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ABSTRACT Candida albicans and Cryptococcus neoformans, human-pathogenic fungi
found worldwide, are receiving increasing attention due to high morbidity and mor-
tality in immunocompromised patients. In the present work, 110 fungus pairs were
constructed by coculturing 16 wood-decaying basidiomycetes, among which cocul-
ture of Trametes robiniophila Murr and Pleurotus ostreatus was found to strongly in-
hibit pathogenic fungi through bioactivity-guided assays. A combination of metabo-
lomics and molecular network analysis revealed that 44 features were either newly
synthesized or produced at high levels in this coculture system and that 6 of the
features that belonged to a family of novel and unusual linear sesterterpenes con-
tributed to high activity with MICs of 1 to 32 ug/ml against pathogenic fungi. Fur-
thermore, dynamic '3C-labeling analysis revealed an association between induced
features and the corresponding fungi. Unusual sesterterpenes were '3C labeled only
in P. ostreatus in a time course after stimulation by the coculture, suggesting that
these sesterterpenes were synthesized by P. ostreatus instead of T. robiniophila Murr.
Sesterterpene compounds 1 to 3 were renamed postrediene A to C. Real-time re-
verse transcription-quantitative PCR (RT-qPCR) analysis revealed that transcriptional
levels of three genes encoding terpene synthase, farnesyl-diphosphate farnesyltrans-
ferase, and oxidase were found to be 8.2-fold, 88.7-fold, and 21.6-fold higher, re-
spectively, in the coculture than in the monoculture, indicating that biosynthetic
gene cluster 10 was most likely responsible for the synthesis of these sesterterpenes.
A putative biosynthetic pathway of postrediene A to postrediene C was then pro-
posed based on structures of sesterterpenes and molecular network analysis.

IMPORTANCE A number of gene clusters involved in biosynthesis of secondary me-
tabolites are presumably silent or expressed at low levels under conditions of stan-
dard laboratory cultivation, resulting in a large gap between the pool of discovered
metabolites and genome capability. This work mimicked naturally occurring compe-
tition by construction of an artificial coculture of basidiomycete fungi for the identi-
fication of secondary metabolites with novel scaffolds and excellent bioactivity. Un-
usual linear sesterterpenes of postrediene A to C synthesized by P. ostreatus not
only were promising lead drugs against human-pathogenic fungi but also high-
lighted a distinct pathway for sesterterpene biosynthesis in basidiomycetes. The cur-
rent work provides an important basis for uncovering novel gene functions involved
in sesterterpene synthesis and for gaining insights into the mechanism of silent
gene activation in fungal defense.

July 2019 Volume 85 Issue 14 €00293-19 Applied and Environmental Microbiology

Citation Shen X-T, Mo X-H, Zhu L-P, Tan L-L,
Du F-Y, Wang Q-W, Zhou Y-M, Yuan X-J, Qiao B,
Yang S. 2019. Unusual and highly bioactive
sesterterpenes synthesized by Pleurotus
ostreatus during coculture with Trametes
robiniophila Murr. Appl Environ Microbiol
85:200293-19. https://doi.org/10.1128/AEM
.00293-19.

Editor Hideaki Nojiri, University of Tokyo
Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Song Yang,
yangsong1209@163.com.

X-TS, X-HM, L-P.Z,and L-L.T. contributed
equally to this article.

Received 4 February 2019

Accepted 30 April 2019

Accepted manuscript posted online 3 May
2019

Published 1 July 2019

aem.asm.org 1


https://orcid.org/0000-0002-4022-3941
https://doi.org/10.1128/AEM.00293-19
https://doi.org/10.1128/AEM.00293-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:yangsong1209@163.com
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00293-19&domain=pdf&date_stamp=2019-5-3
https://aem.asm.org

Shen et al.

KEYWORDS '3C labeling, Pleurotus ostreatus, coculture, linear sesterterpene,
pathogenic fungi, terpene synthase, terpene synthetic pathway, transcriptome

he incidence of invasive fungal infections has increased substantially over the past

2 decades, and such infections have become a major cause of morbidity and
mortality, particularly in immunocompromised or immunosuppressed individuals, such
as patients with AIDS, cancer, and organ transplantation (1). One and a half million
people are infected each year by two pathogenic fungi, Candida albicans and Crypto-
coccus neoformans (2). Conventional antifungal agents, such as the polyene antibiotics
amphotericin B (AMB) and nystatin (NYS), synthesized by Streptomyces nodosus, show
toxicity and side effects in patients (3, 4). C. albicans and C. neoformans are currently
exhibiting increasing resistance to azole antifungal agents, including fluconazole (FCZ),
produced through organic synthesis, resulting in the need for high dosages (5).
Therefore, the need to discover novel compounds with high fungicidal activity and
antiresistance potency is urgent.

Secondary metabolites are considered to be an important source of novel pharma-
ceuticals, but there are still unsolved challenges. One major challenge is the frequent
reisolation of known compounds or scaffolds. For instance, 3-phenyllactic acid, a
broad-spectrum antimicrobial metabolite, is frequently isolated from both eukaryotic
yeast and the basidiomycetes such as Ganoderma applanatum (6, 7). Thymol, which has
antifungal properties, is reextracted from Origanum vulgare and Thymus mongolicus
plants (8). Another challenge is the low productivity of high-value metabolites. Some
leading drugs, such as oleanolic acid, thailanstatin A, and ganoderic acid, are produced
at low levels in native producers of Olea europaea, Burkholderia thailandensis, and G.
lucidum, limiting their widespread application (9-11).

In recent years, metabolic engineering and epigenetic modification have become
two strategies commonly applied with well-developed genetic tools and complete
genomic sequences to improve the diversity and titers of secondary metabolites
produced by microorganisms (12, 13). Although genome sequencing of basidiomycete
fungi has indicated that many gene clusters possess great potential to synthesize
various terpenes and aromatic metabolites, there are only a few species, such as G.
lingzhi, Coprinopsis cinerea, and Cordyceps militaris, for which genome editing based on
the clustered regularly interspaced short palindromic repeat-Cas9 (CRISPR-Cas9) system
or for which systems for overexpression of genes by introduction of traditional plasmid
systems have been developed (14-17). For most basidiomycetes, it is still very difficult
to efficiently manipulate gene expression (17). Use of cocultures that mimic the
competition of natural ecosystems has been emerging as another strategy to stimulate
the transcription and translation of genes, especially for non-model microorganisms
(18). The coculture of filamentous fungi and bacteria/actinomycetes, such as Bionectria
sp. coculture with Bacillus subtilis and Emericella sp. coculture with Salinispora arenicola,
has been demonstrated to stimulate the synthesis of new metabolites, including
1,6-dihydroxyphenazine, bionectriamine A, and emericellamide A (18-20). Previously,
our group also developed symbiotic systems of basidiomycetes and demonstrated that
xylosyltransferases are specifically induced to produce novel xylosides during the
coculture of Trametes versicolor and G. applanatum (7).

In the current work, we conducted cocultivation of basidiomycetes to activate the
reservoir of secondary metabolite biosynthetic diversity and to identify novel bioactive
metabolites with inhibitory activities against pathogenic fungi, such as C. albicans and
C. neoformans. In order to do so, 110 fungus pairs were first constructed to evaluate
inhibition efficiency. The production of a family of novel sesquiterpenes by the corre-
sponding fungus P. ostreatus was discovered using multiple approaches, which in-
cluded bioactivity-guided assays, metabolomics, and dynamic '3C labeling. One can-
didate gene cluster was identified through antibiotics and secondary metabolite
analysis shell (antiSMASH) analysis and transcriptomics as well as through real-time
reverse transcription-quantitative PCR (RT-gPCR) analysis. A biosynthetic pathway was
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FIG 1 Bioactivity-guided assay to discover secondary metabolites for inhibiting the pathogenic fungi. An
agar diffusion test was performed with each fraction (Fr.) isolated from the cocultured broths of T.
robiniophila Murr and P. ostreatus. The upper panel shows the comparison of the cocultures and
corresponding monoculture controls on day 20. The bottom panel shows a representative total ion
chromatogram (TIC; shown as an analysis of fraction 4).

further proposed based on the structural relation and molecular network analysis
(MNA).

RESULTS

Coculture system construction for mining secondary metabolites with inhibi-
tory activities against human-pathogenic fungi. A total of 16 basidiomycetes from
several orders, including Agaricales, Polyporales, and Hypocreales, were combined to
give 110 different fungus-fungus pairs that were cocultivated in liquid (see Table ST in
the supplemental material). The diameter of the inhibition zones caused by the
coculture fermentation broths was used to evaluate their effectiveness in inhibiting the
growth of C. albicans and C. neoformans. Nine coculture systems showed inhibition
zones larger than 16 mm in diameter, and 20 cocultures had inhibition zones that
ranged from 7 to 15 mm in diameter (see Fig. S1 in the supplemental material). In
particular, cocultured T. robiniophila Murr and P. ostreatus exhibited the largest inhibi-
tion zone, with a diameter of 26 mm (Fig. 1), indicating that the pathogenic fungi were
very sensitive to metabolites produced by this cocultivation system. Notably, the
fermentation broths of monocultures of T. robiniophila Murr and P. ostreatus did not
inhibit the growth of C. albicans and C. neoformans (Fig. 1), suggesting that fungal
interactions were required to activate a silent biosynthetic pathway. Furthermore, the
coculture broth changed from light yellow on day 5 to dark red on day 25, supporting
the idea that it was synthesizing secondary metabolites (Fig. 1). In addition, during the
interaction, biomass accumulation was found to have ceased since the 5th day (data
not shown).

Metabolomics-driven approach for identification of unusual sesterterpenes.
The broths from the coculture of T. robiniophila Murr and P. ostreatus were extracted on
day 20 to yield 0.12 g/liter of crude extracts. After separation by the use of a silica gel
column, fractions 3 to 5 were found to be capable of inhibiting the growth of C. albicans
and C. neoformans (Fig. 1), indicating that the bioactive metabolites were present in
these fractions. Liquid chromatography quadrupole time of flight mass spectrometry
(LC-QTOF-MS) analysis revealed that each fraction contained over 15 features that
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FIG 2 PCA of the cocultures and corresponding two monocultures on day 10. The culture broths were analyzed by LC-QTOF-MS in the negative mode. The
left panel shows the score plots, and the right panel shows the loading plots. The scattered dots labeled with “m/z” correspond to representative features
involved in the subnetwork constructed by MNA. Data were acquired from six independent biological replicates.

showed absolute intensity values above 104, suggesting a challenge to identify true
candidates (Fig. 1). Therefore, a multistatistical principal-component analysis (PCA) was
implemented to compare the fermentation broths of the coculture and two monocul-
ture controls to assist with discovery of new metabolites (Fig. 2). A total of 29 features
were identified as having been newly synthesized during the coculture, and the levels
of 15 features were significantly enhanced by at least 8-fold compared with those in
two monocultures (Table S2). We then manually compared each feature involved in
fractions 3 to 5 with all the 44 discrete features observed by PCA. The list of potential
candidates was successfully reduced to eight features. Three highly abundant com-
pounds were further extracted and purified.

The molecular formula C,5H,,04 [M-H]*, representing compound 1, was deter-
mined on the basis of high-resolution MS (Fig. S2), indicating two degrees of unsatu-
ration. The '3C nuclear magnetic resonance (NMR) (distortionless enhancement by
polarization transfer [DEPT]) data (Table 1) showed 25 C atoms, including 7 CH;, 8
aliphatic CH,, and 5 CH (two olefinic and three O-bearing) groups as well as 5
quaternary (2 olefinic and 3 O-bearing) C atoms (Fig. S3A and B). Detailed analyses of
MS and one-dimensional (1D) NMR data suggested that compound 1 should be a
long-chain alkene with two double bonds (Fig. S2 and S3C). The consecutive correlation
spectroscopy (COSY) cross-peaks from H-3 to H-4 and H-5, from H-12 to H-13 and H-14,
and from H-16 to H-17 and H-18 revealed the presence of three n-propyl groups
consisting of C-3-C-4-C-5, C-12-C-13-C-14, and C-16-C-17-C-18, respectively (Fig. S3D
and E). Additionally, the n-butyl group of C-7-C-8 -C-9-C-10 could be confirmed via the
COSY cross-peaks from H-7 to H-8, H-9, and H-10. The connections of the residues
mentioned above could be further confirmed via the key heteronuclear multiple bond
correlation (HMBC) examples as shown in Fig. 3A (see also Fig. S3F). The double bonds
of C-6-C-7 and C-14-C-15 could both be deduced as E-geometries via the key NOE
correlations between H,-5 and H-7 as well as between H,-16 and H-14, respectively
(Fig. S3G). The absolute configurations of three secondary OH groups (3-OH, 10-OH,
and 18-OH) in compound 1 were able to be determined via a modification of
Mosher’s method; however, due to its very low weight, further syntheses were
difficult to carry out.
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TABLE 1 'H and '3C NMR data from sesterterpenes 1 to 3

NMR value(s) (ppm)

Sesterterpene 1 Sesterterpene 2 Sesterterpene 3
Position Oc Oy Oc Oy Oc Oy
1 24.9 1.14 172.0 171.9
2 73.8 129.2 40.62 24
3 79.0 3.25 1433 6.75 34.58 157
4 30.8 1.75, 1.36 283 2.31 23.92 1.29
5 37.9 2.28 394 214 39.4 2.13
6 135.9 1355 1354
7 125.8 5.26 126.5 5.23 126.4 5.23
8 26.2 2.26, 2.12 26.2 2.26, 2.11 26.2
9 322 1.64, 1.41 32.1 1.62, 1.38 32 1.63
10 78.1 333 78.1 3.33 78 333
11 754 75.4 754
12 39.5 1.57, 1.49 394 1.55, 1.46 39.4
13 229 2.15, 2.09 229 2.23,2.08 22.8
14 126.2 5.23 126.2 5.20 126.2 5.20
15 136.5 135.9 135.8
16 37.9 2.04 37.9 2.02 37.8 2.01
17 30.8 1.75, 1.36 30.7 1.34 30.7
18 79.0 3.25 79.0 3.23 789 3.23
19 73.8 73.8 73.7
20 249 1.14 249 1.12 248 1.16
2-Me 257 1.18 12.6 1.80 17.76 112
6-Me 16.2 1.68 16.1 1.67 16.1 1.66
11-Me 219 1.12 220 1.10 21.9 1.10
15-Me 16.1 1.66 16.0 1.64 16 1.64
19-Me 258 1.18 257 1.12 256 1.12

9Data were determined using CD50D solvent.

Compound 2 showed the molecular formula C,5H,504 [M-H]™ as determined by
high-resolution MS (Fig. S2). Detailed analyses of the 1D and 2D NMR data showed that
the structure of compound 2 was very similar to that of compound 1, except that the
signals of two O-substituted groups (C-2 [6¢, 73.8] and CH-3 [6¢, 79.0/8,,, 3.25]) present
in compound 1 were absent in the spectra of compound 2 (Table 1; see also Fig. S3H
to N). Instead, two olefinic groups (C-2 [8, 129.2] and CH-3 [8., 143.3/8,,, 6.75]) and one
carboxyl group (COOH [8., 172.0]) were observed in the 1D NMR spectra of compound
2 (Fig. S3H and I). The key COSY and HMBC correlations could also confirm its planar
structure (Fig. 3A; see also Fig. S3K to M), while all three of the double bonds of C-2-C-3,
C-6-C-7, and C-14-C-15 could be classified as representative of E geometries via the
key nuclear Overhauser effect (NOE) correlations between 2-Me and H,-4, between H,-5
and H-7, and between H,-16 and H-14, respectively (Fig. S3N). The molecular formula
C,5H,4606 of compound 3 showed two more hydrogens than compound 2 (Fig. 2).
Additionally, the further analyses of 1D and 2D NMR data of compound 3 confirmed
that the double bond of C-2-C-3 in compound 2 was reduced to a saturated bond (Fig.
S30 and P). These results demonstrated that compounds 1 to 3 belonged to sester-
terpenes with an unusual linear scaffold, which have not been reported according to
novelty searching by SciFinder. And these sesterterpenes were not detected in the
monoculture of either T. robiniophila Murr or P. ostreatus up to 20 days (Fig. 3B).
Sesterterpene 1 was chemically named 2,6,11,15,19-pentamethyl-6E,14E-eicosadiene-
2,3,10,11,18,19-hexanol, and sesterterpenes 2 and 3 were chemically named
2,6,11,15,19-pentamethyl-10,11,18,19-tetrahydroxyl-2E,6F,14E-eicosatrienoic acid and
2,6,11,15,19-pentamethyl-10,11,18,19-tetrahydroxyl-6E,14E-eicosadienoic acid, respec-
tively. The titers of sesterterpenes 1, 2, and 3 were determined to be 2.25 mg/liter,
4.16 mg/liter, and 1.91 mg/liter on day 25 in the coculture, respectively.

Deep excavation of sesterterpene derivatives. In order to identify other sester-
terpene derivatives, MNA was performed on the tandem MS (MS/MS) spectra of the
total 44 discrete features. MNA is able to acquire a simultaneous visual exploration of
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identical molecules, analogues, or metabolite families by comparing MS fragmentation
similarities, including common losses and relative intensities (21). As shown in the
subnetwork, three newly synthesized features (purple circles; m/z 455.3381, 487.3269,
and 471.3312) were clustered with sesterterpenes 1 to 3 (green circles) with high scores
over 0.85 due to a common loss of 88 daltons and close fragmental patterns (Fig. 4A;
see also Fig. S2). Dynamic analysis of their abundances in the fermentation broths
indicated that the features involved in the subnetwork were all increased along with
the time, i.e., the signal intensities were gradually increased from the day 5 up to the
day 25 (Fig. 4B). These findings suggested that a family of six sesterterpenes were most
likely synthesized through the same pathway during the coculture.

Dynamic '3C labeling determines the origin of sesterterpenes. In order to
identify gene clusters involved in sesterterpene biosynthesis, the core issue was which
fungus was responsible for the production of unusual sesterterpenes during the
coculture. In this work, we hypothesized that activated fungi in the coculture would
maintain the expressions of genes for a short period of time after recultivation as a
monoculture with the addition of the supernatant of the coculture. Newly synthesized
metabolites, such as sesterterpenes, would incorporate '3C when the mycelia of the
corresponding producer were monocultivated in the presence of a '3C-labeled carbon
source. We designed a dynamic '3C-labeling approach to track down the isotopic
patterns after cocultured T. robiniophila Murr and P. ostreatus were sterilely separated
and recultivated in monoculture with '3C-labeled glucose (Fig. 5A). Taking sesterter-
pene 1 as an example, during the switch from the coculture to the monoculture, the
intensity of m/z 490 (m/z+1) increased to m/z 506 (m/z+17), which was observed only
in the monoculture of P. ostreatus (Fig. 5B, left). As shown in Fig. 5C, dynamic
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FIG 4 MNA of induced features in the coculture. (A) A total of 44 induced features were constructed to the subnetworks. In the enlarged subnetwork, the green
circles represent parent ions of isolated sesterterpenes 1 to 3 and the pink circles represent the other three sesterterpene derivatives. The scores shown between
two circles indicate the degree of similarity between the MS/MS spectra of sesterterpene derivatives. (B) Accumulation of six sesterterpene derivatives during

the coculture. Data represent means and standard deviations calculated from six biological replicates.

incorporation of 3C indicated that incorporation of '3C into six sesterterpenes occurred
in P. ostreatus and increased from 1.5% of the '3C on day 5 to 16.1% of the '3C on day
20. This result revealed that induced sesterterpenes were all synthesized by P. ostreatus
instead of by T. robiniophila Murr. This finding was also consistent with the MNA results,
in which sesterterpenes were clustered together due to their production through the
same synthetic pathway. Therefore, sesterterpenes 1 to 3 were renamed postrediene A
to postrediene C. It was noteworthy that the levels of '3C labeling of the sesterterpenes,
including, for example, sesterterpene 1, were very low up to day 20 when the super-
natant of coculture was not added into the medium (Fig. 5B, right).

Additionally, we analyzed the '3C incorporation for other induced features. Different
types of labeled models were identified, corresponding to different synthetic mecha-
nisms (Table S2). For instance, 32 features were '3C labeled in either T. robiniophila Murr
or P. ostreatus, suggesting that these two fungi can activate unique synthetic pathways
to produce diverse metabolites. Two features (m/z 249.1482 and 251.1634) were
labeled in both T. robiniophila Murr and P. ostreatus. No labeling was observed in six
highly produced features (the absolute intensities of m/z 363.1112, 379.0918, 385.1325,
406.1034, 421.2952, and 541.1326 were above 10% in the coculture) during the whole
cultivation time. Overall, the presence of different '3C-labeled metabolites in P. ostrea-
tus and T. robiniophila Murr not only highlights the complexity of basidiomycete
interactions but also establishes important information for further identification of
genes or clusters.

Antifungal activities of postrediene A to postrediene C. Postrediene A showed a
strong inhibitory effect on C. albicans and C. neoformans, with MICg, values of 2 ug/ml
and 1 pug/ml, respectively (Table 2). This MICg, for C. albicans was similar to that of the
commercial drug FCZ (2 ug/ml) and represented lower potency than AMB (0.5 ug/ml)
but higher potency than NYS (4 ug/ml). In addition, postrediene B and C exhibited
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FIG 5 3C-labeling analysis indicated that sesterterpenes were synthesized by P. ostreatus during the coculture with T. robiniophila Murr. (A) Procedure
of 3C-labeling analysis. T. robiniophila Murr and P. ostreatus mycelia were sterilely separated after the coculture for 10 days and were then set for the
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TABLE 2 MIC against the growth of C. albicans and C. neoformans?®
MICg (pg/ml)

Drug C. albicans C. neoformans
FCZ 2 1-2

AMB 0.5 0.5-1

NYS 4 1

Postrediene A 2 1

Postrediene B 8 8

Postrediene C 32 32

aFCZ, fluconazole; AMB, amphotericin B; NYS, nystatin. Data were acquired from at least six independent
biological replicates.

lower levels of antifungal activities, with MICg, values of 8 and 32 ug/ml against the two
pathogenic fungi (Table 1). A checkerboard microdilution assay was implemented to
determine whether the combination of any of the commercial drugs with the novel
sesterterpenes had synergistic effects. As shown in Table 3, the fractional inhibitory
concentration (FIC) index showed that postrediene A had a synergistic effect in
combination with FCZ and AMB against C. albicans and C. neoformans. In testing
postrediene B in combination with AMB, the MICgz, was reduced due to a synergistic
effect, whereas this finding was not observed in the combination with FCZ or NYS.
Postrediene C exhibited a synergistic effect similar to that shown by postrediene B. In
addition, synergistic effects were also found among three sesterterpenes, suggesting
that this natural cocktail would have a higher inhibitory effect on pathogenic fungi
compared to each single sesterterpene. Taking the results together, postrediene A to C
could be used as promising lead compounds, expanding the spectrum of current
antifungal drugs.

Transcriptomic analysis and putative biosynthetic pathway of sesterterpenes.
For the sesterterpenes, the carbon skeleton is synthesized from C; isoprene units to
produce a C, precursor by terpene synthase. After the formation of a C,5 precursor, a
series of posttailoring modifications could occur to generate mature metabolites. For
postrediene A, the cascade hydroxylation that occurred in the C-2, C-3, C-10, C-11, C-18,
and C-19 positions were required. As for postrediene B and C, an oxidase, such as
cytochrome P450 oxidase (22), was most likely involved in oxidation of C-1 methyl,
leading to formation of a C-1 carboxyl moiety. The whole genome of P. ostreatus has
been sequenced by the Joint Genome Institute (23). The antiSMASH analysis (24) was
further used to predict 17 possible gene clusters involved in terpene biosynthesis
(Table S3), among which several biosynthetic gene clusters harbored terpenoid syn-
thase and oxidases. For synthesizing postrediene A to C, at least two oxidases were
postulated to be involved in these steps; thus, the clusters of 10, 15, and 17 possessing
genes encoding more than two oxidases were proposed to be candidate gene clusters.

To investigate the exact identity of the biosynthetic gene cluster corresponding to
postrediene A to C, the transcriptional levels acquired by transcriptome sequencing
(RNA-seq) were compared between the coculture and monoculture of P. ostreatus.
For these three biosynthetic gene clusters, several genes located within cluster 10
showed significant transcriptional increases in the coculture, including the genes
encoding terpene synthase (NCBI protein database accession no. KDQ25270) and
farnesyl-diphosphate farnesyltransferase (KDQ25271) and two oxidases (KDQ25272
and KDQ25268) (Table 4). Especially for terpene synthase KDQ25270 and farnesyl-
diphosphate farnesyltransferase KDQ25271, gene transcriptional levels in the coculture

FIG 5 Legend (Continued)

monoculture in the medium containing 10 ml of fresh medium with '3C-labeled glucose as the carbon source and 10 ml cocultured supernatants.
Monocultured fermentation broths of T. robiniophila Murr and P. ostreatus were then analyzed on LC-QTOF-MS, respectively. (B) The left panel shows
a comparison of relative levels of MS intensity on day 20 that indicated that a mass shift of sesterterpene 1 caused by '3C incorporation occurred only
in the monoculture of P. ostreatus. The right panel shows 3C incorporation of sesterterpene 1 into the monoculture of P. ostreatus without addition
of the supernatant of the coculture. (C) Comparisons of the total levels of '3C incorporation showing that six sesterterpene derivatives were all produced
by P. ostreatus. Data represent means and standard deviations calculated from five biological replicates.
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TABLE 3 FIC indices of the commercial drugs in combination with sesterterpenes 1 to 3

Applied and Environmental Microbiology

C. albicans

C. neoformans

Combination FIC index for combination® Model of interaction¢

FIC index for combination®

Model of interaction¢

Sesterterpene 1 + FCZ 0.1329 Syn 0.1875
Sesterterpene 1 + AMB 0.0375 Syn 0.1375
Sesterterpene 1 + NYS 0.5625 Ind 0.5375
Sesterterpene 2 + FCZ 0.5375 Ind 0.7500
Sesterterpene 2 + AMB 0.1875 Syn 0.3750
Sesterterpene 2 + NYS 1.1250 Ind 0.5250
Sesterterpene 3 + FCZ 0.5625 Ind 0.3125
Sesterterpene 3 + AMB 0.4725 Syn 0.4725
Sesterterpene 3 + NYS 2.0188 Ind 0.5250
Sesterterpene 1 + 2 0.2500 Syn 0.3750
Sesterterpene 1 + 3 0.3125 Syn 0.3125
Sesterterpene 2 + 3 0.5000 Syn 0.3750

Syn
Syn
Ind
Ind
Syn
Ind
Syn
Syn
Ind
Syn
Syn
Syn

aData were acquired from at least six independent biological replicates. FCZ, fluconazole; AMB, amphotericin B; NYS, nystatin.

bThe FIC index for a combination is expressed as the MICg, of drug acompination/MICgo Of drug aionet MICgo Of drug beompination/MICgo Of drug bigne-
<Synergy (Syn) and antagonism are defined by FIC indices of <0.5 and >4, respectively. A FIC index result of >0.5 but <4 is considered indifferent (Ind).

were nearly 90-fold higher than those in the monoculture. However, the genes located
within clusters of 15 and 17 showed no significant differences (Table S4). Moreover,
seven genes encoding terpene synthases and oxidases (KDQ25270, KDQ25271,
KDQ25268, KDQ23217, KDQ23218, KDQ24004, and KDQ24006) involved in clusters of
10, 15, and 17 were chosen for further confirmation by using real-time RT-qPCR.
Similarly to transcriptomic results, the transcriptional levels of the genes encoding
KDQ25270, KDQ25271, and KDQ25268 in the coculture were found to be 8.2-fold,
88.7-fold, and 21.6-fold higher than those in the monoculture, respectively (Fig. 6). For
cluster 15, although the level of terpene synthase KDQ24004 in the coculture was 4-fold
higher than that in the monoculture, the level of cytochrome P450 oxidase KDQ24006
did not show any increase (Fig. 6). As for cluster 17, we failed to detect the expression
of cytochrome P450 monooxygenase gene KDQ23217, which was also not been
detected in transcriptomic analysis. Overall, combining the results of the transcriptome
and real-time RT-gPCR analyses, cluster 10 was most likely responsible for the synthesis
of postrediene A to C.

A putative biosynthetic pathway of postrediene A to C was further proposed on the
basis of compound structure analysis, MNA, and transcriptome as well as real-time
RT-qPCR analysis as shown in Fig. 7. Unlike the data determined for the common C,
precursor geranylfarnesyl diphosphate (GFPP) with respect to sesterterpene biosynthe-
sis, farnesyl-diphosphate farnesyltransferase KDQ25270 likely catalyzed geranyl pyro-
phosphate (GPP) and farnesyl pyrophosphate (FPP) to form the C,5 precursor, which

TABLE 4 Comparison of levels of expression of genes acquired by transcriptomic analysis in the coculture and monoculture of

P. ostreatus?

MPleos CPleos

read MPleos read CPleos Fold
Protein ID Description count FPKM count FPKM change
KDQ25267 Putative monooxygenase 574 8.16 203 3.01 0.35
KDQ25268 Squalene epoxidase 513 15.17 12,280 364.93 23.9
KDQ25269 Hypothetical protein 761 22.48 10,102 311.14 13.27
KDQ25270 Terpene synthase 246 7.63 22,038 710.11 89.6
KDQ25271 Farnesyl-diphosphate farnesyltransferase/squalene synthetase 246 7.63 22,038 710.11 89.6
KDQ25272 Putative monooxygenase 60 4.28 3,801 273.7 63.4
KDQ25273 Subtilisin-like protein 3,991 52.08 24,853 352.54 6.2
KDQ25274 S-Adenosylmethionine transporter 395 9.75 1,289 33.1 33
KDQ25275 Putative tRNA-splicing endonuclease subunit 14 5.12 1 3.79 0.78
KDQ25276 Glycoside hydrolase family 61 protein 27 2.02 8 0.62 0.3
KDQ25277 Short-chain oxidoreductase 100 3.86 58 247 0.58
KDQ25278 Peroxisomal membrane protein PEX29 212 20.42 224 21.92 1.06

aData were acquired from three independent biological replicates. “MPleos” and “CPleos” stand for the monoculture and the coculture, respectively. Bold labeling

indicates that gene expression data were confirmed by real-time RT-qPCR analysis. ID, identifier; FPKM, fragments per kilobase per million.
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FIG 6 Comparison of the transcriptional levels acquired by real-time RT-qPCR between the coculture and monoculture of P. ostreatus. The
average value for the control (i.e., monoculture of P. ostreatus) was set to 1. Data show means with error bars indicating standard
deviations calculated from results from three independent biological replicates. “Mpleos” and “CPleos” stand for the monoculture and the

coculture, respectively.

then underwent a series of posttailoring modifications to generate postrediene A to C.
KDQ25268 showed 55% identity to squalene epoxidase catalyzing the stereospecific
conversion of squalene to 2,3(S)-oxidosqualene (25), which was proposed to catalyze
the epoxidation reactions in the C-2, C-3, C-10, C-11, C-18, and C-19 positions. Subse-
quently, epoxide openings cascaded in these positions to produce postrediene A, and
those steps might have been catalyzed by an epoxide hydrolase, which has often been
found to catalyze the conversion of epoxides to trans-dihydrodiols (26).

DISCUSSION

In natural ecosystems, competitive antagonism endows wood-decaying basidiomy-
cetes with leverage in the competition for territory or nutrients (27). This fungal
competition leads to various changes in primary metabolism and growth, as well as to
production of extracellular enzymes and secondary metabolite accumulation (27). The
changed secondary metabolites span a variety of chemical classes, including benze-
noid, carboxylic acid, terpene, sugar alcohol, polypeptide, etc. The interaction of T.
robiniophila Murr and P. ostreatus demonstrated the strongest inhibition of human-
pathogenic fungi among 110 fungus-fungus cocultures investigated in the present
work, suggesting that cocultivation of basidiomycetes may repress or halt the growth
of competitors by generating different profiles of secondary metabolites. The reason
that the mycelium pellet accumulation ceased during the coculture of T. robiniophila
Murr and P. ostreatus might have been that the nutrient acquisition functioned to
support antagonistic fighting rather than mycelium growth (28). Another possible
explanation for the ceasing of growth might be that the presence of either increased
levels of or newly synthesized secondary metabolites might have been actively toxic to
both fungi. This phenomenon has been identified during interactions between Pycno-
porus coccineus and Coniophora puteana in which the rate of growth of P. coccineus
decreased due to self-inhibition mediated by its own antifungal toxins (28).

The stable isotopic labeling studies laid the foundations for understanding pathway
activities by measuring the dynamics of downstream metabolite labeling from the
13C-labeled substrate (29). In this work, we took advantage of that analysis to associate
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FIG 7 The proposed biosynthetic pathway for postrediene A to C. DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; GPP, geranyl pyrophos-

phate; FPP, farnesyl pyrophosphate.

novel sesterterpenes with corresponding fungi even in cases in which the biosynthetic
pathway was not yet fully verified. As the incorporation of '3C-labeled carbons from
glucose increased the molecular weight of sesterterpenes, the mass shift determined
from the mass spectra provided clear evidence that P. ostreatus was the producer
responsible for the synthesis of sesterterpenes. It is worth mentioning that we treated
the monoculture of T. robiniophila Murr or P. ostreatus by the addition of the super-
natant of coculture. By comparison to '3C-labeling patterns with no addition of the
supernatant, it was demonstrated that the regulation of gene expression and synthesis
of sesterterpenes indeed required the signaling molecules excreted into the cultural
medium. Additional work will be implemented to identify the signaling molecules as
well as to confirm this link of activation of the synthesis of sesterterpenes. Moreover,
13C incorporated into 32 features whose structures were not available at that time,
which provided an important basis for future identification of gene clusters in corre-
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sponding fungi. Six features did not incorporate '3C labeling during solo growth after
stimulation by the coculture. One possible reason could be that an intimate physical
interaction with the mycelia might be required to upregulate the expressions of silent
genes, which has been reported in other cocultured filamentous microorganisms,
including Aspergillus nidulans and soil-dwelling actinomycetes (30).

P. ostreatus, an important edible mushroom widely cultivated in China, is of great
value for its nutritional and medicinal properties, being an excellent source of crude
fiber, beta-glucan, and amino acid (31). To date, ergosterol, two coumarin metabolites,
two scalarane sesterterpenes, and seven naphtho-y-pyrone compounds have been
reported from P. ostreatus (32-34). In this study, the antiSMASH analysis of P. ostreatus
genome demonstrated that there are a number of biosynthetic gene clusters encoding
various secondary metabolites, including terpenes, which provide an insight into the
genome capability of synthesizing secondary metabolites. Three unusual sesterter-
penes, namely, postrediene A to C, were found to be synthesized by P. ostreatus during
the coculture with T. robiniophila Murr. Sesterterpenes are a rare family of terpenes with
largely unexplored chemical diversity, showing wide-ranging biological activities such
as anticancer, cytotoxic, and antimicrobial activities (35, 36).

Currently, about 1,000 members have been discovered from nature and most of
them have at least one carbon ring and are distinct from the linear sesterterpenes
postrediene A to C. The structural diversity of sesterterpenes mainly originates from
the first scaffold-generating step catalyzed by sesterterpene synthase. Thus far, the
sesterterpene synthases identified from fungi have all been bifunctional, containing
two domains, namely, a C-terminal trans-prenyltransferase domain and an N-terminal
terpene synthase domain (37-40). The prenyltransferase domain catalyzes one dim-
ethylallyl diphosphate (DMAPP) and four isopentenyl diphosphates (IPP) that are
condensed in a head-to-tail approach to generate a C,5 precursor of geranylfarnesyl
diphosphate (GFPP), after which the terpene synthase domain catalyzes the cyclization
to form diverse scaffolds. In contrast, for the biosynthesis of sesterterpenes originating
from plants such as Arabidopsis thaliana and Brassicaceae, colocalization of a prenyl-
transferase and terpene synthase pair instead of one bifunctional sesterterpene syn-
thase has been demonstrated in those steps (41, 42). Genes encoding sesterterpene
synthases recently discovered from bacteria are in clusters resembling those in plants
with genes encoding an independent prenyltransferase and a terpene synthase colo-
cated within the cluster (43-45). So far, only one linear sesterterpene synthase, Bcl-TS,
has been identified from Bacillus clausii, in which the presence of an independent
terpene synthase is sufficient to synthesize the linear product in a head-to-tail manner
(46). However, in the postrediene A to C biosynthetic pathway, it is more reasonable to
suppose that the GPP and FPP fragments catalyzed by terpene synthase are assembled
in a head-to-head manner to produce the C,5 precursor, similarly to biosynthesis of
squalene in the sterol and triterpene pathway (47, 48). A squalene synthase (KDQ25271)
was identified within candidate cluster 10, which was in accord with the proposed
biosynthetic pathway. The details of C,5 precursor synthesis and the latter oxidation in
the postrediene A to C biosynthetic pathway are still unclear. Additional studies such
as determination of the biosynthetic intermediates through gene disruption or heter-
ologous expression will be needed to confirm each enzyme function.

In antifungal assay, postrediene A had better activity than postrediene B and C,
indicating that different posttailoring modifications of the linear skeleton have different
impacts on biological properties. In addition, for comparison with other isolated
secondary metabolites, thymol extracted from T. mongolicus (MICg, of 128 pg/ml),
sesquiterpenoid chiloscyphenol A isolated from Chiloscyphus polyanthos (MICg, of
16 wg/ml), and triterpenoid a-hederin obtained from Sapindus mukorossi (MICg, of
16 ng/ml) showed less anti-Candida activity than postrediene A (8, 49, 50). In recent
years, fungal infections by C. albicans and C. neoformans have become a great
concern for the public health; thus, postrediene A and its derivatives may have a
great potential to be developed as lead drugs to cure or relieve such infections in
the future.
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MATERIALS AND METHODS

Microbial strains and chemicals. Candida albicans (ATCC 10231) and Cryptococcus neoformans
(ATCC 90012) were purchased from the American Type Culture Collection. Frozen stocks of isolates were
maintained in 30% glycerol at —80°C prior to further analyses. After thawing, the cells were inoculated
onto the yeast-peptone-dextrose (YPD) agar medium (1% yeast extract, 2% peptone, 2% glucose, 2%
agar) and incubated at 35°C. When the cells showed sufficient growth, they were transferred to fresh agar
medium for use in the next steps. A total of 16 basidiomycete fungi were maintained on potato dextrose
agar (PDA) at 28°C and deposited at the Shandong Province Key Lab of Applied Mycology, China (see
Table S1 in the supplemental material). All chemicals, including the three drugs FCZ, AMB, and NYS, were
obtained from Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640 medium was supplemented with 0.165 mol/
liter 3-(N-morpholino)propanesulfonic acid (MOPS) and subjected to filter sterilization using a 0.22-um-
pore-size filter (Merck Millipore, Darmstadt, Germany). RPMI 1640 medium was used to dilute drugs and
to prepare the strains of C. albicans and C. neoformans.

Coculture of basidiomycete fungi in liquid medium. Monocultures of 16 basidiomycete fungi were
grown in 500-ml flasks containing 200 ml of liquid culture medium (2 g glucose, 0.4 g peptone, 0.2g
KH,PO,, 0.1 g MgSO,, 200 ml of sterilized water). Six pieces of mycelia with a diameter of 6 mm were
picked from the PDA plates and inoculated into flasks which were then incubated at 28°C with constant
shaking at 150 rpm for 5days. After 5days, inoculation of the cocultures was performed using a
previously established method (7). Briefly, 100 ml of fermentation broth of strain A (e.g., T. robiniophila
Murr) was transferred into a 100-ml culture of strain B (e.g., P. ostreatus), followed by addition of 50 ml
fresh liquid culture medium as described above. The monoculture of each fungus was used as the
negative control. All the flasks were incubated under the same conditions, and 20 ml of coculture
fermentation broths harvested on days 5, 10, 15, 20, and 25 was centrifuged at 12,000 rpm for 10 min,
and the supernatants were dried using a freeze-dryer (Alpha 1-2LDplus; Christ, Osterode, Germany). All
dried extracts were stored at —20°C until use.

Isolation and purification of bioactive metabolites. Briefly, 50 liters of coculture supernatants of
T. robiniophila Murr and P. ostreatus were collected and extracted three times with ethyl acetate (EtOAc).
The EtOAc layer was then concentrated under conditions of reduced pressure using a rotary evaporator.
The EtOAc extract was separated using a silica gel column (Qingdao Haiyang Chem. Ind. Co., Ltd., China)
(200 to 300 mesh) with a gradient of petroleum ether/ethyl acetate and a dichloromethane/methanol
system to yield seven fractions. Each fraction was purified by semipreparative high-performance liquid
chromatography (HPLC) and preparative HPLC (IC-6AD; Shimadzu, Japan) with diode-array detection. The
semipreparative HPLC elution was conducted on a Flash column (CO140080-0; Agela Technologies,
China) with the mobile phase consisting of water (A) and methanol (B). The gradient was 15% to 40% B
in 0 to 8 min, 40% to 100% B in 9 to 90 min, and then 100% B for 10 min at a flow rate of 30 ml/min. The
detection wavelength was set at 210 nm. The preparative HPLC was conducted on a reversed-phase C, g4
column (YMC-Pack ODS-A C,g YMC Co., Japan) (20 by 250 mm, 5 um pore size) and eluted with
methanol/water. The elution gradient was 30% to 40% methanol in 0 to 10 min and 45% to 100%
methanol in 10 to 60 min at a flow rate of 5 mI/min. The 1D ('H and "3C) and 2D (correlation spectroscopy
[COSY], nuclear Overhauser effect spectroscopy [NOESY], heteronuclear multiple-quantum correlation
[HMQC], heteronuclear multiple bond correlation [HMBC], and distortionless enhancement by polariza-
tion transfer [DEPT] [90°/135°]) NMR spectra were taken in 0.5 ml CD;0D solvent for purified metabolites
on a 600-MHz nuclear magnetic resonance spectrometer (Advace Il 600 Hz; Karlsruhe, Germany).

Agar diffusion assay. The dried extracts of 20 ml of coculture fermentation broths were weighed,
dissolved in dimethyl sulfoxide (DMSO), diluted with water to a concentration of 200 mg/ml, and then
filtered over a Millex-GP polyethersulfone (PES) membrane (Merck Millipore, Germany) (0.22-um pore
size, 33-mm long). Subsequently, 100 ul of C. albicans or C. neoformans inoculum (10° to 10 CFU/ml) was
spread on a YPD agar plate, and wells were bored into agar plate. Next, 100 ul of extracts was added to
each well, and DMSO solution was used as the negative control. C. albicans and C. neoformans were
incubated at 35°C for 24 h. The antifungal effect was evaluated by measuring the diameter of the
inhibition zone, and the results were recorded as susceptible (diameter =16 mm), susceptible-dose
dependent (7= diameter =15 mm), and resistant (diameter =6 mm) (51). All the samples had three
independent biological replicates.

Metabolomic analysis by LC-MS and principal-component analysis (PCA). The freeze-dried
broths collected from the coculture and two monoculture controls on day 10 were redissolved in 200 ul
methanol and centrifuged at 10,000 rpm for 10 min. Next, 250-ul volumes of the supernatants were
transferred into Agilent autosampler vials. The samples were analyzed using an Agilent liquid
chromatography-quadrupole time-of-flight mass spectrometry (LC-QTOF-MS) system (Agilent 1290 In-
finity-6530B; Agilent Technologies, Santa Clara, CA, USA). The liquid chromatography was performed on
a reversed-phase C,; column (Acquity ultrapressure liquid chromatography [UPLC] BEH C,; column;
Waters, Milford, MA, USA) (2.1 X 100 mm, 1.7-um pore size) at a column temperature of 30°C. A gradient
elution program consisting of 0.1% formic acid-water (A) and pure acetonitrile (B) was used as follows:
0 to 15 min, 15% to 60% B; 15 to 18 min, 60% to 90% B; 18 to 23 min, 90% to 90% B; 23 to 25 min, 90%
to 15% B; and 25 to 32 min, 15% to 15% B. The flow rate was set at 0.20 ml/min, and the injection volume
was 5 ul. The TOF m/z range was set to 50 to 1,800 amu in centroid mode with a scan rate of 1.5
spectrum/s. All LC-QTOF-MS data were converted into mzML format using MS Convert software (52). Data
preprocessing was performed with MZmine 2 (version 2.11) (53), and PCA was carried out by using
SIMCA-P software with Pareto scaling and mean centering (version 11.5). All the samples had six
independent biological replicates.
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TABLE 5 Primers used for real-time RT-qPCR in this study

Target gene Primer

KDQ23218 KDQ23218-F: 5'-ACCTGCACCATATGCCTTCT-3'
KDQ23218-R: 5'-TCTTCCCCAGCGAGTTCTT-3’

KDQ24004 KDQ24004-F: 5'-AAAGAACAGATGGCGGGAGA-3’
KDQ24004-R: 5'-GGCGACATTACTGAGGTGGAT-3'

KDQ24006 KDQ24006-F: 5'-GTTCTCAGGTGGCATACGGT-3’
KDQ24006-R: 5'-AGTTATTGCCTACGACGATGG-3'

KDQ25268 KDQ25268-F: 5'-CATGCCTTGTCCCTTCCTTAC-3'
KDQ25268-R: 5'-CTCCATCGCTGTCCAATCAC-3’

KDQ25270 KDQ25270-F: 5'-GATCACCCAGCTGCTGTAAAG-3’
KDQ25270-R: 5'-GATAGGAACCCAGTCAGGAAGTA-3’

KDQ25271 KDQ25271-F: 5'-TGCCTGTTGTATCTTGTTCTGC-3'
KDQ25271-R: 5'-TTTCATTTGGTCCGCTTCC-3’

B- ubulin gene KPG-TB-F: 5'-TGTTCCAAGTCCCAAGGTGT-3’
¢]
KPG-TB-R: 5'-GATGGTTGAGATCGCCGTAT-3’

Molecular network analysis (MNA). MS/MS data for MNA were acquired from targeted MS/MS in
the same system of LC-QTOF-MS. The collision energy and m/z range of different parental ions were
optimized in terms of their own characteristics. MS/MS data were converted to mzML format, and then
they were subjected to the Molecular Networking workflow of Global Natural Products Social Molecular
(GNPS; gnps.ucsd.edu) (54). The following settings were used for generating the subnetwork: minimum
pair cosine of 0.7, parental mass tolerance of 1.0 dalton, ion tolerance of 0.5 dalton, maximum connected
components of 50, minimum matched peaks of 5, and minimum cluster size of 2. The networks were
visualized with the software program Cytoscape (version 3.6.0).

Dynamic '3*C-labeling analysis. '*C-labeling analysis was adopted from our previous publication
(55) with minor modifications. Briefly, T. robiniophila Murr and P. ostreatus were cocultured for 10 days as
described above. Mycelium pellets of T. robiniophila Murr and P. ostreatus were rapidly harvested based
on size and color. The mycelium pellets of T. robiniophila Murr ranged in size from 2 to 4 mm and were
brown-red, and those of P. ostreatus ranged in size from 5 to 7 mm and were faintly red. The harvested
mycelium pellets were washed with sterile water three times and then monocultured in 50-ml shake
flasks containing 10 ml fresh medium supplemented with 0.2 g [U-'3C]-labeled glucose (99% purity) and
10 ml cocultured supernatants collected on day 10. Subsequently, 10 ml of each of two monocultures of
T. robiniophila Murr and P. ostreatus was harvested on days 5, 10, and 20 for '3C analysis. The samples
were prepared and analyzed by LC-QTOF-MS as described above. The mass isotopomer distributions
were corrected for the contribution from natural isotopes by a matrix-based method (56). Total '3C
incorporation of each feature was calculated by normalizing to its total carbon number as previously
reported (57). Data were expressed as means = standard deviations of results from five biological
replicates (Origin 8.0). Statistical differences in levels of '3C incorporation between experimental data
points were determined by t tests, and a P value of <0.05 was considered representative of statistical
significance.

Antifungal susceptibility testing. C. albicans or C. neoformans was cultured in RPMI 1640 containing
MOPS and then inoculated into 96-well plates at a density of 5 X 103 CFU/ml. Suspensions were treated
with a diluted solution of purified metabolites for 24 h at 35°C twice. FCZ, AMB, and NYS were used as
the positive controls for the comparisons. The culture medium served as the negative control, and the
strains without treatment were used as the growth controls. Antifungal activities of purified metabolites
and the control drugs were evaluated through the determination of MIC using the microdilution method
in 96-well plates (58). The optical density was determined at a wavelength of 630 nm by the use of a
microplate reader (ELx800; BioTek, USA) to indicate growth inhibition of C. albicans or C. neoformans. The
MICg, value was defined as the lowest concentration at which the purified metabolite inhibited the
growth by 80%. For the checkerboard microdilution assays, the final concentrations of purified metab-
olites and the control drugs were 0.125 and 64 ng/ml, respectively. Drug interactions were determined
by the FIC index value. An FIC index value of =0.5 represents synergy, an FIC index of between 0.5 and
4.0 represents no interaction, and an FIC index of >4.0 indicates antagonism (5). Three independent
experiments were performed, and each one had six replicates.

RNA extraction and transcriptomic analysis. The mycelia of P. ostreatus collected from the
coculture and monoculture on day 15 were used for RNA extraction. Total RNA was extracted according
to standard protocols of a UNIQ-10 column TRIzol total RNA extraction kit (Sangon, Shanghai, China). RNA
was isolated from three biological replicates, and RNA degradation and contamination were monitored
on 1% agarose gels. The quality and quantity of RNA was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies, CA, USA). RNA-seq libraries were prepared with a NEBNext Ultra RNA Library Prep
kit (NEB, USA) following the manufacturer’s instructions. The sequencing experiments were performed by
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using an lllumina HiSeq 2500 platform with the paired-end 2 X 150-bp model at the Novogene
Bioinformatics Institute (Beijing, China). For each replicate, clean reads of at least 43 Mb were obtained.
The resulting RNA-seq reads were mapped to the genome of P. ostreatus PC15 (23). The numbers of reads
(counts) mapped to each gene were calculated using the RSEM (RNA-Seq by expectation maximization)
software package (59). Differential expression analysis of genes was performed using the DESeq2
software package (60). Genes with an adjusted P (padj) value of <0.05 and |log, fold change)| value of
>1 were regarded as differentially expressed genes (60).

Real-time RT-qPCR analysis. Total RNA was extracted as described above, and 600 ng RNA was used

for further reverse transcription. The cDNAs were obtained by using an AMV first-strand cDNA synthesis
kit (NEB, USA). The single-stranded cDNA was diluted 1/5 for real-time RT-qPCR analysis using the primer
pairs (Table 5) and 2X SG Fast quantitative PCR (qPCR) master mix (High Rox) (Sangon, China). The gene
encoding B-tubulin was employed as a reference gene (61). Real-time RT-gPCR was performed in
accordance with the manufacturer’s instructions. Each reaction was conducted in three biological
replicates. The product of real-time RT-qPCR was identified by 2% agarose gel electrophoresis. The
threshold cycle (C;) values obtained were used as the original data to calculate the relative transcriptional
expression levels of the candidate genes normalized against that of the B-tubulin gene. The relative
quantification for real-time RT-gPCR experiments was analyzed by the 2=22¢T method (62).
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