCR (Supplemental Fig. 1).

2.4. Transformation

E.coli TOP10 cells were transformed by heat shock (Froger and Hall,
2007), while A. niger was transformed with PEG-mediated protoplast
transformation (de Bekker et al., 2009) selecting on MM-SA plates for
pyrG prototrophy. This was followed by two rounds of purification on
MM-G plates and one round on a PDA plate. In order to remove the
transforming plasmid, transformants were grown three times on MM-G
containing 0.75 mg mL? 5-fluoroorotic acid (5-FOA) and 10 mM uri-
dine. Transformants that were growing on this medium had lost the
plasmid and were auxotrophic for wuridine. Plasmid pG3.
0-TETv4-flbAsgRNA was introduced in a flbA silenced strain again
selecting for pyrG prototrophy. DNA was extracted from transformants
and sequenced by Macrogen (www.macrogen-europe.com) to verify the
absence of mutations in the promoter and coding sequence of the target
gene.

2.5. RNA extraction and quantitative PCR (qPCR)analysis

RNA was isolated from 3-day-old colonies grown on MM-G between
perforated polycarbonate membranes (Wosten et al., 1991). Total RNA
was purified using the NucleoSpin® RNA kit (Macherey-NaGEL, Diiren,
Germany) and reverse transcribed by the QuantiTect Reverse Tran-
scription Kit (Qiagen, Venlo, The Netherlands). SYBR Green Q-PCR was
used with 1 ng c¢cDNA from biological duplicates and primer pairs
FIbA-QPCR-F/FIbA-QPCR-R for flbA, GFP-QPCR-F/GFP-QPCR-R for
GFP, and Actin A-QPCR-F/Actin A-QPCR-R for actA that was used as a
control (Supplemental Table 3). Expression levels were measured on a
ViiA™Real-time PCR system (Applied Biosystems Wilmington DE, USA)
using the 2724 method for calculation.

2.6. Fluorescence microscopy

Imaging was performed using a Leica MZ16 fluorescence stereomi-
croscope equipped with a mercury lamp, a Leica GFP2 filter set and a
Leica DFC420C digital camera. Fiji 2.1.0 was used for fluorescence in-
tensity analysis.
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Fig. 1. CRISPRoff constructs of flbA and Pgqa-GPF in A. niger. The PflbAS1, PfIbAS2, and PglaAS sgRNA’s (Supplemental Table 2) target the dCas9 fusion protein to
the flbA and glaA promoter, respectively, thereby silencing the expression of the genes that are under their control. The gene encoding the dCas9 fusion protein was
cut from plasmid CRISPRoff V2.1 using Smal and BgllI (B) and inserted into Stul linearized pyrG plug 3.0 (A) resulting in pG3.0-CRISPRoff-v2.1(C). Plasmids pG3.0-
CRISPRoff-v2.1-flbA802, pG3.0-CRISPRoff-v2.1-flbA133, and pG3.0-CRISPRoff-v2.1-glaA result from cloning flbA and glaA sgRNA flanked by their promoter and

terminator sequences in plasmid pG3.0-CRISPRoff-v2.1, respectively (D).

2.7. Statistical analysis

All experiments were performed using at least three biological rep-
licates and One-Way Anova (SPSS 25.0) with p < 0.05.

3. Results
3.1. Applying the CRISPROoff system in A. niger

Plasmids pG3.0-CRISPRoff-v2.1-flbA802, pG3.0-CRISPRoff-v2.1-
flbA133 and pG3.0-CRISPRoff-v2.1-glaA were constructed to assess

whether the CRISPRoff system V2.1 (Nunez et al., 2021) works in
A. niger (Fig. 1). These constructs consist of a gene encoding a

catalytically inactive S. pyogenes Cas9 protein (dCas9) fused to the
ZFN10 KRAB and the D3A and D3L domains. In addition, the plasmids
contain a flbA or glaA sgRNA flanked by proline tRNAP™ and tRNA™"
sequences. Also, they contain the AMA1 2.8 replication sequence that
maintains the construct autonomously in Aspergillus as long as there is
selection pressure (Sarkari et al., 2017; Aleksenko and Clutterbuck,
1997), which in our system is the presence of the selection gene pyrG
conferring uridine prototrophy.

The flbA constructs that target the dCas9 fusion protein 802 bp
(sgRNA-802) or 133 bp (sgRNA-133) upstream of the flbA start codon
(Fig. 2) were introduced in A. niger. Expression and phenotype of flbA
was assessed in five transformants of each construct (Fig. 3). Four out of
five randomly selected sgRNA-802 transformants showed similar or
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Fig. 2. CRISPRon mediated re-activation of flbA in A. niger. The gene encoding the fusion protein TET1-XTEN80-dCas9 was cut from plasmid TETv4 using EcoRIl and
BgllI (B) and inserted into Stul digested pyrG plug 3.0 (A), resulting in plasmid pG3.0-TETv4 (C). Plasmid pG3.0-TETv4-flbAsgRNA was constructed by inserting fIbA
sgRNA flanked by their promoter and terminator sequences in plasmid pG3.0-TETv4 (D). This will target TET1-XTEN80-dCas9 to the flbA promoter and re-activates

expression of flbA.

even higher flbA expression when compared to wild-type, while trans-
formant CFFA1-2 showed 80 % reduced expression of the gene. In
contrast, sgRNA-133 transformants all showed reduced flbA expression
with transformant CFFA2-8 even showing 90 % reduced expression. The
phenotype of the transformants correlated with the reduced flbA
expression. Strain CFFA2-8 formed the least number of spores of the
transformants but sporulation was not completely abolished as in strain
AflbA (Fig. 3).

Strain A. niger AR9#2 expresses GFP from the glaA promoter. The
derivative of this strain, called AR9#2XC, in which pyrG is inactivated,
was transformed with a construct targeting the dCas9 fusion protein
129 bp upstream from the start codon of GFP. This site was chosen
because sgRNA-133 showed higher decreased flbA silencing when

compared to sgRNA-802. Expression of GFP was reduced 3-10 fold in
three out of four randomly picked transformants when compared to
AR9#2XC, while expression in one transformant was not affected
(Fig. 4). Also in this case, qPCR results correlated with GFP fluorescence.

Next, it was assessed whether the phenotype of flbA transformants
can become stronger by transferring 10 randomly picked transformants
10 times on a fresh selection medium. A total of five transformants
indeed showed a stronger flbA phenotype (data not shown). Stability of
gene silencing of flbA was tested in strain CFFA2-8 that shows a strong
reduction in flbA expression (Fig. 3). To this end, the CRISPRoff plasmid
pG3.0-CRISPRoff-v2.1-flbA133 was removed from the strain by growing
three times on a medium with uridine (thus removing selection pres-
sure) as well as 5-FOA to select for pyrG auxotrophic strains. Eight
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Fig. 3. Transcriptional repression of flbA using the CRISPRoff system. The sgRNA’s targeted the dCas9 fusion protein 802 bp (transformants CFFA1-1-6) or 133 bp
(transformants CFFA2-1-10) upstream of the start codon (A). Expression level of flbA as shown by RT-QPCR (B) and phenotypes (C) of 3-day-old and 5-day-old-col-
onies of transformants, respectively. The non-silenced N400pyrG378 strain was used as a control for expression studies, while this strain as well as strain AflbA were
used as controls for phenotyping. Gene actA was used to normalize flbA expression. Error bars represent standard error of the mean of three biological replicates.
Statistical analysis was done using One-Way ANOVA with different letters indicating statistical difference.

randomly picked colonies were streaked on a medium with uridine
resulting in strains that had lost the CRISPRoff plasmid and, as expected,
that could not grow on a medium without uridine. Seven of the resulting
strains still showed the original CFFA2-8 phenotype, while one of the
eight strains, called CFFA2-8-1, showed the same phenotype as the
AflbA strain that produces a yellow pigment, that did not sporulate
(Fig. 5) and that showed undetectable flbA expression (Fig. 6BC).

3.2. Confirmation of DNA methylation in A. niger

To verify DNA methylation after introducing the CRISPRoff system,
A. niger was transformed with the flbA CRISPRoff plasmid pG3.0-
CRISPRoff-v2.1-flbAsgRNA133, plasmid pG3.0-CRISPRoff-v2.1 that
lacks the flbA sgRNA, or plasmid pG3.0-CRISPRoff-flbAsgRNA133
(-KRAB) that contains the flbA sgRNA but lacks the KRAB domain. As
mentioned above introducing the flbA CRISPRoff plasmid pG3.0-
CRISPRoff-v2.1-flbAsgRNA133 resulted in reduced sporulation
(Fig. 7A). Similarly, reduced sporulation was obtained in transformants
in which the plasmid lacking the KRAB domain was introduced. In
contrast, no reduction in sporulation was obtained when the sgRNA was
lacking. Taken together, the sgRNA and the D3A and D3L domains are
needed for a AflbA-like phenotype. A DNA restriction / PCR strategy was
performed to confirm that the D3A and D3L domains result in methyl-
ation of the promoter region of flbA. To this end, genomic DNA of the
non-silenced N400pyrG378 strain, the CRISPRoff transformants
CFFA1-1, CFFA1-2, CFFA1-3, CFFA2-1 and CFFA2-2, as well as the
CRISPRon transformants TEFA1-1 and TEFA1-2 was digested with
Bsul5I. This restriction enzyme is sensitive to CpG DNA methylation.
After Bsul5I incubation, a PCR was performed using primers flanking
the restriction site in the flbA promoter (Fig. 7BC; Supplemental

Table 3). Genomic DNA of the non-silenced N400pyrG378 strain
showed, as expected, a PCR fragment without restriction but no frag-
ment with restriction. Similar results were obtained in the CRISPRon
strains TEFA1-1 and TEFA1-2. In contrast, the CRISPRoff strains
CFFA1-1, CFFA1-2, CFFA1-3, CFFA2-1 and CFFA2-2 resulted in PCR
fragments in both conditions. Together, these results indicate that the
DNA in the flbA promoter region is methylated. The same results were
obtained with the CFFA1-1, CFFA1-2, CFFA1-3, CFFA2-1 and CFFA2-2
strains, after they had been restreaked to MM-G medium. This shows
that the methylation is stable in the presence of the flbA CRISPRoff
plasmid pG3.0-CRISPRoff-v2.1-flbAsgRNA133 (data not shown).

3.3. Impact of location of sgRNA targeting site

The impact of the location of the sgRNA targeting site was assessed.
To this end, sgRNA’s were designed localizing to 10 different positions
in the flbA gene ranging between —802 (sgRNA-802) and +861
(sgRNA+861) bp from its start codon (Fig. 8). These sgRNAs were
cloned in plasmid pG3.0-CRISPRoff-v2.1 and introduced in strain
N400pyrG378. RNA level of flbA was quantified by RT-qPCR of 3-day-
old colonies of four randomly picked transformants of each sgRNA tar-
geting site. Strain N400pyrG378 containing plasmid pG3.0-CRISPRoff-
v2.1 (without sgRNA) was used as a control. All sgRNAs resulted in
decreased flbA expression. The lowest average expression levels in
transformants were obtained with sgRNA-731, sgRNA+670, and sgRNA-
133 with mRNA levels of 27 %, 37 % and 42 % compared to that of the
control, respectively. Together, results indicate that there is not a
preferred location for the sgRNA targeting site of the CRISPRoff system
relating to the distance of the flbA start codon.
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Fig. 4. Transcriptional repression of GFP using the CRISPRoff system. The sgRNA targeted the dCas9 fusion protein 129 bp upstream of the start codon in the glaA
promoter (A). Expression level of GFP as shown by RT-QPCR (B) and phenotypes (C) of 3-day-old and 5-day-old-colonies, respectively, of transformants and the
parental strain AR9#2XC that was used as a control. The actA gene was used to normalize flbA expression. Error bars represent standard error of the mean of three
biological replicates. Statistical analysis was done using One-Way ANOVA with different letters indicating statistical difference.

A , B CFFA2-8-1

Fig. 5. Stability of gene silencing after removing the CRISPRoff plasmid from transformant CFFA2-8. This strain was grown three times on a medium containing 5-
FOA and uridine (A). The phenotype of one of the resulting strains, CFFA2-8-1 (B) is even similar to that of AflbA (C) showing the stability of gene silencing and the

phenomenon of increasing phenotype by re-streaking.
3.4. Applying CRISPRon system to Aspergillus niger

Strain CFFA2-8-1 (see above) was transformed with pG3.0-TETv4-
flbAsgRNA (Fig. 2) to assess whether flbA expression can be re-
activated by the CRISPRon system. Indeed, 8 transformants (TEFA
1-8) showed full sporulation and flbA expression 50-150 % of the wild-
type (Fig. 6). Together, the CRISPRon system can be used to revert gene
silencing of the CRISPRoff system in A. niger.

4. Discussion

Protein dCas9 that is targeted by a sgRNA can inhibit gene expression
due to its DNA binding in a promoter of a gene (Nunez et al., 2021). Gene

expression can also be inhibited by guiding dCas9 to the open reading
frame of a gene as a result of hampered RNA polymerase activity (Larson
et al., 2013; Qi et al., 2013). Protein dCas9 can also be fused to proteins
or protein domains to regulate gene expression. For instance, dCas9 has
been fused to transcription activators and repressors in human cells
(Alerasool et al., 2020), plants (Vazquez-Vilar et al., 2021) and microbes
like Myxococcus xanthus (Peng et al., 2018), Aspergillus nidulans (Schiiller
et al., 2020), A. niger (Yu et al., 2022) and Pichia pastoris (Liao et al.,
2021). In the latter case, dCas9 was fused with the transcriptional
repressor Mxil/RD1152 or the transcriptional activator VPR. This
resulted in a 70 % inhibition and up to ~3.5-fold activation, respec-
tively. Protein dCas9 has also been fused to epigenetic regulators to
modulate expression in human cells (Hilton et al., 2015; Amabile et al.,
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strains CFFA1-1, CFFA1-2, CFFA1-3, CFFA2-1 and CFFA2-2 result in PCR fragments in both conditions because the restriction enzyme cannot cut in methyl-
ated DNA.
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2016), Plasmodium falciparum (Xiao et al., 2019) and A. niger (Li et al.,
2021; Yu et al., 2022). For instance, a gene fusion of the histone ace-
tylase P300 and dCas9 increased breF expression in A. niger 3-fold (Li
et al., 2021). Here, we successfully used the CRISPRoff and CRISPRon
systems for the first time in a fungus. These systems were developed to
silence genes in human stem cells resulting from targeted epigenetic
changes and to revert these changes, respectively (Nunez et al., 2021).

We used the CRISPRoff system to reduce expression of flbA and GFP.
Some transformants showed undetectable GFP fluorescence (data not
shown) or undetectable flbA mRNA levels after introducing the
CRISPRoff system, while others showed an intermediate phenotype.
Apparently, efficiency of silencing is variable between transformants.
This may be caused by instability of the AMA1 plasmid. Nuclei contain
10 of such plasmids per nucleus and the expression of genes contained
on the vector is proportional to copy number (Aleksenko et al., 1996).
However, the stability of the plasmids is limited even under selective
conditions (Aleksenko and Clutterbuck, 1997). In fact, nuclei can be
totally devoid of the plasmid. Hyphae or compartments having such
nuclei would survive their auxotrophy by flow of nutrients from hyphae
that do have the AMA1 plasmid and are therefore prototrophic (in our
case for uridine).

Silencing of flbA was maintained after removing the CRISPRoff
plasmid, thus showing that the changes are inherited in the fungal sys-
tem. What is the evidence that silencing is caused by methylation? First,
the flbA CRISPRoff phenotype was reversed by introducing the CRISP-
Ron system. Second, removing the KRAB domain from the CRISPRoff
plasmid still reduced flbA expression as shown by reduced sporulation of
the colony. In contrast, removing the sgRNA from the CRISPR construct
did not result in reduced sporulation. Together, the sgRNA and the D3A
and D3L domains are needed for reducing flbA expression. Finally, a
DNA restriction / PCR strategy confirmed that the D3A and D3L domains
result in methylation of the promoter region of flbA. This was shown by
the fact that the methylation sensitive Bsul5I enzyme did cut in the flbA
promoter of non-silenced strains but did not cut in the CRISPRoff strains.
Together, these results strongly indicate that the DNA in the flbA pro-
moter region is methylated. Notably, methylation is maintained, at least
partially, after removing the plasmid containing the D3A and D3L do-
mains. This implies that A. niger has DNA methylation activity. Very
little methylation has been reported in Aspergillus flavus (Gowher et al.,
2001) but methylation has not been shown in Aspergillus nidulans and
A. niger (Tamame et al., 1983; Liu et al., 2012; Lee et al., 2008). Future
research should assess the methylation maintenance system in A. niger.
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Fig. 8. Impact of sgRNA localization on flbA expression.
sgRNA’s were targeted to 10 different positions ranging
between —802 (sgRNA-802) and +861 (sgRNA+861) bp
from the start codon of flbA. RNA level of flbA was quan-
tified by RT-qPCR of 3-day-old colonies. Strain
N400pyrG378 in which plasmid pG3.0-CRISPRoff-v2.1
(without sgRNA) was introduced was used as a control.
The actA gene was used to normalize flbA expression. Error
bars represent standard error of the mean of three biolog-
ical replicates. Statistical analysis was done using One-Way
ANOVA with different letters indicating statistical
difference.

A screen of 41 genes showed that efficient gene repression is ob-
tained in human cells when sgRNAs are targeted —50 bp to +250 bp
relative to the transcription start site (TSS) (Radzisheuskaya et al.,
2016). Similarly, gene expression in S. cerevisiae is most affected when
the sgRNA is targeted in the 200 bp region upstream of the TSS (Smith
et al., 2016; McGlincy et al., 2021). We here targeted the dCas9 fusion
protein of the CRISPRoff system to five locations in the flbA promoter
and to five locations within its coding sequence. All sgRNAs effectively
decreased flbA expression targeting positions within the —802 bp to
+861 bp region relative to the start codon. The lowest expression levels
were obtained far upstream (—731 bp) and downstream (+670 bp) of
the start codon (i.e. —664 and +737 bp of the TSS) with average
expression levels in transformants of 27-37 % when compared to the
control. These results indicate that there is not a preferred location for
the sgRNA targeting site of the CRISPRoff system in A. niger. It should be
assessed in the future whether this is also the case for other genes of this
fungus.

Together, the CRISPRoff and CRISPRon system can be used to
modulate gene expression without the risk of genome rearrangements
due to the double strand breaks that are introduced by Cas9. Future
research will assess whether the CRISPRoff and CRISPRon systems can
be optimized. Literature suggests that this for instance can be achieved
by using codon optimized versions of the domains, replacing the pro-
moter that controls expression of the sgRNA, replacing the ZNF10 KRAB
domain by an orthologous domain of another protein, or by replacing
the KRAB domain for the Mxil domain (Gilbert et al., 2013; Schwartz
et al., 2017; Wensing et al., 2019; Zheng et al., 2019; Alerasool et al.,
2020; Camara et al., 2020; McGlincy et al., 2021; Wang et al., 2021;
Replogle et al., 2022; Yu et al., 2022). Such optimizations should result
in a high incidence of strong reduction in gene expression in the case of
the CRISPRoff system and in high incidence of full recovery of gene
expression in the case of the CRISPRon system.
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