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ABSTRACT: Genome sequencing of filamentous fungi has
demonstrated that most secondary metabolite biosynthetic gene
clusters (BGCs) are silent under standard laboratory conditions. In
this work, we have established an in vitro CRISPR-Cas9 system in
Aspergillus wentii. To activate otherwise silent BGCs, we deleted
the negative transcriptional regulator mcrA. Deletion of mcrA
(mcrAΔ) resulted in differential production of 17 SMs in total
when the strain was cultivated on potato dextrose media (PDA).
Nine out of fifteen of these SMs were fully characterized, including
emodin (1), physcion (2), sulochrin (3), physcion bianthrone (4),
14-O-demethylsulochrin (5), (trans/cis)-emodin bianthrone (6
and 7), and (trans/cis)-emodin physcion bianthrone (8 and 9).
These compounds were all found to be produced by the same
polyketide synthase (PKS) BGC. We then performed a secondary knockout targeting this PKS cluster in the mcrAΔ background.
The metabolite profile of the dual-knockout strain revealed new metabolites that were not previously detected in the mcrAΔ parent
strain. Two additional SMs were purified from the dual-knockout strain and were characterized as aspergillus acid B (16) and a
structurally related but previously unidentified compound (17). For the first time, this work presents a facile genetic system capable
of targeted gene editing in A. wentii. This work also illustrates the utility of performing a dual knockout to eliminate major metabolic
products, enabling additional SM discovery.

■ INTRODUCTION
Secondary metabolites (SMs) produced by filamentous fungi
often exhibit interesting and potent bioactivities widely
applicable to the pharmaceutical and food industries. Fungal
SMs, for example, exhibit antibiotic, anticancer, and
immunosuppressive properties.1,2 Initial efforts toward the
identification of novel fungal SMs relied on methods such as
the one strain-many compounds (OSMAC) approach.3,4

However, the majority of SM biosynthetic gene clusters
(BGCs) are silent under normal laboratory growth conditions,
which makes OSMAC only partially successful in identifying
new SMs. New techniques are needed to activate otherwise
silent BGCs and express and characterize their corresponding
SMs. Several genomic approaches to activate SM BGCs have
been developed, including heterologous expression, promotor
substitution, and overexpression of transcription factors.
Despite these advances, the activation of many SM BGCs
and identification of downstream products remain elusive,
particularly for species without well-developed molecular
genetic systems.5,6

The number of sequenced fungal genomes continues to
increase, enabling genomic and comparative genomics projects.
The growth of these genomic resources is supported by efforts

such as the Fungal Genome Initiative,7 1000 Fungal Genomes
Project,8 and the Y1000 project along with hundreds of
projects from individual labs and consortia. The genus
Aspergillus has been heavily studied and encompasses a diverse
collection of globally distributed species that occupy broad
ecological niches.9,10 Many genus-sequencing efforts have been
devoted to studying different Aspergillus species and the SMs
they produce. Aspergilli were found to produce extracellular
enzymes (section Nigri), pharmaceuticals (Aspergillus fumigatus
and Aspergillus terreus), and toxic fungal compounds such as
aflatoxins (Aspergillus flavus and Aspergillus parasiticus).11−13

However, genome sequencing efforts have revealed that the
number of predicted BGCs greatly exceeds the number of
known SMs, especially in some less well-studied species, such
as Aspergillus wentii and Aspergillus steynii.14,15
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Recently, molecular genetic tools have rapidly progressed to
enable rapid and highly programmable genome editing.16,17

CRISPR (clustered regularly interspaced short palindromic
repeat)-Cas9 is one technique that has been successfully
utilized in bacteria, fungi, and mammalian cells to edit DNA
sequences.18 Cas9 is a DNA nuclease that cleaves target DNA
sequences by combining with a guide RNA (gRNA) to form a
ribonucleoprotein (RNP) complex. The gRNA consists of two
parts: the CRISPR RNA (crRNA) and trans-activating
CRISPR RNA (tracrRNA). While tracrRNA remains un-
changed, the crRNA contains a 20-base pair protospacer that
can be modified to complement a target gene. Prior to
transformation, commercially available Cas9, crRNA, and
tracrRNA were rapidly assembled in vitro, which makes the
transformation process more efficient. The speed and efficiency
of this CRISPR-RNP system have also been used to engineer
several fungal species such as Penicillium chrysogenum and
Aspergillus niger.19−21,27 To ensure DNA cleavage, the
protospacer is followed by a PAM (protospacer-adjacent
motif) sequence, which is typically NGG, where N is any
nucleotide.22,23 Following DNA cleavage, the genome can be
repaired through either the non-homologous end-joining
(NHEJ) or homology-directed repair (HDR) DNA-repair
pathways. While NHEJ usually introduces short deletions or
insertions of genes to the target site, HDR integrates a repair
template that is largely homologous to the target gene. It has
recently been demonstrated that the genome can also be
repaired by providing a microhomology template flanking the
double-stranded break (DSB) site through microhomology-
mediated end joining (MMEJ).17,24

In recent years, many regulators of secondary metabolism
have been characterized in Aspergillus species. Among them,
global regulators such as laeA and mcrA have been noted for
their abilities to activate multiple SM BGCs simultaneously.
McrA was found to encode a zinc-finger transcription factor
that was able to regulate multiple BGCs at once in previous
studies.25,26 Deletion of mcrA in Aspergillus nidulans was found
to upregulate over 1000 genes, including those contained
within 10 BGCs. Given the highly conserved nature of mcrA
and its ability to regulate multiple BGCs simultaneously, the
manipulation of the mcrA gene represents an attractive method
to activate BGCs in other filamentous fungi.26

Although the genomes of thousands of fungal species have
been sequenced, only a small fraction has genetic tools
developed to fully exploit their secondary metabolism
potential. Some wild-type fungal species have high resistance
to indels (insertion or deletions of nucleotide bases)
introduced by NHEJ, and some strains require species-specific
promoters for expressing Cas9.27 Previous studies have
illustrated that higher gene targeting efficiency was observed
in Ku-knockout strains, where Ku is a dimeric protein complex
required for NHEJ.28−30 Unfortunately, deletion of Ku genes in
a wild-type strain with low transformation efficiency sometimes
can be very difficult to achieve and requires laborious work for
selecting correct transformants. As genetic manipulation of
wild-type fungal strains remains difficult, new methods are
needed to make programmable editing feasible and easy. As
recent studies indicate that one can target specific genes
directly in wild-type fungal strains using in vitro assembled
Cas9-guide RNA ribonucleoproteins coupled with micro-
homology repair templates,17,22 we decided to apply this new
technique to A. wentii, which previously exhibited low

transformation efficiency in our laboratory using plasmid-
facilitated CRISPR-Cas9.
In this work, we have sequenced and annotated an A. wentii

strain, established an in vitro CRISPR-Cas9 system, deleted
mcrA, and observed increased production of several metabo-
lites produced by this mutant strain. Nine of the fifteen
upregulated metabolites produced in sufficient quantities for
purification and characterization by NMR were found to be
part of the physcion/emodin pathway.31,32 To isolate the other
BGC products activated in the mcrA deletion strain, we needed
to divert the starter unit pool away from the physcion/emodin
pathways by eliminating physcion/emodin genes. We
performed a second knockout targeting the PKS gene involved
in emodin biosynthesis in the mcrAΔ background using the
same in vitro CRISPR technique. By creating a dual-knockout
A. wentii strain (mcrAΔ gedCΔ), six LCMS-detectable
metabolites found to have increased in the mcrAΔ strain
disappeared, suggesting that these are also involved in the
physcion/emodin pathway. Satisfyingly, two metabolites
(Aspergillus acid B (16)33,34 and a structurally related new
metabolite, designated Aspergillus acid E) could be isolated
and characterized from the dual-knockout strain. Our data
show that compounds that were upregulated by deletion of
mcrA, but were previously hidden due to overlap with the
major SMs upregulated, could be detected in the dual-
knockout strain.
Our results indicate that this in vitro CRISPR-Cas9 system

can be employed to generate dual knockout mutants and
enable direct hypothesis testing of genes involved in
production of specific SMs. This technique facilitated the
upregulation, purification, and characterization of new
metabolites that have previously eluded identification. Finally,
we show that wild-type fungal species can be genetically
accessed using the in vitro CRISPR-Cas9 system described in
this study.

■ RESULTS AND DISCUSSION
Establishment of an In Vitro CRISPR-Cas9 System in

A. wentii by Targeting the pksP Melanin Gene. To assess
the transformation efficiency for A. wentii using our in vitro
CRISPR-Cas9 system, we targeted the homologue of a
pigment-associated gene, pksP, that was first discovered in A.
fumigatus (Afu2g17600). Since the gene is involved in
dihydroxy naphthalene (DHN)-melanin biosynthesis, targeting
pksP allows us to evaluate CRISPR-Cas9 efficiency by selecting
transformants that are antibiotic-resistant and determining the
fraction of transformants that are white. The melanin
metabolite imparts a gray-greenish color to A. fumigatus
conidia, while it may also account for a yellow-brownish color
in other species.35,36 The homologue of pksP was identified in
the genome by searching the annotated proteins with the
A fu2g17600 p ro t e i n s equenc e u s i n g BLASTp
(RRID:SCR_001010). Each domain within this gene was
carefully analyzed to confirm its identity.
Different from plasmid-facilitated CRISPR-Cas9, which

usually results in deletions or insertion of a few nucleotides
through NHEJ, the in vitro CRISPR-Cas9 system we utilized is
predicted to delete the entire coding region of the gene
through MMEJ. We designed two crRNAs targeting the 5′
untranslated region (UTR) and 3′ UTR of pksP separately.
Both targeting sites were followed by functional PAM (NGG)
sequences to permit Cas9 cleavage. To minimize off-target
effects, we performed a BLAST analysis for the protospacer
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sequences within the A. wentii genome. The chosen
protospacers adjacent to the PAMs were close (within the
first three nucleotides) to the start and stop codons, with no
obvious off-targets being identified.
Wild-type fungal strains with intact Ku genes favor NHEJ

repair over homologous recombination (HR) following DNA
double-strand breaks.29,30 However, the efficiency of gene
replacement in wild-type strains can be improved by
simultaneous two-site CRISPR cuts (at the 5′ and 3′ UTRs)
with a repair template containing a proper selection
marker.17,37 Phleomycin and hygromycin B were chosen as
selection markers for A. wentii based on the sensitivity of the
strain to these chemicals. Antibiotic resistance tests were
performed in order to determine the effective concentrations
of each antibiotic. Wild-type A. wentii protoplasts (1.0 × 106)
were inoculated onto agar plates containing various phleomy-
cin or hygromycin concentrations (0, 0.01, 0.05, 0.1, 0.2, and
0.3 mg/mL). The minimum effective concentration that
inhibits growth was found to be 0.1 mg/mL for phleomycin
and 0.3 mg/mL for hygromycin B (Supplemental Figure 1 and
2). As the wild-type A. wentii is more resistant to hygromycin
B, we decided to use a phleomycin cassette as a selection
marker for the first transformation targeting pksP. The repair
template containing a phleomycin resistance gene (blue) and
50 bp homologous flanking sequences were amplified via PCR
(Figure 1B).
The transformation was performed according to a slightly

modified protocol for A. fumigatus.17 All transformants that
appeared after 4 days on agar plates containing phleomycin
were white, and these were re-streaked on the day after. All the
restreaked transformants produced white colonies after a 5 day

incubation. Nested primers were designed to amplify the pksP
sequence in both the wild type and mutants. PksP amplicons
were 6.8 and 1.6 kb for the wild-type and mutant strains,
respectively. We determined that 1.6 kb is the combined length
of bleR and the homologous flanking regions. The gene
replacement efficiency was 100% among the six chosen
colonies (Supplemental Figure 3). These results indicate that
CRISPR-Cas9 with in vitro-assembled RNPs can be applied to
wild-type A. wentii, resulting in exceptionally high gene
targeting efficiency.

McrA Deletion Results in Upregulation of Secondary
Metabolite Production. To activate silent BGCs in A. wentii,
we deleted the entire coding region of the master negative
regulator mcrA. We used the A. nidulans mcrA (AN8694)
protein sequence to locate the gene within the A. wentii
genome via BLASTp. Because the in vitro CRISPR-Cas9
system had been verified as described above, we performed the
same process for designing crRNAs targeting mcrA and the
homologous repair template containing bleR with modification
in the flanking tails.
Following A. wentii inoculation and transformation, colonies

that appeared after 6 days were restreaked to new agar plates
and allowed to grow for 5 more days. A new set of nested
primers was designed for verifying the deletion of mcrA.
Because the total lengths of mcrA and bleR amplicons are
similar (2.3 and 2.4 kb, respectively), we designed the forward
primer to bind to a sequence within the mcrA coding region
and the reverse primer to bind within the repair template.
Therefore, only the mutant strains with correct gene
replacement would generate amplicons using the designed
primers.

Figure 1. Overview of gene replacement coupled with in vitro assembled RNP cleavage. (A) Replacement of pksP with an antibiotic resistance gene
by in vitro CRISPR coupled with dual Cas9 RNP cleavage. Dual crRNAs targeting the beginning and the end of pksP were assembled separately
with tracrRNAs to become sgRNAs. Two sgRNAs were then assembled with Cas9 to form the RNP. The repair template, consisting of a
phleomycin resistance gene (1477 bp), was amplified from plasmid pFC333. Wild-type A. wentii protoplasts were transformed with the RNPs
together with the repair template. (B) The pksP gene in A. wentii was replaced by the phleomycin selection marker through DNA cleavages induced
by the Cas9 RNP. The resulting white transformants, with the phleomycin resistance marker, were able to grow on media containing phleomycin.
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Following PCR amplification, no band was observed in wild-
type A. wentii, as expected. Three out of eight restreaked
transformants also did not generate any amplicons. The
remaining transformants generated amplicons of the expected
size (Supplemental Figure 4). Therefore, the gene replacement
efficiency targeting mcrA is approximately 62.5%. The
discrepancy in the knockout efficiency between targeting
pksP and mcrA may have been caused by the retarded growth
of the mcrAΔ strain. The mcrA mutant colonies appeared on
phleomycin-containing plates 1 day later than the pksP
mutants, which allowed an extra day for wild-type colonies
to grow. However, the gene targeting efficiency remains high,
especially when considering that the strain is not NHEJ-
deficient.

To examine the effect that an mcrA deletion has on the
secondary metabolite profile of A. wentii, we cultivated the
wild-type and mcrAΔ strains separately in potato dextrose agar
(PDA). We extracted SMs of both the wild-type and mcrAΔ
strains from solid PDA plates and analyzed the extracts
through HPLC-DAD-MS. Comparative metabolic analysis
revealed an increase in the production of several metabolites
(Figure 2). To identify these upregulated metabolites, the
mcrAΔ strain was scaled up in 100 plates with 20 mL of solid
PDA per plate. Subsequent solid−liquid extraction, column
chromatography, and HPLC permitted isolation of each
upregulated compound. Nuclear magnetic resonance (NMR)
analysis led to the identification of nine metabolites, all related
to the physcion/emodin biosynthetic pathway,31 including
emodin (1), physcion (2), sulochrin (3), physcion bianthrone

Figure 2. Paired HPLC profiles of A. wentii (wild type, mcrAΔ, and mcrAΔ gedCΔ dual knockout strains) extracts when grown on a solid PDA
medium. (i) wild type, (ii) mcrAΔ, and (iii) mcrAΔ gedCΔ dual knockout strains. Compounds 1−15 are gedC-related, while compounds 16 and 17
are additional metabolites revealed in the dual knockout strain.

Figure 3. Chemical structures of the upregulated compounds in the A. wentii mcrAΔ strain. Emodin (1), physcion (2), sulochrin (3), physcion
bianthrone (4), 14-O-demethylsulochrin (5), (trans)-emodin bianthrone (6), (cis)-emodin bianthrone (7), (trans)-emodin physcion bianthrone
(8), (cis)-emodin physcion bianthrone (9).
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(4), 14-O-demethylsulochrin (5), (trans/cis)-emodin bian-
throne (6 and 7), and (trans/cis)-emodin physcion bianthrone
(8 and 9) (Figure 3 and Supplemental Figure 6−14). The
results confirm that mcrA is capable of modulating SM
production in A. wentii. Manipulation of mcrA opens
opportunities for more fungal SM discovery.
McrA/gedC Homologue Double-Knockout Reveals

Additional Upregulated SMs. Several compounds that
appeared to be unrelated to the physcion/emodin pathway
were also detected by HPLC-DAD-MS analysis of the mcrAΔ
strain. Because the amount of these metabolites was relatively
low compared to physcion/emodin-related compounds, we
decided to perform a secondary knockout, targeting the
physcion/emodin gene cluster in the mcrAΔ strain parent. We
used gedC (ATEG_08451), a gene encoding the polyketide
synthase (PKS) that synthesizes a backbone precursor of
geodin in A. terreus as a probe, to locate the physcion/emodin
gene cluster in A. wentii.32 The proposed biosynthetic pathway
of geodin involves intermediates such as emodin and sulochrin
that were previously detected in the mcrAΔ strain. Geodin
itself was not detected among the upregulated SMs, and the
biosynthetic genes that directly form geodin such as gedL and
gedJ were also missing in the A. wentii genome, suggesting that
different final compounds might be produced (Supplemental
Table 3). We designed crRNAs targeting the gedC homologue
and amplified the repair template for hygromycin B (hygR) as a
second selection marker. Transformed colonies appeared after
6 days, which were restreaked on plates containing 0.3 mg/mL
hygromycin B. Successful gene replacement in transformants
was confirmed by PCR amplification using nested primers
(Supplemental Figure 5). Seven out of nine restreaked colonies
generated amplicons of the expected size (2.9 kb) (a 78% gene
replacement efficiency). The dual-knockout transformants
carrying deletions of both mcrA and gedC were able to grow
on plates containing both phleomycin and hygromycin B.
We then cultured the wild type, mcrAΔ, and mcrAΔ gedCΔ

double-knockout strains on solid PDA plates and extracted SM
from the agar plates. As anticipated, the gedC-related
compounds were not detected, and several additional
metabolites were revealed (Figure 2). We then performed a
scale-up of the mcrAΔ gedCΔ strain. Two major compounds
that were upregulated were purified and identified as
aspergillus acid B (16)33,34 (Figure 4) and a structurally
related new compound that we designate aspergillus acid E
(17) (Figure 4 and Supplemental Figures 15−18). These two
compounds were originally produced in low quantities and co-
eluted with physcion bianthrone (4), which allowed them to
evade detection in the mcrAΔ mutant. Aspergillus acids B and
E are found to be structurally related to the monomers that
produce scytalidin and zopfiellin, which belong to an important
class of natural products containing maleic anhydride moieties
(Supplemental Table 4).38,39

With an additional selection marker, one can perform a
second knockout targeting a different gene on a previously
manipulated strain without sacrificing the transformation

efficiency rate. As deletion of mcrA usually upregulates
different BGCs, a dual-knockout CRISPR opens opportunities
to characterize more SMs that have previously eluded
identification due to overlapping with major compounds.
Previous work has revealed that different compounds are
upregulated on different carbon sources in an A. nidulans mcrA-
deletion strain.26 Experiments focusing on purifying and
identifying additional SMs produced by A. wentii mutant
strains under different growth media conditions are ongoing
and will be reported in due course.

■ CONCLUSIONS
We successfully applied an in vitro CRISPR-Cas9 technique to
genetically engineer a wild-type A. wentii strain that previously
exhibited low transformation efficiency via plasmid-facilitated
CRISPR-Cas9. We deleted mcrA through MMEJ and examined
its effect on secondary metabolism through metabolic profiling.
Nine of fifteen upregulated SMs were characterized through
NMR, including emodin (1), physcion (2), sulochrin (3),
physcion bianthrone (4), 14-O-demethylsulochrin (5), (trans/
cis)-emodin bianthrone (6 and 7), and (trans/cis)-emodin
physcion bianthrone (8 and 9). The six additional metabolites
were also revealed to be related to the physcion/emodin
pathway by performing a second knockout targeting the
physcion/emodin gene cluster. As production of the 15
upregulated SMs was abated in the dual-knockout strain,
additional metabolites that were previously undetectable were
revealed. By analyzing the dual-knockout strain, two more SMs
were purified and identified as aspergillus acid B (16) and a
new, structurally related compound designated aspergillus acid
E (17). Overall, our results indicate that in vitro CRISPR-Cas9
systems can be highly successful in wild-type Aspergilli. This
method allows the wild-type fungal species to be genetically
accessed, bypassing the disruption of Ku genes, which makes
gene edits easier and faster to achieve. Once the in vitro
CRISPR-Cas9 system is established in a wild-type species, the
strain might be adapted to multi-gene knockouts, and
therefore, synergetic effects of two or multiple genes can be
examined straightforwardly. It might be critical to generate
transformation protocols using recycled markers so that the in
vitro CRISPR system established would not be limited by the
number of selection markers that can be applied to the target
strains. Based on our results, generating a dual-knockout strain
and eliminating the major compounds produced are beneficial
for the detection and isolation of new compounds in
filamentous fungi.

■ METHODS
Genome Assembly and Annotation. For 5 days, wild-type A.

wentii (IMI 49129) was cultured on potato dextrose agar (PDA). The
spore suspension was harvested using ST buffer (8.5 g L−1 NaCl and 1
mL L−1 Tween 80). DNA extraction of fresh spores was performed
using Qiagen DNeasy PowerLyzer Microbial Kit through the standard
protocol. The quality of the extracted DNA and the final
concentration were tested using Nanodrop (Thermo Scientific

Figure 4. Chemical structures of compound 16 (Aspergillus acid B) and compound 17 (Aspergillus acid E) as determined by NMR.
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NanoDrop 2000c spectrophometer). Approximately 50 μL of DNA
sample (50.9 ng/μL) was sent to Novogene for Illumina NovaSeq
sequencing.
After retrieving the raw sequencing results from Novogene,

downstream genome analysis was performed at the High-Performance
Computing Center (HPCC) at UC Riverside (https://hpcc.ucr.edu).
The fungal genome was assembled through AAFTF (v0.2.0),40 which
relies on Trimmomatic v0.36 to trim reads and Bowtie v2.3.4.1 to
filter against a databases of contaminants, assemble reads with SPAdes
(v3.12.0),41 remove vector sequences by BLASTN against vector
sequence databases, filter bacteria contamination with Sourmash
v3.5.0,42 and polish the assembly with the short reads using Pilon.
The final assembly was masked with RepeatMasker (v. open-1.0.11)43

and annotated with the Funannotate pipeline (v1.5.0).44 This
approach uses HISAT2 (v2.2.1),45 Trinity (v2.11.0),46 and PASA
(v2.4.1)47 to predict genes and identify homology for functional
annotation. The annotated genome was analyzed with antiSMASH
(v4.1.0)48 to search for SM gene clusters. The sequence reads,
assembly, and annotation of the strain were deposited at NCBI
GenBank under Bioproject PRJNA826222. The genome character-
istics and predicted clusters were summarized in Supplemental Tables
1 and 2.
Molecular Genetic Procedures. Phleomycin and hygromycin B

resistance cassettes were used as selection markers in this work. A
1477 bp BleR microhomology repair template spanning 320 bp of the
trpC promoter, 375 bp of the phleomycin resistance cassette, and 782
bp of the trpC terminator was amplified from pFc333 through PCR
using primers containing 50 bp flanking regions (Supplemental Table
5). A 1375 bp HygR microhomology repair template, which spans
320 bp of the trpC promoter and 1020 bp of the hygromycin B
resistance cassette, was amplified from pFc332. The PCR products
were purified by gel extraction and eluted with Elution Buffer
(Qiagen, cat. no. 19086).
The Cas9-gRNA ribonucleoprotein complexes were assembled

with Alt-R-CRISPR-Cas9 components from Integrated DNA
Technologies (IDT). The designed crRNA and universal tracrRNA
were prepared as 100 μM stock solutions and stored at −20 °C until
use. The Cas9 nuclease was diluted to 1 μg/μL using nuclease-free
Cas9 working buffer (20 mM HEPES, 150 mM KCl, pH 7.5) and
stored at −20 °C. The guide RNA duplex was assembled by mixing
crRNA and tracrRNA in equal molar concentrations to reach a final
concentration of 33 μM (Figure 1). The mixtures were heated at 95
°C for 5 min and cooled to room temperature. The final duplex was
stored at −20 °C until use. The Cas9 RNP complexes were generated
by combining 1.5 μL of each gRNA duplex separately with 0.75 μL of
Cas9 and 11 μL of nuclease-free Cas9 working buffer. The mixtures
were incubated at room temperature for 5 min to form the RNP
complexes. Two RNP complexes were combined to form a final
volume of 26.5 μL before they were added to A. wentii protoplasts
during transformation.
Transformation of A. wentii. Fresh spores of wild-type A. wentii

were harvested from PDA plates. Spores of A. wentii (1 × 108) were
inoculated into 50 mL of potato dextrose broth (PDB) in a 250 mL
flask and incubated overnight at 30 °C with shaking at 135 rpm.
Mycelia were harvested through filtration and resuspended in
protoplasting buffer. The protoplasting buffer was prepared by adding
1.2 g of VinoTaste Pro (VTP) in 20 mL of 1.1 M KCl and 0.39 M
citric acid monohydrate buffer (pH 5.8, adjusted with 1.1 M KOH).
After vortexing for 15 min, the protoplasting buffer was centrifuged
for 15 min at 1800g. The supernatant was filter-sterilized into a 50 mL
flask together with the filtered mycelia. The flask was incubated at 30
°C with shaking at 100 rpm for 4 h. Five milliliters of the protoplast
suspension was transferred into a 15 mL tube and gently overlaid with
5 mL of 0.4 M ST (0.4 M D-sorbitol and 100 mM Tris−HCl (pH 8)).
Protoplasts were separated from the mycelial debris by centrifuging
for 15 min at 4 °C and 800g. The protoplast layer at the interface was
collected and transferred into a new tube. After gently adding 15 mL
of ST (1.0 M D-sorbitol and 50 mM Tris−HCl (pH 80), the solution
was centrifuged at room temperature at 800g for 10 min. The pellet
was washed with 10 mL of ST and centrifuged at room temperature at

800g for 10 min. The protoplast pellet was resuspended in STC buffer
(1.0 M D-sorbitol, 50 mM CaCl2, and 50 mM Tris−HCl (pH 8)), and
100 μL (approximately 1.0 × 106) of protoplasts were transferred to
the tube containing Cas9 RNP mixture (26.5 μL). Three micrograms
of the purified repair template and 25 μL of polyethylene glycol
(PEG)-CaCl2 buffer (40% [wt/vol] PEG 3350, 50 mM CaCl2, and 50
mM Tris−HCl (pH 8)) were added immediately after transferring
protoplasts. The mixture was incubated on ice for 50 min. After
adding 1.25 mL of PEG-CaCl2, the mixture was then incubated at
room temperature for 20 min. By adding STC buffer, the mixture was
brought to 2 mL, and 500 μL of suspension was spread on SMM agar
plates (GMM supplemented with 1.2 M sorbitol and 1.5% [wt/vol]
agar). The agar plates were incubated at room temperature overnight,
and the second layer of SMM top agar (GMM supplemented with 1.2
M sorbitol and 0.7% [wt/vol] agar) containing the selected antibiotic
was overlaid. The plates were incubated at 30 °C for 4 days for spore
generation.
Culturing and HPLC-DAD-MS Analysis. A. wentii strains were

incubated at 30 °C on PDA (Difco Potato Dextrose Agar) plates.
Spores (1.0 × 107) were inoculated on each plate, and five plugs (7
mm diameter) were cut out for compound extraction after 5 days of
culturing. The agar plugs were extracted with 5 mL of methanol with
1 h of sonication. The extract was collected, and the agar plugs were
extracted with 5 mL of dichloromethane:methanol (1:1) followed by
another 1 h of sonication. The extract was collected into the same
clean vial, and the solvent was evaporated through a TurboVap LV
(Caliper LifeSciences). The solid residues were dissolved in equal
amounts (10 mL) of EtOAc and water. The EtOAc layer was
collected and evaporated with a TurboVap LV. The final extract was
redissolved in 400 μL of DMSO:MeOH (1:4), and 10 μL was
injected into LC-DAD-MS for analysis. To obtain the LC/MS spectra,
we used a ThermoFinnigan LCQ Advantage ion trap mass
spectrometer with a reverse-phase C18 column (Alltech Prevail C18;
column, 2.1 mm × 100 mm; particle size, 3 μm; flow rate 125 μL
min−1). Solvent A was 5% MeCN−H2O, and solvent B was 95%
MeCN−H2O. Both solvents contained 0.05% formic acid. The
solvent gradient was as follows: 100% solvent A from 0 to 5 min, 0 to
25% solvent B from 5 to 6 min, 25 to 100% solvent B from 6 to 35
min, 100% solvent B from 35 to 40 min, 100 to 0% solvent B from 40
to 45 min, and re-equilibration with 100% solvent A from 45 to 50
min. The MS included a 5.0 kV capillary voltage, 60 arbitrary unit
flow rate of the sheath gas, 10 arbitrary units of the auxiliary gas, and
350 °C of the ion transfer capillary temperature.
Compound Purification and Characterization. A. wentii

strains were cultured in 40 mm × 150 mm diameter Petri dishes
with a total volume of 2 L of PDA medium at 30 °C for 5 days. The
agar was chopped into pieces and extracted with methanol and
dichloromethane:methanol (1:1) followed by 1 h of sonication as
described above. The residue was extracted three times with EtOAc,
and the combined EtOAc layers were evaporated in vacuo to yield a
crude extract. Silica gel column chromatography was performed using
dichloromethane and methanol as eluent (starting with 100%
dichloromethane). Each fraction was further separated through
preparative HPLC [Phenomenex Luna 5 μm C18 (2), 250 × 21.2;
flow rate of 5.0 mL min−1; UV detector at 280 nm]. Nuclear magnetic
resonance (NMR) spectral analysis was performed using a Varian
Mercury Plus 400 spectrometer. High-resolution electrospray
ionization mass spectra (HRESIMS) were obtained on a Thermo
Scientific Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer
at a flow rate of 5 μL min−1. MS conditions included a spray voltage
of 5 kV, sheath gas flow rate at 15 au, auxiliary gas flow rate at 5 au,
capillary temperature at 320 °C, s-lens RF level 60, scan range of
100.0−500.0 m/z, resolution of 140,000, AGC target of 5 × 105, and
maximum injection time of 50 ms.

2-Tetradec-(17-acetoxy)yl-3-methylmaleic Anhydride (Aspergil-
lus Acid E) (17).White powder; UV λmaxMeOH nm: 239, 250; 1H NMR
(CDCl3): δ 1.25 (br s, 20H), 1.53−1.63 (m, 4H), 2.04 (s, 3H), 2.07
(s, 3H), 2.45 (t, J = 6 Hz, 2H), 4.05 (t, J = 6 Hz, 2H); 13C NMR
(CDCl3): δ 9.5, 21.0, 24.4, 25.8, 27.5, 28.6, 29.2−29.5 (9 × CH2),
64.6, 140.4, 144.7165.8, 166.2, 171.2. See Supplemental Figure 19 for
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UV and ESIMS spectrum; HRESIMS obtained m/z [M + H]+ =
367.2487 (calcd 367.2485 for C21H35O5).
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Vágvölgyi, C.; Papp, T. Development of a plasmid free CRISPR-Cas9
system for the genetic modification of Mucor circinelloides. Sci. Rep.
2017, 7, 16800.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.2c00456
ACS Chem. Biol. 2022, 17, 2828−2835

2834

https://pubs.acs.org/doi/10.1021/acschembio.2c00456?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00456/suppl_file/cb2c00456_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clay+C.+C.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2955-7569
https://orcid.org/0000-0003-2955-7569
mailto:clayw@usc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1462-5688
https://orcid.org/0000-0003-1462-5688
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nancy+P.+Keller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4386-9473
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Berl+R.+Oakley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3046-8240
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jason+E.+Stajich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7591-0020
https://orcid.org/0000-0002-7591-0020
https://pubs.acs.org/doi/10.1021/acschembio.2c00456?ref=pdf
https://doi.org/10.1093/bib/bbx020
https://doi.org/10.1093/bib/bbx020
https://doi.org/10.1093/bib/bbx020
https://doi.org/10.1038/nrmicro1286
https://doi.org/10.1038/nrmicro1286
https://doi.org/10.1002/1439-7633(20020703)3:7<619::AID-CBIC619>3.0.CO;2-9
https://doi.org/10.1002/1439-7633(20020703)3:7<619::AID-CBIC619>3.0.CO;2-9
https://doi.org/10.1039/D0NP00069H
https://doi.org/10.1039/D0NP00069H
https://doi.org/10.1039/D0NP00069H
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1101/gr.3767105
https://doi.org/10.1093/nar/gkr947
https://doi.org/10.1093/nar/gkr947
https://doi.org/10.1186/s13059-017-1151-0
https://doi.org/10.1186/s13059-017-1151-0
https://doi.org/10.1186/s13059-017-1151-0
https://doi.org/10.1073/pnas.1715954115
https://doi.org/10.1073/pnas.1715954115
https://doi.org/10.1073/pnas.1715954115
https://doi.org/10.1038/s41467-019-14051-y
https://doi.org/10.1038/s41467-019-14051-y
https://doi.org/10.1038/s41588-018-0246-1
https://doi.org/10.1038/s41588-018-0246-1
https://doi.org/10.1128/mSystems.00085-19
https://doi.org/10.1128/mSystems.00085-19
https://doi.org/10.1002/bms.1200070403
https://doi.org/10.1002/bms.1200070403
https://doi.org/10.1002/bms.1200070403
https://doi.org/10.1021/np401047w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np401047w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np401047w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0133085
https://doi.org/10.1371/journal.pone.0133085
https://doi.org/10.1128/mSphere.00446-17
https://doi.org/10.1128/mSphere.00446-17
https://doi.org/10.1128/mSphere.00446-17
https://doi.org/10.1128/mSphere.00446-17
https://doi.org/10.1101/gr.171264.113
https://doi.org/10.1101/gr.171264.113
https://doi.org/10.1021/acssynbio.6b00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.6b00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40694-019-0066-9
https://doi.org/10.1186/s40694-019-0066-9
https://doi.org/10.1186/s40694-019-0066-9
https://doi.org/10.1186/s40694-019-0066-9
https://doi.org/10.1038/s41598-017-17118-2
https://doi.org/10.1038/s41598-017-17118-2
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J. A.;
Charpentier, E. A programmable dual-RNA-guided DNA endonu-
clease in adaptive bacterial immunity. Science 2012, 337, 816−821.
(23) Ran, F. A.; Hsu, P. D.; Wright, J.; Agarwala, V.; Scott, D. A.;
Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2013, 8, 2281−2308.
(24) Sakuma, T.; Nakade, S.; Sakane, Y.; Suzuki, K.-I. T.;
Yamamoto, T. MMEJ-assisted gene knock-in using TALENs and
CRISPR-Cas9 with the PITCh systems. Nat. Protoc. 2016, 11, 118−
133.
(25) Bok, J. W.; Keller, N. P. LaeA, a regulator of secondary
metabolism in Aspergillus spp. Eukaryotic Cell 2004, 3, 527−535.
(26) Oakley, C. E.; Ahuja, M.; Sun, W. W.; Entwistle, R.; Akashi, T.;
Yaegashi, J.; Guo, C. J.; Cerqueira, G. C.; Russo Wortman, J.; Wang,
C. C.; Chiang, Y. M.; Oakley, B. R. Discovery of McrA, a master
regulator of Aspergillus secondary metabolism. Mol. Microbiol. 2017,
103, 347−365.
(27) Grahl, N.; Demers, E. G.; Crocker, A. W.; Hogan, D. A. Use of
RNA-Protein Complexes for Genome Editing in Non-albicans
Candida Species. mSphere, 2 (3), e00218-17. 2017.
(28) Shrivastav, M.; De Haro, L. P.; Nickoloff, J. A. Regulation of
DNA double-strand break repair pathway choice. Cell research 2008,
18, 134−147.
(29) Choquer, M.; Robin, G.; Le Peĉheur, P.; Giraud, C.; Levis, C.;
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