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ABSTRACT Filamentous fungi are used for food fermentation and industrial pro-
duction of recombinant proteins. They also serve as a source of secondary metabo-
lites and are recently expected as hosts for heterologous production of useful sec-
ondary metabolites. Multiple-step genetic engineering is required to enhance
industrial production involving these fungi, but traditional sequential modification of
multiple genes using a limited number of selection markers is laborious. Moreover,
efficient genetic engineering techniques for industrial strains have not yet been es-
tablished. We have previously developed a clustered regulatory interspaced short
palindromic repeats (CRISPR)/Cas9-based mutagenesis technique for the industrial fil-
amentous fungus Aspergillus oryzae, enabling mutation efficiency of 10 to 20%. Here,
we improved the CRISPR/Cas9 approach by including an AMA1-based autonomously
replicating plasmid harboring the drug resistance marker ptrA. By using the im-
proved mutagenesis technique, we successfully modified A. oryzae wild and indus-
trial strains, with a mutation efficiency of 50 to 100%. Conditional expression of the
Aoace2 gene from the AMAT-based plasmid severely inhibited fungal growth. This
enabled forced recycling of the plasmid, allowing repeated genome editing. Further,
double mutant strains were successfully obtained with high efficiency by expressing
two guide RNA molecules from the genome-editing plasmid. Cotransformation of
fungal cells with the genome-editing plasmid together with a circular donor DNA
enabled marker-free multiplex gene deletion/integration in A. oryzae. The presented
repeatable marker-free genetic engineering approach for mutagenesis and gene de-
letion/integration will allow for efficient modification of multiple genes in industrial
fungal strains, increasing their applicability.

IMPORTANCE Multiple gene modifications of specific fungal strains are required for
achieving industrial-scale production of enzymes and secondary metabolites. In the
present study, we developed an efficient multiple genetic engineering technique for
the filamentous fungus Aspergillus oryzae. The approach is based on a clustered reg-
ulatory interspaced short palindromic repeats (CRISPR)/Cas9 system and recycling of
an AMA1-based autonomous replicating plasmid. Because the plasmid harbors a
drug resistance marker (ptrA), the approach does not require the construction of
auxotrophic industrial strains prior to genome editing and allows for forced recy-
cling of the gene-editing plasmid. The established plasmid-recycling technique in-
volves an Aoace2-conditional expression cassette, whose induction severely impairs
fungal growth. We used the developed genetic engineering techniques for highly ef-
ficient marker-free multiple gene deletion/integration in A. oryzae. The genome-
editing approaches established in the present study, which enable unlimited repeat-
able genetic engineering, will facilitate multiple gene modification of industrially
important fungal strains.
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ilamentous fungi efficiently secrete proteins and have been used for food fermen-

tation and industrial production of recombinant proteins (1). In addition, they serve
as a source of secondary metabolites and are recently expected as hosts for heterol-
ogous production of useful secondary metabolites (2, 3). Development of transforma-
tion methods and several selection markers allowed for homologous recombination-
based genetic engineering of many filamentous fungal species. Generation of deletion
mutants of genes related to nonhomologous end joining (NHEJ), such as ku70-ku80 and
ligD, greatly enhances the engineering efficiency (4). These efforts facilitated many
attempts to increase the production of proteins and secondary metabolites, e.g.,
overexpression of chaperone proteins and deletion of multiple protease-encoding
genes for increased production of recombinant proteins (1), and introduction of
multiple biosynthetic genes for the production of secondary metabolites (3), whereas
multiple steps of genetic engineering involving a limited number of selection markers
are required for such improvements. In addition, although the full potential of indus-
trially exploited strains has possibly not yet been unlocked, genetic engineering of such
strains remains laborious because of the difficulty in application of advanced genetic
technologies in these strains.

A bacterial and archaeal immune mechanism, clustered regulatory interspaced short
palindromic repeats (CRISPR)/Cas9, has been developed into a powerful genetic engi-
neering system (5). Two components, Cas9 nuclease and a single chimeric guide RNA
(sgRNA), required for the recruitment of Cas9 to a specific genomic locus, allow for the
introduction of targeted DNA double-strand breaks (DSBs). This, in turn, enables
genome editing, including mutagenesis by NHEJ repair or gene deletion/integration by
homology-directed repair (HDR) (5). The CRISPR/Cas9 system has been applied to
various organisms, such as mammalian cells, plants, fish, and yeast (5). In addition,
genetic engineering using this system was also performed in industrial microbes (6).

Mutagenesis and gene deletion/integration using the CRISPR/Cas9 system have
recently been reported in filamentous fungi (6, 7). In the case of mutagenesis, mutants
containing deletion or insertion of nucleotide sequences of various lengths were
obtained by introducing Cas9 and sgRNA expression cassettes (8-16) or a Cas9 expres-
sion cassette and synthesized sgRNA (17, 18). However, the mutation efficiencies of
such systems are low: 10 to 20% in Aspergillus oryzae (10), 25 to 67% in Aspergillus
fumigatus (9, 12), and 8% in Phytophthora sojae (14). Such efficiencies are lower than
that of genetic engineering in mutants lacking NHEJ-related genes (4). In addition,
genes, whose deletion affects the phenotype of transformant, such as pigment, growth,
and drug resistance, have been selected as the target genes (7). Therefore, mutagenesis
that does not result in phenotypic changes is probably more difficult to screen. The
CRISPR/Cas9 system involving a donor DNA integrated into the recipient genome via
HDR was also used for the introduction of mutation (19, 20), gene deletion (8, 12, 14,
15, 18, 21-25), and gene integration (26-28). In these studies, positively selectable
markers, such as pyrG (URA5) (8, 18, 21, 22) and amdS (24), and drug-resistant selection
markers, such as the pyrithiamine resistance marker ptrA (19), the hygromycin resis-
tance marker hph (12, 22, 25, 26), and the G418 resistance marker neo (NPTII) (14, 15, 27),
were inserted into the donor DNA, resulting in higher efficiencies of genetic engineer-
ing. In contrast, Pohl et al. reported marker-free gene deletion using a donor DNA
without any selection markers in Penicillium chrysogenum (24). Recently, marker-free
introduction of a stop-codon triplet was efficiently performed by using a single-
stranded oligonucleotide as the template in the NHEJ-deficient Aspergillus strains (20).

Genetic engineering of multiple genes requires multiplex engineering or reintro-
duction of sgRNA expression cassette. Simultaneous deletion of up to four genes using
a single selection marker has been reported in filamentous fungi (15, 18). However,
increased number of target genes leads to reduced efficiency of multiplex engineering
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(15), indicating that the number of genes that can be simultaneously engineered is
limited. Therefore, a method to recycle the sgRNA expression cassettes is required for
efficient engineering of multiple genes.

Plasmids containing the AMA1 sequence from Aspergillus nidulans (29), which allows
for autonomous plasmid replication, are often used for the expression of Cas9 and
sgRNA (8, 12, 20-22, 24-26). Since multiple copies of the AMA1-based plasmid are
present in a cell (29), this would contribute to increasing the CRISPR/Cas9-mediated
mutation efficiency due to high expression of these factors. In addition, several rounds
of subculturing under nonselective conditions results in the removal of the AMA1-
based plasmid from transformants (30). Weyda et al. reported natural loss of the
AMAT1-based plasmid from Aspergillus carbonarius transformants by three rounds of
subculturing under nonselective conditions (22). Forced recycling of the genome-
editing plasmid would theoretically facilitate infinite repeatability of genetic engineer-
ing steps. Finally, drug resistance markers are preferred for genetic modifications of
industrial strains, since obtaining auxotrophic mutants is laborious. Nonetheless, forced
recycling of an AMAT-based plasmid containing a drug resistance marker had not been
reported in filamentous fungi.

Although numerous A. oryzae strains are used industrially for Japanese traditional
food fermentation and the production of recombinant proteins, an efficient genetic
engineering method has not been established for such strains. In the present study, we
performed a highly efficient mutagenesis of A. oryzae wild and industrial strains using
AMAT1-based genome-editing plasmids. We also successfully performed simultaneous
double mutagenesis of these strains by expressing two sgRNAs from a single genome-
editing plasmid. Further, we developed a forced recycling method for the AMA1-based
genome-editing plasmid harboring the drug resistance marker and performed efficient
gene deletion/integration using a donor DNA without inserting any selection markers,
allowing for repeatable genetic engineering.

RESULTS

Highly efficient mutagenesis involving AMA1-based genome-editing plasmids.
We previously performed CRISPR/Cas9-mediated mutagenesis by integrating a genome-
editing plasmid into the genome of A. oryzae; however, the mutation efficiencies of this
approach were 10 to 20% (10). The strategy for mutagenesis by integrating the cas9
and sgRNA expression cassettes into the genome also resulted in low efficiency (8%) in
P. sojae (14). In contrast, use of the AMA1-based genome-editing plasmid allowed for
efficient mutagenesis (8), possibly due to high expression of cas9 and sgRNA from
multiple copies. In the present study, we therefore constructed a new genome-editing
vector, ppAsAcas9, containing the AMA1 sequence for autonomous plasmid replication
to improve the efficiency of CRISPR/Cas9-mediated mutagenesis (Fig. 1A). Since trun-
cated AMAT1 is also functional (26, 29), we used half of the AMA1 sequence (half AMA1),
and the pyrithiamine resistance marker ptrA was used for screening. Further, sgRNA
expression cassettes were inserted into ppAsACas9, yielding plasmids ppAsACIgwA,
ppAsACI9gyA, and ppAsACIgpG, for the mutagenesis of the wA, yA, and pyrG genes,
respectively (Fig. 1A). When the plasmids were introduced into the A. oryzae wild strain
RIB40, we successfully obtained transformants exhibiting the expected phenotypes, i.e.,
white conidium formation (WA mutants), yellow conidium formation (yA mutants), and
uridine/uracil auxotrophy (pyrG mutants) (Fig. 1B). Mutation efficiencies in RIB40 were
87.5, 100, and 55.6% for wA, yA, and pyrG genes, respectively (Fig. 1C). Various mutation
patterns were observed, and most mutants contained short deletions of up to 26 bp
(see Fig. ST in the supplemental material). In some yA mutants, the regions adjacent to
the target sequences were largely deleted, and large fragments from other regions of
the genome were inserted. The plasmid ppAsAC9gwA for wA mutagenesis was also
introduced into A. oryzae industrial strains RIB128 and RIB915, which are used for sake
and soy sauce fermentation, respectively (http://www.nrib.go.jp/data/asp/strain.html).
Transformants exhibiting white conidium formation were obtained with the mutation
efficiencies of 94.1 and 58.3% for RIB128 and RIB915, respectively (Fig. 1C and D). These
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RIB128 WA GTGGATCTACTGGCGCGTCACCGG 94.1% (16/17)
RIB915 wA GTGGATCTACTGGCGCGTCACCGG 58.3% (7/12)

FIG 1 Mutagenesis of A. oryzae wild (RIB40) and industrial (RIB128 and RIB915) strains using AMAT-based
genome-editing plasmids. (A) Construction of AMA1-based genome-editing plasmid. (B) Phenotypes of wA, yA, and
pyrG mutants generated from the wild strain. A conidial suspension (10* conidia in 5 ul) of each strain was spotted
onto potato dextrose (PD) agar medium for the wA and yA mutants and on PD either with uridine and uracil
(+Uri/Ura) or without uridine and uracil (—Uri/Ura) for the pyrG mutant, followed by incubation for 5 days at 30°C.
(C) Efficiencies of mutation using the AMA1-based genome-editing plasmids. (D) Phenotypes of the wA mutants
generated from the industrial strains. A conidial suspension (10* conidia in 5 ul) of each strain was spotted onto
PD agar medium, followed by incubation for 5 days at 30°C.

results indicate that the AMA1-based genome-editing plasmid enabled highly efficient
mutagenesis in A. oryzae wild and industrial strains.

Multiple mutagenesis by recycling of genome-editing plasmids. The AMA1-
based plasmid is reportedly removed from transformants by continuous subculturing
on a nonselective medium (30). Efficient plasmid removal can be achieved using
counterselective markers, such as pyrG and niaD, but obtaining the corresponding
auxotrophic strains is laborious. Therefore, we attempted to design an efficient plasmid
recycling system when a drug resistance marker is used. In a transcription factor screen,
we have previously identified AO090003000678 as a gene whose deletion leads to
hyperproduction of sclerotia (H. Nakamura and J. Maruyama, unpublished data). Since
the orthologues of AO090003000678 are conserved in filamentous fungi, including
Aspergillus fumigatus, of which Ace2 was identified as an orthologue to Ace2 of
Schizosaccharomyces pombe (31), we designated AO090003000678 Aoace2 (Fig. S2A).
When Aoace2 was expressed under the control of amyB promoter (PamyB), which is
induced strongly by dextrin, induced intermediately by glucose, and repressed by
glycerol (32), the harboring strain exhibited severe growth defects on a medium
containing dextrin but not glycerol as the sole carbon source (Fig. S2B). As the
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induction of Aoace2 expression resulted in cell lysis (Fig. S2C), growth defect by
overexpression of Aoace2 is possibly due to its involvement in cell wall maintenance,
which was suggested in A. fumigatus and S. pombe (31, 33). Thus, conditional expres-
sion of Aoace2 from the AMA1-based plasmid could have enabled plasmid removal. To
test this, the Aoace2 expression cassette under the control of PamyB was inserted into
the genome-editing plasmid, yielding plasmid ppAsATC9a2. Therein, the cas9 gene was
placed under the control of promoter of AO090120000080 (AotefT) encoding a trans-
lation elongation factor EF-1-a (Fig. 2A). An sgRNA expression cassette was then
inserted into ppAsATC9a2 (Fig. 2A).

For multiple mutagenesis by plasmid recycling, we performed three steps: first-gene
mutagenesis, removal of the plasmid for first-gene mutagenesis, and second-gene
mutagenesis (Fig. S3). The wA and niaD genes were selected as target genes. First, the
genome-editing plasmid for wA mutagenesis ppAsATC9a2gwA7, containing the Aoace2
expression cassette, was introduced into the strain RIB40 under PamyB-repressing
conditions to retain the plasmid. As expected, a wA mutant RIB40wA7C9-1 that formed
white conidia was obtained; a 17-bp deletion in the wA gene was confirmed in the
mutant (Fig. 2B and C). The mutant exhibited pyrithiamine resistance, indicating that
the genome-editing plasmid was retained (Fig. 2B). The mutant was then incubated
under a PamyB-inducing condition to remove the genome-editing plasmid, yielding
a strain RIB40WA7-1. The strain exhibited pyrithiamine sensitivity (Fig. 2B), and a
band specific for the genome-editing plasmid was not detected by Southern blot
analysis (Fig. 2D). These results indicated that the genome-editing plasmid was
absent in RIB40wA7-1. In addition, the 17-bp deletion in wA was retained after
plasmid removal (Fig. 2C). Subsequently, the genome-editing plasmid for niaD
mutagenesis ppAsATC9a2gniaD was introduced into the plasmid-devoid wA mutant
RIB40wA7-1. The transformant was grown under PamyB-inducing conditions to
remove the genome-editing plasmid, yielding RIB4AOWANnD-1. The resulting strain
did not grow on the Czapek-Dox (CD) minimal medium, in which NaNOs is the sole
nitrogen source (Fig. 2E). Indeed, RIB40wAnD-1 harbored a 1-bp deletion in the target
sequence within the niaD gene (Fig. 2F). We also attempted to use plasmid recycling to
generate a wA niaD double mutant derived from the A. oryzae industrial strain RIB128,
and we successfully obtained the double mutant containing 1-bp insertion and 1-bp
deletion within the target sequences of wA and niaD, respectively (Fig. S4). These
findings indicated that the recycling of the genome-editing plasmid enabled multiple
gene mutagenesis in A. oryzae strains.

Double mutagenesis in a single transformation step using a genome-editing
plasmid expressing two sgRNA molecules. In the discussion above, we presented a
method for repeatable genetic engineering by recycling of a genome-editing plasmid,
while construction of double mutants using this strategy relied on tandem transfor-
mation. Multiplex mutagenesis in a single transformation step would increase the
efficiency of genetic engineering. When the strain RIB40 was cotransformed with two
genome-editing plasmids, ppAsATC9a2gwA7 and ppAsATC9a2gniaD, for multiplex
mutagenesis, only single mutants of either wA or niaD, and not wA niaD double
mutants, were obtained (M. B. Arnaud, T. Katayama, and J. Maruyama, data not shown).
Therefore, we next attempted to simultaneously express two sgRNAs from a single
genome-editing plasmid. Consequently, the genome-editing plasmid pRGESwWABND for
simultaneous mutagenesis of wA and niaD was constructed (Fig. 3A) and introduced
into the strain RIB40. As target sequences that included specific restriction enzyme sites
were chosen in the experiment, successful mutagenesis could be detected by restric-
tion enzyme digestion of amplified PCR products from genomic DNA (Fig. S5A). Among
22 transformants, 15 transformants were wA niaD double mutants (68.1%), 5 were niaD
single mutants (22.7%), and 2 were not mutated (9.1%) (Fig. 3B and C; see also Fig. S5B).
The majority of transformants exhibited the expected phenotypes: white conidium
formation (WA mutants) and the inability to assimilate nitrate (niaD mutants) (Fig. S5B).
As an exception, transformant 27 appeared to be the wild type, as determined by the
digestion of PCR products (Fig. S5B), but it exhibited the phenotype of a niaD mutant
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FIG 2 Generation of wA niaD double mutant of the A. oryzae wild strain RIB40 by recycling the
genome-editing plasmid. (A) Construction of the genome-editing plasmid containing the Aoace2 con-
ditional expression cassette. (B) Pyrithiamine sensitivity test of transformants before and after plasmid
removal. A conidial suspension (10 conidia in 5 ul) of each strain was spotted onto the Czapek-Dox (CD)
agar medium with (+) or without (—) pyrithiamine, followed by incubation for 5 days at 30°C. (C)
Nucleotide sequence analysis of the target sequence within the wA gene in the indicated strains. Gray
letters indicate the deleted nucleotides in the generated mutants. (D) Southern blot analysis to detect the
removal of the genome-editing plasmid. The indicated probe detected a 6.8-kb genomic DNA fragment
in the three indicated strains and a 4.9-kb fragment of the genome-editing plasmid in the plasmid-
containing strain RIB40WA7C9-1. (E) Inability to assimilate nitrate by the wA niaD double mutant. A
conidial suspension (10* conidia in 5 ul) of each strain was spotted onto the indicated agar medium,
followed by incubation for 5 days at 30°C. (F) Nucleotide sequence analysis of the target sequence within
the niaD gene in the indicated strains. Gray letters indicate the deleted nucleotide in the generated
mutants.
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FIG 3 Multiplex mutagenesis of wA and niaD in the A. oryzae wild strain RIB40. (A) Construction of the
genome-editing plasmid containing two sgRNA expression cassettes. (B) Efficiencies of mutation of
multiplex mutagenesis of wA and niaD. (C) Phenotypes of transformants obtained by multiplex mutagen-
esis. The conidia of each strain were spotted onto the indicated agar medium, followed by incubation for
5 days at 30°C.

(Fig. 3C). This was probably due to a newly generated restriction site after mutagenesis
at the niaD locus. We also investigated the feasibility of multiplex mutagenesis in the
industrial strain RIB128. When the plasmid pRGESpGBwWA for wA pyrG double mutagen-
esis was introduced into the strain, three of six transformants exhibited the phenotypes
of a double mutant, white conidium formation and uridine/uracil auxotrophy (50%)
(Fig. S6). These findings indicated that the genome-editing plasmid for simultaneous
expression of two sgRNA molecules enabled efficient multiplex mutagenesis of A.
oryzae strains.

Marker-free deletion of target genes using genome-editing plasmids and donor
DNA. In filamentous fungi, the CRISPR/Cas9 system can be used for efficient gene
deletion/integration by HDR using a donor DNA that contains a selection marker (7).
However, multiple rounds of genetic engineering require marker-free deletion/integra-
tion. Therefore, we constructed the donor plasmid pwAupDN for the deletion of the 5’
region of the wA gene and introduced it into the strain RIB40, together with the
genome-editing plasmid pRGE-gwAup for DSB, upstream of wA (Fig. 4A). Since circular
donor DNA is more frequently integrated into the target locus than linear donor DNA
(8), we used circular donor DNA. In all 10 transformants, the 5’ region of wA was
deleted and white conidium formation was observed (Fig. 4A to C). We also
constructed the donor plasmid pnDdownDN for the deletion of the 3’ region of the
niaD gene and introduced it into the strain RIB40 together with the genome-editing
plasmid pRGE-gnDdown for DSB downstream of niaD (Fig. S7A). In all 10 transfor-
mants, the 3’ region of niaD was deleted, and inability to assimilate nitrate was
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FIG 4 Gene deletion in the A. oryzae wild strain RIB40 by cotransformation with a genome-editing plasmid, together with
a circular donor DNA. (A) Strategy for deletion of the 5’ region of the wA gene by using the CRISPR/Cas9 system. (B) PCR
analysis of genomic DNA using the primers indicated in panel A for partial deletion of wA. (C) Phenotype of transformants
resulting from partial deletion of wA. A conidial suspension (10* conidia in 5 ul) of each strain was spotted onto PD agar
medium, followed by incubation for 5 days at 30°C. (D) PCR analysis of genomic DNA using the primers indicated in panel
A and Fig. S7A for double deletion of wA and niaD. (E) Phenotypes of transformants resulting from double deletion of wA
and niaD. A conidial suspension (10 conidia in 5 ul) of each strain was spotted onto the indicated agar medium, followed

by incubation for 5 days at 30°C.

observed (Fig. S7B and C). These results indicate that cointroduction of donor and
genome-editing plasmids enabled efficient marker-free gene deletion in A. oryzae
strains.

In addition, for double deletion, we constructed a genome-editing plasmid express-
ing two sgRNAs, pRGE-gwAupgnDdown, for DSB upstream of wA and downstream of
niaD. The genome-editing plasmid was then introduced, together with the two donor
plasmids, pwAupDN and pnDdownDN, into the strain RIB40. Both the 5’ region of wA
and the 3’ region of niaD were deleted in 13 of 21 transformants (61.9%) (Fig. 4D). The
selected transformants exhibited the expected phenotypes, i.e., white conidium for-
mation and inability to assimilate nitrate (Fig. 4E). These results indicate that marker-
free double gene deletion can be efficiently performed in A. oryzae.

Marker-free integration of exogenous genes into the genome. To integrate
exogenous genes into the genome, we inserted the EGFP expression cassette under the
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FIG 5 Gene integration in the A. oryzae wild strain RIB40 by cotransformation with the genome-editing plasmid together with a circular
donor DNA. (A) Strategy for integration of the EGFP expression cassette into the wA locus by using the CRISPR/Cas9 system. (B) PCR
analysis of genomic DNA and restriction enzyme digestion analysis of the integration of the EGFP expression cassette at the wA locus.
Amplified DNA fragments using the primers indicated in panel A were digested with Smal and analyzed by electrophoresis. (C)
Phenotype of transformants resulting from gene integration. A conidial suspension (10* conidia in 5 ul) of each strain was spotted onto
the PD medium, followed by incubation for 5 days at 30°C. (D) Fluorescent microscopic analysis of transformants expressing EGFP. Scale
bar, 10 um. (E) PCR analysis of genomic DNA using the primers indicated in panel A and in Fig. S8A for double integration of the EGFP
and mDsRed expression cassettes into the wA and the niaD loci, respectively. (F) Phenotype of transformants resulting from the double
integration. A conidial suspension (10* conidia in 5 ul) of each strain was spotted onto the indicated agar medium, followed by
incubation for 5 days at 30°C. (G) Fluorescent microscopic analysis of transformants expressing EGFP and mDsRed. Scale bar, 10 um.

control of PamyB into plasmid pwAupDN, yielding the donor plasmid pwAupEGFP, and
introduced it together with the genome-editing plasmid pRGE-gwAup into the strain
RIB40. In all 15 transformants, the EGFP expression cassette was integrated into the wA
locus (Fig. 5A and B). The selected transformants exhibited white conidium formation
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and cytoplasmic enhanced green fluorescent protein (EGFP) fluorescence (Fig. 5C and
D). We also constructed the donor plasmid pnDdownDR for the expression of
mDsRed under the control of PamyB at the niaD locus and introduced it, together
with the genome-editing plasmid pRGE-gnDdown, into strain RIB40. In all 10
transformants, the mDsRed expression cassette was integrated into the niaD locus
(Fig. S8A and B). The selected transformants were unable to assimilate nitrate and
exhibited cytoplasmic mDsRed fluorescence (Fig. S8C and D). These results demon-
strated that cotransformation with donor and genome-editing plasmids enabled effi-
cient integration of exogenous genes at the target locus.

For double integration of exogenous DNA sequences into the wA and niaD loci, we
cotransformed the strain RIB40 with the genome-editing plasmid pRGE-gwAup-
gnDdown and two donor plasmids, pwAupEGFP and pnDdownDR. Integration of both
fragments was confirmed in 11 of 13 transformants (84.6%) (Fig. 5E). The selected
transformants exhibited the expected phenotypes, white conidium formation and
inability to assimilate nitrate (Fig. 5F), and cytoplasmic EGFP and mDsRed fluorescence
(Fig. 5G). These observations indicated that marker-free double gene integration of
exogenous genes was indeed efficiently performed in A. oryzae.

To investigate whether the amount of a donor plasmid influences its integration
pattern into the genome, we cointroduced 1 ug of genome-editing plasmid along with
with 2 or 3 ug of donor plasmid into strain RIB40. In all transformants, a single band was
detected by Southern blot analysis (Fig. S9A and B), indicating that the donor DNA was
integrated only into the target locus. A single copy was integrated in four and two of
five transformants with 2 and 3 g of donor plasmid, respectively, containing the EGFP
expression cassette (Fig. S9A) and in two and four of five transformants with 2 and 3 ug
of donor plasmid, respectively, containing the mDsRed expression cassette (Fig. S9B).
These results suggest that the donor plasmid amounts tested do not affect the ratio of
single-copy integration. In the transformants, except for those with single-copy inte-
gration, longer DNA fragments were detected (Fig. S9A and B), and multiple-copy
integration of the donor DNA was demonstrated by quantitative PCR (Fig. S9C and D),
indicating that multiple donor DNAs were tandemly integrated. In the experiment
using 3 ug of donor plasmid, we obtained transformants containing multiple copies of
the donor DNA, e.g., 5 copies of EGFP expression cassette and 30 copies of mDsRed
expression cassette (Fig. S9C and D). In accordance, the higher production level of EGFP
was detected in the transformant containing five copies of EGFP expression cassette
(Fig. S9E). Hence, increased amount of multiple-copy integration of donor DNA possibly
enhances the heterologous protein production.

DISCUSSION

Filamentous fungi are used for the production of industrially desirable enzymes and
are expected as hosts for heterologous production of useful secondary metabolites (1,
3). Although multistep genetic engineering of recipient strains is required for efficient
production of these enzymes and compounds, sequential (single) engineering of
multiple genes using traditional methods is time-consuming. Previously, we developed
a CRISPR/Cas9 approach for the mutagenesis of A. oryzae, but the efficiency of the
approach was low (10). In the present study, we improved the mutation efficiency of A.
oryzae wild and industrial strains up to 50 to 100% using autonomous replicating
genome-editing plasmids harboring half AMA1 (Fig. 1C). The improved mutation
efficiency was probably associated with the increased expression of Cas9 and sgRNA
because the AMA1-bearing plasmid is present in multiple copies per cell (29).

For repeatable mutagenesis, we inserted the Aoace2 gene conditionally controlled
by PamyB into the genome-editing plasmid (Fig. 2A) and successfully removed the
plasmid from the resulting mutants (Fig. 2B and D). It was previously reported that a
genome-editing plasmid harboring AMA1 was removed from A. carbonarius transfor-
mants by continuous subculturing in the absence of selective pressure, but further
genetic engineering was not performed (22). Therefore, it was unclear whether the
plasmid was completely removed. Forced recycling of the AMA1-based plasmid con-
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taining a drug resistance marker had not been reported in filamentous fungi. We
performed further mutagenesis and obtained double mutants (Fig. 2E and F), indicating
that the constructed genome-editing plasmid that harbored the Aoace2 expression
cassette was indeed removed. In addition, since the overexpression of Aoace2 under
the control of PamyB led to a severe growth defect of the harboring strain (Fig. S2),
induction of Aoace2 enabled complete removal of the plasmid (Fig. 2D). We also
demonstrated that plasmid recycling based on Aoace2 expression was feasible in A.
oryzae industrial strain RIB128 (Fig. S4). Therefore, the genome-editing plasmid with
conditionally expressed Aoace2 allowed for repeatable genetic engineering of A. oryzae
industrial strains even if no auxotrophic strains are generated.

To perform simultaneous double mutagenesis, we inserted two sgRNA expression
cassettes into a single genome-editing plasmid. This resulted in the mutation efficien-
cies of 68.1% for wA niaD double mutagenesis in the wild strain RIB40 and 50% for wA
pyrG double mutagenesis in the industrial strain RIB128 (Fig. 3A and B; see also Fig. S6).
Simultaneous deletion of up to four genes by HDR using individual donor DNAs with
a single selection marker has been reported (15, 18). However, increased number of
target genes results in reduced homologous recombination efficiency (15), and there-
fore the number of simultaneously modifiable genes is thought to be limited in
filamentous fungi. In contrast, the genome-editing plasmids used in double mutagen-
esis in the present study are recyclable since they harbor the Aoace2 expression
cassette (Fig. 3A; see also Fig. S6A).

In most previous attempts of CRISPR/Cas9-mediated HDR-based engineering in
filamentous fungi, the selection markers were inserted into the donor DNAs, resulting
in highly efficient genetic engineering. Recently, the marker-free HDR-based mutagen-
esis by using a single-stranded oligonucleotide as the template was performed with
high efficiency in NHEJ-deficient Aspergillus strains (20). In the present study, we
succeeded in efficient marker-free gene deletion/integration by cointroduction of
genome-editing plasmids and circular donor DNA even in the A. oryzae strain with a
functional NHEJ pathway (Fig. 4; see also Fig. S7). In addition, we also succeeded
simultaneous double gene deletion without inserting any selection markers into the
target loci (Fig. 4; see also Fig. S7). These findings indicate that marker-free genetic
engineering can indeed be efficiently performed in filamentous fungi with functional
NHEJ pathway. Furthermore, if the drug-resistant marker is used, the genetic engineer-
ing method developed in this study can be directly applied to filamentous fungal
industrial strains without any NHEJ deficiency and auxotrophies. Many strategies for
increased production of recombinant proteins using filamentous fungi have been
reported (1). Among these, deletion of protease-encoding genes is an effective strategy
for some Aspergillus species (34-36), and combinatorial deletion of up to 10 genes
enhances recombinant protein production (35, 37, 38). For multiple gene deletion, the
pyrG selection marker was recycled as the selected multiple genes were deleted one at
a time in the NHEJ-deficient strain (37, 38). Consequently, generation of an NHEJ-
deficient strain and multiple deletion mutants was time-consuming. The repeated
multiplex gene deletion technique developed in the present study will facilitate
generation of multiple gene deletion mutants in filamentous fungi.

We also demonstrated that gene integration could be efficiently performed, by
inserting the EGFP and mDsRed expression cassettes into the donor DNAs without any
selection marker (Fig. 5; see also Fig. S8). Filamentous fungi are used for the production
of secondary metabolites such as antibiotics (2, 3). Since multiple enzymes, which are
often encoded in a gene cluster on the genome, are related to a biosynthetic pathway
of secondary metabolites (39), introduction of many genes is required for heterologous
production in filamentous fungi (40). However, it is difficult to introduce many genes
using the limited selection markers. Therefore, the technique for repeated marker-free
gene integration developed in the present study would facilitate efficient generation of
strains producing various secondary metabolites.

In conclusion, in the present study, we developed highly efficient techniques of
CRISPR/Cas9-mediated genetic engineering, i.e,, mutagenesis and gene deletion/inte-
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TABLE 1 A. oryzae strains used in this study

Strain Genotype or description Source or reference
RIB40 Wild strain 45

RIB128 Industrial strain for sake fermentation NRIBe
RIB915 Industrial strain for soy sauce fermentation NRIB

SID1 niaD~ sC~ adeA~ argB:adeA~ AligD::argB ApyrG:adeA pgEpGlpyrG] pNR10[niaD] 46

NSID1 niaD~ sC~ adeA~ argB—:adeA~ AligD:argB ApyrG:adeA pgEpGlpyrG] 47
SID-UtAoace2 niaD~:niaD-PamyB-Aoace2-TamyB sC~ adeA~ AargB:adeA~ AligD:argB ApyrG:adeA pgEpGlpyrG] This study
RIB40wWA7C9-1 WAT ppAsATC9a2gwA7 This study
RIB4OWA7-1 wAT This study
RIB40wAND-1 wAT niaD1 This study
RIB128wA7C9-1 WA2 ppAsATC9a2gwA7 This study
RIB128wA7-1 wA2 This study
RIB128wANnD-1 WA2 niaD1 This study

aNRIB, National Research Institute of Brewing, Higashihiroshima, Hiroshima, Japan.

gration, and for repeatable genetic engineering by plasmid recycling in A. oryzae wild
and industrial strains. Theoretically, the combination of these techniques would allow
infinite rounds of genetic engineering. Since, in various filamentous fungi, including not
only Aspergillus species but also P. chrysogenum, Talaromyces atroroseus, Trichoderma
reesei, and Gaemannomyces graminis, the AMA1 sequence was shown to be functional
(8, 24, 25, 41, 42) and orthologues of Aoace2 are also conserved (Fig. S2A) (31),
repeatable genetic engineering approaches developed in the present study can be
applied to other filamentous fungal species. These techniques can be used for molec-
ular breeding of high-level heterologous production of proteins and secondary metab-
olites in filamentous fungi.

MATERIALS AND METHODS

A. oryzae strains, growth conditions, and transformation. A. oryzae strains used in the present
study are listed in Table 1. A. oryzae strains were grown in CD medium (0.3% NaNO,, 0.2% KCl, 0.1%
KH,PO,, 0.05% MgSO,-7H,0, 0.002% FeSO,-7H,0, and 2% glucose [pH 5.5]) and PD medium (Nissui,
Tokyo, Japan). GP medium (0.5% yeast extract, 1% Hipolypeptone [Fujifilm Wako Pure Chemical Corpo-
ration, Osaka, Japan], 2% glucose, 0.5% KH,PO,, 0.05% MgSO,7H,0) was used for preculture during
transformation. To grow the pyrG mutants, the CD medium was supplemented with 0.5% uridine and
0.2% uracil. CD(Leu) medium containing 10 mM leucine instead of NaNO; as the sole nitrogen source was
used to grow the niaD mutants. For microscopic analysis, strains were grown in the CD medium
containing 1% Casamino Acids. For the induction and repression of PamyB, 2% dextrin and 2% glycerol,
respectively, instead of glucose were included in the CD medium as the sole carbon source. To repress
PamyB, CD medium containing 1.2 M sorbitol was also used.

Transformation of A. oryzae strains. Transformation of A. oryzae was performed as previously
described, with some modifications (43). The GP medium was used for preculture to prepare protoplasts.
To select the transformants, 0.1 ug/ml pyrithiamine was added to the medium. The transformants by
using the genome-editing plasmids without the Aoace2 expression cassette were subcultured twice on
the CD or CD(Leu) medium containing pyrithiamine. The DNA fragment around the target sequence was
amplified by genomic PCR, and the DNA sequence was analyzed by nucleotide sequencing. The
transformants by using the genome-editing plasmids bearing the Aoace2 expression cassette were
subcultured once on the CD or CD(Leu) medium containing 1.2 M sorbitol and pyrithiamine. They were
further shifted onto the CD or CD(Leu) containing dextrin as the sole carbon source to remove the
genome-editing plasmid, and then the DNA fragment around the target sequence was amplified by
genomic PCR to investigate mutation and gene deletion/integration.

DNA manipulation. Escherichia coli DH5« was used for DNA manipulation. Primers used in this study
are listed in Table 2. The PCR (PCR) was performed using PrimesSTAR HS DNA polymerase (TaKaRa, Otsu,
Japan). An In-Fusion HD cloning kit (Clontech, Palo Alto, CA) was used for plasmid construction. Plasmids
were extracted by the alkaline lysis method or using a plasmid midikit (Qiagen, Hilden, Germany).
Nucleotide sequencing analysis of target genes was performed commercially by Fasmac Co., Ltd.

Construction of autonomously replicating plasmids for genome editing. The autonomously
replicating plasmid ppAsAcas9 was constructed as follows: a DNA fragment containing the ptrA marker
and a half part of AMA1 was amplified from the plasmid pPTRII (TaKaRa) using a primer set, 19IF-ptrA-F
and 19IF-mAMAT1-R, and was ligated with BamHI-digested pUC19 (TaKaRa), yielding ppAsAMA. A DNA
fragment containing the amyB promoter, cas9, and the amyB terminator was amplified from
PUNAFNC9gwA1 (10) using a primer set, amyB(p)-F and amyB(t)-R, and was ligated with HindllI-digested
ppAsA, yielding ppAsAcas9. The sgRNA expression cassettes were then inserted into ppAsAcas9 as
described in the supplemental material.

Construction of recycling plasmids for genome editing. The plasmid pUtNAa2N for Aoace2-
conditional expression was constructed as follows: a DNA fragment containing the 3’ region and the
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TABLE 2 Primers used in this study
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Primer

Sequence (5'-3")

19IF-ptrA-F
19IF-mAMA1-R
amyB(p)-F
amyB(t)-R
SmallF1-PU6F
SmallF2-TU6-R
Ptef-FNCOF
IF-Ptef1F

Ptef1R
pUC19-niaD3_F
niaD3-PaB_R
niaDd-TaB_F
pUCT19nDAADND_R
TaB-PaB_F
TaB-niaDd_R
PaB-niaD3_F
PaB-TaB_R
PUNA’Aoace20RF_F
PUNA’Aocace20RF+TGA_R
Aoace2-mR
Aoace2-mF
sApAIF-PamyB
sApAIF-TamyB
pAsATC9a2-TU6-R
gniaD-TU6F
gniaD-PU6R
Bst-PUGF
Bst-TU6R
TU6-gwA7F
PU6-gwA7R
gnD-TUGF
gnD-PU6R
gwAup-PU6-R
19IF-wADN-F
wADN-5R
WADN-3F
19IFWADN-R
19IF-nDdownDNS5F
nDdownDN5R
nDdownDN3F
19IF-nDdownDN3R
PamyB-C-linker-F2
AIF-cEGFPR
wADN-PamyBF
wADN-TamyBR
TamyB-DsRedR
nDdDN-PamyBF
nDdDN-TamyBR
wA seqF

wA seqR

gwA sequencel
gwA sequence2
niaD-GEF
niaD-GER
pyrG-GEF
pyrG-GER
pyrG_seqgn
niaD-sequence
wADN-CoPF
WADN-CoPR
cPCR-niaDout-F
cPCR-niaDin-R
ace2_probeF
ace2_probeR
wA-RTF

wA-RTR

niaD-RTF
niaD-RTR

CGGTACCCGGGGATCGGGCAATTGATTACGGGAT
CGACTCTAGAGGATCCTGCAGATTTTGACCTAGTTA
GCAGGCATGCAAGCTTCATGGTGTTTTGATCATTTTA
TGATTACGCCAAGCTGGATCCTTTCCTATAATAGACTAGCG
GGTCGAGCTCGGTACCCTTTTAATGCCGGCTCATTCAAAC
GGAATTGCCCGATCCCCCAGCAGCTCTATATCACGTGACG
AAAGTTCGCACCACCTTCAAAATGGATTACAAGGATGACGACG
GCAGGCATGCAAGCTGTAATCGCCCGTTTGGGTTT
TTTGAAGGTGGTGCGAACTTT
CGGTACCCGGGGATCTAGAGCGGCCGCCAAAGGCAAATGTACGC
CATGGTCATAGCTGTTTCCTGCACCAGCTCTTCTTGGAGTT
CCTGCAGATAATCTCCTGACCGGTGGAGCTTGTTTTCGA
AGGTCGACTCTAGAGGCGGCCGCCCTACGCCTGCTTAAAC
CCCGGGGATCTGTAGTAGAGGGTGGAGAGTATATGATGG
TCGAAAACAAGCTCCACCGGTCAGGAGATTATCTGCAGG
AACTCCAAGAAGAGCTGGTGCAGGAAACAGCTATGACCATG
CCATCATATACTCTCCACCCTCTACTACAGATCCCCGGG
TCGAGCTCGGTACCCATGTTATCGAACCCACATCGCAATCT
CTACTACAGATCCCCGTCACTCCAAGCCGCCTTCCCTTGTCA
ATGGACCCGCGCGTCAAGATTAAGGCTGTC
TCTTGACGCGCGGGTCCATGCCTCTATTA
TCGAGCTCGGTACCCGGGTCATGGTGTTTTGATCATTTTA
AATTGCCCGATCCCCGTCAGGAGATTATCTGCAGGA
AAAACACCATGACCCCAGCAGCTCTATATCACGTGACG
GTACCATATTGGAACGATGGATCGTTTTAGAGCTAGAAATAGCAAGTTAAA
GATCCATCGTTCCAATATGGTACACTTGTTCTTCTTTACAATGATTTATTT
AGCTTATTTTTTGTATAATGCCGGCTCATTCAAAC
TATCACAAAACAGTAAGCAGCTCTATATCACGTGACG
GTACTATGGCCGAGATGTCGACGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GTCGACATCTCGGCCATAGTACACTTGTTCTTCTTTACAATGATTTATTTACCCTTCAAAAG
GTGCTAATGTATCAAGGACTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
AAGTCCTTGATACATTAGCACACTTGTTCTTCTTTACAATGATTTATTTACCCTTCAAAAG
TTCTAGCTCTAAAACTCGTGGTCACGTGTCGTTCCCACTTGTTCTTCTTTACAATGATTTATTT
TCGAGCTCGGTACCCGCCCCATATCATTCACAAG
ACTTTCTCCCGGGTCACGTGTCGTTCCCATGC
CACGTGACCCGGGAGAAAGTGACCGATGCC
CTCTAGAGGATCCCCGCCGAATGATTGGTATAGGC
TCGAGCTCGGTACCCGGTGGCACGATGAGCGGTAT
ACCAGCTCCCGGGCCGGATCCATCGTTCCAATA
GATCCGGCCCGGGAGCTGGTGCGGTGGAGCTT
CTCTAGAGGATCCCCGCAGAGCGGCGAGCGAAAAT
TCGAGCTCGGTACCCGGGGACCCAGCTTTCTTGTACAAAGTG
CTACTACAGATCCCCTTACTTGTACAGCTCGTCCATGC
AACGACACGTGACCCTTTTGATCATTTTAAATTTTTATATGGC
CGGTCACTTTCTCCCGGATCCTTTCCTATAATAGACTAGCG
CTACTACAGATCCCCCTACAGGAACAGGTGGTGGC
CGATGGATCCGGCCCTTTTGATCATTTTAAATTTTTATATGGC
ACCGCACCAGCTCCCGGATCCTTTCCTATAATAGACTAGCG
GGGGCCACGCGGCGTCTATCTCTT
GGCCTCTATCGGCTGTCCCGTAGTA

GACTGACCAGCTTGTTGACG

CTGCAGCTGTAAGCTGTTCG

CCGTATGTCTAAAGGGCACTTATTT
CGCACCAGCTCTTCTTGGAGTTTTA
GGCCCTAATCTTATCTACATGTGAC
CGTACGGGAGATTGTACGAACAGAT

CCGTGATCAAAACTCACAT

GGTAACTGGGGAGAAAGACA

GACGTGATGGCCAACTACGACGAT
CCTTCCGGTGTACATCGAGGCCATT
GACCTAAACACCAACTCCGCCGTTGCATAT
CAGCACATTCTGTCCCTAGACTTAGAGATT
CCCATTACCCCTGCGACAAC

CCCTGCAGGCTCATGTTTTC

GCGATTGCGGGATACTTTTA

ATGGCAATGGATGAGGAAAG

TGGTTCATCGTGAATGGAGA

CAGAGACATCCAGACCAGCA

February 2019 Volume 85 Issue 3 e01896-18

aem.asm.org 13


https://aem.asm.org

Katayama et al.

terminator of niaD, downstream of niaD, and the amyB terminator were amplified from the genome DNA
of A. oryzae wild strain RIB40 using the primer sets pUC19-niaD3_F and niaD3-PaB_R, niaDd-TaB-F and
pUCT19nDAADND_R, and TaB-PaB_F and TaB-niaDd_R, respectively. The amyB promoter was amplified
from pUNA (44) using the primer set PaB-niaD3_F and PaB-TaB_R. These four fragments were fused using
the primer set pUC19-niaD3_F and pUC19nDAADND_R and ligated with BamHI-digested pUC19, yielding
pUtNAN. The Aoace2 ORF was amplified from the genome DNA of strain RIB40 using a primer set
(PUNA’Aoace20RF_F and pUNA’Aoace20RF+TGA_R) and ligated with Smal-digested pUtNAN, yielding
pUtNAa2N.

The recycling plasmid ppAsATC9a2 for genome editing was constructed as follows. A DNA fragment
containing cas9 and the amyB terminator was amplified from the plasmid ppAsAcas9 using the primer
set Ptef-FNCOF and amyB(t)-R. The Aotefl promoter was amplified from the genome DNA of the strain
RIB40 using the primer set IF-Ptef1F and Ptef1R. These two DNA fragments were fused using the primer
set IF-Ptef1F and amyB(t)-R, and the fused fragment was ligated with Smal-digested ppAsAMA, yielding
ppAsATCI. A DNA fragment containing the amyB promoter and the 5’ half of Aoace2 was amplified from
the plasmid pUtNAa2N using the primer set sApAIF-PamyB and Aoace2-mR. A DNA fragment containing
3’ half of Aoace2 and the amyB terminator was amplified from pUtNAa2N using the primer set
Aoace2-mF and sApAIF-TamyB. These two DNA fragments were fused using the primer set sApAIF-PamyB
and sApAIF-TamyB, and the fused fragment was ligated with Smal-digested ppAsATC9, yielding
ppAsATC9a2. The sgRNA expression cassettes were then inserted into ppAsATC9a2 as described in the
supplemental material.

Construction of the Aoace2-expressing strain. Notl-digested pUtNAa2N was introduced into the
strain NSID1, yielding strain SID-UtAoace2 (Fig. S10A). The integration of the Aoace2 expression cassette
downstream of niaD was confirmed by PCR analysis of genome DNA (Fig. S10B).

Extraction of A. oryzae genome DNA and Southern blot analysis. Genomic DNA of A. oryzae was
extracted as previously described (43). For Fig. 2D and Fig. S4C, genomic DNA was digested with Pvull,
and a DNA fragment amplified from pUtNAa2N using the primer set ace2_probeF and ace2_probeR was
used as a probe in Southern blot analysis. For Fig. S9A, genomic DNA was digested with Bglll and DNA
fragment amplified from pwAupEGFP using the primer set 19IF-wADN-F and wADN-5R. For Fig. S9B,
genomic DNA was digested with EcoRV and DNA fragment amplified from pnDdownDR using the primer
set 19IF-nDdownDN5F and nDdownDN5R. Southern blot analysis was performed with an ECL detection
kit (GE Healthcare, IL) according to the manufacturer’s instructions, and the nucleic acid bands were
detected using a LAS-4000 miniEPUV luminescent image analyzer (Fuji Photo Film, Tokyo, Japan).

Fluorescence microscopy and image analysis. Conidia (1 X 104) were inoculated into 150 ul of the
CD liquid medium containing Casamino Acids in a glass-bottomed dish and incubated at 30°C for 18 h.
The cultures were observed by confocal laser scanning microscopy using an IX71 inverted microscope
(Olympus, Tokyo, Japan) equipped with a x40 Neofluor lens objective (1.00 numerical aperture), 488-nm
(Furukawa Electric, Tokyo, Japan) and 561-nm (Melles Griot, Rochester, NY) semiconductor lasers, GFP
and DsRed filters (Nippon Roper, Tokyo, Japan), a CSU22 confocal scanning system (Yokogawa Electron-
ics, Tokyo, Japan), and an Andor iXon cooled digital CCD camera (Andor Technology PLC, Belfast, UK). The
captured images were analyzed using Andor iQ 1.9 software (Andor Technology PLC).

Construction of plasmids, quantitative PCR, and Western blot analysis. The construction of the
genome-editing plasmids containing sgRNA expression cassettes and of the donor plasmids is described
in detail in the supplemental material, as well as the methods used for the quantitative PCR and Western
blot analyses.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01896-18.

SUPPLEMENTAL FILE 1, PDF file, 12.7 MB.
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