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The Pictet–Spengler (PS) reaction constructs plant alkaloids such as
morphine and camptothecin, but it has not yet been noticed in the
fungal kingdom. Here, a silent fungal Pictet–Spenglerase (FPS) gene of
Chaetomium globosum 1C51 residing in Epinephelus drummondhayi
guts is described and ascertained to be activable by 1-methyl-L-
tryptophan (1-MT). The activated FPS expression enables the PS
reaction between 1-MT and flavipin (fungal aldehyde) to form “un-
natural” natural products with unprecedented skeletons, of which
chaetoglines B and F are potently antibacterial with the latter inhibit-
ing acetylcholinesterase. A gene-implied enzyme inhibition (GIEI)
strategy has been introduced to address the key steps for PS product
diversifications. In aggregation, the work designs and validates an
innovative approach that can activate the PS reaction-based fungal
biosynthetic machinery to produce unpredictable compounds of un-
usual and novel structure valuable for new biology and biomedicine.
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Microbes and plants produce a multitude of unpredictably
structured organic molecules known as secondary metab-

olites (natural products), from which more than half of globally
marketed drugs have been developed (1–3). Large-scale genomic
mining has indicated that microbial secondary metabolites are
substantially underestimated because many biosynthetic genes
remain silent or less active in the laboratory cultivation con-
ditions (4, 5). Accordingly, there has long been an urgent need to
develop a new strategy that enables microorganisms to produce
more unforeseeable bioactive compounds, which are important
to the drug discovery efforts to combat life-threatening diseases
(6, 7), and to the complexity-based driving force for synthetic and
material chemistry (8–10).
Characterized by forming a piperidine ring through a conden-

sation of β-arylethylamine with an aldehyde, Pictet–Spengler
(PS) reaction contributes greatly to the framework diversification of
important alkaloidal phytochemicals such as morphine, camptothe-
cin, and reserpine (Fig. 1A), with plant-derived Pictet–Spenglerase
(called strictosidine synthetase, STR) mechanistically addressed
(11). The PS mechanism has been presumed to involve in the tet-
rahydroisoquinoline antibiotic biosynthesis in the bacterium Strep-
tomyces lavendulae (12, 13), and likely in the biosynthetic pathway
of hyrtioreticulin F in the marine sponge Hyrtios reticulatus (14).
However, surprisingly, nothing is known concerning the PS reaction
in the fungal kingdom.
Most if not all Chaetomium fungi in the Chaetomiaceae family

produce L-tryptophan–derived alkaloids, but “refuse” to generate
any PS reaction-based secondary metabolite (15–18). However, a
comparative genomic analysis has clarified that C. globosum 1C51
does have an FPS gene (CHGG_06703, STR-like) (SI Appendix,
Fig. S25), but remains silent or poorly activated in the laboratory
cultivations because no PS-derived secondary metabolite has been
detected in the fungal culture. Therefore, this C. globosum 1C51
strain was adopted here to test for the activation of its “unworking”
PS reaction-based biosynthetic machinery. As a result, 1-methyl-L-
tryptophan (1-MT) was demonstrated to be able to up-regulate the
FPS expression and condense with the fungal aldehyde flavipin

(3,4,5-trihydroxy-6-methyl phthalaldehyde) to form unexpectedly
a family of skeletally unprecedented alkaloids, trivially named
chaetoglines A−H (1−8) (Fig. 1B). A gene-implied enzyme
inhibition (GIEI) strategy, derived from the hypothesis-based
enzyme modulation described elsewhere (19, 20), was introduced
to identify the key diversification steps for the PS reaction-
derived compounds (Figs. 2–4). Chaetoglines B (2) and F (6) have
been found to be more antibacterial than tinidazole (a coassayed
drug prescribed in clinic for bacterial infections) against pathogenic
anaerobes Veillonella parvula, Bacteroides vulgatus, Streptococcus
sp., and Peptostreptococcus sp. Moreover, alkaloid 6 is po-
tently inhibitory on acetylcholinesterase (AChE), an effective
target enzyme exploited for the treatment of Alzheimer’s disease
(21, 22).

Results and Discussion
Design for the Startup of Fungal PS Reaction. Some fungi bio-
synthesize aryl aldehydes through the nonreducing polyketide
synthase (23, 24), which may be hypothetically condensable with
β-arylethylamine derivatives under the FPS catalysis according to
the logic of PS reaction (13). Accordingly, our endeavor began
with the screening for the activator of the cryptic FPS gene and
a suitable β-arylethylamine substrate that may undergo the PS
reaction with the fungal aldehyde upon the microbial cultivation.
To minimize the “chemical disturbance” to the fungal growth,
we screened for the FPS activator from a small collection of
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tryptophan derivatives with the desired β-arylethylamine motif
(SI Appendix, Table S1). Luckily, 1-MT was justified to be ap-
propriate for the purpose by (i) its activation of the FPS gene (SI
Appendix, Fig. S1), and (ii) its inhibition of tryptophan-catabo-
lizing indoleamine 2,3-dioxygenase (25), which may facilitate
the PS reaction by preventing the presumable decomposition
of tryptophan derivatives.

Validation of PS Reaction in Fungal Culture. In view of the distinct
resonance of 1-MT originated protons, the ethyl acetate extract
derived from the 1-MT supplemented fungal culture was frac-
tionated by tracing the unique 1H-NMR signal due to the 1-MT
motif in presumed PS reaction products (SI Appendix, Fig. S2).
The first compound thus isolated was chaetogline A (1), with its
molecular formula of C20H18N2O5 corresponding to the pro-
tonated molecular ion at m/z 367.1284 in its high-resolution
electrospray mass spectrometry (HR-ESI-MS). The 1H-NMR
and 1H-1H chemical shift correlation spectroscopy (COSY)
spectra of 1 exhibited a coupling sequence ascribable to a 2-
substituted 1-methyl-tryptophan motif, indicating that it was a PS
reaction-condensed alkaloid (SI Appendix, Table S2). The 13C-
NMR, heteronuclear singular quantum correlation (HSQC),
heteronuclear multiple-bond coherence (HMBC), and rotating
frame Overhauser effect spectroscopy (ROESY) spectra of 1
collectively highlighted that its skeleton was unexpectedly mod-
ified after the PS condensation (SI Appendix, Fig. S3). The
postulation, along with its 5S configuration, was confirmed
by a low-temperature single-crystal X-ray diffraction of 1 with
monochromatic Cu Kα radiation (SI Appendix, Fig. S4).

The second PS reaction-derived alkaloid was chaetogline B (2),
which was evidenced to have a molecular formula of C30H23N3O5
from the protonated molecular ion at m/z 506.1715 in its HR-
ESI-MS. The 1H- and 13C-NMR spectra of 2 disclosed the pres-
ence of a 2-substituted 1-MT scaffold and a 2,3-disubstituted
N-methyl indole moiety (SI Appendix, Table S3). The 1H-1H
COSY, ROESY, HSQC, and HMBC spectra of 2 corroborated the
presence of substructures A and B (SI Appendix, Fig. S5), being
edited into the molecule according to key HMBC correlations.
However, no HMBC correlations could be discerned for the
“isolated” quaternary carbons resonating at δC 187.0 (C-22) and

Fig. 1. Alkaloids derived from the PS reaction. (A) Representatives for PS
reaction-based phytochemicals. (B) 1-MT has been found to be a potent up-
regulator for the FPS gene expression, and a suitable FPS substrate for its PS
condensation with flavipin to yield unnatural natural products (1−8) with
unprecedented skeletons.

Fig. 2. LC-MS profile-based comparisons for the chaetogline production in
monooxygenase inhibitor exposed fungal cultures: (A) for 3–6; (B) for 1–2
and 7–8. The ESI-MS spectra (C) of 1−8 (①) displayed the corresponding
protonated and Na+-liganded molecular ions. Samples were ethyl acetate
extracts derived from 1-MT supplemented C. globosum 1C51 cultures with-
out (②) and with the separate exposure to PB, PR, and MMI at 0.1 (③∼⑤) and
1.0 mM (⑥∼⑧), respectively.
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194.5 (C-23). The isotope-labeling experiments had to be carried
out to clarify the uncertainty. Feeding sodium [1-13C]-acetate en-
riched resonances of C-3, C-15 and C-23, demonstrating that they
originated from C-1 of supplemented acetates. Administration of
sodium [2-13C]-acetate enhanced the 13C signal intensity of C-14,
C-16, and C-22, being thereby derived from C-2 of incorporated
acetates. As anticipated, the supplementation of sodium [1,2-13C2]-
acetate intensified three pairs of carbon signals C-3/C-14, C-23/
C-22, and C-15/C-16. The deduction was confirmed by the long-
range couplings of the carbon pairs in the INADEQUATE spec-
trum (SI Appendix, Fig. S6). The observation, along with the
unsaturation index of 2, could only be explained by assuming
a macrocycle formed by inserting the 1,2-diketone motif between
C-14 and C-21. The absolute configuration of 2 was disclosed by
theoretical simulation (SI Appendix, Fig. S7), and supported by its
CD spectral resemblance to 1, indicating that both of the alka-
loids possess the same chirality-dependent chromophore despite
the distinct structural difference (SI Appendix, Fig. S8).

Searching for the Fungal-Derived FPS Substrate. The unexpected
substitution pattern of 1 and 2 suggested that the PS condensa-
tion might be accompanied or followed by other tailing reactions
such as oxidation. Indeed, this blocked our identification of the
fungal-derived FPS substrate. To bypass the obstacle, we have
introduced the GIEI approach that was expected to facilitate the
identification of precursors or intermediates suggestive of the
fungal-derived substrate. The C. globosum genome was scruti-
nized to carry as many as 90 cytochrome P450 (CYP450) and 2
flavin-containing monooxygenases genes (SI Appendix, Table S6),
which might have expressed enzymes capable of diversifying the
PS reaction products (23, 26). The inhibition of monooxygenases
was hypothesized to stabilize the intact or less-oxidized PS re-
action product(s). Accordingly, the 1-MT supplemented fungal
cultures were exposed separately to three monooxygenase inhib-
itors: methimazole (MMI), phenylbutazone (PB), and proadifen
(PR). To our assumption, the abundance of 1 and 2 was sub-
stantially attenuated, but those of others were increased in the

inhibitor added cultures (Fig. 2). Subsequently, the less-oxidized
products named chaetoglines C−H (3−8) were isolated from the
extract derived from the scale-up 1-MT supplemented fermentations
with exposure to MMI (for 3−6) and PR (for 7 and 8), respectively.
Chaetoglines C (3) and D (4) were shown to have molecular

formulae of C21H20N2O6 and C22H22N2O6 by their HR-ESI-MS
spectra, respectively. The observation, along with their 1H-
and 13C-NMR spectra, suggested that the latter was a methyl ester
of the former. Scrutiny of the 1H-1H COSY, ROESY, HSQC, and
HMBC spectra of 3 indicated the presence of a 4,5,6-trihydroxy-
7-methylisoindolin-1-one motif (27, 28), which was shown to
share the nitrogen atom with the 1-MT moiety (SI Appendix, Fig.
S9). The low-temperature single-crystal X-ray crystallographic
analysis of 4 confirmed the above elucidation and clarified the
absolute stereochemistry in concert with the CD spectra of the
two alkaloids (SI Appendix, Figs. S10 and S11).
Chaetogline E (5) was evidenced to have a molecular formula

of C23H17N3O3 by its HR-ESI-MS. The spectral data of 5 were
comparable to those of 3. However, the singlet at δH 7.09 and
N-methylene doublets (J = 13.4 Hz) at δH 4.27 and 4.19 in the
1H-NMR spectrum of 3 were collectively replaced by a one-
proton singlet of H-3 at δH 6.22 in that of 5. The observation
could be explained by forming the piperidine ring, which was
confirmed by the HMBC correlations (SI Appendix, Fig. S12). In
the ROESY spectrum of 5, no correlation could be found be-
tween H-3 and H-5, suggesting that the two protons likely posi-
tioned at the opposite side of the piperidine cycle. Provided that
the 5S configuration “inherited” from 1-MT, the absolute con-
figuration of 5 was most likely deduced to be 3R,5S, which was
reinforced by theoretical simulation using the time-dependent
density functional theory (TD-DFT) (SI Appendix, Fig. S13).
Chaetogline F (6) was determined to have a molecular formula
of C21H18N2O5 by its HR-ESI-MS. Its 1H-NMR spectra acquired
in CDCl3, acetone-d6, DMSO-d6, and methanol-d4 had poor
resolution owing to its basicity. Thus, it was transformed into its
TFA salt crystal from methanol, and subsequent single-crystal
X-ray diffraction clarified its structure (SI Appendix, Fig. S14).

Fig. 3. Enzymatic transformation in vitro. (A) Compounds 3 and 5 generated upon the fungal protein coexposure to 1-MT and flavipin. (B) Enzymatic
treatment of 5 gave 1 and 6; (C) Fungal protein exposure to 3 formed 4. Controlled by LC-MS profiles of authentic chaetoglines (①), the enzymatic catalysis
tests were performed by using intracellular (IP) and extracellular protein (EP) from C. globosum 1C51 precultured with (IP, ④; EP, ⑤) or without 1-MT (IP, ②;
EP, ③). Pure IP (⑥) and EP (⑦) were equally processed but gave no products to exclude the possibility that the detected products could be endogenous. The
individual exposure of 1-MT or flavipin to IP (⑧) and EP (⑨) produced none of chaetoglines 1−8. (D) The ESI-MS spectra of authentic chaetoglines.
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Chaetoglines G (7) and H (8) were analyzed to have molecular
formulae of C31H25N3O7 and C30H25N3O5 by their HR-ESI-MS
spectra, respectively, suggesting that the latter could be the
decarboxylative product of the former. The assumption was
reinforced by the 1H and 13C NMR spectra of 7 and 8, which
were comparable to those of 2 (SI Appendix, Table S3). The
structure determination of 7 and 8 was accomplished by the
1H-1H COSY, HSQC, HMBC, and ROESY spectra (SI Appen-
dix, Figs. S15 and S16). With relative configurations in hand, the
absolute stereochemistry of 7 and 8 was established subsequently
by comparing their CD spectra with the electronic circular di-
chroism curves calculated by TD-DFT for all optional stereo-
isomers (SI Appendix, Figs. S17 and S18).
The characterization of 3–8 suggested that the aldehyde sub-

strate of the PS reaction could be flavipin, which has been reported
from some fungal cultures (28–33). To confirm the postulation,
C. globosum 1C51 was fed with sodium [1-13C]-, [2-13C]-, and [1,2-13

C2]-acetates, respectively, to lead to the expected 13C enrichment
of the 4,5,6-trihydroxyisoindolin-1-one motif of chaetoglines E (5)
and F (6), but not the aromatic methyl carbons (C-22 in 5 and C-21
in 6), whose intensity could only be enhanced by supplementing the
fungal culture with L-[methyl-13C]-methionine (SI Appendix, Tables
S9 and S10). The structural feature of 1–8 suggested that the two
aldehyde groups of flavipin are not equally reactive to 1-MT for the
fungal PS reaction. This agreed with the flavipin 1H-NMR spectrum
(SI Appendix, Fig. S19) and the difference in the positive charge
distributions on the two aldehyde carbons [SI Appendix, Table S12,
calculated by quantum-mechanical (QM) method at Becke’s three-
parameter hybrid functional applying Lee–Yang–Parr correlation
(B3LYP) with the basis set of 6–31G(d,p) level], highlighting col-
lectively that the electrophilic effect of 2-fomyl carbon was in-
creased by its hydrogen bonding with the 6-hydroxyl group.

Diversification of the PS Reaction Products. The structure pattern of
1–8 suggested that the PS reaction products might have been
structurally diversified in the fungal culture. The proposal was
confirmed by a combination of the GIEI approach and QM
calculation. As anticipated theoretically (SI Appendix, Fig. S20
and Tables S13–S16), the PS reaction intermediate 9 tauto-
merizes via 10 and 11 with a lower reaction barrier around 5.17
kcal/mol to give an energetically much more stable product of
chaetogline C (3) (−31.97 kcal/mol), whose methyl esterification
yields 4. Driven by the C-2 nucleophilicity of indole motif, 10
undergoes an intramolecular cyclization to form 12, which gives
1 and 5 after successive oxidations. Chaetogline E (5) seems
subject to two types of oxidations with its piperidine ring aro-
matized to afford chaetogline F (6). These were ascertained to
agree with a set of enzymatic transformation tests. Coexposure of
flavipin and 1-MT to the fungal enzyme formed 3 and 4, with the
latter derived from the former (Fig. 3 A and C). The conversion
from 5 into 1 and 6 was also realized by the enzymatic catalysis
experimentation (Fig. 3B). Meanwhile, chaetogline E (5) could
be further oxidized to form intermediate 13, which might give
14 by condensing with 1-methylindole-3-acetic acid (1-M-IAA,
a fungal metabolite from 1-MT; SI Appendix, Fig. S24) most
likely through the decarboxylative Michael addition noticed
earlier (34, 35). This process would be followed by an intra-
molecular cyclization of 14 to form 15. Monooxygenation of 15
gave 16 that might be isomerized to 7. Decarboxylation of 7
yielded 8 as a precursor of 2 (Fig. 4). The 13C-labeled pattern of
2 supported the aforementioned monooxygenation, isomeriza-
tion, and decarboxylation (SI Appendix, Table S8). To test this
hypothesis, another set of enzyme inhibition experiments was
carried out. Compounds 2, 7, and 8 could not be detected in the
fungal culture supplemented with methimazole, a flavin-containing

Fig. 4. Proposed generation of the fungal PS-
derived products. Catalyzed by FPS, 1-MT and flavipin
(a fungal aldehyde) undergo PS reaction to form
chaetoglines A−H (1−8) in concert with tailing re-
actions including oxidation, decarboxylation, and
Aldol reaction. The Schiff base intermediate 9 tends
to tautomerize via 10 and 11 to give chaetogline C
(3) that can be methyl-esterified into chaetogline D
(4). Intramolecular cyclization of 10 gives 12, which is
oxidizable into chaetoglines A (1) and E (5), the
latter yielding chaetogline F (6) after the oxidative
and decarboxylative aromatization. Chaetogline E (5)
can also be oxidized to intermediate 13, which gives
14 after condensing presumably via the decarbox-
ylative Aldol reaction (34, 35) with 1-M-IAA derived
from 1-MT by the fungi (SI Appendix, Fig. S24). In-
termediate 14 undergoes intramolecular cyclization,
monooxygenation, and isomerization to form chae-
togline G (7), which after decarboxylation gives chae-
togline H (8), a precursor of chaetogline B (2).
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monooxygenase inhibitor (36) (Fig. 2). The observation high-
lighted that the fungal monooxygenation may involve in the
macrocycle construction of the three alkaloids. Furthermore, the
production of 1, 4, and 6 was catalyzed by carboxylesterase be-
cause their abundances in the fungal culture substantially de-
creased upon the exposure to 3-(trifluoromethyl)-phenylacetone,
a carboxylesterase inhibitor (37) (SI Appendix, Fig. S21). By
analogy, the biosynthesis of 1, 2, and 5–8 was abolished by sup-
plementing NaN3, a peroxidase inhibitor (38), suggesting that the
transformation from 12 to 5 was catalyzed by a fungal peroxidase
(SI Appendix, Fig. S22). It is noteworthy that the fungal genome
contains too many (92) monooxygenase genes to identify specific
enzymes responsible for the oxidations leading to the structural
feature of chaetoglines, and that the genes around FPS may
not involve in the chaetogline formation according to our bioinfor-
matic analysis (SI Appendix, Table S18).

FPS Substrate Promiscuity. To understand the FPS substrate pro-
miscuity, the 1-MT supplemented fungal culture was allowed to
expose separately to tryptophan, 5-methyl-tryptophan (5-MT),
5-hydroxyl-L-tryptophan (L-5-HTP), and 5-chloro-tryptophan
(5-Cl-Trp). The extracts derived from these cultivations were an-
alyzed by liquid chromatography-mass spectrometry (LC-MS).
With the FPS gene activated by 1-MT, the main 1-MT–derived PS
products chaetoglines C (3), E (5), and F (6) were detected and
accompanied by chaetogline-like derivatives 3a, 3b and 3d; 5a, 5b
and 5d; and 6a–6d (Fig. 5, structures by analogy with those of 3, 5,
and 6 as well as 3d, 5d, and 6d with the chlorine-derived isotopic
peaks in their MS spectra). Surprisingly, most of those chaetogline-
like derivatives remained detectable in the 1-MT free fungal cul-
tures with separate supplementation of tryptophan, 5-MT, L-5-HTP,
and 5-Cl-Trp [Fig. 5 A−D (③)]. This agreed with the slight FPS
activating activity of the tryptophan derivatives (SI Appendix, Fig.
S1). Thus, the fungal FPS is presumably substrate-promiscuous, and
1-MT seems to be the best FPS activator and FPS substrate among
the tested tryptophan derivatives (SI Appendix, Table S1).

Bioactivity Assays. In vitro antibacterial assay showed that 2 is
inhibitory against V. parvula, B. vulgatus, and Peptostreptococcus
sp. [minimum inhibitory concentration (MIC): 0.24 μM], with 6
against V. parvula, Streptococcus sp., and Peptostreptococcus sp.
(MICs: 0.32, 0.32, 0.66 μM, respectively). Such activities are well
comparable to that of tinidazole, a prescribed antibacterial drug
(SI Appendix, Table S19). Moreover, the AChE inhibitory ac-
tivity of 6 was detected as well (IC50: 4.13 μM).

Conclusion
To cope with the changing or growing selection pressure in na-
ture, organisms have to evolve more efficiently to acquire suffi-
ciently advanced biosynthetic machinery for the construction of
small-molecule compounds with unpredictable architectures and
functions. This is why natural products remain a common stim-
ulating force both for synthetic and material chemistry (8–10),
and for pharmaceutical and agrochemical industries (6, 7, 39).
Concerning the microbial generation of natural products, the
long-time evolution has enabled microbes to organize the
biosynthetic machineries in an ingenious way so that they can
produce the organic molecular diversity as case-dependent
responses to various outside events such as symbiosis (40), gene
transfer (41), and host invasion (42). To get more structurally
unprecedented small molecules, it is urgently necessary to acti-
vate the silent or less-active biosynthetic pathways in the pro-
ducing organisms. By chemical modulation of cryptic genes, the
work presents the startup of the PS reaction-based fungal bio-
synthetic machinery that usually remains silent in ordinary lab-
oratory cultivations. In particular, the external chemical (1-MT)
functions both as an efficient activator for the silent FPS gene,
and as a suitable substrate processable by the activated fungal
assembly line to produce unnatural natural products with un-
predictable skeletons. Understanding generations of these un-
foreseeable molecules also requires the biochemical approaches

to address the key transformational steps. Such a necessity has
led to the present introduction of the GIEI protocol, which works
generally by taking advantage of microbial genomic information.
In this sense, the investigation strengthens the access to novel

Fig. 5. FPS substrate promiscuity of C. globosum 1C51. LC-MS analyses were
performed to compare the presence of (E) chaetoglines 3, 5, and 6, and their
derivatives (3a−3d, 5a−5d, and 6a−6d) in the 1-MT (1 mM) exposed (① and
②) and free (③) cultures supplemented separately with (A) tryptophan, (B)
5-MT, (C) L-5-HTP, and (D) 5-Cl-Trp at 1.0 (① and ②) and 2.0 mM (③), re-
spectively. (Right) MS spectra of tryptophan analogs derived chaetogline
(3, 5, and 6)-like compounds with 3c and 5c (L-5-HTP derived) undetectable.
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biocatalysts organized cryptically in the microbial biosynthetic
machineries. As a result of complicated microbial interactions
with external chemicals such as 1-methyltryptophan used here,
more potentially bioactive unnatural natural products can be
generated as exemplified by the characterization of chaetog-
lines A−H (1–8), of which 2 and 6 are potently antibacterial to
pathogens as health risks (43), with the latter being additionally
inhibitory on AChE as a proven target for treating Alzheimer’s
disease (21, 22).
In summary, the present startup of the PS reaction-based

fungal biosynthetic machinery provides a conceptually innovative
and generally profitable access to unforeseeably structured un-
natural natural products. The new chemical space of the “highly
chimeric” compounds lies in both the unexpected combination of
natural and unnatural building blocks, and from the unpredict-
able diversification of the hybridized intermediates in microbial
cultures. With the microbial genomic information continuing to
increase, the GIEI strategy introduced here can substantially
rationalize the exploration of the biochemical process for the
unnatural compound generation. Finally, some unpredictably
chimerized molecules thus produced may play uniquely driving
or inspiring roles in the synthetic and materials chemistry, and in
the development of new pharmaceuticals and agrochemicals.

Methods
Fungus. C. globosum 1C51 was isolated from guts of the marine fish Epi-
nephelus drummondhayi collected in the Yellow Sea, China, and preserved

on potato dextrose agar slants containing 10% NaCl and stored at 4 °C,
before experimentation.

The Real-time Quantitative PCR Analysis for FPS Gene Expression. After a 5-d
culture with each tryptophan derivative (SI Appendix, Table S1), the total RNA
of the fungus was isolated using the RNAiso Plus (Takara). cDNA was generated
from the RNAs of assayed strain using an PrimeScript II first Strand cDNA Syn-
thesis Kit (Takara). The qPCR analysis was performed with One Step SYBR Pri-
meScript RT-PCR Kit (Takara) using the C1000 Thermal Cycler (Bio-Rad) and
quantified by CFX96 Real-Time System (Bio-Rad). Primers used for qPCR are listed
in SI Appendix, Table S11. The gene expression was assessed in terms of the
variation in RNA quantity and quality with the endogenous actin gene as a
reference.

Feeding Experiments for 1-MT. The fermentation was accomplished on a ro-
tary shaker at 160 rpm and 28 °C in 1-L Erlenmeyer flasks containing 400 mL
Czapek’s medium (30 g sucrose, 1 g yeast extract, 3 g NaNO3, 0.5 g
MgSO4·7H2O, 10 mg FeSO4·7H2O, 1 g K2HPO4, and 0.5 g KCl per 1 L water),
after inoculation at 5% with the starter culture precultivated for 3 d. About
48, 60, 72, and 84 h later, 1-MT in an aqueous stock solution was added
to the fungal culture (with the 1-MT concentration adjusted to 0.5, 1.0, 1.5,
and 2.0 mM, respectively), followed by another 10-d cultivation.

Detailed experimental procedures and spectral interpretations are in-
cluded in SI Appendix.
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