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ABSTRACT: Strigolactones are highly potent germination stimulants for seeds of the parasitic weeds Striga and Orobanche spp.
4-Hydroxy-GR24 and 4-acetoxy-GR24 were prepared and their abilities to induce seed germination of Striga gesnerioides evaluated.
Optically active (8bR,2'R)-isomers induced germination, although the racemic diastereomers were inactive. In contrast, the
stereoisomer of GR24 with the same configuration induced negligible germination. Some stereoisomers of GR24 and its analogues
acted as effective antagonists for induction of seed germination by cowpea root exudates. These results suggest that both an
oxygenated substituent at C-4 and the configuration of the tricyclic lactone and the D-ring are essential structural requirements for

induction of germination in S. gesnerioides seeds.
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B INTRODUCTION

The root parasitic weeds of the genera Orobanche and Striga
(Orobanchaceae) severely reduce the yield of economically
important crops in tropical and semitropical areas of the eastern
hemisphere and the Mediterranean region." The parasites are
copious seed producers, and their life cycle is strongly linked to
that of their hosts. The parasitic process begins with the
germination of the weed seeds, which is induced by the presence
of stimulants derived from the root exudates of the host and some
nonhost plants.” Most of the germination stimulants isolated
thus far possess the same basic skeleton and are collectively
referred to as strigolactones, as first proposed by Butler.”
Naturally occurring stngolactones mclude strlgol sorgolactone,5
alectrol,® orobanchol,” 5-deoxystrigol,* fabacyl acetate,'® and
solanacolu’]2 (Figure 1). Because the holoparasite Orobanche
completely lacks chlorophyll and the obligate hemiparasite Striga
can only partly assimilate, they are entirely dependent on their
host to survive and develop. Therefore, an attractive approach for
the control of parasitic weeds is to interfere with the intimate
relationship between host and parasitic plants. Stimulating
germination in the absence of a host plant will kill the germinated
seeds and hence reduce the seed population in the soil.

This concept of suicidal germination'>'* has attracted atten-
tion for the development of synthetic analogues of strigolactones
with simpler structures and higher activity. As a result a series of
so-called GR compounds have been developed."> Among them,
GR24 (1) is the most active and used worldwide for research into
parasitic weeds such as Striga hermonthica and Orobanche minor
as a reference compound in bioassays. However, the seeds of
Striga gesnerioides do not respond to GR24'® and germinate only
by exposure to cowpea (Vigna unguiculata) root exudates or
alectrol, which is the active constituent isolated from cowpea.
Since the proposed structure for alectrol was disproven,'” the
structure of the strigolactone had remained obscure until alectrol
was reisolated from cowpea root exudates as a germination stimulant
for the seeds of S. gesnerlozdes, and its structure was proposed as
orobanchyl acetate.'” Alectrol is much more effective than strigol
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in inducing germination of S. gesnerioides seeds,” suggesting that
modification at C-4 in the B-ring with an acetoxy group is
important for germination induction of S. gesnerioides seeds.

In the present study we evaluated the germination stimulatory
activity of GR24 analogues with modification of the hydroxyl and
acetoxy groups at C-4 of the GR24 molecule, named HO-GR24
(2) and AcO-GR24 (3), respectively, toward seeds of O. minor, S.
gesnerioides, and S. hermonthica. To gain insight into the impor-
tance of stereochemistry for inducing S. gesnerioides seed germi-
nation, we also evaluated the potency of each stereoisomer of the
synthetic strigolactones.

B MATERIALS AND METHODS

Apparatus. 'H and '*C NMR spectra were taken in CDCl; with a
JNM-AL300 spectrometer (_]EOL, Ltd., Tokyo, Japan), using tetra-
methylsilane (TMS) as an internal standard. Chemical shifts are shown
in 0 (ppm). Mass spectra were obtained on a JMS-700 spectrometer
(JEOL). Circular dichroism (CD) spectra were recorded with a J-805
spectropolarimeter (JASCO Corp., Tokyo, Japan). Optical rotation was
recorded with a SEPA-300 (Horiba, Ltd., Kyoto, Japan) or DIP-1000
digital polarimeter (JASCO). Silica gel 60N (Kanto Chemical Co., Inc.,
Tokyo, Japan) or Wakogel C-200 (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) was used for column chromatography, and precoated
silica gel plates, Kieselgel 60 F,s, (Merck, Darmstadt, Germany), were
used for analytical thin layer chromatography (TLC).

Chemicals. GR24 (1) was provided by Prof. Binne Zwanenburg
(Nijmegen University, Nijmegen, The Netherlands). HO-GR24 (2) was
prepared from racemic ot-hydroxylactone [(=£)-(3aS*4S5*8bS*)-4-hy-
droxy-3,3a,4,8b-tetrahydro-2H-indeno[ 1,2-b]furan-2-one] using a pre-
viously reported method®>*" as an epimer mixture (ca. 1:1) at C-2'. For
the preparation of AcO-GR24 (3), acetic anhydride (1.07 g, 10.5 mmol)
was added to a solution of 2 (330 mg, 1.0S mmol) in dry pyridine

Received:  June 17,2011
Revised: ~ August 4, 2011
Accepted:  August S, 2011

Published: August 08, 2011

9226 dx.doi.org/10.1021/jf202418a | J. Agric. Food Chem. 2011, 59, 9226-9231



Journal of Agricultural and Food Chemistry

Fabacyl acetate

Solanacol

5-Deoxystrigol (R = H)
Orobanchol (R = OH)
Orobanchyl acetate (R = OAc)

wn =2
00D

oo
oO0oT
> T
o

Figure 1. Structures of naturally occurring and synthetic strigolactones. Naturally occurring strigolactones are enantiomerically pure, whereas
compounds 1—3 are racemic and diastereomeric mixtures. The true structure of solanacol has been reported by Chen et al.'%.

(5 mL). After stirring overnight at room temperature, the mixture was
diluted with 3 M HCl solution and extracted with CH,Cl,. The organic
layer was washed with water and brine, dried over anhydrous MgSO,,
and concentrated in vacuo. The residue was chromatographed on silica gel
to obtain 3 (305 mg, 82%) as a diastereomeric mixture, with HREIMS
m/z379.0797 [M + Na] * (C,9H,60,Na requires 379.0794). Part of this
mixture was further purified by silica gel column chromatography to obtain
the pure fast-moving and slow-moving diastereomers of 3. The fast-
moving diastereomer was characterized as follows: "H NMR (300 MHz,
CDCly), 0 2.04 (t, ] = 1.5 Hz, 3H, 4-Me), 2.07 (s, 3H, Ac), 3.85—3.90
(m, 1H, 3a-H), 6.12 (d, ] = 7.5 Hz, 1H, 8b-H), 6.18 (brs, 1H, 2/-H), 6.46
(s, 1H,4-H), 7.02 (t, ] = 1.5 Hz, 1H, 3'-H), 7.41—7.62 (m, SH, 5-, 6-, 7-,
8-and 6'-H); >*C NMR (75 MHz, CDCl;), 6 10.8,21.2,47.2,78.9, 83.7,
100.6, 108.7, 126.5, 126.6, 130.6, 130.7, 135.8, 140.48, 140.52, 141.0,
152.9, 170.17, 170.21, 170.3. The slow-moving diastereomer was
characterized as follows: "H NMR (300 MHz, CDCl;) 6 2.07 (br s,
6H, 4-Me and Ac), 3.86—3.91 (m, 1H, 3a-H), 6.12 (d, ] = 7.5 Hz, 1H,
8b-H), 6.22 (brs, 1H,2'-H), 6.39 (s, 1H, 4-H), 6.98—6.99 (t,] = 1.5 Hz,
1H, 3'-H), 7.41—7.62 (m, SH, 5, 6-, 7-, 8- and 6'-H); *C NMR (75 MHz,
CDCLy) 6 10.8, 21.1, 474, 789, 83.7, 100.0, 109.0, 126.4, 126.7, 130.58,
130.63, 136.4, 140.4, 140.5, 140.8, 151.7, 169.9, 170.0, 170.3.

(+)-Deoxystrigol was isolated as reported by Sugimoto and Ueyama.”
From Lotus japonicus root (300 g), S-deoxystrigol (1.1 ug) was isolated,
and the weight was estimated using the molar absorbance coefficient.”
(+)-Orobanchol was kindly supplied by Emeritus Professor Kenji Mori
(The University of Tokyo, Tokyo, Japan). Acetylation of (+)-oroban-
chol was performed as follows: (+)-orobanchol (0.50 mg) was dissolved
in acetic anhydride (0.5 mL), and a small quantity of trichloroacetic acid
was added to the solution. The mixture was left for 3 days at 4 °C and
then poured into H,O (1S mL). The resulting mixture was extracted
with EtOAc. The organic layer was washed with H,O, dried over
Na,SO,, and concentrated. The residual oil was purified by silica gel
column chromatography with 35% EtOAc in hexane to give (+)-
orobanchyl acetate (0.52 mg, 92%) as a colorless oil. Characterization
was as follows: "H NMR (300 MHz, CDCL;), 8 1.14 and 1.16 (s, each
3H, 8-Me,), 1.41—1.52 (m, 2H, 7-H,), 1.61—1.76 (m, 2H, 6-H,),
1.88—1.98 (m, 2H, 5-H,), 2.01 (m, 4-Me), 2.06 (s, 3H, 2"-Me), 3.44
(ddd, ] =7.3,2.6,and 1.9 Hz, 1H, 3a-H), 5.62 (d, ] = 7.3 Hz, 1H, 8b-H),
5.80 (s, 1H, 4-H), 6.13 (m, 1H, 2'-H), 6.97 (m, 1H, 3'-H), 7.58 (d, ] = 2.6
Hz, 1H, 6-H); [a]5 +148.8 (c 0.054, CHCL,).

Separation of GR24 Stereoisomers. A racemic and diastereo-
meric mixture of GR24 (1; 51 mg) was loaded onto the silica gel column

and eluted with 30—35% EtOAc in hexane to obtain the fast-moving
diastereomer (rac-1a; 21 mg; R;0.52, hexane/EtOAc = 1:1) as colorless
needle-like crystals and eluted with 35—40% EtOAc in hexane to obtain
the slow-moving diastereomer (rac-1b; 26 mg; R0.46, hexane/EtOAc = 1:1)
as a colorless oil. The relative configurations of these racemates were
determined by comparisons of Ry values in TLC analysis.”® Optical
resolution of rac-1a and rac-1b was performed using HPLC with a 250 X
4.6 mm id.,, S um, Chiralcel OJ (Daicel Chemical Ind., Ltd., Osaka,
Japan) and 50% EtOH in hexane as the mobile phase at a flow rate of
0.5 mL/min. The objective compounds were detected by absorption at
237 nm. Compounds 1a, ent-1a, 1b, and ent-1b were eluted at 26, 30, 31,
and 25 min, respectively. The absolute configurations of these isomers
were determined by the sign of the optical rotation compared to those
reported previously:*>** 1a, [a]f +366 (c 0.15, CHCL;) {[a]p +436
(c 0.25, CHCL;)**}, CD (MeCN, ¢ 0.000064) Aoy (Ag) 228 (+33.0),
205 (—4.2) nm; ent-1a, [a]5 —423 (c 0.11, CHCL;) {[a]p —446 (c
0.25, CHCl;)**}, CD (MeCN, ¢ 0.000057) Aoy (Ag) 230 (—32.6), 205
(+4.5) nmy; 1b, [o]F +223 (¢0.17, CHCL) {[a]p +273 (c0.2, CHCl;)**},
CD (MeCN, ¢ 0.000051) Ao (Ag) 237 (+9.0), 216 (—5.3) nmy; ent-1b,
[a]y —341 (c0.13, CHCL,) {[o]p —272 (c 0.2, CHCL;)**}, CD (MeCN,
€ 0.000044) Aoy (A€) 238 (—7.9), 215 (+6.2) nm.

Preparation of Stereoisomers of HO-GR24 and AcO-GR24.
A 2/-epimeric mixture of (+)-4-hydroxy-GR24%° was separated by silica
gel column chromatography to give pure compounds 2a and 2b. The 2'-
epimeric mixture of (—)-4-hydroxy-GR24%° was also separated to give
ent-2a and ent-2b. Their configurations were confirmed based on
comparisons of their CD curves with those of the corresponding
stereoisomers of GR24: 2a, [a]f +267 (¢ 0.804, CHCL); CD
(MeCN, ¢ 0.000027) Ao (A€) 230 (+24.7), 208 (+2.0) nm; ent-2a,
[a]y —264 (c 0.902, CHCl;); CD (MeCN, ¢ 0.000030) A (A£) 229
(—29.4), 208 (—2.7) nm; 2b, [a]¥ +177 (c 0290, CHCL); CD
(MeCN, ¢ 0.000024) Aoy (Ac) 243 (+4.8), 211 (—3.1) nm; ent-2b,
[a]y —154 (¢ 1.10, CHCl,); CD (MeCN, ¢ 0.000036) A (A) 238
(—6.5),217 (+2.9) nm. Each stereoisomer of HO-GR24 (ca. 1 mg) was
acetylated and purified as described above to obtain its corresponding
AcO-GR24 stereoisomers.

Seeds. Seeds of O. minor Sm. were collected from mature plants
parasitizing red clover (Trifolium pratense L.) in Japan. Seeds of S.
hermonthica (Del.) Benth. were collected from mature plants parasitiz-
ing sorghum (Sorghum bicolor) and supplied by Professor Abdel Gabar
Babiker (Sudan University of Science and Technology, Sudan). Seeds
of S. gesnerioides (Willd.) Vatke were collected from mature plants
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Table 1. Seed Germination Stimulating Activities (Percent) of Synthetic and Naturally Occurring Strigolactones toward

Orobanchaceae Seeds”

O. minor S. hermonthica S. gesnerioides
compound 0.1 uM 10 uM 0.1 uM 10 uM 0.1 uM 10 uM

1 19+12 629+ 3.0 489+ 4.9 50.5+0.6 12+12 09409
2 21.54+29 63.11+2.5 3024153 59.5+69 0.0 0.0

3 2.7£0.5 777+ 0.7 51.6+9.8 552422 09409 1.6t1.6
S-deoxystrigol 66.8+3.1 762+ 4.8 509+ 1.5 453 £4.2 0.0 09+09
orobanchol 719+ 1.7 721+3.1 26.5+6.5 39.9 +8.3 0.0 0.0
orobanchyl acetate 7.6+25 709 £1.3 109+ 1.1 446+ 23 0.0 0.0
cowpea root exudates” 55811 50.0+3.8 250+ 6.1

“Data are shown as the mean &= SEM from three replicate tests. ? Culture medium of cowpea seedlings, grown for 2 weeks.

parasitizing cowpea [V. unguiculata (L.) Walp.], and S. gesnerioides and
cowpea seeds were supplied by Dr. Satoru Muranaka (International
Institute of Tropical Agriculture, Nigeria).

Cowpea Root Exudates. Cowpea seeds, sown on moist glass fiber
paper in Petri dishes, were covered with aluminum foil and incubated in the
dark. The seedlings were transferred to test tubes and allowed to grow
hydroponically in 40% Long Ashton nutrient solution** for 2—5 weeks. The
plants were maintained in growth chambers at 28 °C with a 16 h photoperiod.
Aquaculture filtrate was collected and stored at —20 °C until use.

Germination Bioassay. Parasitic weed seeds were surface ster-
ilized by immersion in 0.5% (w/v) NaOCI containing a few drops of
Tween 20 and sonication for 3 min in an ultrasonic cleaner. After three
rinsings with distilled water and surface drying in a laminar hood, S.
hermonthica and S. gesnerioides seeds were pretreated (conditioned) for
10—12 days on 8 mm glass fiber filter paper disks (ca. SO seeds each)
placed on distilled water-saturated filter paper. Aliquots (20 uL) of
dilution series of aqueous solution of synthetic and naturally occurring
strigolactones and cowpea root exudates were assayed by applying them
to the conditioned Striga seeds on 8 mm disks. The treated seeds were
incubated at 30 °C and microscopically evaluated after 24 and 48 h for
germination (radicle protrusion) of S. hermonthica and S. gesnerioides,
respectively. O. minor seeds were conditioned at 23 °C for 6 days, treated
with test solutions as described above, incubated for S days at 23 °C, and
then examined for germination. For the inhibition assay, conditioned S.
gesnerioides seeds were concomitantly treated with cowpea root exudates
and each of the stereoisomers at different concentrations under the same
conditions as described above.

B RESULTS AND DISCUSSION

Preparation and Seed Germination Stimulatory Activity
of Strigolactones. A 2'-epimeric mixture of (4)-(3aS*45*8bS*)-
4-hydroxy-GR24 (2) was prepared from racemic 0-hydroxylac-
tone with a 41% yield,”® because GR24 (1) was used in racemic
and diastereomeric mixtures. Most recently, an advanced syn-
thetic procedure of 4-hydroxy-GR24 (aromatic orobanchol) and
its acetate has been reported by Zwanenburg and co-workers.*®
They synthesized not only compound 2 but also the 4-hydroxy
epimer of 2 [(3aS*4R*8bS*)-4-hydroxy-GR24]. In this paper,
we prepared (3a5*4S5%8bS*)-4-hydroxy-GR24 and termed it
HO-GR24 (2), because we used this compound as a stereochem-
ical mimic of orobanchol that has the (3a$,4S,8bS)-configuration in
the tricyclic lactone. Compound 2 was acetylated with Ac,O and
pyridine to obtain AcO-GR24 (3) with an 82% yield. AcO-GR24
is regarded as a mimic of (+)-(3aS,4aS,8bS,2'R)-orobanchyl
acetate; compound 3 has the (3aS*45*8bS*)-configuration in
the tricyclic lactone.

GR24 induced seed germination of O. minor and S. hermonthi-
ca at concentrations of 0.1 and 10 M, as shown in Table 1. The
most extensively used strigolactone was more effective toward
seeds of S. hermonthica than toward O. minor. AcO-GR24 was as
active as GR24 toward O. minor and S. hermonthica seeds.
Compared to GR24 and AcO-GR24, HO-GR24 was more active
toward O. minor but less active toward S. hermonthica at the lower
concentration, as reported previously.”> The seeds of O. minor
and S. hermonthica also responded to naturally occurring strigo-
lactones. 5-Deoxystrigol was more effective toward S. hermonthi-
ca than orobanchol and orobanchyl acetate. Orobanchol was the
most effective stimulant toward O. minor among the tested
compounds. In contrast, S. gesnerioides seeds did not respond
to any of the synthetic and natural strigolactones. The seeds
were exclusively responsive to cowpea root exudates (Table 1),
qin which Miiller et al.® and Matsuura et al.'® found alectrol to be a
major stimulant. Although HO-GR24 and AcO-GR24 possess
an oxygenated functional group in the B-ring, these synthetic
strigolactones contain the aromatic A-ring without methyl groups
and consist of racemic and diastereomeric mixtures, in contrast to
naturally occurring strigolactones that are enantiomerically pure,
suggesting that S. gesnerioides seeds have rigorous structural and
stereochemical requirements for germination.

Preparation of Optically Active Synthetic Strigolactones.
All naturally occurring strigolactones including alectrol are optically
active. A previous paper demonstrated significant differences in
stimulatory activity toward seed germination of S. hermonthica
and O. crenata among eight stereoisomers of sorgolactone,
although the seeds responded to any of the stereoisomers.”®
To obtain insight into the preferred configuration of synthetic
strigolactones for S. gesnerioides germination, we prepared opti-
cally active GR24 derivatives (Figure 2) by optical resolution
using chiral column chromatography or asymmetric synthesis.

Each stereoisomer of GR24 (1a, ent-1a, 1b, and ent-1b) was
obtained by optical resolution using an optically active column®*
after diastereomeric separation by column chromatography on
silica gel. The absolute configurations of the GR24 stereoisomers
were determined by comparison of their [a]p values with those
reported previously.””** Four stereoisomers of HO-GR24 were
synthesized using the same method reported previously.”® The
CD curves of HO-GR24 stereoisomers were comparable to those
of the corresponding stereoisomers of GR24. These results
indicated that the hydroxyl moiety at C-4 in strigolactones showed
little influence on CD sign. Accordingly, (+)-GR24 (1a) and
(+)-HO-GR24 (2a) have the configuration of (8bS,2'R), and
(+)-2-epi-GR24 (1b) and (+)-2'-epi-HO-GR24 (2b) have

9228 dx.doi.org/10.1021/jf202418a |J. Agric. Food Chem. 2011, 59, 92269231



Journal of Agricultural and Food Chemistry

0] o]
S 0 R.~D
L X
B O.R le)

1a:R=H
2a:R=0H
3a: R=0Ac

ent-1a:R=H
ent-2a: R =0OH
ent-3a: R = OAc

. (ORCHe}
L{; R \Lzﬁo

O
s,°
N
B S
R O\Lofo
1b:R=H

2b: R = OH
3b: R=0Ac

O
R.~‘O
R
R l"EozﬁO

ent-1b:R=H
ent-2b: R = OH
ent-3b: R = OAc

Figure 2. Structures of four stereoisomers of GR24 (1a, ent-1a, 1b, and ent-1b), HO-GR24 (2a, ent-2a, 2b, and ent-2b), and AcO-GR24 (3a, ent-3a, 3b,

and ent-3b).

Table 2. Seed Germination Stimulating Activities (Percent) of Isomers of GR24 (1), HO-GR24 (2), and AcO-GR24 (3) toward

Striga gesnerioides Seeds”

GR24 (1) HO-GR24 (2) AcO-GR24 (3)
configuration (compounds) 0.1 uM 10 uM 0.1 uM 10 uM 0.1 uM 10 uM
8bS,2'R (1—3a) 0.0 0.0 0.0 04404 0.0 0.0
8bR2'S (ent-1—3a) 0.0 03404 0.6 +0.6 23405 23414 45413
8bS,2'S (1—3b) 0.0 10£12 0.0 07407 20+12 25412
8bR2'R (ent-1—3b) 0.0 07405 87 +28 19.0+7.9 18+ 1.0 57424

“ Data are shown as the mean &= SEM from three replicate tests. Cowpea root exudates used as a positive control induced 35—40% seed germination in a

simultaneous test.

the configuration of (8bS,2'S). To avoid complication, we do
not describe the assignment of the configuration at C-3a of
GR24 and its 4-substituted analogues because the assignment
is changed by the substituent at C-4. Four stereoisomers
of AcO-GR24 were prepared by acetylation of corresponding
HO-GR24 stereoisomers with Ac,O in the presence of tri-
chloroacetic acid.

(8bR,2'R) Isomers Are Active in Inducing S. gesnerioides
Seed Germination. The germination stimulatory activity of all
synthetic strigolactone stereoisomers toward S. gesnerioides seeds
was estimated. Cowpea root exudates were included as a positive
control in the bioassay. The results of germination assays are
shown in Table 2. Among the four stereoisomers of HO-GR24,
ent-2b induced considerable seed germination in a dose-depen-
dent manner. The acetylated compound ent-3b also induced seed
germination, but with less than half the activity of compound ent-
2b. The (2'S) isomers of HO-GR24 (ent-2a and 2b) and AcO-
GR24 (ent-3a and 3b) acted as weak germination inducers,
regardless of the configuration of the tricyclic system and acetyla-
tion of the hydroxyl group at C-4. The (8bS,2'R) isomers of HO-
GR24 (2a) and AcO-GR24 (3a) and all stereoisomers of GR24
induced negligible seed germination. In contrast, all stereoisomers
of GR24, HO-GR24, and AcO-GR24 induced seed germination
of S. hermonthica, although the abilities varied among stereo-
isomers (data not shown).

Whereas all stereoisomers induced seed germination of S.
hermonthica, only HO-GR24 and AcO-GR24 stereoisomers with the
configuration (8bR,2'R), ent-2b and ent-3b, induced seed germina-
tion of S. gesnerioides. In contrast, the GR24 stereoisomer with the
same configuration (ent-1b) did not induce S. gesnerioides seed
germination. These results show that the oxygenated functional
groups of strigolactones at C-4 are required for seed germination
of S. gesnerioides. The absolute configurations of ent-2b and ent-3b
are the same as those of fabacyl acetate and solanacol (8bR2'R),
but not those of strigol, sorgomol, or 5-deoxystrigol (8bS,2'R).
Solanacol was isolated from root exudates of tobacco, which is a

host plant of S. gesnerioides."" Coincidence of the absolute
configuration of the naturally occurring strigolactone (solanacol)
with the active synthetic strigolactones is a reasonable explana-
tion for germination mechanism of parasitic plants induced by
exposure to root exudates of host plants.

GR24 Effectively Suppresses Seed Germination of S. ges-
nerioides Induced by Cowpea Root Exudates. The optically
active synthetic strigolactone ent-2b induced seed germina-
tion of S. gesnerioides. Nonetheless, compound 2 induced
negligible seed germination (Table 1). These results imply that
an antipode and/or diastereomer of ent-2b may prevent seed
germination. To confirm whether inactive strigolactones work
antagonistically to active strigolactones, we assayed the potency
of the synthetic strigolactone stereoisomers in combination
with cowpea root exudates for induction of S. gesnerioides seed
germination.

Figure 3 shows the seed germination percentage of S. gesner-
ioides induced by cowpea root exudates with 0.1—10 uM
stereoisomers of HO-GR24 and AcO-GR24. All stereoisomers
except compound 2b suppressed seed germination in a dose-
dependent manner. The (2'R) isomers 2a, 3a, and ent-3b
(Figure 3, open symbols) effectively suppressed germination
compared to the 2'S isomers ent-2a, ent-3a, and 3b (Figure 3,
solid symbols). Compound ent-2b also suppressed seed germi-
nation, which implies that compound ent-2b is a partial agonist.
The most effective antagonists among the four stereoisomers of
HO-GR24 and AcO-GR24 were 2a and 3a, respectively. Com-
pounds 2a and 3a have the configuration (8bS,2'R); that is,
configurations at C-2 in these compounds are the same as those
of active stereoisomers, ent-2b and ent-3b (8bR,2'R). Thus, a
strigolactone receptor of S. gesnerioides seems to prefer (2'R)
strigolactone isomers as ligand compared to (2'S) isomers.
However, a signal cascade for inducing seed germination may
be activated when the hydroxyl group in the tricyclic lactone is
located in precise space. All stereoisomers of GR24, 1a, ent-1a,
1b, and ent-1b, prevented seed germination more effectively than
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or stereoisomers of AcO-GR24 (B), 3a (open square), ent-3a (solid
square), 3b (solid circle), and ent-3b (open circle) at concentrations of
0.1, 1, and 10 uM. Data are shown as the mean £+ SEM from five
replicate tests.
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Figure 4. Inhibitory activities of GR24 stereoisomers, compounds la
(open square), ent-1a (solid square), 1b (solid circle), and ent-1b (open
circle), on S. gesnerioides seed germination induced by cowpea root
exudates. Data are shown as the mean &= SEM from five replicate tests.

their 4-substituted analogues. Their inhibitory activity on seed
germination induced by cowpea root exudates at lower concen-
trations than tested in Figure 3 is shown in Figure 4. (8bS,2'R)-
GR24 (1a) was found to be the most effective inhibitor among
the stereoisomers. This finding is consistent with the results that
2a and 3a are the most effective inhibitors among stereoisomers
of HO-GR24 and AcO-GR24, respectively.

In summary, we clarified the structural and stereochemical
requirements of synthetic strigolactones for seed germination of
S. gesnerioides. To our knowledge, this study is the first to report
GR24 inhibitory activity against seed germination of . gesnerioides at
concentrations that induce seed germination of S. hermonthica and
O. minor. This knowledge will facilitate the development of not only

specific suicidal germination inducers but also germination inhibi-
tors of S. gesnerioides seeds. In addition, our findings on stereo-
chemical requirements for S. gesnerioides seed germination provide
impetus to reinvestigate the structure of alectrol, because the stereo-
chemistry of the tentative structures proposed by Matsuura et al.'®
and Xie et al.'” indicate strigolactones with inhibitory activity.

B AUTHOR INFORMATION

Corresponding Author
*Phone: +81-78-803-5884. Fax: +81-78-803-5884. E-mail:
yukihiro@kobe-u.ac.jp.

Funding Sources

This work was supported, in part, by grants from Asia Africa
Science Platform Program of the Japan Society for the Promo-
tion of Science and JST/JICA, Science and Technology Research
Partnership for Sustainable Development (SATREPS).

B REFERENCES

(1) Parker, C. Observations on the current status of Orobanche and
Striga problems worldwide. Pest Manag. Sci. 2009, 65, 543-459.

(2) Lépez-Rdez, ]. A.; Matusova, R.; Cardoso, C.; Jamil, M.; Charni-
khova, T.; Kohlen, W.; Ruyter-Spira, C.; Verstappen, F.; Bouwmeester,
H. Strigolactones: ecological significance and use as a target for parasitic
plant control. Pest Manag. Sci. 2009, 65, 471-477.

(3) Butler, L. G. Chemical communication between the parasitic
weed Striga and its crop host, a new dimension in allelochemistry. In
Allelopathy: Organisms, Processes, and Applications; Inderjit, Dakshini,
K. M. M, Einhellig, F. A., Eds.; American Chemical Society: Washington,
DC, 1995; pp 158—168.

(4) Cook, C. E.,; Whichard, M. E,; Wall, G. H. Germination of
witchweed (Striga lutea Lour): isolation and properties of potent
stimulant. Science 1966, 154, 1189-1190.

(5) Hauck, C.; Miiller, S.; Shildknecht, S. A germination stimulant
for parasitic flowering plants from Sorghum bicolor, a genuine host plant.
J. Plant Physiol. 1992, 139, 474-478.

(6) Miiller, S.; Hauck, C.; Shildknecht, S. Germination stimulants
produced by Vigna unguiculata Walp cv Saunders Upright. J. Plant
Growth Regul. 1992, 11, 77-84.

(7) Yokota, T.; Sakai, H.; Okuno, K.; Yoneyama, K.; Takeuchi, Y.
Alectrol and orobanchol, germination stimulants for Orobanche minor,
from its host red clover. Phytochemistry 1998, 49, 1967-1973.

(8) Akiyama, K.; Matsuzaki, K.; Hayashi, H. Plant sesquiterpenes
induce hyphal branching in arbuscular mycorrhizal fungi. Nature 20085,
435, 824-827.

(9) Sugimoto, Y.; Ueyama, T. Production of (+)-S-deoxystrigol by
Lotus japonicus root culture. Phytochemistry 2008, 69, 212-217.

(10) Xie, X.; Yoneyama, K.; Harada, Y.; Fusegi, N.; Yamada, Y.; Ito,
S.; Yokota, T.; Takeuchi, Y.; Yoneyama, K. Fabacyl acetate, a germina-
tion stimulant for root parasitic plants from Pisum sativum. Phytochem-
istry 2009, 70, 211-215.

(11) Xie, X.; Kusumoto, D.; Takeuchi, Y.; Yoneyama, K.; Yamada,
Y.; Yoneyama, K. 2'-Epi-orobanchol and solanacol, two unique strigo-
lactones, germination stimulants for root parasitic weeds, produced by
tobacco. J. Agric. Food Chem. 2007, 55, 8067-8072.

(12) Chen, V. X;; Boyer, F. D.; Rameau, C.; Retailleau, P.; Vors,
J. P.; Beau, J. M. Stereochemistry, total synthesis, and biological
evaluation of the new plant hormone solanacol. Chemistry 2010, 16,
13941-1394S.

(13) Eplee, R. E. Ethylene: a witchweed seed germination stimulant.
Weed Sci. 1975, 23, 433-436.

(14) Zwanenburg, B.; Mwakaboko, A. S.; Reizelman, A.; Anilkumar,
G.; Sethumadhavan, D. Structure and function of natural and synthetic
signalling molecules in parasitic weed germination. Pest Manag. Sci.
2009, 65, 478-491.

9230 dx.doi.org/10.1021/jf202418a |J. Agric. Food Chem. 2011, 59, 92269231



Journal of Agricultural and Food Chemistry

(15) Johnson, A. W.; Gowada, G.; Hassanali, A.; Knox, J.; Monaco,
S.; Razavi, Z.; Rosebery, G. The preparation of synthetic analogues of
strigol. J. Chem. Soc., Perkin Trans. 1 1981, 1734-1743.

(16) Igbinnosa, I; Okonkwo, S. N. C. Stimulation of germination of
seeds of cowpea witchweed (Striga gesnerioides) by sodium hypochlorite
and some growth regulators. Weed Sci. 1992, 40, 25-28.

(17) Matsui, J.; Bando, M.; Kido, M.; Takeuchi, Y.; Mori, K.
Synthetic disproof of the structure proposed for alectrol, the germination
stimulant from Vigna unguiculata. Eur. J. Org. Chem. 1999, 2195-2199.

(18) Matsuura, H.; Ohashi, K; Sasako, H.; Tagawa, N.; Takano, Y.;
Ioka, Y.; Nabeta, K.; Yoshihara, T. Germination stimulant from root
exudates of Vigna unguiculata. Plant Growth Regul. 2008, 54, 31-36.

(19) Xie, X.; Yoneyama, K.; Kusumoto, D.; Yamada, Y.; Yokota, T ;
Takeuchi, Y.; Yoneyama, K. Isolation and identification of alectrol as
(+)-orobanchyl acetate, a germination stimulant for root parasitic plants.
Phytochemistry 2008, 69, 427-431.

(20) Takikawa, H.; Imaishi, H.; Tanaka, A.; Jikumaru, S.; Fujiwara,
M.; Sasaki, M. Synthesis of optically active strigolactones: enzymatic
resolution and asymmetric hydroxylation. Tetrahedron: Asymm. 2010,
21,1166-1168

(21) Mangnus, E. M.; Dommerholt, F.J; de Jong, R. L. P.; Zwanenburg,
B. Improved synthesis of strigol analogue GR24 and evaluation of the
biological activity of its diastereomers. J. Agric. Food Chem. 1992, 40,
1230-123S.

(22) Akiyama, K; Ogasawara, S.; Ito, S.; Hayashi, H. Structural
requirements of strigolactones for hyphal branching in AM fungi. Plant
Cell Physiol. 2010, 51, 1104-1117.

(23) Thuring, J. W. J. F; Nefkens, G. H. L; Zwanenburg, B.
Asymmetric synthesis of all stereoisomers of the strigol analogue
GR24. Dependence of absolute configuration on stimulatory activity
of Striga hermonthica and Orobanche crenata seed germination. J. Agric.
Food Chem. 1997, 45, 2278-2283.

(24) Hewitt, E. J. Sand and water culture methods used in the study
of plant nutrition. In Technical Communication, 22nd ed.; Common-
wealth Bureau of Horticulture and Plantation Crops: 1966,
pp. 430—434.

(25) Malik, H.; Kohlen, W.; Jamil, M.; Rutjes, F. P.; Zwanenburg, B.
Aromatic A-ring analogues of orobanchol, new germination stimulants
for seeds of parasitic weeds. Org. Biomol. Chem. 2011, 9, 2286-2293.

(26) Sugimoto, Y.; Wigchert, S. C. M,; Thuring, J. W. J. F;
Zwanenburg, B. Synthesis of all eight stereoisomers of the germination
stimulant sorgolactone. J. Org. Chem. 1998, 63, 1259-1267.

9231

dx.doi.org/10.1021/jf202418a |J. Agric. Food Chem. 2011, 59, 9226-9231



