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ABSTRACT

CRISPR-Cas9 technologies are revolutionizing fungal gene editing. Here we show that survival of specific
Cas9/sgRNA mediated DNA double strand breaks (DSBs) depends on the non-homologous end-joining, NHEJ,
DNA repair pathway and we use this observation to develop a tool to assess protospacer efficiency in
Aspergillus nidulans. Moreover, we show that in NHEJ deficient strains, highly efficient marker-free gene
targeting can be performed. Indeed, we show that even single-stranded oligo nucleotides efficiently works as
repair templates of specific Cas9/sgRNA induced DNA DSBs in A. nidulans, A. niger, and in A. oryzae indicating
that this type of repair may be wide spread in filamentous fungi. Importantly, we demonstrate that by using
single-stranded oligo nucleotides for CRISPR-Cas9 mediated gene editing it is possible to introduce specific
point mutations as well gene deletions at efficiencies approaching 100%. The efficiency of the system invites
for multiplexing and we have designed a vector system with the capacity of delivering Cas9 and multiple
sgRNAs based on polymerase Il promoters and tRNA spacers. We show that it is possible to introduce two
point mutations and.one gene insertion in one transformation experiment with a very high efficiency. Our

system is compatible with future high-throughput gene-editing experiments.


mailto:um@bio.dtu.dk

1. Introduction

Filamentous fungi constitute a rich source of enzymes and bioactive metabolites for the biotech-, food- and
pharma industries and only a tiny fraction of these activities have been identified and characterized (1-4). At
the same time fungi may also produce harmful mycotoxins and act as undesirable, and even deadly, plant-,
animal- and, human pathogens (2, 5). Towards a more efficient exploitation of the fungal product potential as
well as to better understand fungal biology to combat disease, genomes of numerous species have been fully
sequenced; and this number is rapidly increasing (6, 7). Hence, the number of known genes that putatively
encode proteins with potentially interesting enzymatic properties, genes that putatively are involved in
production of secondary metabolites, and genes that putatively may be involved in‘pathogenicity is enormous.
However, the route from bioinformatic gene predictions towards understandingtrue functions of gene
products has been hampered by lack of tools to perform rapid reverse genetics in filamentous fungi (8). With
the implementation of CRISPR-Cas9 genome editing technologies in fungi this is quickly changing (9—14). RNA-
guided Cas9 endonuclease can easily be programmed to cleave virtually any DNA sequence with a very high
degree of specificity; and subsequent repair of the resulting DNA double-strand breaks (DSBs) can be
employed as a basis for site specific mutagenesis mediated by non-homologous end-joining, or, for the

introduction of specific DNA changes via HR mediated gene targeting (9, 15-19).

We have previously presented a system that allows for efficient fungal CRISPR mediated gene editing (9). This
system is based on Streptococcus pyogenes Cas9, which have been adapted to fungal use by employing a copy
of cas9, which is codon optimized for production in Aspergillus niger and extended by a sequence that adds an
SV40-NLS to the C-terminus of the resulting enzyme. Production of the sgRNA is achieved by expressing a gene
that is controlled by an RNA polymerase Il promoter. For that reason, the sgRNA is embedded in a splicing
cassette as it is flanked by the hammerhead (HH) and hepatitis delta virus (HDV) ribozymes. Hence, the mature
sgRNA is released from the transcript by the action of these to ribozymes. To facilitate fungal CRISPR
technology, we made an AMA1 based vector set where the individual vectors contain selectable markers and
where the cas9 and sgRNA genes can be easily inserted by seamless cloning strategies. Using this system we

have performed CRISPR mediated gene editing in seven different fungal species (9, 20).

Our current system is designed for introducing individual gene alterations in fungi and is not well suited for
multiplexing and automated genetic engineering. The main limitations are evaluation of sgRNA efficiency,
labor intense work to generate gene-targeting substrates (GTSs), and production of multiple different sgRNA
species in a single experiment. In the present study, we investigate the role of non-homologous end-joining in
sealing Cas9 mediated DNA DSBs, and we use the insights to establish a tool to assess protospacer efficiency,
TAPE, in filamentous fungi. Moreover, we demonstrate that single-stranded oligonucleotides can be efficiently
used as GTSs to introduce specific deletions and point mutations via repair of specific Cas9 induced DNA DSBs;

hence, eliminating the need for construction of complex GTSs; a finding that sets the stage for simple high-
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throughput genetic engineering in filamentous fungi. Lastly, by exploiting a polymerase Ill promoter and tRNA
sequences as spacers for the release of multiple different sgRNAs, we demonstrate that our new tools can be

used for efficient fungal marker-free multiplexing gene-editing experiments.

2. Materials and methods

2.1. Strains and media

The Aspergillus strains used for CRISPR-Cas9 gene editing experiments are listed in Table 1. Escherichia coli
DH5a was used as host for propagating all plasmids using solid, 2% agar, or liquid LB medium containing 100
pg/ml ampicillin as growth medium. All fungal strains were cultivated on solid minimal media (MM): 1%
glucose, 1x nitrate salt solution (21), 0.001% Thiamine, 1x trace metal solution (22), 2% agar. When required
MM was supplemented with 10 mM uridine (Uri), 10 mM uracil (Ura), and/or 4 mM L-arginine (Arg). For

transformation, transformation medium (TM) was used. TM is MM where glucose is replaced with 1 M sucrose.

2.2. Genomic DNA, PCR and vector construction

Primer design was based on the A. nidulans and A. niger genome sequences, which are publicly available
through AspGD/FungiDB (version 5) and JGI (version 4.0), respectively (23, 24). Fungal genomic DNA (gDNA)
for PCR reactions was isolated via FastDNA SPIN Kit for Soil DNA extraction kit (MP Biomedicals, USA) using the
instructions of the manufacturer. All vectors were constructed by USER-cloning and -fusion (25, 26); and PfuX7
(27) was used as polymerase to generate all PCR fragments for vector construction. A list of all primers
(Integrated DNA Technologies (IDT), US) used in this study is provided in Table S1. Detailed information
concerning how to construct CRISPR vectors for ribozyme based in vivo sgRNA release is described in Ngdvig et
al (9). Construction of CRISPR-tRNA vectors designed for RNase P and RNase Z in vivo catalyzed sgRNA release
is explained in section3.5. For primer design for construction of primers for CRISPR-tRNA vectors, see Fig. S1.
Here we explain how protospacers, through primer tails, can be inserted between promoter and sgRNA-
terminator fragments. For construction of CRISPR vectors containing Af_U6-1p and Af_U3p promoters, we
obtained fragments by PCR using gDNA from Aspergillus fumigatus Af293 as template using primer pairs
CSN440+CSN441 and CSN438+CSN439, respectively The tRNA spacer-based sgRNA expression vector (pFC902)
was constructed by fusing two DNA fragments (gBlocks, IDT) by USER fusion using pFC330 as vector fragment,
see Fig. S2 for details. pFC902 has been deposited in the Addgene collection. The resulting plasmid pFC902 was
used as PCR template for all subsequent CRISPR-tRNA vectors. Details concerning all CRISPR vectors, including
the mechanism of sgRNA release, is presented in Table S2. gDNA extracted from NID5 was used as template
for amplifying the putative A. nidulans U6 promoter and targeting fragments for construction of GTS vectors
for A. nidulans (Table S3), while the sgRNA backbone, the HDV ribozyme and the trpC terminator were
amplified from pFC334. pU0002 (26) was used as vector backbone for construction of all marker-free GTS
vectors. GTS-kusA-2000, which contains AfpyrG flanked by direct repeats, was constructed by using pU2002A
(24) as vector backbone and PCR derived targeting sequences amplified from NIG1 gDNA for kusA deletion in A.



niger (Fig. S3, Table S1). Finally, construction details of the AMAL1 vectors for analysis of promoter strength are

specified in Table S4.

2.3. Fungal transformation, protospacer, and strain validation

Preparation of fungal protoplasts and transformation were performed as previously described (28).
Transformants were obtained on solid TM medium with or without supplements. In gene-targeting
experiments, 1 pg of CRISPR vector was used in combination with either 1 pg of a linear or circular GTS when
the GTS was selected via a marker gene, or 2 g if there was no selection for the GTS, in a total volume of 150
ul of PCT buffer (9). In gene-editing experiments, 10 pL of 100 uM stock solutions of oligo nucleotides (GE-
Oligos, see Table S5) were added instead of a GTS serving as repair templates. Strain validation was performed
by diagnostic PCR reactions using the strategy outlined in in Ngdvig et al (9). We used a t-test (P<0.05; two-

tailed; paired) in Excel (Microsoft) for evaluating protospacer efficiency.

2.4. Fluorescence microscopy

Microscopy was essentially performed as previously described (29). Images were captured with a cooled
Evolution QEi monochrome digital camera (Media Cybernetics Inc.) mounted on a Nikon Eclipse E1000

microscope using a 10X ocular. Images of spores were acquired using 100X or 20X objectives.

3. Results

3.1. A technique to assess protospacer efficiency, TAPE, identifies sgRNASs for efficient marker-free gene-

deletions

We have previously demonstrated that Cas9/sgRNA nucleases are able to generate mutations in filamentous
fungi at specific chromosomal sites that are complementary to the protospacer of the sgRNA (9); and we
speculated that these mutations were the result of error-prone repair of Cas9 induced DNA DSBs by the NHE)J
pathway. To test this hypothesis we individually transformed four different pyrG-based CRISPR plasmids
(pFC897, pFC934, pFC937, and pFC920) each containing AMA1 and cas9 as well as one of four sgRNA genes,
yA-sgRNA1-4, into NHEJ deficient (NID1) and proficient (NID5) A. nidulans strains in three independent trials.
Each of these protospacers target Cas9 to different positions within yA (see Fig. 1A), which encodes a laccase
converting the yellow spore compound YWA1 into green pigment (30). Successful mutagenesis of yA by Cas9
can easily be scored as colonies displaying yellow conidia versus wild-type green conidia, as we demonstrated
previously (10). The sgRNA genes on the CRISPR vectors are transcribed by Polymerase Il and mature sgRNAs
are released by ribozymes contained in the full-length transcripts (9, 31). As a reference experiment, NID1 and
NID5 were also transformed in parallel with an empty pyrG-based CRISPR plasmid using the same batch of

protoplasts.



When pyrG-based CRISPR plasmids expressing yA-sgRNA2 or yA-sgRNA3 were transformed into NHEJ
proficient NID5 strains; all resulting transformants displayed a healthy morphology including the ability to form
conidia (Fig. 1B). Moreover, the numbers of transformants obtained with these vectors were similar to the
numbers of transformants obtained with the corresponding empty CRISPR vector (Fig. 1C). In contrast, with
the pyrG-based CRISPR plasmids expressing yA-sgRNA1 and yA-sgRNA4, the majority of the transformants with
NIDS strains appeared crippled showing no, or severely impaired, conidiation. Moreover, the numbers of
transformants with a healthy morphology were significantly decreased, 7- and 4- fold, respectively, relative to
the number obtained with the empty CRISPR vector. These effects were even more pronounced with NHEJ
deficient NID1 strains where transformations with CRISPR plasmids expressing yA-sgRNA1 and yA-sgRNA4
generated almost no healthy transformants. As a result, the numbers of transformants obtained with these
plasmids were further reduced, around 5- and 8-fold respectively, relative to the corresponding numbers
obtained with the empty vector, and these reductions were also significant/(Fig. 1C). As a result the total
decrease in the numbers of transformants obtained with pyrG-based CRISPR plasmids expressing yA-sgRNA1
and yA-sgRNA4 with NID5 strains were reduced more than 30-fold compared to the numbers obtained with
the empty CRISPR vector. These results strongly indicate that with yA-sgRNA1 and yA-sgRNA4 potentially
lethal Cas9 DNA DSBs are induced at sufficiently efficient rates to reduce survival of transformants significantly;
and that functional NHEJ is important for repairing these breaks to increase the chance of survival. In further
support of NHEJ repair playing an important role in the repair of Cas9/sgRNA induced DNA DSBs, we find that
with NID5, but not with NID1, conidiating transformants obtained with CRISPR plasmids expressing yA-sgRNA1
and yA-sgRNA4 readily developed healthy yellow colonies when spores from these transformants were
restreaked on solid medium selecting for the pyrG-based CRISPR plasmid (Fig. S4A—C). These results indicate

that DSBs in yA were joined by error prone NHEJ repair to create mutations (9).

In similar experiments.with the yeast Saccharomyces cerevisiae, we also found that reduced numbers of
transformants are a consequence of lethal unrepaired Cas9 induced DNA double strand breaks (32). Moreover,
we used this observation to develop a technique to assess protospacer efficiency (TAPE) exploiting that
sgRNAs that efficiently induce cell death in the absence of a repair template also stimulate efficient gene
targeting. If, the TAPE concept is also valid for A. nidulans, TAPE would predict that yA-sgRNA1 and yA-sgRNA4
stimulate gene targeting into the yA locus more efficiently than yA-sgRNA2 and yA-sgRNA3. To address this
possibility, we individually co-transformed NHEJ deficient NID1 strains with the four pyrG-based CRISPR
plasmids expressing yA-sgRNA1-4 along with a circular marker-free yA GTS (cGTS-yA-2000) designed for
deleting yA by marker-free gene-targeting as it contains a 4 kb insert composed by a fusion of 2 kb of up- and 2
kb of down-stream yA sequences. In agreement with the TAPE prediction, the vast majority of the
transformants obtained with the two pyrG-based CRISPR plasmids expressing yA-sgRNA1 and yA-sgRNA4
formed yellow conidia when the cGTS-yA-2000 was included in the transformation experiment (Fig. 1B).
Moreover, the numbers of transformants obtained with CRISPR vectors expressing yA-sgRNA1 and yA-sgRNA4
were significantly increased by around 20- and 16-fold, respectively, as compared to the corresponding

numbers obtained in the absence of this substrate (Fig. 1C). Moreover, diagnostic PCR analyses of 12 yellow
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colonies obtained from these experiments demonstrated that they all contained a deletion of yA (Fig. S5A and
S5B). In contrast, formation of yellow transformants obtained with pyrG-based CRISPR plasmids expressing yA-
SgRNA2 and yA-sgRNA3 were rare, Fig. 1B. Together these results strongly suggest that TAPE can be used to
predict sgRNA efficiency, and that sgRNAs selected by TAPE can be used to perform efficient marker-free gene-

deletions in NHEJ deficient strains.

3.2. CRISPR plasmid stability and promoter strength of cas9 and sgRNA influence CRISPR mediated gene-

targeting efficiency

We next compared the targeting efficiency of linear and circular GTSs for marker-free deletion of yA (Table 2).
Specifically, GTSs containing different lengths of targeting sequences were co-transformed into the NHEJ
deficient strain NID1 with yA-sgRNA1 encoding CRISPR vectors based on either pyrG (pFC897) or argB (pFC334)
markers, and plated on solid medium selecting for either pFC897 or pFC334. With all, GTSs, homogenously
yellow transformants were frequently formed, Table 2. This phenotype is due the fact that all conidia were
yellow, and such transformants most likely result from events where the yA disruption happened early after
transformation. Based on the fact that NID1 transformed with pFC334 (Fig. 1B) did not produce healthy
homogenously yellow transformants in the absence of a GTS, we envisioned that the homogenously yellow
colonies formed in the presence of GTSs are predominantly formed as the result of successful deletion of the
yA gene. We substantiated this conclusion by demonstrating that five randomly selected yellow colonies
generated by the GT substrates with the shortest targeting sequences, 200 bps, contained the expected yA

deletion as judged by diagnostic PCR analyses (Fig. S5C).

With the argB-based yA-sgRNA1 encoding CRISPR vector (pFC334) the percentage of yellow transformants
within the total population of transformants were always higher with circular GTSs as compared to the
corresponding linear GTSs. The highest efficiencies, > 90%, were obtained with circular GTSs containing 1000
and 2000 bps yA targeting sequences. With both circular- and linear GTSs, yellow colonies were obtained with
low efficiencies, < 15 %, when the targeting sequences were reduced to 200 bps. In contrast, gene targeting
induced by expressing yA-sgRNA1 from a pyrG-based CRISPR plasmid (pFC897) appeared less sensitive to
reductions in the length of yA targeting sequences and to the design of the GTS. Hence, all circular and linear
substrates containing yA targeting sequences > 500 bps produced yellow colonies with high efficiencies as >
90% of the colonies in the total population of transformants were yellow. The design of the GTS influenced the
results only with short 200 bps yA targeting sequences as the gene-targeting efficiencies dropped to around
75% and 17% in the case of the circular and linear GTSs, respectively. The higher efficiencies obtained with

pyrG based CRISPR plasmids could be due to a higher plasmid copy number and/or plasmid stability, and there



by higher and more uniform expression levels of the cas9 and sgRNA genes when pyrG, rather than argB, is

used as selection marker.

To investigate whether expression levels vary between AMA1 based plasmids selected by either pyrG or argB
we constructed a set of mRFP expression plasmids, see Table S4, and transformed them individually into NID1.
Specifically, we tested expression of an mRFP gene under the control of either the tef1- or the gpdA promoter,
utilized for cas9 and sgRNA expression, respectively, in our CRISPR vectors, by visualizing the mRFP signal in
conidiospores by fluorescence microscopy, Fig. 2 and Fig. S6A — S6C. With conidia obtained from.a NID1 strain
transformed with pyrG based vectors we observed little variation in the RFP signal between individual spores.
In contrast, the mRFP signal varied considerably between individual spores obtained from strains containing
argB selected plasmids. Moreover, relative to the mRFP signal levels in conidia obtained from strains
containing pyrG based vectors, the mRFP signal levels were generally much lower in conidia obtained from
strains containing the corresponding argB vectors. However, a few of these spores contained similar or even
higher mRFP signals as compared to the signals obtained with spores from strains containing pyrG vectors.
Hence, the higher gene-targeting efficiency observed with NID1 strains transformed with pyrG-based CRISPR
plasmids may be due to a higher number of nuclei that contain sufficient Cas9 and sgRNA levels to support
efficient DNA DSB formation as compared to strains transformed with argB-based CRISPR plasmids.
Interestingly, we also note that the tef1 promoteris considerably stronger than the gpdA promoter as 14 times
longer exposure times of spores containing plasmids expressing mRFP under the control of the gpdA promoter
were required to achieve signal strengths comparable to that observed with spores expressing RFP under the

control of the TEF1 promoter, Fig. S6A —S6B.

3.3. Efficient single-stranded oligonucleotide mediated CRISPR gene-editing in A. nidulans

The fact that significant Cas9 induced gene targeting can be achieved with GTSs containing short targeting
sequences inspired us to examine whether short single-stranded oligonucleotides can be used as a repair
template for accurate Cas9 induced gene editing in A. nidulans. Moreover, since single-stranded gene-editing
oligonucleotides (GE-oligonucleotides) can be designed to interact with the sense or the antisense strand of
transcribed loci, we tested whether GE-oligonucleotides exhibit strand preference for repair. Accordingly, a
pyrG-based CRISPR plasmid expressing yA-sgRNA1 (pFC897) was co-transformed with two different 90-mer
gene-editing oligonucleotides, GE-Oligol and GE-Oligo2, which both were designed to introduce a specific
AAC->TAA non-sense mutation in yA next to the Cas9/yA-sgRNA1 cleavage site in yA. In both cases, the
mutagenic codon is located in the center of the gene-editing oligonucleotide, but GE-Oligo1 is complementary

to the anti-sense strand and GE-Oligo2 to the sense strand of yA (Fig. S7A).

With GE-Oligol and GE-Oligo2 we obtained 10 and 20 transformants and 11 and 13 transformants in two

independent experiments, respectively. In both cases most of the transformants were capable of producing



conidia and >90 % of these transformants displayed a yellow phenotype, see Fig. 3A for a representative
experiment. To further investigate the nature of the yellow phenotype, we PCR amplified and sequenced the
targeted region of yA from a total of twelve randomly selected yellow colonies from the two different
experiments. When GE-Oligol was used as repair template, ten out of the twelve colonies contained the
intended AAC to TAA substitution. The remaining two colonies also contained this substitution, but in each
case, the event was accompanied by additional sequence alterations. One of them contained a deletion of a
single nucleotide three nucleotides downstream of the TAA mutation; and the other contained a 69 base-pair
duplication downstream of the TAA mutation. All transformants obtained with GE-Oligo2 contained the

correct AAC to TAA substitution without any additional modifications.

In the experiment described above, the protospacer of yA-sgRNA1 targets the anti-sense strand of yA. To
investigate whether the efficiency of gene editing was dependent on the strand targeted by Cas9, we exploited
that Cas9/yA-sgRNA4 binds to the sense strand of yA to produce a DNA DSB located 384 bp downstream of the
DNA DSB produced by Cas9/yA-sgRNA1. This DNA DSB can be repaired by using GE-oligonucleotides GE-Oligo4
and GE-Oligo5, which bind to the anti-sense or sense strands of yA, respectively, and which both contain a
mutagenic stop-codon (ATC to TGA) centrally in the sequence (Fig: S7B). A co-transformation of NID1 with the
pyrG-based CRISPR plasmid pFC920 encoding Cas9/yA-sgRNA4 with GE-Oligo4 or GE-Oligo5 produced 14 and
16, respectively, healthy transformants of which >90% were yellow. Seven yellow transformants obtained
with each of the two GE-oligonucleotides were sequenced and this analysis showed that they all contained the

expected mutation.

Together our data show that single-stranded GE-oligonucleotides work efficiently as templates for CRISPR
mediated gene editing. Moreover, we show that binding of Cas9/sgRNA and binding of GE-oligonucleotides to

the coding or non-coding strands do not seem to impact the efficiency of gene editing to any large extent.

3.4. Single-stranded oligonucleotide mediated CRISPR gene-editing is efficient in other Aspergillus species

To investigate whether single-stranded oligonucleotide mediated gene editing is applicable in other Aspergillus
species, we used a pyrG-based CRISPR plasmid (pFC469) expressing albA-sgRNA, which we have previously
used to introduce mutations in A. niger with high efficiency (9), and which also matches wA of A. oryzae. wA/
albA encodes the polyketide synthase responsible for production of conidia pigment, and fungi where wA/albA
is deleted produce white conidia. We then designed two 90-mer GE-oligonucleotides, which both contain a
mutagenic stop-codon triplet (AAC to TGA), and which both bind to the sense strands of A. niger albA (GE-
Oligo7) and of A. oryzae wA (GE-Oligo8) at the position targeted by Cas9/albA-sgRNA.

Ge-0ligo7 and GE-Oligo8 were individually co-transformed with pFC469 into NHEJ deficient strains of A. niger
and A. oryzae, respectively, and plated on solid TM selecting for pFC469. With both fungi we obtained

approximately 40 transformants of which approximately 60% (A. niger) and 80% (A. oryzae) were white (Fig.

8



3B). For each species, eight white transformants were randomly selected and sequenced. In all cases, the
desired stop codon was introduced into albA of A. niger and in wA of A. oryzae at the position directed by GE-
Oligo7 and by GE-Oligo8, respectively. Hence, highly efficient single-stranded oligonucleotide mediated CRISPR

gene editing appears to be a common feature of Aspergillus species.

3.5. Improving gRNA expression for multiplex CRISPR gene editing

The high CRISPR gene-editing efficiencies in Aspergillus species set the stage for multiplex experiments.
However, our current system does not allow for simple delivery of multiple sgRNAs into one strain via a single
vector. As an alternative, we envisioned that tRNA-spacer based systems, which have been successfully used
for multiplex sgRNA expression in other organisms, including several plants, yeasts, human cells and fruit flies
(33—-37), could bypass this limitation in filamentous fungi. Specifically, it is exploited that pre-tRNAs contain
internal 5’- and 3’ splice sites, which are processed by the tRNA splicing machinery where RNase P and RNase Z
release mature tRNAs from the larger pre-tRNA transcript (38). In CRISPR experiments, this machinery can be
exploited to release sgRNA species. Hence, by constructing genes encoding transcripts containing different
sgRNAs species spaced by tRNA entities, multiplexing can be achieved since several different sgRNAs can be

liberated from a common transcript by RNase P and RNase Z (Fig. 4).

To build a tRNA based system for gRNA delivery, we first identified a suitable polymerase Ill promoter as an
alternative to the gpdA promoter, which appeared limiting in some experiments, see above. For this purpose,
we therefore first constructed genes encoding the yA-sgRNA1 sequence fused to the HDV Ribozyme under the
control of different polymerase Ill promoters and the trpC terminator. Specifically, we tested three polymerase
[Il promoters, the A. fumigatus U6-1 promoter (39), the A. nidulans U6-1 RNA (see M & M), and the A.
fumigatus U3 promoter (39) for their ability to induce DNA DSB formation in yA. Hence, pyrG-cas9-AMA1
based plasmids containing yA-sgRNA1 under the control of the promoters Af_U6-1p (pFC899), An_U6-1p
(pFC900), and Af _U3p (pFC901) were constructed. pFC899, pFC900, and pFC901 were individually co-
transformed into the NHEJ deficient A. nidulans strain NID1 along with a circular GT substrate (cGTS-yA-2000)
designed for marker free deletion of yA. Hence, formation of yellow transformants on solid medium selecting
for pFC899, pFC900, and pFCI01 serves as an indicator for polymerase Ill promoter strength. Surprisingly,
transformation with pFC899 failed to produce any yellow colonies despite that the U6 promoter is a standard
choice for sgRNA expression in many organisms (40—42). Similarly, transformation with pFC900 where yA-
SgRNA1 expression is controlled by the corresponding promoter from A. nidulans, An_U6-1p, also failed to
produce yellow colonies. Encouragingly, with pFC901 almost 100% of the transformants were yellow (Fig. S8)

indicating that the Af_U3p promoter efficiently stimulated yA-sgRNA1 production.

We next examined whether the tRNA splicing machinery could be used to liberate sgRNAs from polymerase llI
generated transcripts. In this design, one or more sgRNA sequences are individually flanked on both sides by
identical glycine tRNA gene sequences to form what we term tRNA splicing-cassettes as the individual sgRNA

seqguences can be released by endogenous RNase P and RNase Z activities. In a first test of this system, we
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inserted tRNA splicing-cassettes containing a single sgRNA controlled by a U3 promoter and a U3 terminator
into an empty CRISPR vector to produce what we term CRISPR-tRNA vectors (for construction see Fig. 5).
Specifically we made four pyrG based CRISPR-tRNA vectors pFC902, pFC903, pFC904 and pFCI05 that produce
yA-sgRNA1, yA-sgRNA2, yA-sgRNA3, and yA-sgRNA4, respectively. We then individually transformed pFC902-
905 into an NHEJ deficient A. nidulans strain (NID1). On solid medium selecting for the CRISPR-tRNA vectors
only few transformants were generated in all cases; and several of these transformants displayed a crippled
morphology (Fig. 6). In contrast, control experiments with the corresponding vector, which do not encode a yA
specific sgRNA, produced > 70 healthy transformants. According to TAPE, these experiments.indicate that all
yA-sgRNA species are efficiently expressed from pFC902-905 resulting in cell death. In agreement with this
view, large numbers of transformants with a healthy morphology (20-100) were obtained when pFC902-905
were co-transformed into NID1 with the yA specific GTS, cGTS-yA-2000, indicating that it was efficiently used
as a repair template to seal DNA DSBs produced by Cas9/yA-sgRNA1-4. Moreover, the vast majority of the
transformants were yellow; and five randomly selected yellow colonies contained the expected yA deletion as
judged by diagnostic PCR (Fig. S9). Importantly, the fact that all yA-sgRNA species efficiently stimulated
deletion of yA when expressed from pFC902-905 suggests that the concentration of liberated yA-sgRNA
species are higher with the polymerase IlI/tRNA based system as compared to the corresponding polymerase
Il/ribozyme based system where yA-sgRNA2 and yA-sgRNA3 do not work efficiently (Compare Fig.1B and Fig.
6). Moreover, the results suggest that TAPE can be used to judge protospacer efficiency in the fungal

polymerase IlI/tRNA based CRISPR system.

3.6. Introduction of gene deletions by using chimeric repair-oligonucleotides and tRNA mediated multiplex

CRISPR technology

In a first possible use of U3/tRNA mediated multiplexing, we attempted to create gene deletions in an NHEJ
deficient strain by using GE-oligonucleotides as repair templates. We envisioned that a specific deletion could
be created by introducing two DNA DSBs bordering the sequence to be deleted. In this scenario, a deletion will
be formed if the DNA ends up- and downstream of the two DNA DSBs are joined in a repair process guided by
a single chimeric GE-oligonucleotide, which matches sequences up- and downstream of the DNA DSBs (Fig. 7A
and 7B). We therefore constructed a pyrG-based CRISPR-tRNA vector (pFC1082) containing a yA-sgRNA3 [yA-
sgRNA4 tRNA splicing—cassette that results in a transcript where yA-sgRNA3 and yA-sgRNA4 are released by
RNase P and RNase Z. Efficient expression of these genes in A. nidulans is expected to generate two DNA DSBs
spaced by 1000 bps in yA, and successful repair mediated by a chimeric repair-oligonucleotide will therefore
result in a 1000 bps deletion. An NHEJ deficient A. nidulans strain (NID1) was co-transformed with the vector
and either of two different 90 bps chimeric GE-oligonucleotides; one with a symmetric design where the two
homology sections of the GE-oligonucleotide were of the same length, (GE-Oligo11) and, one with an
asymmetric design where the 3’-homology section contains 72% of the bps of the gene-editing oligonucleotide

(GE-Oligo12), see Fig. 7B. Encouragingly, in both experiments almost all transformants formed yellow conidia
10



demonstrating that yA can be inactivated by this strategy (Fig. 7C and Fig. S10A). In two independent
experiments, we noted that the numbers of yellow transformants were approximately two-fold higher when
the symmetric GE-oligonucleotide (100 and 101 yellow transformants), rather than the asymmetric GE-
oligonucleotide (54 and 61 yellow transformants), was used as a repair template. Importantly, diagnostic PCR
analyses validated the presence of a 1000 bp yA deletion in eight randomly selected yellow colonies obtained
with the symmetric GE-oligonucleotide (Fig. S10B and S10C). To investigate the importance of multiplexing in
this gene-deletion method, we attempted to introduce the same yA deletion via single DNA DSBs:made by
Cas9 guided by gRNA species derived from polymerase Il transcripts. Specifically, we individually co-
transformed NID1 with pyrG-based CRISPR-tRNA vectors expressing cas9/yA-gRNA1, cas9/yA-gRNA3, or
cas9/yA-gRNAA with the symmetric repair-oligonucleotide. In all three experiments, we did not obtain any
colonies despite that we used the same batch of protoplasts as the one used to generate yA deletions in the
experiments described above (Fig. 7C). These results indicate that repair of single DNA DSBs located at the

borders, or in the center, of the yA sequence via the chimeric repair-oligonucleotide is inefficient.

Next, we investigated whether a deletion mediated by a chimeric repair-oligonucleotide and multiplex CRISPR
technology is unique to the yA locus. To this end, we constructed a pyrG-based CRISPR-tRNA vector (pFC994)
expressing a wA-sgRNA1/wA-sgRNA2 tRNA-based splicing-cassette. Hence, pFC994 produces two new sgRNAs,
wA-sgRNA1 and wA-sgRNA2, matching sequencesiin the up- and downstream region of the PKS gene wA. A 90
bp symmetric chimeric repair-oligonucleotide was designed to match the DNA DSBs sites induced by Cas9/wA-
sgRNA1 and Cas9/wA-sgRNA2 and repair of these breaks stimulated by the repair-oligonucleotide will result in
a 7.7 kb deletion and white conidia. Co-transformation of an NHEJ deficient A. nidulans strain (NID1) with the
plasmid pFC994 expressing the wA-sgRNA1/wA-sgRNA2 tRNA-based splicing —cassette and the chimeric GE-
oligonucleotide resulted in more than 100 colonies of which more than 98% formed white conidia (Fig. 7D). A
PCR analysis (Fig. 7E) of seven randomly selected white colonies demonstrated that all contained the expected

deletion of wA (Fig. 7F). These results indicate that this gene-deletion method is locus unspecific.

3.7. Antroduction of multiple gene alterations using repair-oligonucleotides and multiplex CRISPR technology

In a second possible use of U3/tRNA mediated multiplexing, we attempted to create several genome
modifications by using a set of oligonucleotides as repair templates. For example, NID1 contains the mutations
argB2, pyrG89, and nkuAA to facilitate genetic engineering. However, these mutations may complicate
analyzes of new mutant strains as they potentially impact the phenotype. A simple system to change these
mutations into wild-type alleles prior to strain characterization would therefore be desirable. Firstly, we
attempted to rescue the single nucleotide deletion and the G to A substitution present in argB2 and pyrG89,
respectively. 90-mer repair-oligonucleotides, GE-Oligo9 and GE-Oligo10, were designed to alter each of the
two mutations to wild-type alleles. In the case of pyrG89, the protospacer sequence of the sgRNA did not

overlap with the mutation and it was therefore necessary to introduce a silent mutation at a neighboring
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codon to prevent recutting of the corrected pyrG locus. Co-transformation of a NID1 strain with a pyrG-based
CRISPR vector expressing argB2-sgRNA1 and with an argB-based CRISPR vector expressing pyrG89-sgRNA1
produced many transformants on solid TM+Arg or TM+Ura+Uri indicating that the relevant mutations have
been cured in each of the two cases. Interestingly, in corresponding control experiments where GE-
oligonucleotides were transformed into NID1 along with an empty CRISPR vector, a few transformants could
still be obtained on solid TM+Arg or TM+Ura+Uri (data not shown). Next, we constructed an hph-based
CRISPR-tRNA plasmid containing an argB2-sgRNA1/pyrG89-sgRNA1 tRNA-based splicing-cassette-and co-
transformed this vector into NID1 together with GE-Oligo9 and GE-Oligo10. This experiment produced many
transformants on solid TM strongly indicating that both mutations have been simultaneously cured. In this
case, the corresponding control experiment did not produce any transformants on solid TM (data not shown).
Finally, we used TAPE to identify an sgRNA that efficiently targets Cas9 to nkuAA (Fig. S11) to set the stage for

rescuing this allele.

Encouraged by the results presented above, we next attempted to rescue all three NID1 mutations
simultaneously. For this purpose, we created an hph-based CRISPR-tRNA vector expressing an argB2-
SgRNA1/pyrG-sgRNA1/nkuAA-sgRNA1 tRNA-based splicing-cassette and co-transformed this vector into NID1
together with the argB and pyrG repair oligonucleotides as well with a circular GT substrate containing a
functional nkuA gene. Two transformation experiments were performed and more than 20 transformants
were obtained in each experiment using selection on solid TM. Ten transformants were randomly selected and
tested by diagnostic PCR for restoration of nkuA (Fig. $12). All ten transformants contained clean insertions as
no trace of the nkuAA allele could be observed in any of the analyses. Next, the argB and pyrG loci of the 10
transformants were amplified by PCR and sequenced. In all ten transformants, the argB and pyrG alleles were
repaired correctly. However, in one of these transformants, the silent mutation intended to accompany pyrG
restoration was not incorporated. Altogether, in nine of the ten transformants, all three repair events were
preformed correctly showing that U3/tRNA mediated multiplexing can be efficiently used to introduce multiple

gene alterations at the same time.

4. Discussion

In eukaryotes, two major pathways, NHEJ and HR, are required for efficient repair of DNA DSBs and in this
report we present data demonstrating that both NHEJ and HR DNA repair pathways engage in repair of Cas9
induced DNA DSBs in Aspergilli. Hence, efficient CRISPR vectors readily stimulate introduction of mutations
into a specific locus targeted by Cas9/sgRNA in NHEJ proficient, but not in deficient NHEJ strains. Moreover, we
find that efficient CRISPR vectors cause massive cell death in NHEJ deficient strains. This lethality can be cured
by providing DNA that serves as a repair template in HR repair of Cas9/sgRNA induced DNA DSBs. Here we

have exploited these facts to improve CRISPR-based gene editing in Aspergilli.
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Like with S. cerevisiae, we exploited CRISPR plasmid induced lethality to identify protospacers that efficiently
targets Cas9 to specific sequence motifs and we call this method TAPE. Here we show that TAPE can be used to
identify protospacers that efficiently induce DNA DSBs for efficient CRISPR-mediated gene manipulations. It
has recently been shown that catalytically dead Cas9 (dCas9) variants can be exploited as synthetic
transcription (43-45); and with S. cerevisiae, we have recently used TAPE to identify protospacers that
efficiently target dCas9 to specific promoter sequences to successfully regulate metabolism in predicted
manners (32). We are currently implementing the same system in Aspergilli with the aim of regulating genes in
secondary metabolite clusters since we believe it can serve as a useful tool in the discovery of new SMs and in

the dissection of SM pathways.

In our original setup for fungal CRISPR/Cas9-mediated gene editing, we used a polymerase Il promoter, PgpdA,
to express the sgRNA. As a consequence, the mature sgRNA needs to be liberated from a larger transcript. The
fact that the HH - and HDV ribozymes catalyze formation of only a single RNA break complicates construction
of polycistronic transcripts, from which several different sgRNA species can be released. We bypassed this
limitation by exploiting that evolutionary highly conserved RNase P.and RNase Z release tRNAs from a larger
transcript by making incisions up- and downstream of the tRNA, respectively. Hence, different sgRNAs can be
released from a common transcript if all individual sgRNA species are flanked by tRNA sequences (see Fig. 4).
Moreover, we identified a functional polymerase lll promoter Af_P-U3 to substitute for PgpdA. By designing a
vector set that allows for simple construction of synthetic genes where these two features are combined, we
have created a very efficient setup for fungal gene editing and demonstrated that three genetic events can be
simultaneously changed in a single round of transformation with very high efficiency. It will be interesting to
determine the upper limit of how many genetic alterations can by introduced via expression of a single tRNA-
based splicing-cassette. In our setup, we used identical glycine tRNA species as spacers, and splicing cassettes
containing many sgRNAs may be unstable due to direct-repeat recombination. To reduce this problem,
different tRNAs may need to be implemented in our system. Importantly, we envision that powerful multiplex

systems like the one presented here will greatly reduce the workload for complex genetic engineering of fungi.

With the aim of optimizing Cas9/sgRNA mediated gene targeting, we analyzed different GTSs for gene-
targeting efficiencies. These experiments showed that circular designs appear more efficient than the
corresponding linear designs. This may be due to the fact that circular GTSs cannot directly enter the NHEJ
pathway as no free ends are available for binding NHEJ proteins and this may favor repair by HR. In addition,
the lack of free ends may also protect circular GTS against exonucleases to extend the time where it may serve
as a repair template. For construction of a limited number of mutations by CRISPR we therefore recommend
the use of circular GTSs. However, construction of plasmid based GTSs is laborious and constitutes a major
bottleneck towards the creation of defined genome-wide deletion libraries and it would therefore be highly
advantageous if efficient gene targeting could be achieved via a simpler and less expensive GTS type. With this
in mind, we investigated whether single-stranded oligonucleotides could serve as templates for gene-editing.

In the yeast S. cerevisiae, I-Scel and Cas9 induced DNA DSB have been efficiently used to stimulate gene editing
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with oligonucleotides (46, 18). In both cases, gene editing with double-stranded oligonucleotides was about 3-
10 times more efficient than with single-stranded oligonucleotides. In our setup for gene editing in Aspergilli,
where we select for the CRISPR plasmid, but not the new mutation, we obtain gene-editing efficiencies
approaching 100% with single-stranded GE-oligo nucleotides indicating that there is no need for using double-
stranded oligonucleotides for gene-editing experiments. The observation that gene editing with single-
stranded oligonucleotides appear more efficient than linear GTSs in gene-targeting experiments may likely be
due to the much higher concentrations of single-stranded oligonucleotides relative to linear plasmid derived
GTSs in CRISPR experiments. In our experiments we have typically used more than 2000-fold higher
concentrations of single-stranded oligonucleotides as compared to linear GTSs. Lastly, since efficient gene-
targeting with linear GTSs with short targeting sequences have been reported for fungi belonging to other
genera (10, 13, 42), we therefore envision that the use of single-stranded oligonucleotides in CRISPR mediated

gene editing may be of broad use in the fungal kingdom.

In a previous (9), as well as in the present paper, we find that our CRISPR mediated gene targeting tools work
well in a number of species. However, we have also observed species where our CRISPR technology worked
with low efficiency. In the present work, we find that gene targeting into the yA locus in A. nidulans appears
much more efficient with pyrG based CRISPR vectors as compared to the levels obtained with argB based
CRISPR vectors. Our mRFP expression analyses indicate that this difference may be explained by a combination
of higher and more uniform mRFP expression levels in strains that contains the pyrG based CRISPR vector. As a
result, we believe that strains transformed with this plasmid type contain a higher number of nuclei with
sufficient concentrations of Cas9/sgRNA complexes to support efficient gene targeting. For species with low
CRISPR mediated gene-targeting efficiencies it may therefore be useful to determine the strength of the
relevant promoters to ensure that sufficient levels of Cas9 and sgRNA are produced. Similarly, if AMA1 based

vectors are used for cas9 and sgRNA gene expression, it may be advisable to determine plasmid stability.

In summary we have expanded the toolbox for fungal CRISPR technology by developing TAPE to assess
protospacer efficiency, by identifying a useful polymerase Ill promoter for sgRNA production and by
developing CRIPSR-tRNA vectors that set the stage for multiplex experiments as multiple different sgRNA can
be spliced out of a common transcript. Importantly, we also show that single-stranded oligonucleotides can be
directly used for marker-free CRISPR gene editing to efficiently introduce specific point mutations and gene
deletions, hence, eliminating the need for construction of complex gene-targeting substrates. Together we
envision that these tools will greatly facilitate genetic engineering of fungi including even the possibility of

performing high-throughput experiments.

Appendix A. Supplementary material

Supplementary data are available at FG&B online.
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Fig. 1. TAPE predicts efficient sgRNAs for robust gene targeting. Three experimental sets of
transformation results obtained by transforming A. nidulans with CRISPR plasmids encoding Cas9
and either no sgRNA (control plasmid), yA-sgRNA1, yA-sgRNA2, yA-sgRNA3, or yA-sgRNA4 as
indicated. Experimental set 1 analyzed transformation of NHEJ proficient strain (NID1), and sets 2
and 3 analyzed NHEJ deficient strain (NID5) in the absence and presence of a circular gene-targeting
substrate (GTS) as indicated. (A) The approximate binding sites in yA of sgRNAs yA-sgRNA1-4. The
arrowheads indicate the orientation of the protospacers relative to coding (pointing tothe right) and
non-coding (pointing to the left) strands. (B) Representative plates obtained from experimental sets
1-3. (C) Numbers of conidiating transformants in % relative to the number obtained with the empty
control CRISPR plasmid are shown for each of experimental sets 1-3. A * above columns indicates
that the relative numbers of transformants obtained with a CRISPR plasmid expressing a given
sgRNA are significantly different (p < 0.05) from the number obtained with the empty control
plasmid in that experimental set. ** above columns indicates that relative numbers of transformants
obtained in setl are significantly different (p < 0.05) from the corresponding numbers obtained in
set 2. A *** above columns indicates that relative numbers of transformants obtained in set 2 are

significantly different (p < 0.05) from the corresponding numbers in set 3.

Fig. 2. Protein production from AMA1 plasmids shows dependency on the selective marker. Conidia
from NID1 transformants containing AMA1 based plasmids expressing an mRFP gene under the
control of the tef1 promoter.Images show analyses of strains containing plasmids selected by either
the pyrG or the argB marker as indicated. For plasmid details, see Table S4. Images in the row
labeled DIC are made by differential interference contrast microscopy using 1000X magnification.
Images in the row labeled mRFP are fluorescent microscopy images captured of the same cells using

50 ms exposure times.

Fig. 3. Efficient single-stranded oligonucleotide mediated CRISPR gene-editing in Aspergilli. (A) Co-
transformations of NHEJ deficient A. nidulans NID1 strain with the pyrG-based CRISPR vector pFC897
encoding yA-sgRNA1 and a gene-editing (GE-) oligonucleotide targeting yA, (top) GE-Oligol or
(bottom) GE-Oligo2. (B) Co-transformations of NHEJ deficient A. niger (NIG96) and A. oryzae
(PFJ0218) strains with GE-oligonucleotides targeting albA (GE-Oligo7) and wA (GE-Oligo8),
respectively, and (top) with either an empty CRISPR plasmid (pFC330) or (bottom) or with the CRISPR
plasmid encoding the sgRNA targeting albA and wA (pFC469).

Fig. 4. tRNA processing liberates of multiple sgRNA species from a single pre-RNA transcript.

Individual sgRNA species are flanked by tRNA sequences. Dotted lines and “Pacmen” indicate
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cleavage sites for RNase P and RNase Z in the pre-RNA transcript. The different colors of the

protospacer moiety of individual sgRNAs indicate that they contain different sequences.

Fig. 5. Construction of CRISPR-tRNA vectors for tRNA in vivo catalyzed sgRNA release. (A) A finalized
CRISPR-tRNA vector (we use pFC902, see Fig. S2) serves as template for PCR reactions generating
new sgRNA genes for new CRISPR-tRNA vectors. Two vector construction tracks are shown inthe
figure. For both tracks, all primers contain tails designed for USER fusion as conceptualized.in Fig. S1.
All PCR fragments are treated with USER enzyme, mixed with an empty CRISPR vector fragment
where the USER-cassette has been opened with Pacl and Nt.BbvCl (9), and transformed into E. coli
for in vivo vector assembly by USER fusion. Four different markers (pyrG (pFC330), argB(pFC331),
hph (pFC332), and ble (pFC333)) are currently available as empty CRISPR vectors (see (9) and
Supplementary Table S2).The “Single sgRNA Splicing-Cassette” track is used to construct a vector
that produces a single sgRNA. In one PCR reaction, a fragment (labeled AB in the diagram)
containing the PAf_U3 promoter followed by a tRNA gene is amplified by primers a and b. In another
PCR gene reaction, a fragment, CD, containing an sgRNA, a tRNA gene and a TAf_U3 terminator is
generated by using primers c and d. Importantly, the tails of primers b and c contain overlapping
parts of the desired protospacer sequence, and the full sgRNA is formed when fragments AB and CD
are fused via these primer tails. Note that matching primer tails for USER fusion are indicated by
identical colors. The “Multiple sgRNA Splicing-Cassette” track is used to construct a vector that
produces several different sgRNAs; the example shows how to make a vector that produces three
different sgRNAs. Like in the “Single sgRNA Splicing-Cassette” track, a fragment, AB, containing the
PAf U3 promoter followed by a tRNA gene is amplified by primers a and b in one PCR reaction. In
two individual PCR reactions (the number depends on how many different sgRNAs a given vector
should produce) two different sgRNA-tRNA fusion fragments, CF and EH, are produced in reactions
containing primers c and f, and e and h, respectively. The last PCR fragment, GD, which contains the
last sgRNA followed by a tRNA gene and a TAf_U3 terminator, is amplified by primers g and d. As in
the “Single sgRNA Splicing-Cassette” track, all primers contain tails designed for USER fusion, and the
sgRNA sequences, including the full protospacer sequences, are established via the primer tail
mediated fusions. In the final CRISPR-tRNA vectors, all sgRNA encoding sequences are positioned
between identical tRNA (Gly) genes. (B) lllustration showing the USER fusion of a 2-sgRNA Splicing-
Cassette through two different protospacers at nucleotide level of resolution (see Fig. S1 for
concept). Red “U”s represent uracil residues. The desired protospacer sequence is defined by the

sequences in the primer tails represented by “n”s and “N”s, hence, indicating that any sequence can
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be chosen. Importantly, for each protospacer, the sequence defined by “n”s between U and A, and,

the sequence defined by “N”s between A and U, need to be complementary to allow for USER fusion.

Fig. 6. sgRNAs liberated from RNA polymerase Il transcripts based on intracellular ribozyme
processed tRNAs efficiently stimulate CRISPR based gene targeting. Transformation of NHEJ deficient
NID1 strains with tRNA-CRISPR plasmids encoding Cas9 and either no sgRNA, yA-sgRNA1, yA-sgRNA2,
yA-sgRNA3, and yA-sgRNA4 in the absence or presence of a circular GTS containing 2000'bps of
homologous up- and down-stream yA targeting sequences (cGTS-yA-2000). In all cases, sgRNA genes
are controlled by the U3 promoter and mature sgRNAs are liberated by glycine tRNA sequences

embedded in the same pre-RNA transcript.

Fig. 7. Gene-editing oligonucleotide mediated gene deletion in A. nidulans by CRISPR. (A) Positions of
sgRNA target sequences (thin black lines) and of targeting sequences complementary to the chimeric
gene-editing (GE-) oligonucleotide (indicated by purple and blue lines) in A. nidulans yA. Drawing is
not to scale. (B) Designs of chimeric GE-oligonucleotides for yA gene deletion. Purple and blue
sections bind to the complementary (purple and blue) sections of the yA gene as presented in panel
A. (C) Transformation of A. nidulans NHEJ deficient NID1 with CRISPR-tRNA plasmids encoding Cas9
and sgRNAs as indicated. GE-Oligo11 is used as repair template. (D) C-transformation of NID1 with a
pyrG based CRISPR-tRNA plasmid encoding Cas9 and two sgRNAs targeting each end of the wA locus
in and a chimeric GE-oligonucleotide matching sequences up- and down-stream of the expected up-
and downstream DNA DSBs'in the albA gene, see text for details. (E) Drawing of the wA locus. Blue
arrows indicate position of Cas9-sgRNA target sites. Black arrows indicate primer positions for
diagnostic PCR analyses. PCR fragment sizes expected from wA and wAA strains are indicated. (F)
Analysis of diagnostic PCR reactions by agarose gel electrophoresis. Two independent PCR reactions
were performed for each of the seven transformants analyzed. C represents the analysis of the

untransformed control strain, NID1.
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Table 1. Strains used in this study.

Strain Species Genotype Source
NID1 Aspergillus nidulans veAl, argB2, pyrG89, Nielsen et al., 2008
nkuAA

NID5 Aspergillus nidulans veAl, argB2, pyrG89 IBT 27263

NIG1 Aspergillus niger - ATCC1015

NIG81 Aspergillus niger pyrG1 This study
(Supplementary)

NIG96 Aspergillus niger pyrG1, kusAA This study
(Supplementary)

PFlo218 | Aspergillus oryzae pyrGA, ku70A patent
W008138835°

? A modification of A. oryzae NBRC4177, which is available from Institute for fermentation, Osaka; 17-25
Juso Hammachi 2-Chome Yodogawa-Ku.
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Table 2. Gene-targeting efficiency depends on homology length of the gene-targeting
substrate.

Experiment cas9- GTS Length of Number of Average
Plasmid Design . Gene-
Targeting Transformants Targeting
Marker Sequences Effici
Yellow (Total) rciency
(bps)? (%)
1 200 2(19); 1(5) 13
argB Circular n o
2 500 7(8); 9(18); 2(2) 64
3 1000 54(58) 93
4 2000 69(75) 92
5 200 1(5); 1(16) 10
argB Linear Y, o
6 500 2(11); 4(27) 16
7 1000 5(16); 17(44) 37
8 2000 14(24) 59
9 200 5(5); 4(4); 0(0); 9(15) 75
pyrG Circular N o
10 500 10(10):12(12) 100
11 1000 13(13); 18(18) 100
12 2000 8(8); 24(26) 94
13 200 0(0); 0(0); 0(0); 0(0); 17
pyrG Linear - 0(5); 1(1) B
14 500 2(2);3(3); 3(3); 94
- 38(41) -
15 1000 6(6); 11(11); 8(10) 93
16 2000 25(27) 93
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ACCEPTED MANUSCRIPT

®The number represents the length of the up-stream as well as of the down-stream
targeting sequences of a given gene-targeting substrate.
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Highlights
e A et of tools for efficient CRISPR-Cas9 based gene editing is developed and
successfully used in three different species of Aspergillus
e Atool, TAPE, which allows identification of efficient protospacers is implemented

e tRNAs are used as ribozyme substrates to release SgRNA species from a single
transcript setting the stage for multiplex experiments

e Demonstrating that single-stranded oligonucleotides can be used to introduce marker-
free deletions and point mutations into the genome with very high efficiencies.

e Demonstrating that oligonucleotides and gene-targeting substrates can be successfully
used in combination in multiplex experiment
\
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