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Quinones are widely distributed in nature and exhibit diverse
biological or pharmacological activities; however, their biosynthetic
machineries are largely unknown. The bibenzoquinone oosporein
was first identified from the ascomycete insect pathogen Beauveria
bassiana >50 y ago. The toxin can also be produced by different
plant pathogenic and endophytic fungi with an array of biological
activities. Here, we report the oosporein biosynthetic machinery in
fungi, a polyketide synthase (PKS) pathway including seven genes
for quinone biosynthesis. The PKS oosporein synthase 1 (OpS1) pro-
duces orsellinic acid that is hydroxylated to benzenetriol by the
hydroxylase OpS4. The intermediate is oxidized either nonenzy-
matically to 5,5'-dideoxy-oosporein or enzymatically to benzenete-
trol by the putative dioxygenase OpS7. The latter is further dimerized
to oosporein by the catalase OpS5. The transcription factor OpS3
regulates intrapathway gene expression. Insect bioassays revealed
that oosporein is required for fungal virulence and acts by evading
host immunity to facilitate fungal multiplication in insects. These
results contribute to the known mechanisms of quinone biosynthe-
sis and the understanding of small molecules deployed by fungi that
interact with their hosts.
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uinones are ubiquitous in living organisms such as bacteria,
fungi, plants, and humans, and a large number of derivatives
containing either a 1,2-benzoquinone or 1,4-benzoquinone back-
bone have been shown to express an array of bioactive or phar-
maceutical-relevant activities (1, 2). However, only a handful
quinone biosynthetic pathways have been characterized. For
example, compounds derived from chorismate formed via the
shikimate pathway have been well established as precursors for
the biosynthesis of isoprenoid quinones (including ubiquinones
and menaquinone) (3). Indole pyruvic acid deaminated from
L-tryptophan can be dimerized into terrequinone by a single-
module nonribosomal peptide synthetase (4). The catalysis of
the substrates tyrosine or Dopa by tyrosinase to form dopaquinone
is a well-known pathway for Dopa—melanin biosynthesis (5).
Similar to tyrosinase, catechol oxidase is a copper-containing
enzyme that can oxidize catechol into 1,2-benzoquinone (2). In
Streptomyces antibioticus, monooxygenation of tetrahydroxynaph-
thalene to naphthoquinone can be catalyzed by a cupin-family
enzyme (6). In this study, we report the biosynthesis of bibenzo-
quinone through a polyketide synthase (PKS) pathway in fungi.
Oosporein (1), a red, symmetrical 1,4-bibenzoquinone derivative,
was first identified in the 1960s from the ascomycete insect-patho-
genic fungus Beauveria bassiana (7-9), as well as from Phlebia
basidiomycetes (10). Oosporein is also produced by the insect
pathogen Beauveria brongniartii (11) and various plant pathogenic
and endophytic fungi (12-15). Oosporein is highly reactive in bi-
ological systems, including insecticidal activity (16), antibiotic ac-
tivity against Gram-positive bacteria (17), and antiviral (18) activity,
as well as an antagonistic effect against plant pathogenic oomycetes
(13). The toxin can cause avian gout and mortality in chickens and
turkeys (19), which raises the safety concerns of the application of
Beauveria spp. to control insect pests (10). An understanding of the
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toxin biosynthetic machinery would be critical to manage the toxin
production in biocontrol situations.

Chemical synthesis of oosporein from 2,5-dimethoxytoluene
has been successful (20). Biologically, however, an early experi-
ment demonstrated that '*C-labeled orsellinic acid (OA) (2)
could be converted to bibenzoquinone oosporein in B. bassiana
cultures (8). It is now clear that OA can be biosynthesized by
PKSs in bacteria (21) and fungi (22-24). These findings suggest
that oosporein may be biosynthesized through OA by a PKS gene
cluster in Beauveria. Our previous analysis indicated that there
are 12 type I PKS genes encoded in the B. bassiana genome (25).
After the bioinformatics analysis, the putative PKS genes in-
volved in OA biosynthesis were predicted and deleted. It was
found that the BbPKS9, termed OpS1 (for oosporein synthase 1),
is responsible for OA production leading to oosporein bio-
synthesis. In addition to the elucidation of the longstanding
question about the nature of the oosporein biosynthetic ma-
chinery, this study identifies a PKS gene cluster including seven
genes for quinone biosynthesis in fungi. Insect bioassays in-
dicated that oosporein is required for full fungal virulence through
evasion of host immune responses, thus facilitating fungal devel-
opment within insects.

Results

Prediction of the PKS Gene Cluster. Based on previous reports that
OA can be converted into oosporein by B. bassiana (8) and that OA
is biosynthesized by PKSs in fungi (22, 23), we performed a ge-
nome-wide modulation analysis of 12 PKSs encoded in the
Beauveria genome (SI Appendix, Fig. S14). Of these, two PKSs—
BbPKS7 (BBA_06613) and BbPKS9 (BBA_08179)—have similar
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modules with the OrSA of Aspergillus nidulans (22), TerA of As-
pergillus terreus (23), and FgPKS14 of Fusarium graminearum (24),
which have been verified to produce OA (SI Appendix, Fig. S1B).
Phylogenetic analysis using the ketosynthase (KS) domain sequences
retrieved from the PKSs involved in the biosynthesis of quinone
pigments indicated that BbPKS9, but not BbPKS7, is closely related
to the counterparts responsible for OA biosynthesis (SI Appendix,
Fig. S2).

Gene Deletions and Verification of OpS1 Function. To verify the
functions of OpS1 and its tailoring enzymes, serial gene deletions
were performed. We found that loss of BbPKS9 (i.e., OpSI), but not
BbPKS?7, led to the loss of oosporein production in B. bassiana (SI
Appendix, Fig. S34). Deletion of the OpSI ortholog in B. brong-
niartii (BBO_00072; 92% identity at the amino acid sequence level)
also abolished the production of oosporein (SI Appendix, Fig. S3B).
Thus, the OpSI gene cluster (Fig. 14 and SI Appendix, Fig. S44)
is responsible for oosporein biosynthesis. Not surprisingly, the
cluster is highly conserved between the two Beauveria species, but
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Fig. 1. Prediction and functional verification of the gene cluster for oospor-
ein biosynthesis in B. bassiana. (A) A schematic map of the oosporein bio-
synthetic gene cluster. The genes involved in oosporein production are termed
OpS1-0pS7. (B) HPLC traces of the WT and different mutants showing the
accumulation of different compounds. Peaks 1 and 2 are for oosporein (1) and
OA (2). Peaks 3-6 are labeled with the corresponding metabolite structures.
(C) Culture filtrate color variations among the WT and different mutants.
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Fig. 2. Verification of OA biosynthesis by OpS1. (A) HPLC profiles showing
that the addition of OA (2) (used at a final concentration of 300 pg/mL)
restored the ability of AOpS7 to produce oosporein (1) in B. bassiana. (B) Yeast
production of OA when being engineered to express OpS7T cDNA.

is nonsyntenic between the OpSI and BbPKS?7 clusters (SI Appendix,
Fig. S4B).

We found that six additional genes, termed OpS2-OpS7 (Fig.
14), were associated with oosporein biosynthesis in B. bassiana (SI
Appendix, Fig. S5 A and B). Unexpectedly, deletion of OpS2, which
encodes a putative major facilitator superfamily transporter, sig-
nificantly increased oosporein production in the mutant (48.71 +
8.16 pg/mL) compared with the wild-type (WT; 31.34 + 4.41 pg/mL)
strain (¢ test, P = 0.039). Otherwise, oosporein was similarly non-
detectable in the culture extracts of the null mutants of OpS3-OpS7
(SI Appendix, Fig. S5 A and B). To explore the function of PKS
OpSl1, substrate feeding and yeast heterologous expression experi-
ments were conducted. Consistent with the above analysis, we found
that the supplement of OA (2) in the AOpSI culture restored the
ability of Beauveria to produce oosporein (Fig. 24). Expression of
the OpSI cDNA in Pichia pastoris enabled the yeast to produce OA
(Fig. 2B). The results thereby confirmed that OpS1 is responsible
for OA biosynthesis.

Transcription Control of the Biosynthetic Gene Cluster. Within the
gene cluster, OpS3 encodes a Gal4-like Zn2Cys6 domain-containing
transcription factor (SI Appendix, Fig. S4A4). To verify whether the
gene cluster is regulated by OpS3, the gene was made under the
control of a constitutive gpdA4 gene (BBA_05480) promoter (26),
and the cassette was used to engineer the WT strain. We performed
semiquantitative reverse-transcription PCR (RT-PCR) analysis and
found that the clustered genes were marginally transcribed by the
fungus grown in a saprophytic medium. With the exception of
OpS5, deletion of OpS3 disabled the expression of other genes as-
sociated with oosporein biosynthesis in the mutant strains. Relative
to the parental WT strain, overexpression of OpS3 significantly in-
creased the clustered gene expressions, including of OpS3 itself (ST
Appendix, Fig. S6A4). Thus, the production of oosporein was boosted
up to fourfold higher in the transformant WT::OpS$3 than in the WT
(SI Appendix, Fig. S6B). Analysis of the OpS3 putative binding motif
identified the presence of a highly conserved CGGA motif (dif-
ferent from the Gal-4 binding site CGGN11CCG) in the promoters
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of the clustered genes, except for in OpS5 (SI Appendix, Fig. S6C),
which is consistent with the OpS5 unimpaired expression profile in
AOpS3 (SI Appendix, Fig. S6A4). This outcome indicates that the
CGGA motif is the putative OpS3 binding site. The presence of this
motif in the OpS3 promoter would suggest the formation of a
positive feedback loop for self-activation. Additionally, we identified
the presence of a yeast Msn2-like stress-response element AGGGG
(27) in the promoter regions of the clustered genes, except for that
of the transporter gene OpS2 (SI Appendix, Fig. S6D). Consistent
with this finding, BbMsn2 (BBA_00971), a homolog of Msn2, has
been identified as a negative regulator of oosporein production in
B. bassiana (28). The regulation of oosporein biosynthesis thus
represents a further example of fungal secondary metabolisms being
cocontrolled by a pathway-specific transcription factor and a global
regulator (29).

Elucidation of the Oosporein Biosynthetic Pathway. Based on the
above information, we suspected that the similar chromatographic
patterns of OpS3-OpS7 gene deletion mutants (SI Appendix,
Fig. S5 A4 and B) might actually be due to the low level of gene
expression after deletion of the alternate gene. To test this
hypothesis, we engineered the mutants AOpS4-AOpS7 to over-
express OpS3 and directly analyzed the obtained culture filtrates of
AOpS4::0pS3-A0pS7::0OpS3 by HPLC in case of a loss in stability
of intermediate metabolites during ethyl acetate extraction. For-
tunately, altered chromatographic profiles (Fig. 1B) and colored
culture filtrates (Fig. 1C) between the WT and mutant strains
differing from the initial analyses were observed (SI Appendix, Fig.
S5 A and B). The OpS4 gene encodes a putative salicylate hy-
droxylase (Fig. 14). We detected the accumulation of OA (2) in
the AOpS4::0OpS3 mutant, confirming again that the function of
OpS1 PKS is to form OA. Heterologous expression of OpS4 in
yeast converted OA into the detectable 6-methyl-1,2,4-benzenetriol
(3) and the product 5,5'-dideoxy-oosporein (5) (Fig. 34), indicating
the hydroxylation of OA to the metabolite 3 by OpS4 (Fig. 4). We
hypothesized that benzenetriol 3 could be nonenzymatically oxi-
dized into 5,5’-dideoxy-oosporein. To test this hypothesis, metab-
olite 3 was collected by using preparative HPLC. Examinations of
both the newly collected sample and the sample aliquot aerated for
1 h led to the formation of 5 (Fig. 3B), a metabolite that has not
been previously reported because it could not be produced by the
WT strain (Fig. 1B).

The genes OpS5, OpS6, and OpS7 encode a putative laccase,
GST, and cupin-family dioxygenase, respectively (Fig. 14 and SI
Appendix, Fig. S44). Oosporein was detected in AOpS6::OpS3, but
not in the AOpS5::0pS3 and AOpS7::OpS3, cultures. Compounds 2,
3, 4, and 5 were detected in the AOpS7::OpS3 culture, and 2, 5, and 6
were detected in the AOpS5::OpS3 culture (Fig. 1B). We found that
the yeast cells expressing OpS7 could not convert 5,5'-dideoxy-
oosporein (5) into oosporein (Fig. 3C), suggesting a nonfunctional
effect of OpS7 dioxygenation. In bacteria, a study demonstrated that,
instead of dioxygenation, monooxygenation of metabolites could
be catalyzed by the cupin-family enzyme (6). This finding gave
rise to the idea that OpS7 may be responsible for de facto mono-
oxygenation of metabolite 3 to 6-methyl-1,2,4,5-benzenetetrol (7)
(Fig. 4). Thus, we performed a mixed fermentation of yeast mutants
GS115::0pS4 and GS115::OpS7 with the addition of OA. As in-
dicated above, OpS4 successfully converted OA to benzenetriol 3.
However, benzenetetrol 7 was not detected, whereas 6 was observed
together with other undetermined compounds in the mixed culture
(ST Appendix, Fig. S7A4). Because of its structural instability, com-
pound 7 was either dimerized into oosporein by the catalase OpS5
through a free radical reaction or largely interconverted into
compound 6 through keto-enol tautomerization because only the
latter was detected in the AOpS5::OpS3 culture (Fig. 1B) or yeast
mixed-fermentation culture (SI Appendix, Fig. S7).

The attempted expression of the laccase gene OpS5 in yeast was
not successful; i.e., no detectable activity was observed. However, the
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Fig. 3. Verification of different gene functions by yeast heterologous ex-
pression and substrate feeding of gene deletion mutants of B. bassiana.
(A) Conversion of OA by the yeast cells expressing the OpS4 gene led to the
formations of 3 and 5. (B) Nonenzymatic conversion of 3 to 5. Inset shows
the ratio change of the two compounds after an aeration treatment for 1 h.
(C) Failure of conversion of 5,5-dideoxy-oosporein (5) by OpS7. The yeast
cells expressing or not expressing the OpS7 gene were supplemented with 5
(at a final concentration of ~10 pg/mL) for 24 h. (D) Restoration of oosporein
production by AOpS7::0pS3 after addition of compound 6.

functions of OpS5 and OpS7, as well as the keto-enol tautomerism,
were confirmed by substrate feeding of 6 into the AOpS7:OpS3
(with functional catalase OpS5) culture and successfully produced
oosporein (Fig. 3D). The experiment also suggested that up-regu-
lation of OpS5 in WT::OpS3 (SI Appendix, Fig. S64) would be due to
the accumulation of a higher level of compound 6 or 7, a mechanism
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of substrate feedback activation. The primary role of GSTs is to
detoxify reactive electrophilic compounds (30). In this respect, OpS6
would function en route for protecting cells against oxidative stress
by scavenging any leaked free radical 8 that was present by activating
the thiol group of glutathione. We thereby fully elucidated the
pathway of oosporein biosynthesis in B. bassiana (Fig. 4). The
structures of the metabolites, except 8, were alternatively verified
by liquid chromatography (LC)-MS (1-7), NMR (3, 5, and 6),
and/or LC-tandem MS fragmentation (3, 4, 6, and 7) analyses
(SI Appendix, Figs. S8 and S9).

Effect of Oosporein on Fungal Virulence. In contrast to the pheno-
typic alteration in ABbMsn2 of B. bassiana (28), deletion of OpS1I or
overexpression of OpS3 had no apparent effect on fungal growth on
artificial medium and did not cause any defect on antioxidative re-
sponse compared with the WT (SI Appendix, Fig. S10). To examine
whether the production of oosporein would contribute to fungal
virulence, we performed insect bioassays using the spores of the
WT, AOpS1, and WT::OpS3 strains against the wax moth larvae.
A comparison of the insect survival curves (Fig. 54) indicated
significant differences between WT and AOpSI (* = 63.5; P <
0.0001), WT::0pS3 and AOpS1 (x* = 83.9; P < 0.0001), and WT
and WT::0pS3 (x* = 7.42; P = 0.0065) strains. The data thereby
confirmed that oosporein contributes to fungal virulence. We
found that the insect cadavers killed by the WT and WT::OpS3
strains could be pigmented 24 h after insect death, but pig-
mentation was not observed for AOpSI-infected insects. In ad-
dition, we found that fungal mycosis of insect cadavers was
delayed considerably after loss of the toxin-production ability
(Fig. 5B). Microscopic observations indicated that oosporein
contributed to the evasion of insect host immunity (Fig. 5C).
After injection into the insect body cavity (hemocoel), the spores
of the WT and WT::OpS3 germinated and quickly escaped from
insect hemocyte encapsulation within 24 h; however, AOpS1 took
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means the function of this putative MFS transporter remains unclear. GSH, glutathione.

~36 h. Thus, in contrast to the null mutant, many more (¢ test,
P < 0.001) free-living blastospores were formed by the WT
and WT::OpS3 48 h after injection. Relative to the WT, over-
expression of OpS3 also significantly (P = 0.0108) promoted
fungal propagation within insect hemocoels (Fig. 5D). Immune
interference verified that, relative to the activations by fungal
spores, injection of oosporein could inhibit prophenoloxidase
(PPO) activity (SI Appendix, Fig. S11 A and B) and down-regu-
lation of the antifungal peptide gallerimycin gene in insects
(8I Appendix, Fig. S11C).

Discussion

Herein, we report, to our knowledge, the first full pathway by which
PKS-produced OA is hydroxylated to form the intermediate
hydroxytoluene, which undergoes further oxidation and di-
merization to yield bibenzoquinone oosporein. This pathway is
associated with the formation of different 1,4-benzoquinone
derivatives, including the new bibenzoquinone 5,5'-dideoxy-
oosporein in B. bassiana. Biosynthesis of OA by PKS has been
reported in various bacteria and fungi (21). However, the di-
vergent tailoring-enzyme genes within the PKS gene clusters lead
to the formation of structurally diverse metabolites. For ex-
ample, the OA precursor biosynthesized by OrsA (AN7909) in
A. nidulans is further catalyzed into lecanoric acid or the analogs
F-9775A and F-9775B, presumably through the functions of
amdohydrolase (OrsB; AN7911), tyrosinase (OrsC; AN7912),
and dehydrogenase (OrsE; AN7914) (22, 31). In A. terreus, the
closely related PKS TerA (SI Appendix, Fig. S2) produces a
mixture of OA, 4-hydroxy-6-methylpyranone, and 6,7-dihydrox-
ymellein. The latter is further oxidized to terrein by mono-
oxygenase and multicopper oxidase (23). The OA produced by
PKS ArmB is esterified to a diverse class of sesquiterpene al-
cohols in the plant pathogen Armillaria mellea (32). It is note-
worthy that the closely related PKSs containing an additional

Feng et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503200112/-/DCSupplemental/pnas.1503200112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503200112/-/DCSupplemental/pnas.1503200112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503200112/-/DCSupplemental/pnas.1503200112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503200112/-/DCSupplemental/pnas.1503200112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503200112/-/DCSupplemental/pnas.1503200112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1503200112

L T

/

D\

A B
100 —t
4
75 = £ &
z < e ¢
t = Control (o] = !"‘;
s 501 — wr - :
2] g
¢ — AOpSI
== WT::0pS.
i WT::0pS3
=
v
| =)
0 T r 1 1
0 30 60 90 120
Time after infection (hrs)
C WT::0pS3 WT AOpS1 D 51
A
44 AA
o A
% A
< .
3 ° A
= .
§ . AA
) 5 A
? 2 -'. N
*;; .
g . u"
1 | "]
| |
0

WT AOpS1 WT::0pS3

Fig. 5. Contribution of oosporein to fungal virulence. (A) Survival of insects after injection with the spores of the WT, A0pS7, and WT::OpS3 strains.
(B) Mycosis of insects by the WT and mutant strains. (C) Microscopic observation of fungal development and insect immune responses to the WT and mutant
strains at different times after injection. Black arrows point to fungal cells and white arrows point to insect hemocytes. (Scale bar: 5 um.) (D) Quantification of
the free-living fungal blastospores in insect hemocoels 48 h after infection. Statistical analyses (t test) indicate a significant difference between the WT and
AQpST1 strains (P = 8.58e-4), between the WT::OpS3 and AOpST strains (P = 3.55e-5), and between the WT and WT::0pS3 strains (P = 0.01084).

methyltransferase domain form 3-methyl or 3,5-dimethyl OA (SI
Appendix, Fig. S2). For example, the precursor 3,5-dimethyl OA
is produced by the PKS AusA (AN8383), and the metabolite is
then catalyzed to meroterpenoids via sequential modification
and oxidation by different tailoring enzymes in A. nidulans (33).
Except for the cupin-like dioxygenase OpS7, the homologs of
OpS2-OpS6 are present in the A. nidulans genome, however, not
within the OrSA gene cluster (SI Appendix, Fig. S44). Thus, the
tailoring enzymes of OA-biosynthetic PKS determine the struc-
ture(s) of the end product(s). Future studies are still required
regarding the function of putative transporter OpS2 and the
mechanism of OpS5 dimerization reaction.

The OpSI gene cluster is present in two Beauveria species;
however, interestingly, it is not in the genomes of the closely related
insect pathogens Cordyceps militaris (34) (SI Appendix, Fig. S4B)
and Metarhizium species (35). This phenomenon raises a question
of how the gene cluster has evolved. After its first identification
in the 1960s from B. bassiana (7, 8), oosporein has been isolated
from a range of fungal species, including from basidiomycetes (10,
36) to ascomycetes such as the mycoparasite Lecanicillium psalliotae
(current name Verticillium psalliotae) (13) and the plant endophyte
Cochliobolus kusanoi (15). It has been demonstrated that the insect
pathogens Beauveria spp. and Metarhizium spp. evolutionarily di-
verged from the plant endophytes or pathogens (25, 35). Thus,
similar to the acquisition of the cyclodepsipeptide destruxin bio-
synthetic gene cluster in Metarhizium species (35, 37), the oosporein
biosynthesis genes could have been horizontally transferred to
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Beauveria from the plant endophytes or pathogens. In addition to
killing insects, Beauveria species have been identified as plant
endophytes, and they share similar habitats with other plant
endophytes or pathogens (38), which is a possible mode of
gene transfer. It could not be precluded that the ancestor of
Beauveria/Cordyceps obtained the gene cluster, while the sub-
sequent gene loss led to the vertical absence of OpSI-clustered
genes in C. militaris. The genomes of other oosporein-producing
fungi are still unavailable. Future investigations of the OpSI-
OpS7 ortholog (if exactly present) functions in these fungi would
facilitate the understanding of the evolution of the oosporein
gene cluster.

Although 1,4-benzoquinones cause 100% mortality in sub-
terranean termites (39), topical application of oosporein on the
sap-sucking whitefly indicated that the use of toxin alone resul-
ted in ~20% insect mortality, and the use of the fungal spores
alone led to ~60% mortality. However, the percentage of insect
death increased to 92% when the fungal spores were used in
combination with the red pigment (16). The results suggest that
oosporein promotes fungal infection, rather than directly killing
the insects. Consistent with this result, we found that oosporein
contributes to fungal virulence by inhibiting PPO activity and
down-regulating antifungal gene expression, thereby facilitating
fungal multiplication within the insects. However, in contrast to
our observations, deletion of the negative regulator BbMsn2 in-
creased oosporein production in B. bassiana, but the null mutant
was impaired in virulence against the wax moth larvae (28). This
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outcome is due to the additional impairments on fungal growth,
protease expression, and stress responses caused by deletion of
BbMsn2. However, except for the effects on oosporein pro-
duction, deletion of OpSI or overexpression of OpS3 did not lead
to any defects on fungal growth or antioxidative stress compared
with the WT (SI Appendix, Fig. S10). Nevertheless, the target
protein of oosporein remains unknown in insect hosts. Future
study is also required to determine the function(s) of oosporein
in plant pathogens and endophytes.

In conclusion, we report that the biosynthetic mechanism of
bibenzoquinone oosporein in Beauveria species is a PKS pathway
for quinone biosynthesis. It was found that the metabolite con-
tributes to fungal virulence by inhibiting the host immune re-
sponse, thus promoting fungal infection. The results obtained in
this study expand our knowledge of quinone biosynthetic ma-
chinery, as well as illuminate the function of a small molecule in
fungus-host interactions.

Materials and Methods

Fungal Strains and Maintenance. Insect pathogenic fungi B. bassiana ARSEF
2860 and B. brongniartii RCEF 3172 were routinely maintained on potato
dextrose agar (Difco). For liquid incubation, fungal spores were inoculated in
Sabouraud dextrose broth (SDB; Difco) and incubated at 25 °C on a rotatory
shaker. The Escherichia coli Top 10 bacterial strain (Invitrogen) was used for
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vector construction, and the Agrobacterium tumefaciens AGL-1 strain was
used for transformations (40). The yeast strain P. pastoris GS115 was used for
the heterologous expression of target genes from B. bassiana.

Bioinformatics and Phylogenetic Analyses. Homologous PKS sequences of
different fungal species that have been functionally verified to be involved in
production of OA, pigments, and/or melanin were retrieved from the Na-
tional Center for Biotechnology Information database. Modular analysis of
different PKS enzymes, including the mapping of KS domain, was performed
by using the program antiSMASH (Version 2.0) (41). For phylogenetic anal-
ysis, the KS domain sequences from functionally or putative PKSs involved in
biosynthesis of pigments (including melanins) were aligned by using the
program Clustal X (Version 2.0) (42), and a maximum-likelihood tree was
generated by using MEGA (Version 6.0) software (43). Analysis of putative
promoter binding sites was conducted by using the weight matrix-based
program Match (Version 1.0) (44).

Details of gene deletions, compound induction and structure analysis,
target gene expression in yeasts, insect bioassays, and immune interference
tests are provided in S/ Appendix, SI Materials and Methods.
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