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ABSTRACT Basidiomycete fungi are an attractive resource for biologically active
natural products for use in pharmaceutically relevant compounds. Recently, genome
projects on mushroom fungi have provided a great deal of biosynthetic gene cluster
information. However, functional analyses of the gene clusters for natural products
were largely unexplored because of the difficulty of cDNA preparation and lack of
gene manipulation tools for basidiomycete fungi. To develop a versatile host for ba-
sidiomycete genes, we examined gene expression using genomic DNA sequences in
the robust ascomycete host Aspergillus oryzae, which is frequently used for the pro-
duction of metabolites from filamentous fungi. Exhaustive expression of 30 terpene
synthase genes from the basidiomycetes Clitopilus pseudo-pinsitus and Stereum hirsu-
tum showed two splicing patterns, i.e., completely spliced cDNAs giving terpenes (15
cases) and mostly spliced cDNAs, indicating that A. oryzae correctly spliced most in-
trons at the predicted positions and lengths. The mostly spliced cDNAs were ex-
pressed after PCR-based removal of introns, resulting in the successful production of
terpenes (14 cases). During this study, we observed relatively frequent mispredic-
tions in the automated program. Hence, the complementary use of A. oryzae expres-
sion and automated prediction will be a powerful tool for genome mining.

IMPORTANCE The recent large influx of genome sequences from basidiomycetes,
which are prolific producers of bioactive natural products, may provide opportunities
to develop novel drug candidates. The development of a reliable expression system
is essential for the genome mining of natural products because of the lack of a trac-
table host for heterologous expression of basidiomycete genes. For this purpose, we
applied the ascomycete Aspergillus oryzae system for the direct expression of fungal
natural product biosynthetic genes from genomic DNA. Using this system, 29 ses-
quiterpene synthase genes and diterpene biosynthetic genes for bioactive pleuro-
mutilin were successfully expressed. Together with the use of computational tools
for intron prediction, this Aspergillus oryzae system represents a practical method for
the production of basidiomycete natural products.

KEYWORDS Aspergillus oryzae, basidiomycete fungi, heterologous expression,
terpene synthase, terpenes

Mushroom-forming basidiomycete fungi are known to be prolific producers of
structurally diverse, bioactive natural products (NPs) and have been used since

ancient times in traditional medicine (1). This group of fungi is particularly known for
their terpenoid NPs, which appear to be the major class of NPs produced by them (1,
2). Well-known examples of pharmaceutically relevant terpenoid-derived compounds

Citation Nagamine S, Liu C, Nishishita J, Kozaki
T, Sogahata K, Sato Y, Minami A, Ozaki T,
Schmidt-Dannert C, Maruyama J, Oikawa H.
2019. Ascomycete Aspergillus oryzae is an
efficient expression host for production of
basidiomycete terpenes by using genomic
DNA sequences. Appl Environ Microbiol
85:e00409-19. https://doi.org/10.1128/AEM
.00409-19.

Editor Emma R. Master, University of Toronto

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Atsushi Minami,
aminami@sci.hokudai.ac.jp, or Hideaki Oikawa,
hoik@sci.hokudai.ac.jp.

Received 11 March 2019
Accepted 14 May 2019

Accepted manuscript posted online 17 May
2019
Published

BIOTECHNOLOGY

crossm

August 2019 Volume 85 Issue 15 e00409-19 aem.asm.org 1Applied and Environmental Microbiology

18 July 2019

https://doi.org/10.1128/AEM.00409-19
https://doi.org/10.1128/AEM.00409-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:aminami@sci.hokudai.ac.jp
mailto:hoik@sci.hokudai.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00409-19&domain=pdf&date_stamp=2019-5-17
https://aem.asm.org


include the widely used livestock antibiotic pleuromutilin (3), the anticancer compound
illudin S (4), the melleolide antibiotics (5), and the nerve growth factor synthesis-
promoting erinacines (6) (Fig. 1). The project involving 1,000 fungal genomes per-
formed by the Joint Genome Institute (JGI) (7) has resulted in a large influx of
basidiomycete genome sequences and genomic data from hundreds of basidiomycete
taxa that can now be searched in silico for NP biosynthetic gene clusters.

However, despite their incredible potential for NP discovery, basidiomycete fungi
are largely unexplored territory for drug discovery compared to ascomycete fungi.
While an abundance of genetic tools and techniques for transformation and genetic
manipulation are available for yeast and filamentous fungi, such methods are mostly
lacking for basidiomycete fungi (2, 8). In addition, many basidiomycete strains are
difficult to grow under laboratory conditions, requiring the determination of suitable
growth conditions and often long fermentation times. Characterization of their biosyn-
thetic genes therefore typically requires heterologous expression in a more genetically
tractable host. Unfortunately, basidiomycetes have very intron-rich genomes and genes
that contain very small and unpredictable exons, especially in cytochrome P450 mono-
oxygenase genes, that currently necessitate the amplification of genes from cDNA.
Even if a gene is expressed, alternative splice variants may be produced that are not
functional (2). All pioneering work to access the large diversity of terpenoid NPs made
by basidiomycetes has therefore relied on the amplification of functional terpene
synthase (TS) genes from cDNA for expression and characterization in Escherichia coli or
yeasts, limiting the complete functional analysis of all computationally identified TSs in
basidiomycete genomes (9–13). Being able to directly express basidiomycete biosyn-
thetic genes from genomic DNA in a suitable fungal surrogate host would therefore
greatly accelerate the functional characterization of NP pathways.

We reasoned that a genetically tractable ascomycete could potentially be used as a
heterologous host for the functional expression of basidiomycete NP biosynthetic
genes. Unlike yeasts, which have relatively few genes with introns, the splicing ma-
chinery of filamentous fungi such as Aspergillus spp. is more similar to that of basidi-
omycetes (14). Heterologous expression of biosynthetic genes from filamentous fungi
directly from genomic DNA has become a powerful approach to elucidate biosynthetic
pathways. We have used this strategy with the ascomycete Aspergillus oryzae for the
heterologous production of several NPs and their pathway intermediates (15–18) and
to access difficult-to-obtain pathway intermediates for the study of intriguing enzyme
reactions (19–21). Recently, we successfully produced in A. oryzae the basidiomycete-
derived diterpene pleuromutilin from cDNA-amplified biosynthetic genes. Like others,
we found the cloning of functional genes from basidiomycete cDNA to be difficult and
tedious. We and others also showed that the native A. oryzae NADPH cytochrome P450
reductase supports the activity of the basidiomycete P450 monooxygenase pathway
(22, 23). Given our success with using A. oryzae for the direct expression of fungal NP
biosynthetic genes from genomic DNA and the ability of A. oryzae to functionally
express a basidiomycete terpenoid NP biosynthetic enzymes, including its P450 mono-
oxygenase, we therefore hypothesized that this ascomycete would make an excellent
platform strain for the characterization and production of basidiomycete NP pathways,
in particular its terpenoid pathways.

Here, we describe a new strategy using A. oryzae as an expression host for the
heterologous production of basidiomycete NP biosynthetic genes. We selected two

FIG 1 Chemical structures of biologically active terpenoids produced by basidiomycete fungi.
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different terpenoid classes (pleuromutilin diterpene and sesquiterpenoids) from two
different basidiomycetes and performed a systematic analysis of the predicted and
experimentally obtained splicing patterns in A. oryzae. Our results indicated that a
significant fraction of genes were correctly spliced by A. oryzae, while many partially
spliced genes could be corrected based on gene model predictions and functionally
expressed in A. oryzae.

RESULTS AND DISCUSSION
Expression of pleuromutilin biosynthetic genes from genomic DNA in Asper-

gillus oryzae. We previously achieved the heterologous production of the basidiomy-
cete diterpene pleuromutilin using an A. oryzae expression system (22). Therefore, we
initially examined the heterologous expression of pleuromutilin biosynthetic genes
using genomic DNA sequences in this ascomycete host. When we tested the expression
of the geranylgeranyl diphosphate (GGPP) synthase gene ple4 and the terpene syn-
thase gene ple3 in A. oryzae, the resultant transformant (TF) successfully produced
premutilin (compound 1) (Fig. 2). Sequencing of cDNA sequences recovered from the
TF A. oryzae ple3 ple4 showed that all introns (the 3 in ple3 and the 4 in ple4) were
correctly spliced (Fig. 2). We next examined the expression of intron-rich P450 genes
(ple1, -5, and -6; 10/13/11). cDNA sequence analysis showed that all 11 introns of ple6
were successfully spliced, while ple1 and -5 each contained one unspliced intron (ple1,
intron 6 out of 10; ple5, intron 4 out of 13), which can be readily removed by PCR-based
methods. Based on these promising results, we speculated that gene splicing in
basidiomycetes resembles that in ascomycete fungi (14, 24).

Functional gene expression analysis of STS genes. Given that almost all introns
of ple genes were successfully spliced in A. oryzae, we next performed a comprehensive
analysis of basidiomycete gene expression from genomic DNA in this host. To establish
the versatility of basidiomycete heterologous expression using A. oryzae, we chose to
test the expression of sesquiterpene synthases (STSs) because their genes are prolific in
basidiomycete genomes and they are small enzymes that convert abundant farnesyl
pyrophosphate (FPP) in host cells into various cyclic, volatile products that can be
readily identified by gas chromatography-mass spectrometry (GC-MS) analysis of cul-
tures (25). In this work, we selected 31 STS genes for characterization from two
basidiomycete fungi: our pleuromutilin producer Clitopilus pseudo-pinsitus and, for
comparison, Stereum hirsutum, which was previously investigated for sesquiterpenoid
production (11) (Fig. 3; see Table S1 in the supplemental material).

FIG 2 (A) Biosynthetic pathway of pleuromutilin. The numbers in parentheses are the nonspliced introns in the cDNA recovered from the
A. oryzae TF and the total number of introns of the corresponding gene. (B) GC-MS profiles of the metabolites from A. oryzae ple34 (a) and
a synthetic sample (b). (C) Schematic view of the gene structures of ple3, ple4, ple1, ple5, and ple6. Exon regions are shown in shaded boxes.
Nonspliced introns are shown in red boxes.
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FIG 3 (a) Schematic view of the gene structures of CpSTSs. The dark bars indicate exons and the dotted lines introns along with intron phases.
The red bars represent the computationally predicted introns that were not spliced (skipped) in cDNA from A. oryzae TFs, removal of which

(Continued on next page)
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(i) STSs from Clitopilus pseudo-pinsitus. Our local BLAST search using aris-
tolochene synthase as a query sequence identified 18 STS candidate genes (encoding
CpSTS1 to -18) in C. pseudo-pinsitus (Fig. 3; Table S1). Open reading frames (ORFs) were
manually predicted by comparison with functionally characterized fungal STS genes.
Except for CpSTS10, which lacked the conserved motifs (DDXXD and NSE) of STSs, the
other 17 ORFs were selected for expression in A. oryzae. To ensure the expression of
target genes, we used the recently developed fungal clustered regularly interspaced
short palindromic repeat (CRISPR)-Cas9 system specifically optimized for A. oryzae (26).
In the presence of the CRISPR-Cas9 plasmid with the protospacer sequence for the
SC103 locus, which was found in a strain that produced betaenone in good yield (27),
ligD-deficient A. oryzae NSPlD1 (28) was transformed using a donor DNA plasmid
carrying a targeted STS gene. Usually, the knock-in rate ranged from 80% to 90%, much
higher than in normal random integrations. GC-MS analysis of headspace volatile
compounds from these TFs revealed that nine A. oryzae TFs expressed functional a STS
that cyclized FPP into the cyclic products (Fig. 3; see Fig. S1 and S2 in the supplemental
material). Sesquiterpenes were identified by retention indices (RI) and comparison of
MS fragmentation patterns with those reported in databases or the literature (see Fig.
S1 and Table S2 in the supplemental material).

To find out why the remaining eight TFs did not produce sesquiterpenoids, cDNAs
of STSs were recovered and sequenced. The results showed that although A. oryzae
correctly spliced the vast majority of introns that were computationally predicted by
AUGUSTUS (29), some introns were (partially) skipped, thereby generating multiple
splicing patterns leading to incomplete protein (e.g., one intron for CpSTS5, -7, -13, -14,
and -16 and two introns for CpSTS8 and -17) (Fig. 3; see Fig. S3 and Table S3 in the
supplemental material). Following the removal of nonspliced introns in amplified cDNA
by PCR-based techniques, CpSTS5m -7, -8, -13, -14, -16, and -17 were expressed by E.
coli TFs and yielded terpenes (Fig. 3, S1, and S2; Table S2). Only CpSTS15 did not give
any product, although all introns were likely spliced correctly.

Sesquiterpenes produced by CpSTSs include (i) aromadendrene-type sesquiterpenes
featuring the 5-7-3 tricyclic skeleton, such as ledene (compound 2) and virifloridol
(compound 3) (C-1,C-10 cyclization products) (Fig. 3b), (ii) structurally unique sesquit-
erpenes such as 6-protoilludene (compound 7), sterpurene (compound 8), pentalenene
(compound 9), and �-caryophyllene (compound 10) (C-1,C-11 cyclization products) (Fig.
3c), (iii) cadinene-type sesquiterpenes possessing the 6-6 bicyclic structure, such as
�-cadinene (compound 12) and �-muurolene, and biosynthetically related ones such as
�-cubebene (compound 13) (C-1,C-10 cyclization products) (Fig. 3e and S2), and (iv)
linear and monocyclic sesquiterpenes such as �-farnesene (compound 11) and
�-elemene (Fig. 3c and S2). Among them, compound 7 and cadinenes are frequently
isolated from fungi, and the corresponding STSs have been functionally characterized
(2). In contrast, compound 8 produced by CpSTS1 is known as a fungus-specific
sesquiterpene, and a sterpurene synthase has not been identified. Successful functional
characterization of CpSTS1 enabled us to search putative sterpurene synthases in
public database and identify homologs in Psilocybe cyanescens (72% identity, accession
no. PPQ78014.1), Gymnopilus dilepis (72%, PPQ64797.1), and Fibularhizoctonia sp. strain
CBS 109695 (66%, KZP33092.1), although compound 8 and the related metabolites
have not been isolated from them.

Based on a previous phylogenetic analysis (10), 69 basidiomycete STSs are divided
into clades I to IV (Fig. 4). The majority of CpSTS (11/17) characterized in this work

FIG 3 Legend (Continued)
resulted in functional STS expression in the E. coli TF. Genes with the colored boxes are proposed paralogs or orthologs in C. pseudo-pinsitus
and S. hirsutum that belong to cyclization clade III (purple), II_A (orange), or II_B (green). Nonfunctional refers to CpSTS10 lacking conserved
active-site motifs. (b) Proposed cyclization mechanism of terpene products catalyzed by clade II_A STSs. (c) Proposed cyclization mechanism
of terpene products catalyzed by clade III STSs. (d) Schematic view of the gene structures of ShSTSs. #, gene structure of a functional ShSTS15
that was reported previously (35). $, computationally predicted gene structure of an STS not investigated in this work. (e) Proposed cyclization
mechanism of terpene products catalyzed by clade II_B STSs. STSs from C. pseudo-pinsitus are underlined in panels b, c, and e. Stereochem-
istries of putative carbocation intermediates are predicted by those of cyclized products.
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groups with fungal STS in clades II and III, which are proposed to catalyze the C-1,C-10
and C-1,C-11 cyclization of FPP, respectively (Fig. 3, 4, and S2). The remaining STS group
with clade I (2 STSs), clade IV (2 STSs), and an unclassified clade (1 STS). We used this
phylogenetic framework as a guide to investigate the relationship of homologous STSs
in the context of sequence homology, gene structures, and chemical structures/
reaction mechanisms. The species-specific STSs CpSTS8, -9, -11, -12, -13, and -16
(sequence identity, �40%) belonging to clade II have similar gene structures (Fig. 3a;
Table S3) (30), possibly arising by gene duplication of ancestral STS, a well-known
evolutionary mechanism in this class of fungi (31). These STSs produced the aroma-
dendrene family members and aristolene (compound 6), which are frequently found as
plant volatile compounds (Fig. 3b; see Fig. S4 in the supplemental material), but only
one corresponding STS from Citrus (CsSesquiTPS5) has been characterized (32). All of
them are most likely biosynthesized via bicyclogermacrene (compound IM1) (30,
32–34). These results suggested a strong relationship of the gene structure and the
cyclization mechanism. It should be emphasized that comprehensive analysis of 17
STSs provides direct evidence regarding the gene structure and the enzyme function.

(ii) STSs from S. hirsutum. Previously, 18 STS genes were bioinformatically pre-
dicted in the mushroom S. hirsutum, and five STS genes were successfully amplified
from cDNA for functional expression in E. coli (11, 35). The remaining STSs were not
studied, partially because of cDNA availability limitations. We thought that this suite of

FIG 4 Phylogenic tree of functionally characterized STSs, except four ShSTSs (white circles) and seven PpSTSs (white circles), derived from basidiomycete fungi.
STSs derived from C. pseudo-pinsitus and S. hirsutum are in red and blue, respectively. STSs derived from ascomycete fungi are indicated by gray circles.

Nagamine et al. Applied and Environmental Microbiology

August 2019 Volume 85 Issue 15 e00409-19 aem.asm.org 6

https://aem.asm.org


STSs from S. hirsutum would be another good test system for our direct gene expres-
sion strategy. Of the 18 STS genes (ShSTS1 to -18), we excluded five genes from our
study to avoid the expression of ShSTS2, -9, -14, -15, and -6, which showed �60%
homology to ShSTS1, -8, -13, and -16 and CpSTS3 (see Table S4 in the supplemental
material). GC-MS analysis of culture headspace showed that seven A. oryzae TFs
(expressing ShSTS-1, -4, -7, -8, -11, -16, and -17) produced sesquiterpenes such as
compounds 7, 12, and 15, �-barbatene, and hirsutene (Fig. 3, S1, and S2; Table S2). As
in the case of CpSTSs, sequencing of cDNA showed intron skipping at one (ShSTS5, -12,
-13, and -18) or two (ShSTS3 and -10) positions (Fig. 3d). Removal of predicted introns
in ShSTS3, -5, -10, -12, -13, and -18 gave functional STSs in E. coli transformants that
synthesized terpenes such as compounds 10, 11, 13, 14, and 16 and �-cadinene (Fig. 3,
S1, and S2; Table S2). The metabolite profiles revealed that clade III ShSTSs as well as
those of CpSTSs produce structurally unique sesquiterpenes such as compounds 7 to
10 as a single product, while other STSs appear to give multiple biosynthetically related
products.

A strong correlation between gene structure and function was also found in Stereum
TSs: clade II ShSTS8 to -12 revealed a relatively high sequence identity (�48%), and the
gene structures of ShSTS10 to -12 are nearly identical, whereas that of the ShSTS8 gene
is likely modified by the insertion of an extra intron (Fig. 3d and 4). These STSs
generated cadinene-type sesquiterpenes biosynthesized via the Z,E-germacrenedienyl
cation (compound IM2) (Fig. 3e). In addition, a conservation of sequence identity
(�54%) and gene structure is observed for clade III ShSTSs ShSTS15 to -18 (Fig. 3c and
4), which produce compound 7 as a characteristic and major sesquiterpene made by
mushrooms. The gene structure of ShSTS13 resembles those of clade III ShSTSs except
that an extra N-terminal intron is inserted (Fig. 3d). The structural difference between
compounds 7 (ShSTS15 to -18) and 10 (ShSTS13) might reflect altered transition states
derived from common intermediate compound IM3. When we searched for putative
biosynthetic gene clusters surrounding clade II and III CpSTS and ShSTS paralogs/
orthologs, we found quite divergent arrangements of putative biosynthetic genes for
modifying the terpene scaffold (see Fig. S5 in the supplemental material).

Splicing of basidiomycete genes in A. oryzae. To gain insights into the splicing
patterns of basidiomycete genes in A. oryzae, we analyzed the sequences of spliced and
nonspliced introns of the genes investigated in this study (Table S3). Overall, CpSTSs
have a slightly smaller mean intron length (56 nucleotides [nt]; size range, 47 to 69 nt)
and average number of introns (4 introns) than ShSTSs, with an intron length of 64 nt
(size range, 48 to 122 nt) and 5 introns on average. The 5=and 3=splice site consensus
sequences (GUxxGU and YAG, respectively) matched those from Cryptococcus neofor-
mans (a basidiomycete fungus) and a Fusarium sp. (an ascomycete) (14, 24). Analysis of
branch sites revealed that the majority of introns (82%, 108/132) have a CTNAN motif,
while 13% (17/132) contain a TTNAN motif, and for the remaining (7/132), no motif
could be determined. The branch site motif appears to be the most important predictor
for splicing in A. oryzae, as 96% of introns with a CT.

NAN motifs are spliced in A. oryzae, while only 65% of introns with a TTNAN or 43%
of discernible motifs are spliced. Only one spliced intron (CpSTS8 intron1) out of all
introns spliced in A. oryzae (132 total) was misspliced in A. oryzae (Fig. S3), demon-
strating that introns in basidiomycete genes that are recognized for splicing are
faithfully and reliably spliced by A. oryzae. Intron skipping tends to occur at one or two
positions in STS genes. A similar pattern was observed for the pleuromutilin genes
investigated in this work (Fig. 2).

Estimation of reliability for computational prediction of introns and ORFs.
Comparison of the cDNA sequences of the 30 functional STS sequences characterized
in this work with computationally predicted gene structures provides an excellent
assessment of the reliability of bioinformatics tools such as AUGUSTUS (29) for basidi-
omycete gene prediction (see Tables S3 and S5 in the supplemental material). In
AUGUSTUS, the accuracy of gene structure predictions depended on the gene model
used; predictions with the mushroom Coprinus cinereus model instead of A. oryzae (the
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expression host) were much more accurate. Even with the mushroom gene model,
AUGUSTUS mispredicted 11 out of 30 STS gene structures (Fig. 3 and S3; Table S5).
Mispredictions included (i) insertion of an extra intron in CpSTS16, (ii) skipping of an
essential intron in ShSTS5, (iii) prediction of shorter or longer introns in CpSTS18 and
ShSTS12 and -16, and (iv) misprediction of introns located close to the 3= ends of CpSTS4
and -13 and ShSTS17 (extra intron) and CpSTS9 (intron skipping) and the 5=ends of
CpSTS8 and ShSTS11 (Fig. 5). Most errors concerning ORFs and introns located close to
the 3=-terminal ends of the genes can be avoided by manual prediction by considering
the amino acid sequences of the known STSs and the gene structures of paralogous STS
genes (Fig. 3). Therefore, automated prediction may be useful when these measures are
taken. We used AUGUSTUS prediction when we needed to remove a nonspliced
intron(s) in A. oryzae expression. We successfully used this strategy to identify and
subsequently remove nonspliced introns by A. oryzae in recovered cDNA for expression
of active STSs by E. coli TFs (Fig. S1). Consequently, direct expression of basidiomycete
genes from genomic DNA in A. oryzae in conjunction with bioinformatics proved to be
an effective and reliable strategy to quickly obtain functional NP biosynthetic genes.

Concluding remarks. In this work, we developed an efficient approach for heter-
ologous expression of basidiomycete NP biosynthetic genes directly from genomic
DNA in the genetically tractable and well-studied ascomycete host A. oryzae. We show
that direct expression of unspliced genes from genomic DNA from basidiomycetes in
A. oryzae results in almost correctly spliced introns and that a combination of compu-
tational and manual gene structure prediction can be used to identify and correct
nonspliced introns in recovered cDNA by a quick PCR step. Out of 30 STSs expressed in
A. oryzae using this method, half of them were functionally expressed, and a simple PCR
step yielded functional cDNA for the remaining STSs. Comprehensive analysis of gene
structures indicated a strong correlation between gene structure preservation and
evolution of enzyme function. Comparison of intron sequences revealed intron features

FIG 5 Schematic view of the gene structures of active and mispredicted STSs. The blue bars indicate the
mispredicted sites in computationally predicted (AUGUSTUS [26]) gene structures compared to the
functional gene structure shown directly above.
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such as branch sites that are less likely to be spliced by an ascomycete such as A. oryzae.
This information will aid in the prediction of basidiomycete STS activities, provide
insights into the diversification of NP clusters in this class of fungi, and improve
computational gene prediction methods. Further, by knowing which introns are less
likely to be processed, genomic sequences can be preemptively spot corrected prior to
introduction into a versatile, heterologous ascomycete production host, thereby open-
ing the door for the accessing the largely undiscovered NP diversity of basidiomycete
mushrooms.

MATERIALS AND METHODS
General. All reagents commercially supplied were used as received. Column chromatography was

carried out on 60N silica gel (Kanto Chemicals). Optical rotations were recorded on Jasco P-2200 digital
polarimeter. 1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DRX-500 or Bruker
AMX-500 spectrometer (500 MHz for 1H NMR). NMR spectra were recorded in CDCl3 (99.8 atom%
enriched; Kanto). 1H chemical shifts were reported as � values based on residual chloroform (7.26 ppm)
as a reference. Data are reported as follows: chemical shift, multiplicity (s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet; br, broad), coupling constant (Hz), and integration. GC-MS analyses were con-
ducted with MS-2010 (Shimadzu). Mass spectra were obtained with a Waters Acquity QDa instrument (ESI
mode).

Oligonucleotides for PCRs were purchased from Hokkaido System Science Co., Ltd. PCRs were
performed with a Bio-Rad S1000 thermal cycler. All PCRs were performed with the KOD-Plus-Neo
instrument (Toyobo). The assembly of DNA fragments was performed by using either the In-Fusion
Advantage PCR cloning kit (Clontech Laboratories) or HiFi DNA Assembly Master Mix (New England
Biolabs).

Strains and culture conditions. Escherichia coli HST08 was used for cloning, following standard
recombinant DNA techniques. E. coli BL21-Gold(DE3) was used for protein expression. Fungal host strains
used in this study were A. oryzae NSAR1 (36), a quadruple auxotrophic mutant (niaD� sC� ΔargB adeA�),
and A. oryzae NSPlD1 (28), a strain with a highly efficient gene-targeting background (niaD� sC� ΔpyrG
�ligD) for expression. A. oryzae bet123 (27), a transformant producing high levels of betaenone B, was
used for genome sequencing.

Genome sequencing and analysis. Genome sequencing of A. oryzae bet123 was performed by
Hokkaido System Science Co., Ltd. (Hokkaido, Japan), with an Illumina HiSeq 2000 system. Read mapping
was performed with the programs BWA, SAMtools, GATK, and Picard. The results showed a clear gap
between AO090103000023 and AO090103000025 on chromosome 8. This site is tentatively defined as
the SC103 region in this study.

Construction of Cas9 plasmid pC9SC103. The Cas9 plasmid pC9SC103, harboring guide RNA (gRNA)
sequences for SC103, was constructed as follows. The gRNA fragments (G-Fr1, U6P-SC103; G-Fr2,
SC103-U6T) were amplified from ppAsACas9gwA (26) with the primer set shown in Table S6 in the
supplemental material. These primary products were used as a template for the fusion PCR to afford
guide RNA sequences flanked by the U6 promoter/terminator set. The PCR product (U6P-guide RNA
sequence for SC103-U6T) was then inserted into SmaI-digested ppAsACas9 to construct pC9SC103.

Construction of donor vectors pDP1031 and pDP1032. The donor vectors pDP1031 and pDP1032,
harboring homologous arms of SC103 were constructed as follows. Two DNA fragments, SC103-up and
SC103-down, were amplified from genomic DNA of Aspergillus oryzae NSAR1 with primer sets shown in
Table S6. Each PCR product was inserted into HindIII/EcoRI-digested pUC19 to produce pUC19-SC103.
The DNA fragment harboring primer/terminator sets for overexpression in A. oryzae were amplified from
either pTAex3 or pUARA2 with primer sets shown in Table S6. Each PCR product was inserted into
BamHI-digested pUC19-SC103 to produce pDP1031 (single primer/terminator set) and pDP1032 (tandem
primer/terminator sets).

Bioinformatics analysis. STS gene annotation, alignment, and gene structure prediction were
performed as described previously (11). Briefly, gene predictions were made in AUGUSTUS (29) with
different fungal gene models using the genomic region from 10 to 15 kb flanking identified STS ORFs.
STS gene predictions were manually aligned with functionally characterized fungal STSs. All sequence
alignments and phylogenetic analysis were performed in MEGA7 (37) using MUSCLE (38) for protein
alignments. Phylogenetic analysis of fungal STSs (Fig. 2B) was done using the neighbor-joining method
with the Poisson correction methods and 500 bootstrap replications (39, 40).

Accession numbers and reference protein sequences are as follows: for basidiomycete STSs, Coprinus
cinereus (Cop1 to -4 and Cop6) (XP_001832573, XP_001836556, XP_001832925, XP_001836356, and
XP_001832548), Omphalotus olearius (Omp1 to -10), Fomitopsis pinicola (FomPi84944), Stereum hirsutum
(Stehi1|159379 [EIM83755.1], Stehi1|128017 [EIM91001.1], Stehi1|25180 [EIM88705.1], Stehi1|64702
[EIM82223.1], and Stehi1|73029 [EIM91236.1]), Armillaria gallica (ArmGa1) (P0DL13), and Postia placenta
(PpSTS01 [BBD74517.1], PpSTS02 [BBD74518.1], PpSTS03 [BBD74519.1], PpSTS06 [BBD74520.1], PpSTS07
[BBD74521.1], PpSTS08 [BBD74522.1], PpSTS09 [BBD74523.1], PpSTS10 [BBD74524.1], PpSTS13
[BBD74525.1], PpSTS14 [BBD74526.1], PpSTS16 [BBD74527.1], PpSTS18 [BBD74528.1], PpSTS22
[BBD74529.1], PpSTS24 [BBD74530.1], PpSTS25 [BBD74531.1], and PpSTS29 [BBD74532.1]); and for asco-
mycete STSs, Fusarium fujikori (Ffsc4) (HF563560.1) and Ffsc6 (HF563561.1), Fusarium gramineareum
(FgCLM1) (GU123140), Aspergillus terreus (atAS) (Q9UR08), Penicillium roqueforti (prAS) (W6Q4Q9), and
Botrytis cinerea (BcBOT2) (AAQ16575.1).
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https://www.ncbi.nlm.nih.gov/protein/XP_001832573
https://www.ncbi.nlm.nih.gov/protein/XP_001836556
https://www.ncbi.nlm.nih.gov/protein/XP_001832925.1
https://www.ncbi.nlm.nih.gov/protein/XP_001836356
https://www.ncbi.nlm.nih.gov/protein/XP_001832548
https://www.ncbi.nlm.nih.gov/protein/EIM83755.1
https://www.ncbi.nlm.nih.gov/protein/EIM91001.1
https://www.ncbi.nlm.nih.gov/protein/EIM88705.1
https://www.ncbi.nlm.nih.gov/protein/EIM82223.1
https://www.ncbi.nlm.nih.gov/protein/EIM91236.1
https://www.ncbi.nlm.nih.gov/protein/P0DL13
https://www.ncbi.nlm.nih.gov/protein/BBD74517.1
https://www.ncbi.nlm.nih.gov/protein/BBD74518.1
https://www.ncbi.nlm.nih.gov/protein/BBD74519.1
https://www.ncbi.nlm.nih.gov/protein/BBD74520.1
https://www.ncbi.nlm.nih.gov/protein/BBD74521.1
https://www.ncbi.nlm.nih.gov/protein/BBD74522.1
https://www.ncbi.nlm.nih.gov/protein/BBD74523.1
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https://www.ncbi.nlm.nih.gov/protein/BBD74525.1
https://www.ncbi.nlm.nih.gov/protein/BBD74526.1
https://www.ncbi.nlm.nih.gov/protein/BBD74527.1
https://www.ncbi.nlm.nih.gov/protein/BBD74528.1
https://www.ncbi.nlm.nih.gov/protein/BBD74529.1
https://www.ncbi.nlm.nih.gov/protein/BBD74530.1
https://www.ncbi.nlm.nih.gov/protein/BBD74531.1
https://www.ncbi.nlm.nih.gov/protein/BBD74532.1
https://www.ncbi.nlm.nih.gov/nuccore/HF563560.1
https://www.ncbi.nlm.nih.gov/nuccore/HF563561.1
https://www.ncbi.nlm.nih.gov/nuccore/GU123140
https://www.ncbi.nlm.nih.gov/protein/Q9UR08
https://www.ncbi.nlm.nih.gov/protein/584412547
https://www.ncbi.nlm.nih.gov/protein/AAQ16575.1
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Construction of A. oryzae expression plasmids for ple and STS genes. Pleuromutin biosynthetic
genes (ple1, -3, -4, -5, and -6) were amplified from the genomic DNA of C. pseudo-pinsitus ATCC 20527 (22)
with primer sets shown in Table S6. Each PCR product was inserted into the appropriate restriction sites
(site 1 and/or site 2) of pDP1031 or pDP1032 to construct the expression plasmids pDP1031-ple5 (KpnI
site), pDP1032-ple6 (NheI), pDP1032-ple3 (KpnI)-ple4 (SpeI), and pDP1032-ple7 (KpnI)-ple1 (SpeI).

Sesquiterpene synthase genes were amplified from the genomic DNA of C. pseudo-pinsitus ATCC
20527 and S. hirsutum FP-91666 S1 (11) with primer sets shown in Table S6. Each PCR product was then
inserted into the appropriate restriction sites of expression vectors to construct the following expression
plasmids: pTAex3-CpSTS1, pUARA2-CpSTS2, pUARA2-CpSTS3, pTAex3-CpSTS4, pDP1031-CpSTS5, pDP1031-
CpSTS6, pDP1031-CpSTS7, pDP1031-CpSTS8, pDP1031-CpSTS9, pDP1031-CpSTS10, pDP1031-CpSTS11,
pDP1031-CpSTS12, pUSA2-CpSTS13, pDP1031-CpSTS14, pDP1031-CpSTS15, pUSA2-CpSTS16, pDP1031-
CpSTS17, pDP1031-CpSTS18, pDP1032-ShSTS1/18, pDP1031-ShSTS3, pDP1031-ShSTS4, pDP1031-ShSTS5,
pDP1031-ShSTS7, pDP1031-ShSTS8, pDP1031-ShSTS10, pDP1032-ShSTS11/16, pDP1031-ShSTS12, pDP1031-
ShSTS13, and pDP1031-ShSTS17.

Transformation of Aspergillus oryzae by the genome-editing method. Most transformants used
in this study was constructed by the genome-editing method. A spore suspension of A. oryzae NSPlD1
(1.0 � 108 cells) was inoculated into 100 ml of CD medium (0.3% NaNO3, 0.2% KCl, 0.1% K2HPO4, 0.05%
MgSO4·7H2O, 2% dextrin, 0.002% FeSO4·7H2O, 0.15% methionine, 0.488% uracil, 0.2% uridine, pH 5.5)
supplemented with appropriate nutrients. After 3 days of incubation at 30°C and 200 rpm, mycelia were
collected by filtration and washed with water. Protoplasting was performed using Yatalase (TaKaRa;
5.0 mg ml�1) in solution 1 (0.8 mM NaCl, 10 mM NaH2PO4, pH 6.0) at 30°C for 2 h. Protoplasts were
centrifuged at 2,000 rpm (Beckman JLA10.500 rotor) for 5 min and washed with 0.8 M NaCl solution.
Protoplasts were then adjusted to 2.0 � 108 cells/ml by adding solution 2 (0.8 M NaCl, 10 mM CaCl2, 10
mM Tris-HCl, pH 8.0) and solution 3 (40% [wt/vol] polyethylene glycol [PEG] 4000, 50 mM CaCl2, 50 mM
Tris-HCl, pH 8.0) in a 4/1 volume ratio. To the protoplast solution (200 �l) was added a Cas9 plasmid
(2 �g) and a donor plasmid (5 �g). The aliquot was incubated on ice for 20 min and then solution 3 (1 ml)
added to the aliquot. After 20 min of incubation at room temperature, solution 2 (10 ml) was added to
the mixtures, and the mixture was centrifuged at 2,000 rpm (Beckman JLA10.500 rotor) for 5 min. After
decantation, the residue was diluted with solution 2 (500 �l), and the mixture (100 �l) was poured onto
a CD agar plate (1.5%) supplemented with 4.7% NaCl and then overlaid with the soft-top CD agar (0.6%)
containing 21.8% sorbitol. The plates were incubated at 30°C for 3 to 7 days.

Analysis of the metabolites from A. oryzae TFs harboring an STS gene. Mycelia of each
transformant (TF) were inoculated into MPY medium (1 ml) containing 20 mM uridine and 0.2% uracil in
a 10-ml test tube. Each culture was incubated at 30°C for 4 days. The volatile organic compounds were
extracted with an SPME fiber (50/30 �m DVB/CAR/PDMS; Stableflex, 24Ga, manual holder), which was
conditioned by inserting it into the GC injector to prevent contamination, for 30 min at room temper-
ature. After extraction, the fiber was pulled into the needle sheath, and the SPME device was removed
from the vial and then inserted into the injection port of a QP2010 GC-MS apparatus (Shimadzu, Kyoto,
Japan) with an HP-5 capillary column (0.32 mm by 30 m, 0.25-�m film thickness; J&W Scientific, Folsom,
CA). Each sample was injected onto the column at 60°C in the splitless mode. The column temperature
was increased by 4°C min�1 to 180°C. The flow rate of the helium carrier gas was 0.66 ml min�1. This
procedure is referred to as method A.

Isolation of sesquiterpenes. (i) Sterpurene. Mycelia of A. oryzae-CpSTS1 were inoculated into a
solid medium containing polished rice (100 g) and adenine (10 mg) in 500-ml Erlenmeyer flasks. Each
culture was incubated at 30°C for 12 days. After extraction with ethyl acetate, the extract was concen-
trated in vacuo to produce crude extracts. The crude extracts were purified by silica gel column
chromatography (hexane) to give sterpurene (20.0 mg from 1.3 kg of rice medium from A. oryzae-
CpSTS1). The NMR data are in good agreement with the reported data (see Fig. S6 in the supplemental
material) (41).

(ii) 9-Alloaromadendrene. Mycelia of A. oryzae-CpSTS11 were inoculated into MPY medium (30 ml)
containing 20 mM uridine and 0.2% uracil in 200-ml Erlenmeyer flasks. Each culture was incubated at
30°C for 5 days. The crude extracts were purified by silica gel column chromatography (hexane) to yield
9-alloaromadendrene (1.0 mg from 150 ml of MPY medium containing uridine and uracil). The NMR data
are in good agreement with the reported data (Fig. S6) (42).

cDNA preparation. Each transformant was grown on MPY medium containing 20 mM uridine and
0.2% uracil for 3 to 5 days at 30°C. Total RNA was extracted from each dried mycelium using TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions and then treated with DNase I (Life
Technologies) for reverse transcription. cDNA was synthesized with the PrimeScript II first-strand cDNA
synthesis kit (TaKaRa) using the oligo(dT) primer according to the manufacturer’s instructions. The cDNA
was used as a template for PCRs for direct sequencing and subcloning of each STS gene into the pColdI
vector.

Estimation of sequences of functionally active STSs. cDNA sequences derived from A. oryzae
transformant were aligned with the predicted sequence by AUGUSTUS to identify the nonspliced introns
in cDNA sequences. Alignments were computed by using ClustalW. The resultant transcripts of putative
intronless STSs were then manually examined for the presence and proper alignment of the conserved
motifs characteristic of sesquiterpene synthases.

Construction of E. coli expression plasmids. Intronless DNA clones were prepared from PCR-based
removal of the nonspliced introns (Fig. 3 and 4) as follows. Two DNA fragments (upstream and
downstream regions of the nonspliced intron) were separately amplified from cDNA with primers set
shown in Table S6. Each PCR product was inserted into NdeI-, EcoRI-, or KpnI-digested pColdI to construct
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the following expression plasmids; pColdI-CpSTS5, pColdI-CpSTS7, pColdI-CpSTS8, pColdI-CpSTS13,
pColdI-CpSTS14, pColdI-CpSTS16, pColdI-CpSTS17, pColdI-ShSTS3, pColdI-ShSTS5, pColdI-ShSTS10, pColdI-
ShSTS12, pColdI-ShSTS13, and pColdI-ShSTS18.

Analysis of the metabolites from E. coli TFs. The constructed plasmids were separately introduced
into E. coli BL21-Gold(DE3) for overexpression. The transformant (TF) was grown at 37°C at an optical
density at 600 nm (OD600) of �0.6 in a 500-ml flask. After cooling at 4°C, isopropyl �-D-
thiogalactopyranoside (0.1 mM) was added to the culture. After incubation at 16°C for 17 h, the volatile
organic compounds were extracted with an SPME fiber (50/30 �m DVB/CAR/PDMS; Stableflex, 24Ga,
manual holder) for 30 min at room temperature. The extracts were then analyzed with a GC-MS
apparatus by method A.

Accession number(s). The sequences of the sesquiterpene synthase genes found in C. pseudo-
pinsitus ATCC 20527 have been deposited in the DNA Data Bank of Japan (DDBJ) under accession
numbers LC436345 to LC436362.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.00409-19.
SUPPLEMENTAL FILE 1, PDF file, 3.5 MB.
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