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ABSTRACT: On the basis of the OSMAC (one strain—many compounds) strategy, 14 indole diketopiperazine (DKP)
alkaloids, including spirotryprostatins (1—3), tryprostatins (4—6), and cyclotryprostatins (7—14), were isolated from the
endophyte Aspergillus fumigatus associated with Melia azedarach L. Their structures were identified by nuclear magnetic
resonance and electrospray ionization mass spectrometry data. All the indole DKPs were evaluated for plant growth regulation
using the lettuce (Lactuca sativa) seedling growth bioassay, which showed the plant growth influence of the seedling. Among
these compounds tested, a tryprostatin-type compound, brevianamide F (6), was identified as a new type of natural potential
plant growth inhibitor with a response index (RI) higher than that of the positive control glyphosate, a broad-spectrum systemic
herbicide. 6 can also inhibit turnip (Raphanus sativus) shoot and root elongation with Rls of —0.76 and —0.70, respectively, at
120 ppm, and it strongly inhibits amaranth (Amaranthus mangostanus) seedling growth with a high RI of —0.9 at 40 ppm. The
structure—allelopathic activity relationship analysis of these isolated alkaloids indicates that tryprostatin-type alkaloids without the
C; prenyl and methoxy group give the most potent inhibition of seedling growth. Brevianamide F (6) could be used to develop a

natural eco-friendly herbicide.
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B INTRODUCTION

In natural ecological systems, endophytic microorganisms play
an important role by shaping plant communities and mediating
ecological interactions." Their influences on community
biodiversity and microbial interactions have been shown to
be important determinants of plant biodiversity.” Because of
the ecological roles of endophytes, the chemical components in
the endophytic microorganism become attractive and sustain-
able for agricultural pharmacology. In recent years, many
allelopathic compounds were recognized from plant endophytic
fungi.*~> The term allelopathy is generally considered as a form
of negative chemical communication between organisms,
whereby one participant releases metabolites into the environ-
ment to negatively impact other participants.® Those negative
effects also play a major role in agricultural management such as
weed control, crop protection, and crop reestablishment.” The
incorporation of natural or natural-like allelopathic substances
into agricultural management, which is a well-known practice,
may reduce the level of use of toxic agrochemicals and ease
environmental deterioration.®™"!

As a common type of metabolite in those plant endophytes,
especially Aspergillus, diketopiperazines (DKPs) were reported
to have a broad bioactivity spectrum,'*”'® including cytotox-
icity,"” antibiotic activity,"”® and cancer invasion inhibitory
activity.'” Some DKPs, such as cyclo(1-Pro-1-Val), cyclo(-Pro-
L-Phe), and cyclo(L-Pro-L-Tyr), play an important role in
plant—bacterium interactions by mediating prokaryote—eukar-
yote transkingdom signaling.”® In recent years, DKPs were
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considered as a potential type of plant growth regulator,”"**

such as brevicompanine C that accelerated the root growth of
lettuce seedlings.”® In our search for ecological metabolites
from endophytes,®* >* cyclo(L-Pro-L.-Tyr) was found to
potentially inhibit lettuce germination.”” However, as the
derivatives of indole acetic acid, indole DKPs were still not
known for their allelopathic functions. Previously, we found
that the endophytic fungi Aspergillus fumigatus associated with
Melia azedarach can produce structurally diverse indole
DKPs.”” In fact, many microorganisms harbor significant
numbers of secondary metabolite-encoding biosynthetic path-
ways, yet only a few of their metabolites are detected in the
laboratory. Natural chemical diversity can be changed system-
atically by altering cultivation parameters to limit strains. This
practical and costless approach allows the elucidation of a
hidden reservoir of complex chemical diversity in the specific
strain that is a so-called OSMAC (one strain—many
compounds) strategy.”® Thus, we subjected strain A. fumigatus
LN-4 to the costless and pollution-free OSMAC approach to
produce a series of indole DKPs, to explore their structures and
allelopathic activity relationships (SAR). In this paper, we
report the isolation of indole DKPs produced by A. fumigatus
utilizing the OSMAC approach and a detailed investigation of
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Figure 1. HPLC profiles of EtOAc extraction of A. fumigatus cultivated with (A) SP, (B) rice, and (C) PDB detected by UV absorption at 295 nm.

their allelopathy on three seedlings, lettuce, turnip, and
amaranth.

B MATERIALS AND METHODS

General Procedure. Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker AVANCE III (500 MHz) instrument.
Chemical shifts were calculated using solvent residual as the internal
standard. Electrospray ionization mass spectrometry (ESI-MS) was
conducted with a Thermo LCQ Fleet instrument. Column
chromatography (CC) was performed on silica gel (90—150 um;
Qingdao Marine Chemical Inc., Qingdao, China), MCI gel (75—150
um; Mitsubishi Chemical Corp., Tokyo, Japan), Sephadex LH-20
(40—70 pm; Amersham Pharmacia Biotech AB, Uppsala, Sweden),
and Lichroprep RP-18 gel (40—63 ym; Merck, Darmstadt, Germany).
GF,s, plates (Qingdao Marine Chemical Inc.) were used for thin-layer
chromatography (TLC). High-performance liquid chromatography
(HPLC) analysis was performed on an Angilent TC-C,g column (250
mm X 4.6 mm) on a Waters 1525 instrument (Waters Corp.). In the
separation procedure, all the indole DKPs were inspected by TLC (p-
dimethylaminobenzaldehyde as a color developing agent) and HPLC
(UV at 258 and 295 nm) analysis.

Fungal Material. Fungal strain A. fumigatus LN-4 was isolated
from a healthy stem bark of M. azedarach that was growing in
Northwest A&F University and was deposited at the College of
Science, Northwest A&F University.

Fermentation and HPLC Analysis. The seed strain was prepared
in PDB medium (200 g of potato and 20 g of agar in 1000 mL of
water) at 28 °C for 3 days on a rotary shaker at 140 rpm. The seed
liquids were inoculated separately in three different media, PDB,
sterilized rice, and SP solid medium. Fermentation was conducted in
500 mL Erlenmeyer flasks each containing 200 mL of medium at 28
°C. SP solid fermentation and production separation were reported
previously.”” The PDB fermentation (75 L) was kept on a rotary
shaker at 140 rpm for 7 days, while the sterilized rice fermentation (12
L) was kept for 25 days.

Ethyl acetate extracts of the three fermentations were analyzed by
HPLC eluted with a methanol gradient (from 10 to 100% in 40 min)
and a further 100% methanol for 10 min. The chromatograms were
detected by a UV detector, and compounds 1—14 are denoted in the
respective spectrum (Figure 1).

Extraction and lIsolation of Metabolites. The PDB culture
broth was extracted with EtOAc three times to yield 48 g of extract.
The crude extract was then subjected to a silica gel column and eluted

with a chloroform/MeOH mixture (100:1, 50:1, and 20:1) to give
three fractions (Fr.1—Fr.3). Fr.l and Fr.2 containing indole DKP
alkaloids were detected and chromatographed on an MCI gel eluted
with a MeOH/H,O mixture (1:9 to 9:1) separately. Fr.1 was further
purified on Sephadex LH-20, silica gel, and preparative TLC to afford
7 (12 mg). Fr.2 was further chromatographed by CC on RP-18,
Sephadex LH-20, silica gel, and PTCL to yield compounds 1 (5.8 mg),
2 (16 mg), 4 (2.3 mg), and 9 (12 mg).

The rice medium product was extracted with acetone four times.
The extract was then scattered in 50% MeOH and further extracted
with chloroform five times. The chloroform portion (57 g) was
subjected to a silica gel and eluted with a chloroform/MeOH mixture
(100:1 and 50:1) to afford two fractions, Fr.1 and Fr.2. Both fractions
were further chromatographed sequentially on an MCI gel (MeOH/
H,O mixture from 10% to 90%), Sephadex LH-20 (MeOH), and silica
gel to afford compounds 8 (100 mg) and 6 (15 mg).

Other compounds were isolated from SP solid medium. The
detailed separation procedure was reported previously.*”

Allelopathic Bioassay. The seeds of three herbaceous plants,
lettuce (Lactuca sativa), tarnip (Raphanus sativus), and amaranth
(Amaranthus mangostanus), were used for the bioassay. The procedure
was conducted according to the reported protocol.>" The plant seeds
was washed with running water for 2 h, soaked in 0.3% KMnO, for 15
min, and flushed until they were colorless. The compounds, positive
control and blank solvent acetone, were added to 12-well plates with
filter paper to final concentrations of 200 and S0 ppm. After the
evaporation of acetone, the plant seeds were sown in the microdishes
of 12-well plates and irrigated with deionized water. Triplicate
experiments were conducted. The plates were then incubated at 24 °C
for 90 h, and the germination rates were calculated according to eq 1.
Allelc;gathic effects [response index (RI)] were calculated according to
eq 2.

germination rate (%) = (number of germinated seeds)

/(total number of seeds)

(1)

IfT>C,thenRl=1—- C/T; ifT < C, thenRI=T/C — 1
(2)

where T is the length of the treatment, C is the length of the blank
control, and RI is the response index.

Germination rates and Rls were expressed as means + the standard
deviation (SD) for three replicates. All of the statistical differences
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Figure 2. Structures of glyphosate, IAA, and metabolites 1—14 isolated from A. fumigatus LN-4.

were compared by SPSS software using one-way analysis of variance
(ANOVA) at an a = 0.0S significance level.

B RESULTS AND DISCUSSION

HPLC Analysis of Crude Extracts. Fungal strain A
fumigatus LN-4 was grown in three different media, SP, rice,
and PDB, to provide three culture broths, and then the broths
were extracted with EtOAc to offer three corresponding crude
extracts (A, B, and C, respectively). All the crude extracts were
analyzed by HPLC with indole characteristic UV absorption at
258 and 295 nm. The resulting chromatograms (Figure 1)
showed significant differences in components among these
crude extracts, such as components 3, 10, 11, and 14 in A, 6
and 8 in B, and 1 and 7 in C. These results demonstrated that

the OSMAC strategy could effectively produce the diversified
natural compounds.

Identification of Fungal Metabolites. Chemical inves-
tigations of A. fumigatus LN-4 crude extracts obtained from
three different media led to the isolation of a series of indole
DKPs (Figure 2) by multiple chromatographic procedures:
spirotryprostatin A (1), 6-methoxyspirotryprostatin B
(2),35 compound 3,36 18-oxotryprostatin A (4),3’5 tryprostatin
A (5),>" brevianamide F (6),>*™* fumitremorgin B (7),*'
verruculogen (8),°®** 12a-fumitremorgin C
(9),>**®cyclotryprostatin B (10),** cyclotryprostatin A (11),>’
verruculogen TR-2 (12),*12f-hydroxy-13a-methoxyverrucul-
ogen TR-2 (13),”” and 12f-hydroxyverruculogen TR-2 (14).”
Their structures were identified on the basis of comparison of
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Table 1. Allelopathic Effects on Lettuce (L. sativa) of Compounds 1—14

germination rate

shoot elongation (RI)

root elongation (RI)

200 ppm 50 ppm 200 ppm

1 0.85 + 0.06 ab 0.70 + 0.05 bed -024 +0.02d
2 0.96 + 0.06 a 0.76 + 0.05 bc —0.21 + 0.04 d
3 0.82 + 0.06 b 0.93 + 0.06 a —0.13 + 0.02 ¢
4 0.82 + 0.06 b 0.58 £ 0.05 e —0.06 + 0.02 b
S 0.82 + 0.06 b 0.89 + 0.00 a —0.13 £ 0.00 ¢
6 0.54 + 0.08 e 092 + 0.07 a —091 + 0.01 f
7 0.63 + 0.06 de 0.70 + 0.0S bed —0.32 + 002 e
8 0.79 + 0.08 b 0.63 + 0.06 de 0.08 £ 0.03 a
9 0.63 + 0.06 de 0.67 + 0.0S cde 0.03 £ 0.01 a
10 0.74 + 0.06 bed 0.61 + 0.05 de —0.33 £ 002 e
11 0.74 + 0.06 bed 0.76 + 0.05 bc 0.03 £ 0.02 a
12 0.85 + 0.06 ab 0.70 + 0.05 bed —-025+001d
13 0.85 + 0.06 ab 0.64 + 0.00 de 0.04 £ 0.01 a
14 0.78 + 0.00 bc 0.67 + 0.05 cde —0.21 + 0.01 d
gp 0.67 + 0.08 cd 0.61 + 0.05 de —-034 £ 010 e
ck 0.82 + 0.06 b 0.78 + 0.00 b

S0 ppm 200 ppm S50 ppm
—0.25 +0.02 d —0.28 + 0.04 ef 0.30 £ 0.00 a
—0.12 £ 0.01 ¢ 0.13 + 0.01 b —0.35 £ 0.07 i
—0.14 +£ 0.01 ¢ 022 + 0.04 b 0.28 + 0.02 ab
—0.12 £ 0.02 ¢ —0.34 + 0.09 —029 + 0.02 h

0.05 + 0.00 b —0.17 £ 0.13 d 0.23 + 0.04 bc
—0.65 + 0.07 e —0.88 + 0.02 h —0.57 + 0.04 j
—0.08 + 0.01 ¢ —0.36 + 0.07 0.18 + 0.00 cd
—-0.27 £ 0.09 d 041 £ 0.01 a 0.0S £ 0.01 e
—0.27 + 0.04 d 0.20 + 0.02 b —0.08 + 003 g
—0.17 + 0.02 cd 0.00 + 0.00 ¢ —0.02 + 0.00

0.09 + 0.07 b —0.21 + 0.07 de 0.05 + 0.05 e
—0.10 +£ 0.03 ¢ 0.21 + 0.02 b 0.13 + 0.03 d
—0.09 + 0.03 ¢ 0.19 + 0.03 b 0.07 £ 0.02 e

047 £ 0.02 a —0.05 +£ 0.01 ¢ 0.16 + 0.03 d
—0.26 +0.16 d —0.73 £ 0.08 g —0.72 + 0.06 k

“Means (+SD) within columns followed by the same letter are not significantly different at p < 0.0S. gp stands for glyphosate and ck for the blank

control.

their NMR and ESI-MS data with those reported. All the
isolated structures can be divided into three types:
spirotryprostatins (1—3) with the spiro atom at C-3,
tryprostatins (4—6) with the seco B ring, and cyclotryprostatins
(7-14).

Evaluation of Allelopathic Activity. All isolated com-
pounds were evaluated for allelopathic activity against lettuce
(L. sativa) seeds using our previously reported assay’' by
determining the germination rates and seedling growth (root
and shoot elongation) with respect to the control, glyphosate, a
broad-spectrum systemic herbicide.”® The RI was selected as an
evaluation indicator, which ranges from —1 to 1, with positive
values indicating stimulation by the treatments and negative
values indicating inhibition by them. The RI was considered to
be superior to the T/C statistical method and easy to interpret
because it is simply the groportional reduction of the treatment
relative to the control.®

As shown in Table 1, spirotryprostatin-type DKPs 1—3 can
inhibit the elongation of lettuce shoots (RI values ranging from
—0.12 to —0.25 at 50 and 200 ppm), while being less active
than the positive control glyphosate (RI values of —0.26 at SO
ppm and —0.34 at 200 ppm). Compared to that of the most
active compound, 1, the dehydrogenation or hydroxylation of
C-8 and C-9 for 2 and 3 caused weak inhibition (RI values of
—0.21 and —0.13 at 200 ppm). However, 1—3 had a weak to
moderate influence (RI values of —0.28 to 0.22 at 200 ppm) on
root elongation in comparison to glyphosate. Additionally, their
stimulation or inhibition effects are dependent on their
concentrations. For example, 1 showed inhibition (RI =
—0.28) on root elongation at higher concentrations of 200
ppm and stimulation (RI = 0.30) at lower concentrations of 50
ppm.

Tryprostatin-type seco-DKPs (4—6) were found to exhibit
inhibitory effects on the shoot and root elongation of lettuce. In
particular, brevianamide F (6) showed the prominent inhibition
of shoot and root elongation (—0.91 and —0.88, respectively) at
200 ppm compared to those of the control glyphosate (—0.34
and —0.73, respectively). 6 showed 3-fold stronger inhibition of
shoot elongation (RI = —0.91 at 200 ppm) than the control (RI
= —0.34). Even at a lower concentration of SO ppm, 6 exhibits
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2-fold inhibition (RI = —0.65) of shoot elongation compared to
that of glyphosate. In contrast, 4 and 5 containing a prenyl side
chain and a methoxy group in the indole ring showed weaker
inhibition of shoot growth (RI values ranging from —0.06 to
—0.13 at 200 ppm). These results indicate that both the prenyl
side chain and the methoxy group in the indole ring are not
favorable for inhibitory effects (6 vs 4 and §).

Cyclotryprostatin-type DKPs 7—14 all have a pentacyclic
ring skeleton. Cyclotryprostatins 7—14 (except 11 and 14)
displayed inhibition of shoot elongation. Compounds 7 and 10
showed high RI values of —0.32 and —0.33, respectively, similar
to those of the positive control (RI = —0.34) at 200 ppm, while
8 and 9 also showed a high RI of —0.27 similar to that of the
control (—0.26) at S0 ppm. On the other hand, 8, 9, 12, and 13
stimulated root elongation with RI values ranging from 0.19 to
0.41. In particular, compound 8, containing the peroxide bridge,
showed strong stimulation (RI = 0.41) at 200 ppm. The
stimulation of 7 and 11 on the root growth, containing the C$
unit at C-3 and hydroxyl groups at C-12 and C-13 in this type
of scaffold, was reversed to moderate inhibition. In contrast to
9, both 7 and 8 with the dihydroxylation at C-12 and C-13
decreased or reversed growth regulation (7 and 8 vs 9).
Especially 8 reversed course to stimulate root and shoot
elongation. Other cyclotryprostatin analogues influenced seed-
ling growth to a certain extent, and their effects (including
stimulation and inhibition) can be reversed upon concen-
tration. Our observations suggest that tryprostatin-type DKPs
could play an important role in plant growth regulation.

The difference among the three types of DKP structures is
the binding site of the Cg substructure (C-18), as shown in
Figure 3. When the Cj unit attached to C-3 and N-10 to form
spirotryprostatins or C-2 and N-10 to form cyclotryprostatins,
their inhibition of seedling growth could become weaker than
that of 6. In addition, the hydroxylations at C-8 and C-9 and
the methoxy to the indole ring will also weaken inhibition. The
inhibition SAR of the three types of DKPs is summarized as
shown in Figure 3.

As stated above, brevianamide F (6) was shown to be the
best growth inhibitor, so further investigation of its phytotoxic
activity was conducted. Compound 6 was examined for
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Figure 3. SAR of DKPs on plant growth inhibition. The peroxide
bridge enhances the stimulation. The red substituents weaken seedling
growth inhibition.

inhibition of shoot and root elongation of lettuce at
concentrations ranging from S to 120 ppm, and the results
are given in panels a and b of Figure 4. The compound
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TR .Compd.‘ﬁv—e—' T B [ d L :
08}t glyphosate ——~ 1 o0st i

' ' A ppm
40 80 120 160
d
ppm

40 80 120 160

-1.0
-0.8

-0.6

T ey

0 10 20 30 40 50 0 10 20 30 40 50

Figure 4. Inhibition by compound 6 and glyphosate of the elongation
of L. sativa shoot (a) and root (b), R. sativus shoot (c) and root (d),
and A. mangostanus shoot (e) and root (f) (p < 0.0S).

inhibited lettuce seedling growth with RI values ranging from
—0.23 to —0.87 in a dose-dependent manner. The observed
inhibition by 6 of lettuce shoot growth was stronger than that
of the control. At a lower concentration of § ppm, its RI was
still up to —0.23. Furthermore, 6 exerted inhibition of root
growth similar to that of glyphosate.

For a further allelopathic evaluation of 6, its inhibition of the
growth of other herbaceous seedlings was also assessed. Both
turnip (R sativus) and amaranth (A. mangostanus) were used in
the bioassay because their seedlings were commonly used to

evaluate allelopathic activities of organic molecules. Compound
6 showed potent turnip seedling inhibition (RI values ranging
from —0.13 to —0.76) compared to that of glyphosate at
concentrations ranging from 5 to 120 ppm (Figure 4c,d). In the
case of amaranth seedlings, glyphosate showed no inhibition of
shoot elongation, but 6 exhibited potentially potent inhibition
of shoot and root elongation (—0.12 and —0.30, respectively),
which is similar to that of the control (0.07 and —0.29,
respectively) even at a quite lower concentration of S ppm. Its
inhibition of shoot and root elongation reached dramatically up
to an RI of —0.83 at a lower concentration of 40 ppm (Figure
4e,f). These findings revealed that 6 could be identified as a
potential natural plant growth regulator.

Recently, three DKPs, cyclo(1-Pro-L-Val), cyclo(L-Pro-L-
Phe), and cyclo(L-Pro-L-Tyr), were reported to have auxin-
like activity in Arabidopsis because their heterocyclic system was
similar to that of indole acetic acid [IAA (Figure 2)]2° A
reported molecular docking analysis indicated that DKPs might
interact with the TIR1 auxin receptor.”® However, because of
the similar structure systems of IAA and compound 6, the latter
might block the interaction between IAA and the TIR1 auxin
receptor to exhibit plant growth inhibition. Further studies in
our lab aim to investigate the inhibition mechanism and
ecological relevance of allelopathy with respect to the effective
presence and persistence time.
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Spectral characterizations (MS and NMR) of metabolites
isolated and the data corresponding to Figure 4. This material is
available free of charge via the Internet at http://pubs.acs.org.
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