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Abstract

Background: CRISPR-Cas genome editing technologies have revolutionized biotechnological research particularly in
functional genomics and synthetic biology. As an alternative to the most studied and well-developed CRISPR/Cas9,
a new class 2 (type V) CRISPR-Cas system called Cpf1 has emerged as another versatile platform for precision
genome modification in a wide range of organisms including filamentous fungi.

Results: In this study, we developed AMAT-based single CRISPR/Cpf1 expression vector that targets pyrG gene in
Aspergillus aculeatus TBRC 277, a wild type filamentous fungus and potential enzyme-producing cell factory. The
results showed that the Cpf1 codon optimized from Francisella tularensis subsp. novicida U112, FnCpf1, works
efficiently to facilitate RNA-guided site-specific DNA cleavage. Specifically, we set up three different guide crRNAs
targeting pyrG gene and demonstrated that FnCpf1 was able to induce site-specific double-strand breaks (DSBs)
followed by an endogenous non-homologous end-joining (NHEJ) DNA repair pathway which caused insertions or

deletions (indels) at these site-specific loci.

Conclusions: The use of FnCpf1 as an alternative class Il (type V) nuclease was reported for the first time in A.
aculeatus TBRC 277 species. The CRISPR/Cpf1 system developed in this study highlights the feasibility of CRISPR/
Cpf1 technology and could be envisioned to further increase the utility of the CRISPR/Cpf1 in facilitating strain
improvements as well as functional genomics of filamentous fungi.
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Background

Filamentous fungi are of great value in the commercial
production of enzymes and heterologous proteins [1, 2],
a wide range of primary and secondary metabolites such
as organic acids and pharmaceuticals [3, 4], as well as
bio-based chemicals, and biofuels [5, 6]. One of the ways
to increase the fungi potential in commercial
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applications is by means of strain improvement via gen-
etic engineering [7]. However, the conventional genetic
engineering tools via classical mutagenesis and homolo-
gous recombination remain challenging due to add-
itional complexity and time, as well as low efficiency,
particularly in targeting multiple genes [8]. Therefore,
the development of versatile genetic tools, e.g., CRISPR-
based, for filamentous fungi modification would be of
great value [9].

The rapid technological advances in low-cost high-
throughput sequencing, as well as in CRISPR-Cas gen-
ome engineering technology, have accelerated research
in several industrially and medically important Aspergil-
lus species [10, 11]. Clustered regularly interspaced short
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palindromic repeats (CRISPR) and CRISPR-associated
proteins (Cas), evolved as a defense system of bacteria to
invading viruses. This system has become a versatile tool
to solve the problem of low gene editing frequency in
filamentous fungi [12]. CRISPR/Cas, particularly CRIS
PR/Cas9 from Streptococcus pyogenes, has become a tool
in basic research, genetic improvement, and metabolic
engineering [13]. In this system, a guide RNA (gRNA) or
CRISPR RNA (crRNA) is used to direct Cas9 which tar-
gets sequence-specific DNA according to two simple
rules: Watson-Crick base pairing between DNA target
with the 5'-end guide sequence of crRNA, and the pres-
ence of a protospacer adjacent motif (PAM) 5'-NGG in
the DNA target [14, 15]. Recently, applications of CRIS
PR/Cas9 in filamentous fungi have been shown in sev-
eral fungal strains, e.g., Aspergillus fumigatus [16], Asper-
gillus oryzae [17], Aspergillus niger [7, 9, 18-20],
Aspergillus nidulans [21, 22], Trichoderma reesei [23],
Neurospora crassa [24], Ganoderma lucidum [25], and
Myceliophthora thermophila [26]. In addition to Cas9
from S. pyogenes, Cpfls derived from Francisella tular-
ensis subsp. novicida U112 (FnCpfl), Acidaminococcus
sp. BV3L6 (AsCpfl), and Lachnospiraceae bacterium
(LbCpfl), are additional tools for genome editing. Cpfl
is distinct from Cas9 in terms of PAM sequence, struc-
ture of the guide RNA, and the DNA cleavage position
[27].

CRISPR/Cpfl is characterized as a novel class 2 (type
V) system with distinct features compared to Cas9 [28].
It is a single RNA-guided endonuclease which recog-
nizes a thymidine-rich protospacer-adjacent motif
(PAM) and produces staggered cuts distal to the PAM
site [29]. This type V CRISPR/Cpfl system was first har-
nessed and shown to have robust genome editing activity
in mammalian cell lines [27], as well as targeted muta-
tions in plants and other eukaryotic cells [30]. Interest-
ingly, Cpfl is a dual nuclease that not only cleaves target
DNA but also processes its own crRNA array [29, 31].
CRISPR/Cpfl-mediated DNA cleavage is guided by a
short single crRNA (42—-44 nt), in contrast to Cas9 that
uses both crRNA and tractRNA. More importantly,
Cpfl makes a staggered DNA double-stranded break
resulting in a five-nucleotide 5'-overhang distal to the
PAM site [29], whereas Cas9 creates blunt ends prox-
imal to the PAM site [15]. However, both Cas9 and Cpfl
need a seed sequence at the PAM-proximal side of the
protospacers, which is critical for DNA recognition and
cleavage. With these advantages, Cpfl system has been
used for multiplex gene editing in mammalian cells,
where up to four genes were simultaneously edited using
just a single crRNA array spaced by direct repeats (DR)
[29].

Cpfl nuclease and the crRNA are two essential com-
ponents in the formation of an adjustable CRISPR
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toolbox for genetic manipulation (Fig. 1). In general,
Cpfl expression is driven by an RNA polymerase II pro-
moter [32]. The guide RNAs are noncoding small RNAs
with guide sequence at their 3'-end crRNA and are nat-
urally expressed using an RNA polymerase III (Pol III)
promoter [33]. However, due to the complexity and un-
certainty of genome information, some endogenous Pol
III promoters from filamentous fungi are difficult to
identify or are not suitable for crRNA transcription [12].
Therefore, suitable c¢rRNA expression cassettes are
needed to construct efficient CRISPR-based tools. Until
recently, several methods have been developed to en-
hance the expression of crRNAs by engineering different
RNA processing machineries, including a self-cleavable
ribozyme from a virus [34], the endogenous tRNA pro-
cessing enzymes [35], and pre-crRNA array consisting of
direct repeats [29]. These systems are used to generate
crRNAs from a single primary polycistronic transcript
driven by either Pol II or Pol III promoter. Among these
methods, a single pre-crRNA array and a tRNA-based
CRISPR system have been shown to boost multiplex
genome-editing capability and efficiency without intro-
ducing exogenous ribonucleases or additional tracrRNA
in the CRISPR/Cas9 system [21].

Over the past several years, various studies have dem-
onstrated the great potential of CRISPR/Cpfl as a tool
for genome engineering, owing to user-designated site
specificity of Cpfl endonuclease activity and the simpli-
city of crRNA designs [27, 30]. Since the first harnessing
of Cpfl in human and animal cell lines [27], until
recenty, AsCpfl and LbCpfl were reported to effectively
catalyze oligonucleotide-mediated genomic site-directed
mutagenesis and simultaneous gene deletions/insertions
in a few filamentous fungi [36—38]. However, there have
been no reports for the use of FnCpfl from F. tularensis
subsp. novicida U112 for genome editing in Aspergillus
filamentous fungus despite its successful application in
yeast [39-41]. Here, we established a single vector for
the CRISPR/Cpfl platform derived from FnCpfl and a
crRNA with the endogenous tRNA-processing system
for CRISPR-mediated gene editing in Aspergillus aculea-
tus TBRC 277, a wild-type filamentous fungus. As a
proof of principle, pyrG gene was used as the target gene
for the CRISPR/Cpfl-mediated gene editing to generate
uracil auxotrophic fungi.

Results

Construction of CRISPR/Cpf1 plasmid backbone

To establish the CRISPR/Cpfl system in A. aculeatus
TBRC 277 (Fig. 2a), an expression plasmid carrying the
Prer1-Cpfl-tepi TT cassette and bleomycin selection
marker was initially constructed. For Cpfl gene, we
codon-optimized the F. tularensis subsp. novicida Cpfl,
so called FnCpfl, and attached a SV40 nuclear
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Fig. 1 Schematic of CRISPR/Cpf1 in a single-plasmid system for use in fungal genome engineering application. In this study, FnCpf1 and crRNA
are expressed under A. nidulans TEF1 Pol Il promoter and A. fumigatus U3 Pol Il promoter, respectively, to edit genome of the wild-type strain of

localization signal (NLS) fragment at the C-terminal to
ensure successful nuclear compartmentalization in the
fungal host. Specifically, construction of CRISPR/Cpfl
backbone carrying 5.5 kb autonomously replicating plas-
mids (AMA1) was successfully obtained by removing
Cas9 from pFC333 plasmid [22], followed by MCS inser-
tion that allows for expression of a 3.93 kb Cpfl-SV40
NLS gene fusion controlled by a constitutive A. nidulans
TEF1 promoter. The successfully constructed plasmid,
referred to as pCRISPRO (Supplementary Fig. S1), was
verified by Sanger sequencing. Then, insertion of kana-
mycin resistant gene cassette at the Bglll-site was per-
formed. This was confirmed by positive selection on LB
agar containing 50 pg/ml kanamycin, as well as 25 pg/ml
ampicillin; and also by HindIII digestion of recombinant
plasmids. The obtained plasmid was named pCRISPRO1
(Supplementary Fig. S1) and used throughout this study
as the vector backbone for FnCpfl and crRNA
expressions.

Expression of codon-optimized eGFP and eGFP-Cpf1 in A.
aculeatus TBRC 277

To test the expression and localization of the recombin-
ant FnCpfl, the enhanced green fluorescent protein
(eGFP) and FnCpfl-eGFP fusion, with attached SV40
NLS, were used as the gene reporter. These were con-
structed by ligation of each DNA fragment to the Ncol/
Pmel-site of pCRISPRO1, yielding pCRISPRO1-eGFP and
pCRISPRO1-FnCpfl-eGFP plasmids, respectively. The
positive clones of each construct were confirmed by re-
striction analyses and further verified by sequencing.
The  obtained vectors, pCRISPRO1-eGFP  and

pCRISPRO1-FnCpfl-eGFP, were individually trans-
formed into A. aculeatus TBRC 277 host. Positive trans-
formants were further confirmed by colony PCR,
followed by single spore isolation hereafter referred to as
egfp and CpfI-egfp accordingly.

The expression of eGFP and Cpfl-eGFP was detected
after culturing TBRC 277 transformants in PDB for 24 h.
Western blot detected specific protein bands of approxi-
mately 28 kDa and 180 kDa as predicted for eGFP and
Cpfl-eGFP, respectively (Supplementary Fig. S2), sug-
gesting that codon-optimized FnCpfl was expressed in
A. aculeatus TBRC 277. Additionally, to investigate
whether the SV40 nuclear localization signal targeted
FnCpfl to the nucleus, the transformants were further
assessed using confocal microscopy. The result showed
that both transformants, egfp and Cpfi-egfp, showed
green fluorescence signal when compared to the WT,
after overnight incubation in PDB medium with bleo-
mycin. Furthermore, these recombinant fungi were also
stained with 4,6-diamidino-2-phenylindole (DAPI) and
showed that the majority of the eGFP signals were over-
lapped with nuclei, suggesting that FnCpfl correctly lo-
calized to the nucleus of A. aculeatus TBRC 277 (Fig.
2b). Finally, to obtain the expression vector for further
genome engineering in TBRC 277, we also cloned just
FnCpfl-NLS without eGFP to generate pCRISPRO1-
FnCpfl plasmid.

Construction of guide RNA (crRNA)

CRISPR/Cpfl1 system requires crRNA consisting of a 20-
bp direct repeat (DR) followed by a 20-23 bp protospa-
cer to direct Cpfl to cleave sequence-specific target [41].
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4" 6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein

Fig. 2 Schematic of vector constructions for heterologous FnCpf1 expression and confocal microscopy assessment of the subcellular localization
of the recombinant eGFP and Cpf1-EGFP fusion proteins in A. aculeatus TBRC 277. a The constructed vectors of (1) pCRISPROT-EGFP, expression of
enhanced green fluorescence protein (EGFP), to test the tefl promoter activity, (2) pCRISPRO1-FnCpf1, for subsequent crRNA cassette insertion
carrying a protospacer pyrG-targeted locus, (3) pCRISPRO1-FnCpf1-EGFP, expression of Cpf1-EGFP, to detect Cpf1 fusion protein. b Subcelullar
localization of FnCpf1 as EGFP-fused protein in A. aculeatus TBRC 277. Nuclei were visualized by DAPI staining (blue). Scale bar = 10 um. DAPI,

DAPI

Merged

In this study, pyrG, an essential gene for the biosynthesis
of uridine, was chosen as the target gene. As pyrG mu-
tants undergo auxotrophic selection, its inactivation can
be observed by growing transformants in minimal
medium containing 5-fluoroorotic acid (5-FOA) [42, 43].
PyrG converts 5-FOA into fluoroorotidine monopho-
sphate which is subsequently converted into fluorodeox-
yuridine by ribonuclease reductase. Fluorodeoxyuridine
is a pyrimidine analog that is rapidly converted to 5-
fluorouracil, a suicide inhibitor of the thymidylate syn-
thase, and therefore inhibits nucleic acid synthesis, lead-
ing to cell death; however, 5-FOA is non-lethal in the
absence of pyrG [9, 44].

To perform this experiment, first, we needed to valid-
ate the sequence of A. aculateus TBRC 277 pyrG gene
from the genomic draft sequence as generated by Next
Generation Sequencing (NGS). The pyrG gene was suc-
cessfully PCR amplified and sequenced (Fig. 3). The 915-
bp amplified sequence was identified to encode orotidine

5'-phosphate decarboxylase (pyrG); it showed 93.63% se-
quence identity to A. aculeatus ATCC 16872 and had a
81-bp putative intron at the positions 158-238. Sec-
ondly, since FnCpfl could be programmed to edit mul-
tiple target sites [29], this aspect was tested by selecting
three out of eight predicted protospacers with the fol-
lowing criteria: no off-targets and highest specificity
score (100%). Three protospacer guide sequences were
obtained targeting positions 59-bp (pyrG-1), 167-bp
(pyrG-2), and 648-bp (pyrG-3) downstream of the pyrG
start codon.

Next, due to the lack of well-identified RNA Pol III
promoters in A. aculeatus, we instead employed a U3
Pol III promoter derived from A. fumigatus to generate a
single crRNA construct, i.e. a 182-bp crRNA-flanking
tRNA fusion transcript (GenBank KT031983.1) [21].
Using this approach, the endogenous tRNA processing
system was expected to cleave both ends of the tRNA
precursor and release a single crRNA with the aid of
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Fig. 3 The complete sequence of pyrG gene of A. aculeatus TBRC 277 (GenBank accession number MN364695). The locations of the three

ATGTCTTCCAAGTCGCAATTGACCTACACTGCTCGTGCCAGCAAGCACACCAACCCGCTGGCCAAACGGCTCTTC
protospacer (1) PAM
GAGATCGCCGAGGCCAAGAAGACTAATGTGACCGTCTCCGCCGACGTGACCACGACCAAGGAGCTCCTGGATCTC

GCTGACCGTAGGGCCCCGCCGAAACCTCTCTCTCTCTCTCTCCCTTCCCGATGATCAGGAATTGACCCCCGAGAA
protospacer (2) PAM
AAAATTGACGCAGGTCTGGGACCCTACATCGCCGTGATCAAGACCCACATCGACATCCTCTCGGACTTCAGCAAC

GAGACGATCGAGGGCCTCAAGGCGCTGTCCGAGAAGCACAACTTCCTGATCTTCGAGGACCGCAAGTTCATCGAC
ATCGGCAACACCGTCCAGAAGCAGTACCACCAGGGCACCCTGCGGATCTCGGAGTGGGCCCACATCATCAACTGC
AGCATCCTGCCCGGCGAGGGCATCGTGGAGGCCCTGGCCCAGACCGCCGCGGCCGACGACTTCGCGTACGGCCCC
GACCGCGGCCTCCTGATCCTGGCCGAGATGACCTCCAAGGGCTCCCTCGCGACCGGCCAGTACACCACCTCCTCG
GTCGACTACGCCCGCAAGTACCCGCAGTTTGTCATGGGGTTCGTGTCGACGCGCGCGCTCGGCGAGGTGCAGTCC

PAM protospacer (3)
ACGGTGACCTCCGCCGCGGACGAGGAGGACTTCGTGGTCTTCACCACGGGCGTCAACATCTCCTCCAAGGGCGAT

AAGCTCGGCCAGCAGTACCAGACCCCCGCGTCCGCCATTGGTCGCGGAGCCGACTTCATTATCGCCGGGCGCGGG

ATCTATGCCGCGGCCGACCCGGTGCAGGCGGTGCAGCAGTACCAGAAGGAGGGTTGGGAGGCGTACCAGGCCCGT

GTTGGCGGAAACTAA .. .3’

selected protospacers are indicated by the red lines, with the corresponding 5-TTTN-3" PAM in blue (putative intron 158-238; 81 bp)

RNAses Z and P [35]. In this study, U3 Pol III promoter
and its terminator, together with tRNA-sgRNA(Cas9)-
tRNA motif originating from pFC902, were successfully
amplified and inserted into pJET1.2B resulting in pJET-
U3P sgRNA (Table 1). This plasmid served as a template
for the subsequent PCR reactions to generate six DNA
fragments, in which each of the associated fragments
were assembled with Bg/lI-cut pOK12 by Gibson Assem-
bly (see Methods). The obtained tRNA-crRNA-tRNA

Table 1 Plasmids and fungal strain used in this study

Cpfl-associated cassettes in pOK12 specifically referred
to as crRNA-tRNA-pyrG-1, crRNA-tRNA-pyrG-2, and
crRNA-tRNA-pyrG-3 which corresponded to the
sequence-specific protospacers pyrG-1, pyrG-2, and
pyrG-3, respectively. To finalize the CRISPR/Cpfl con-
struction, each of the purified crRNA-pyrG cassettes
successfully incorporated the Bg/ll-cut pCRISPRO1-
FnCpfl to obtain the plasmid constructs named
pCRISPRO1-FnCpfl-pyrG-1, pCRISPRO1-FnCpfl-pyrG-

Strain
A. aculeatus TBRC 277

Wild type

Plasmids/Strain Genotype Reference

Plasmid
pFC902 AmpR, pyrG, AMAT1, U3-AF crRNA Cas9 [21]
pJET1.2B-Km" Amp®, kan® This study
PJET-U3P sgRNA Amp", U3-AF sgRNA Cas9 This study
pFC333 Amp", ble®, AMA1, TEF-Cas9 [22]
pCRISPRO Amp®, blef, AMA1 This study
pCRISPRO1 Amp", ble® kan®, AMA1 This study
pCRISPRO1-eGFP Amp", ble®, kan® AMA1, TEF1-EGFP This study
PCRISPROT-FNCpf1 Amp"®, ble® kan® AMA1, TEF1-FnCpf1 This study
PCRISPRO1-FNCpf1-eGFP Amp"®, ble® kan® AMAT1, TEF1-Cpf1-EGFP fusion This study
POK-U3P crRNA pyrG-1 Kan®, U3-AF crRNA-pyrG-1 This study
pOK-U3P crRNA pyrG-2 Kan® U3-AF crRNA-pyrG-2 This study
pOK-U3P crRNA pyrG-3 Kan® U3-AF crRNA-pyrG-3 This study
PCRISPRO1-FNCpf1-pyrG-1 Amp", ble®, kan®, AMA1, TEF-Cpf1, crRNA-pyrG-1 This study
PCRISPROT-FNCpf1-pyrG-2 Amp", ble®, kan®, AMA1, TEF-Cpf1, crRNA-pyrG-2 This study
pCRISPROT-FNCpf1-pyrG-3 Amp", ble® kan® AMA1, TEF-Cpf1, crRNA-pyrG-3 This study

(1]
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2, and pCRISPRO1-FnCpfl-pyrG-3. All of these plasmids
were verified by sequencing and by Bg/Il digestions,
which generated 16.8-kb and 0.9-kb DNA fragments
representing the vector pCRISPRO1-FnCpfl and crRNA-
pyrG inserts, respectively (Supplementary Fig. S3).

CRISPR-crRNA complex induced pyrG-targeted gene
disruption in A. aculeatus TBRC 277

This study relies on the ability of Cpfl/crRNA-complex
targeting pyrG locus to induce DSB, followed by NHE]J-
repair mechanism. While some methods employ either
Cas9 or Cpfl expression in vivo but crRNA preparation
in vitro which requires laborious steps for crRNA tran-
script preparation as well as an additional transform-
ation step when introducing the crRNA. This leads to
low transformation efficiencies due to crRNA stability is-
sues [9, 14]. We therefore opted for in vivo preparation
both of ¢rRNA and Cpfl in a single plasmid (see
Methods). To test whether heterologous expression of
the CRISPR/Cpfl system is able to induce pyrG-targeted
DSB in A. aculeatus TBRC 277 chromosome, as well as
to explore the general utility of RNA-guided genome
editing in fungal cells, three pCRISPRO1-FnCpfl-pyrGs
plasmids expressing Cpfl and three different crRNA
guides were independently transformed into A. aculeatus
TBRC 277 protoplasts. Next, pyrG-mutant selection was
performed by a two-step selection by first randomly
selecting bleomycin-resistant colonies (Fig. 4a) and re-
culture the colonies on new MM+Czapek-Dox plates
with bleomycin and Uri/Ura supplementation, referred
as the primary selection plate, but in the absence of
sorbitol (Fig. 4b). Then, the colonies were grown on the
secondary MM+Czapek-Dox plates supplemented with
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Uri/Ura as well as 5-FOA (Fig. 4c). The colonies that
survived on this medium were considered mutant auxo-
troph [45]. For a negative control, the protoplast was
transformed with empty vector or only Cpfl-bearing
plasmid, and no colony was observed on the secondary
selection plates (Fig. 4d). Our preliminary study showed
that selective medium for protoplast-mediated trans-
formation comprised of a mixture of sorbitol and 5-FOA
gave rise to false-positives. Therefore, a two-step selec-
tion was required to remove fungal clones without the
CRISPR  plasmid. Using this approach, several
bleomycin-resistant colonies obtained from the primary
selection were not viable on secondary selective medium
containing 5-FOA considered as non-mutated pyrG
transformants.

Additionally, we also tested the transformation effi-
ciency of Cpfl-bearing plasmids (in pCRISPRO1-FnCpfl)
which was 30 colonies/pg of DNA (Supplementary Fig.
S4). This was slightly lower than that of the empty vec-
tor without Cpfl (37.5 colonies/pg of plasmid DNA).
This may be due to size of the plasmid since the Cpfl-
bearing plasmid is approximately 4—5kb larger. How-
ever, the effect of the constitutive Cpfl expression from
the AMAI1-based plasmid may also contribute to the
minor difference in transformation efficiency. Similar re-
sults were also reported in A. nidulans [36], and Ashbya
gossypii [37] expressing LbCpfl. However, the potential
toxicity effect of FnCpfl was reported in yeast express-
ing multicopy plasmid [40].

To confirm whether the obtained colonies were auxo-
trophic mutants, PCR was performed to detect the pres-
ence of introduced exogenous CRISPR plasmid followed
by sequencing of the pyrG gene. Using this approach,

-

MM-+Czapek
Uri/Ura + Bleo+ Sorbitol

MM+Czapek
Uri/Ura + Bleo

~.

(b)

MM+Czapek
Uri/Ura + 5-FOA

MM+Czapek
Uri/Ura + 5-FOA
//<

(d)

Fig. 4 An example of A. aculeatus TBRC 277 protoplasts transformed with CRISPR/Cpf1 plasmids. a pCRISPROT-FNCpf1-pyrGs (with crRNA specific
targeting pyrG gene) on primary selective transformation medium containing 1.2 M sorbitol + 10 mM uri/ura + 50 ug/ml bleomycin, b a single
colony selected from panel a, was then cultured on new minimal medium containing 10 mM uri/ura+ 50 pg/ml bleomycin, (c) secondary
selection from panel b, re-cultured on minimal medium containing 10 mM uri/ura and 1.5 mg/ml 5-FOA. d pCRISPRO1-FnCpf1 encoding only
Cpf1 (without crRNA targeting pyrG), after growing on secondary selective medium containing 5-FOA, no colony was observed (control). Uri:
uridine, Ura: uracil
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each randomly selected clones exhibited the presence of
indels with 100% efficiency in every pyrG locus (Supple-
mentary Table S1). Sequencing of the pyrG-specific
locus revealed that three out of ten randomly selected
mutant of each auxotroph contained pyrG indels (Fig. 5).
These results indicated that Cpfl-crRNA complex in-
duces DSB and endogenous error-prone repair that leads
to indels of the pyrG gene in A. aculeatus TBRC 277.

Moreover, these DNA sequences were further ana-
lyzed. The results showed that mutants carrying either
crRNA-pyrG-1 or crRNA-pyrG-2, typically had small in-
sertions or deletions in the range of 2—6 bp and 7-16 bp,
respectively. Interestingly, in a mutant carrying crRNA-
pyrG-1, we noticed a 6-bp insertion in the exon of the
pyrG-targeting cleavage site; this small in-frame inser-
tion somehow could abolish PyrG activity. Additionally,
for mutants carrying crRNA-pyrG-3, their deletions were
in the range of 23-28bp. These similar observations
were also reported in other fungi [17, 23], plant [46],
and animal cell line [27]. However, large DNA insertions
with sizes greater than 100-bp were also found in which
polyketide synthase gene (pksP) was targeted in A. fumi-
gatus [16].

Discussion

CRISPR-Cas based systems have been broadly applied
for use in targeted genome modification of cells or or-
ganisms due to their programmable sequence specificity.
More recently, the CRISPR-Cas based system is no lon-
ger limited to Cas9 from S. pyogenes. As an alternative
to Cas9, two Cas nuclease genes originating from Acido-
minococcus and Lachnospiraceae that belong to the Cpfl
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family have been reported [27]. The introduction of
CRISPR/Cpfl system provides another option to the
CRISPR toolbox [47]. So far, applications of CRISPR-Cas
in filamentous fungi have focused mostly on Cas9 [28,
32, 48]. Here, we presented data of another type of Cpfl,
called FnCpfl, and demonstrated the NHE] pathway in-
volvement in the repair of Cpfl-induced DNA DSBs in a
non-model filamentous fungus, A. aculeatus TBRC 277.

The success of genome editing by CRISPR/Cpfl sys-
tem requires the heterologous expression of the codon-
optimized Cpfl gene fused with a NLS (PKKKRKYV) to
efficiently target the fused protein into the cell nucleus.
To date, studies of the CRISPR/Cas9 system have been
applied for genome engineering applications in various
filamentous fungi such as A. fumigatus [16], A. oryzae
[17], A. niger [7, 9, 18-20], A. nidulans [21, 22], T. reesei
[23], N. crassa [24], G. lucidum [25], and M. thermophila
[26]. These studies were performed by taking advantage
of the Cas9 in vivo expression strategy using various
types of promoters such as tefl, gpdA, trpC, pdc, and
cbhl. Until recently, for CRISPR/Cpfl system, only
LbCpfl from L. bacterium and AsCpfl from Acidamino-
coccus sp. were reported to effectively catalyze
oligonucleotide-mediated genomic site-directed muta-
genesis in the filamentous fungi A. nidulans and M.
thermophila, respectively [36, 38].

crRNA together with FnCpfl were expressed via a sin-
gle vector in the host cell, hence, it is not necessary for
in vitro crRNA preparation which is laborious and time
consuming [12]. In this study, to increase the ability of
A. fumigatus U3 Pol III promoter to drive the functional
transcription of crRNA, we chose a tRNA-processing
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Fig. 5 Indels of pyrG gene in A. aculeatus TBRC 277 genome transformed with CRISPR/Cpf1 plasmids with three different crRNAs. Red arrow
indicates putative cleavage sites; red dashes, deleted bases; red bases, insertions or mutations
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system to yield a mature crRNA transcript rather than
introducing any additional RNases along with Cpfl/
crRNA components. This strategy was also employed for
CRISPR/Cpfl based multiplex genome editing applica-
tions in another filamentous fungi [21]. Here, we suc-
cessfully produced the monocistronic tRNA-processing
system and verified its ability to edit pyrG gene in the
host TBRC 277 genome. Hence, this report demon-
strated the successful in vivo expression and assembly of
FnCpfl and crRNA to form functional FnCpfl-crRNA
ribonucleoprotein (RNP) complexes. These complexes
serve as RNA-guided nucleases to specifically target and
cleave genomic DNA. In addition, these results also sug-
gested that a 20-bp protospacer sequence is sufficient in
CRISPR/Cpfl based system, in contrast to the previous
reports using a 23-bp protospacer [29, 36]. Our study
therefore supports the previous report that the Cpfl in
complex with the crRNA and double-stranded DNA tar-
get was dictated by only the first 20-bp of heteroduplex
formation of crRNA and target DNA [49].

We first developed CRISPR/Cpfl vector specifically for
FnCpfl nuclease, as a proof of concept for gene editing
in A. aculeatus species. To our knowledge, the use of
FnCpfl nuclease gene for targeted gene editing has not
been reported in any Aspergillus species despite its suc-
cessful applications in bacteria [50], yeast [40], plant
[30], and animal cell lines [29]. In this study, we have
shown that the CRISPR/Cpfl system is able to site-
specific edit A. aculeatus chromosome at three different
loci within the pyrG gene by constructing specific proto-
spacer guides. However, for genes that are located in a
region of low transcriptional activity this would probably
reduce the editing efficiency and require optimization
[23]. Although it is advisable to carry out off-target mu-
tation analyses by PCR and sequencing, local BLAST
analyses of each guide showed no off-targets. Interest-
ingly, indels obtained from all pyrG mutants retain the
PAM site since FnCpfl cleaves target DNA at a distal
position, and this report is in accordance with the previ-
ous studies in plants [46, 51]. In contrast, Cas9-mediated
NHE] usually destroys the PAM site due to its proximity
to the cleavage site thus preventing the possibility for fu-
ture edits. Since we employed AMA1-based CRISPR/
Cpfl expression vector for transient expression of both
FnCpfl and crRNAs, this would allow us to perform it-
erative genome editing. This iterative process would
allow for targeted gene disruption of multiple targets as
well as marker-free genome editing, thus greatly improv-
ing the engineering throughput. Some Cpfl features de-
scribed above make Cpfl has several advantageous over
Cas9 for gene editing applications even though in some
cases both Cpfl and Cas9 achieved comparable targeting
efficiencies [41]. In addition, we envision that gene edit-
ing by CRISPR/Cpfl could be efficiently used as a
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powerful tool and would enhance the range of possible
target sites because of its unique PAM sequence, as well
as simplicity in designing crRNA cassettes, when com-
pared to the well-studied CRISPR/Cas9 system.

Conclusions

In summary, we have demonstrated the use of CRISPR/
Cpfl mediated gene editing technology in the wild type
strain of A. aculeatus TBRC 277. Using this system, the
pyrG gene involved in uridine biosynthesis pathway was
successfully edited to generate an auxotrophic strain.
The use of FnCpfl as an alternative class II (type V) nu-
clease was reported for the first time in A. aculeatus spe-
cies. The CRISPR/Cpfl system developed in this study
highlights the feasibility of CRISPR/Cpfl technology and
could be envisioned to further increase the utility of the
CRISPR/Cpfl in facilitating strain improvements as well
as functional genomics of filamentous fungi.

Materials and methods

Strains, media, and culture conditions

Escherichia coli strain DH5a (Novagen, USA) served as
cloning host and for propagating all plasmids. E. coli
bearing plasmids were grown in liquid or with 1.5% agar
in Luria-Bertani (LB) medium plus ampicillin (100 pg/
ml) or kanamycin (50 pg/ml) when required. Recombin-
ant plasmids were purified from E. coli according to
QIAquick spin miniprep kit (QIAGEN, Germany). Wild
type (WT) strain of A. aculeatus TBRC 277 (= BCC
199), obtained from the Thailand Bioresource Research
Center, was used as the host for CRISPR/Cpfl expres-
sion and gene editing experiments. The pyrG gene, en-
coding orotidine-5'-monophosphate decarboxylase, was
retrieved from a complete genome sequence of A. acu-
leatus TBRC 277. The fungus was grown at 30 °C for 2—
4 days on potato dextrose agar (PDA) medium for
sporulation or potato dextrose broth (PDB) for mycelia
propagation. Minimal medium (MM) plus Czapek-Dox
(3% sucrose, 0.3% NaNO; 0.1% KH,PO, 0.05%
MgS0,4.7H,0, 0.05% KCl, 0.001% FeSO,4.7H,0) contain-
ing 1.2 M sorbitol and 50 pg/ml of bleomycin was used
as selective medium for protoplast-mediated transform-
ation [52]. MM plus Czapek-Dox medium was supple-
mented with 10 mM uridine (Uri), 10 mM uracil (Ura),
and 1.5 mg/ml 5-fluoroorotic acid (5-FOA) (Sigma Al-
drich, USA) when required. Plasmids pFC333 and
pFC902 [21, 22] were used as templates for constructing
CRISPR/Cpfl and crRNA based plasmids, respectively.
Plasmids pJET1.2/Blunt (Thermo Fisher, USA) and
pOK12 [53] served as cloning vectors.

Plasmid constructions
All oligonucleotide primers used in this study are shown
in Supplementary Table S2. All PCR reactions for
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cloning purposes were performed for 35 cycles with Phu-
sion high-fidelity DNA polymerase (Thermo Fisher,
USA) wusing touch-down PCR with annealing
temperature starting from 65°C, with a decrement of
1°C per cycle for the first 10 cycles followed by a con-
stant annealing temperature at 55°C up to 35 cycles.
Standard reaction volumes were 50 pl including 1x Phu-
sion HF or GC Buffer, 0.2 mM dNTPs, 0.5 uM primers
(IDT, USA), 1 unit of Phusion DNA Polymerase, 10-50
ng of genomic DNA or plasmid as the template. All PCR
products were purified using Qiaquick gel extraction
and PCR clean-up kits (Qiagen, Germany) according to
manufacturer’s instruction. All expression vectors were
assembled by standard molecular cloning or Gibson as-
sembly methods [54].

All plasmids used in this study are listed in Table 1. A
detailed schematic map of CRISPR/Cpfl based expres-
sion vector construction is illustrated in Supplementary
Fig. S1. pFC333 was used to establish CRISPR/Cpfl-
based expression vectors [22]. Briefly, to create multiple
cloning sites (MCS), a 421-bp of TEF1 terminator from
pFC333 was amplified by using a pair of primers
pFC333-TT-Ncol-F and pFC333-TT-BamHI-R. The
amplified DNA fragment was digested by Ncol/BamHI
and ligated to a 11.1-kb of Ncol/BamHI-cut pFC333
plasmid to generate expression vector backbone named
pCRISPRO. Additionally, a 1.4-kb BamH]I/BgllI-cut kana-
mycin resistance gene cassette, amplified from
pJET1.2B-Km by using KanR-Bgl2-F and KanR-R primer
pairs, was ligated to Bgl/ll-cut pCRISPRO, generating
pCRISPRO1 vector (Supplementary Table S3). The pres-
ence of the intended MCS sequences flanked by Asper-
gillus nidulans TEF-1 promoter and terminator in the
pCRISPRO1 was verified by sequencing.

The sequence of F. tularensis subsp. novicida U112
Cpfl gene, FnCpfl, was obtained from pY001 plasmid
[27]. A 3.9-kb of FuCpfl gene (Supplementary Table S3)
with its C-terminal fused to SV40 NLS was optimized
for translation on the basis of codon frequency in A.
aculeatus (http://www.kazusa.or.jp/codon/cgi-bin/
showcodon.cgi?species=5053&aa=1& style=N) and syn-
thesized (GenScript, USA) to obtain pUC57-FnCpfl
plasmid. Then, the FnCpf1-SV40 fusion gene was PCR-
amplified from the plasmid using a pair of primers
FnCpfl-Ncol-F and FnCpfl-Pmel-R, followed by Ncol/
Pmel digestion and ligation to pCRISPRO1 to obtain a
plasmid named pCRISPRO1-FnCpfl (Table 1, Fig. 2a).

To detect the expression and localization of Cpfl, en-
hanced GFP (eGFP) gene was fused in-frame to Cpfl at
the C-terminal together with SV40 NLS at the 3" end of
the fused sequence to generate plasmid pCRISPRO1-
FnCpfl-eGFP (Supplementary Table S3, Fig. 2a). This
was carried out by amplification of pUC57-FnCpfl and
pUC57-EGFP with a pair of primers FnCpfl-Ncol-F/
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FnCpfl-Kpn-R and EGFP-NK-F/ EGFP-SV40-Pme-R,
respectively, followed by restriction enzyme digestion
(Ncol/Kpnl for FnCpfl and Kpnl/Pmel for eGFP) and
ligation. In addition to Cpfl and Cpfl-EGEFP fusion con-
structs, the expression vector bearing only eGFP gene
was also employed as a control by amplification of eGFP
in pUC57-EGFP using the same primers used for eGFP
fusion construction, but the amplified PCR product was
digested by Ncol/Pmel prior to ligation with plasmid
pCRISPRO1.

Protoplast-mediated transformation

All CRISPR/Cpfl vectors were transformed into the re-
cipient A. aculeatus TBRC 277 using the protoplast-
mediated transformation method [55, 56]. Briefly, spore
suspension (10° spores/ml) was inoculated into 50-ml of
PDB and incubated at 30 °C with shaking at 250 rpm for
10-12 h. Mycelia were collected by filtration and washed
with sterilized distilled water, then suspended in 5-ml
protoplast buffer (1.2M sorbitol, 100 mM potassium
phosphate buffer, pH5.6) together with enzyme mix-
tures (2 mg/ml B-glucoronidase, 10 mg/ml driselase, 20
mg/ml lysing enzyme/Glucanex). The mixture was incu-
bated at 30 °C with gentle shaking at 100 rpm for 4-5 h.
Protoplasts were separated from undigested mycelia by
using Falcon Cell Strainer with 40 pm porosity (Thermo
Fisher, USA), then gently rinsed with Wash Buffer (1.2
M sorbitol, 10 mM Tris HCI pH 7.5) followed by centri-
fugation at 3000 x g for 5min. The protoplast pellets
were resuspended in STC buffer (1.2 M sorbitol, 10 mM
Tris-HCI pH 7.5, 50 mM CaCl,) to achieve a concentra-
tion of 10’-10® protoplasts/ml.

Protoplast-mediated transformation (PMT) was car-
ried out as described previously [9]. Specifically, 10-ug of
purified DNA in 20 pl (500 ng/pl) was mixed with 100 pl
of protoplast suspension (10”-10® protoplast/ml) and in-
cubated on ice for 50 min. Subsequently, 1.25 ml of PCT
buffer (25% PEG 6000, 50 mM CaCl,, 10 mM Tris HCl
pH 7.5) was added to the mixture followed by incubation
at room temperature for additional 20 min. Next, 1.25
ml of STC buffer was added, followed by addition of 5
ml PDB in 1.2 M sorbitol. The solution was centrifuged
at 3000 x g for 10 min and the supernatant was dis-
carded. Next, 2ml of STC buffer was added to the cell
pellet, and gently mixed with 30 ml of preheat MM+Cza-
pek-Dox soft agar medium at 45 °C. Approximately 5-ml
of mixture was overlayed on the high osmotic pressure
MM+Czapek-Dox plates with 1.2 M sorbitol containing
50 pg/ml bleomycin (InvivoGen, USA) and Uri/Ura,
followed by incubation at 30°C for 3-5days. Fungal
transformants were selected and purified to obtain single
colonies onto new MM+Czapek-Dox containing 50 pg/
ml bleomycin and Uri/Ura. For pyrG mutant selections,
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fungal transformants were selected on MM+Czapek-Dox
plates containing 5-FOA and Uri/Ura.

Fluorescence microscopy imaging and analysis

For recombinant fungi bearing pCRISPRO1-FnCpfl-
eGFP, bleomycin-resistant colonies were selected and
purified to obtain single colonies followed by fluorescent
microscopic assessment [57, 58]. Specifically, conidia
were inoculated into 750 ul PDB medium containing
25 pg/ml antibiotics bleomycin and grown statically for
12-14h at 30°C. Before imaging, hyphae were washed
with 1x PBS pH 7.4 and incubated with 50 ug/ml 4,6-dia-
midino-2-phenylindole (DAPI) (Sigma Aldrich, USA) for
30 min. The image was captured by Confocal Laser
Scanning Microscope (LSM) 800 with Airyscan 2 (Carl
Zeiss, Germany) with a 63x oil immersion objective lens.
Image handling and quality optimization were per-
formed using ZEN 2.1 imaging software (Carl Zeiss,
Germany).

Western blotting
Expression of FnCpfl in A. aculeatus TBRC 277 was
also detected by western blot as described [16, 59]. Spe-
cifically, total proteins from recombinant A. aculeatus
mycelia was extracted by first inoculating 10° conidia in
50-ml PDB medium with bleomycin (100 pg/ml) and in-
cubated for 24h at 30°C with 250rpm on a rotary
shaker. Then, the mycelia were collected by filtration
with Whatman Grade 41 filter paper (Sigma Aldrich,
USA) followed by gently blotting with tissue paper to re-
move the remaining liquid media. The mycelia were
ground into fine powders under liquid nitrogen with a
mortar and pestle. Subsequently, approximately 200 mg
of mycelia powders was added into an eppendorf tube
containing 500 pl ice-cold extraction buffer (50 mM
HEPES pH 7.4, 137 mM NacCl, 10% (v/v) glycerol 99.5%)
with freshly added cOmplete mini protease inhibitor
cocktail (Sigma-Aldrich, USA), followed by gently mix-
ing for 5 min. The slurry was incubated on ice for add-
itional 10 min, and the supernatant which contains a
total protein was collected in a new tube after centrifu-
gation at 14,000 x g for 15min at 4°C. The protein
quantity was determined by Bradford method [60] using
protein assay dye reagent (Bio-Rad, USA).
Approximately 20 ug of crude protein extracts was
loaded in each lane for a 10% SDS-PAGE [16, 59]. After
electrophoresis, proteins were transferred to a 5.5 x 8.5
cm nitrocellulose membrane with 0.2 um pore size (Bio-
Rad, USA) by using a Mini Trans-Blot Immersion (Bio-
Rad) in 38.90 mM glycine, 47.88 mM Tris base, 0.0375%
(w/v) SDS and 20% methanol at 90V for 70 min. Then
the membrane was soaked in phosphate buffer saline
(PBS) for 5min, then incubated in blocking buffer (PBS
with 0.5% Tween 20 (PBST), 4% (w/v) non-fat dry milk)
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for 2h at room temperature on shaking incubator with
gentle agitation. Subsequently, the membrane was
probed with anti-GFP mouse monoclonal antibody
(Thermo Fisher, USA) or FnCpfl mouse monoclonal
antibody (Genscript, USA) in PBST buffer at 1:1000 di-
lution for 1h. The membrane was washed with PBST
buffer twice for 5 min each, then added with a 1:1000 di-
lution of anti-mouse IgG conjugated with alkaline phos-
phatase (Thermo Fisher, USA) in PBST buffer. The
membrane was then washed twice with PBST buffer for
5min each and developed using a 1-Step NBT/BCIP
chromogenic substrate (Thermo Fisher, USA) by incu-
bating the membrane for 5-15 min or until the desired
color developed.

Development of a single crRNA targeting pyrG gene in A.
aculeatus TBRC 277

pyrG coding sequence validation

A. aculeatus TBRC 277 genomic DNA was extracted
using Wizard Genomic DNA Purification Kit (Promega,
USA). The pyrG gene from A. aculeatus TBRC 277 gen-
omic DNA was PCR-amplified using pyrG-F and pyrG-R
primers (Supplementary Table S2). The amplified frag-
ment was purified and cloned into pJET1.2/B vector
(Thermo Fisher, USA). Positive clones carrying DNA in-
serts were sequenced from both strands. Nucleotide se-
quence of pyrG obtained were pairwise-aligned to the
sequence previously obtained by next-generation se-
quencing (NGS). The consensus sequence was submitted
to GenBank under accession number MN364695 and
used as template in selecting protospacer guide sequence
(Table 2).

Construction of pre-crRNA for pyrG gene editing in A.
aculeatus TBRC 277
The protospacer guide sequences were designed based
on the criteria used in S. cerevisiae [40]. Specifically,
crRNA sequence targeting pyrG was first determined by
searching for potential PAM sites (5'-TTTV-) together
with a 20-23 bp protospacer sequence directly at the 3°-
end of the PAM motifs using Geneious Prime ver.
2019.2.1 software [20, 61]. To ensure no off-targets, the
obtained protospacer sequences were BLAST against A.
aculeatus TBRC 277 genome sequence. The guide se-
quences of pyrG used in this study are shown in Table 2.
The U3-Af Pol III promoter and U3-Af terminator de-
rived from Aspergillus fumigatus for ctRNA expression
was PCR amplified from pFC902 [22] by using AF U3
Prom-F and U3-TT R primers (Supplementary Table
S1). The amplified PCR product was cloned into
pJET1.2/Blunt vector to generate pJET1.2-U3P sgRNA
plasmid, and verified by sequencing. This plasmid was
then used as DNA template for the synthesis of three
crRNA  cassettes carrying specific Cpfl-associated
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Table 2 Protospacer sequences selected for the gene editing of A. aculeatus TBRC 277

Spacer ID Gene target Genomic target sequence (5> 3') PAM Promoter Location (ATG Start)
pyrG-1 pyrG GCCAGCGGGTTGGTGTGCTT TTTN U3-AF 43-62

pyrG-2 pyrG GGCGGGGCCCTACGGTCAGC TN U3-AF 151-170

pyrG-3 pyrG TCATGGGGTTCGTGTCGACG TTTN U3-AF 632-650

protospacers (pyrG-1, pyrG-2 and pyrG-3) flanked by
tRNA-Gly motif (the crRNA-tRNA-pyrG cassettes).
These cassettes were individually constructed using PCR
reactions with primers (Supplementary Table S1) to re-
move Cas9-associated sgRNA. The cassettes were used
to generate Cpfl-associated crRNA cassettes which were
divided into two DNA fragments each containing the ap-
propriate homologous sequence overlaps. The corre-
sponding purified PCR fragments were assembled into
the linear Bg/lI-cut pOK12 plasmid using Gibson assem-
bly method [54]. Then each crRNA cassette was indi-
vidually subcloned into Bg/II-cut pCRISPRO1-FnCpfl to
generate the plasmids pCRISPRO1-FnCpfl-pyrG-1,
pCRISPRO1-FnCpfl-pyrG-2 and pCRISPRO1-FnCpfl-
pyrG-3, each carrying the specific protospacer pyrG-1,
pyrG-2 and pyrG-3, respectively.

Verification of recombinant TBRC 277 and analysis of indels
Fungal genomic DNA of randomly selected mutants was
purified by Phire plant direct PCR kit (Thermo Fisher,
USA) according to manufacturer’s instructions. For de-
tection of the recombinant plasmids in TBRC 277, two
pairs of primers (seq TEF-F/seq TEF-R or seq CRISPR
sgRNA F-1/seq CRISPR sgRNA R-1) were employed to
verify Cpfl gene inserts or crRNA cassettes. For detec-
tion of the genotype of uridine auxotrophic mutants, a
pair of 5'-169 bp up F3/3'-148 bp down R2 primers was
used to amplify pyrG gene, followed by DNA sequencing
to determine the presence of mutations (indels) within
the targeted pyrG loci. The CRISPR efficiency was calcu-
lated by dividing the number of mutant colonies de-
tected by sequencing and the total number of putative
mutants selected for analysis [20].
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