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Orobanchaceae root parasitic weeds cause significant damage to agriculture and become threats
to global food security. Integrated pest management is a key concept in modern agriculture and
requires chemicals with various modes of action. Planteose accumulates as a storage carbohy-
drate in the dry seeds of root parasitic weeds. In Orobanche minor seeds, planteose is hydrolyzed
by an a-galactosidase, OmAGAL2, during germination. It was found that the OmAGAL2 inhibitor,
PI-28, suppressed the radicle elongation of germinating O. minor seeds. This inhibitory activity
against O. minor radicle elongation was evaluated for a series of aryloxyacetylthioureas synthe-
sized based on the structure of PI-28. Compounds with a 3-Cl or 4-Cl substituent on the benzene
ring in the phenoxy moiety in PI-28 exhibited more potent activity than the parent PI-28. This is

the first report on the effect of aryloxyacetylthioureas on a root parasitic weed and will contrib-

ute to the development of control reagents for root parasitic weeds.

Keywords: aryloxyacetylthioureas, broomrape, Orobanche minor, parasitic weed, planteose, structure-activity relationship.

Introduction

Agricultural damage caused by Orobanchaceae root parasitic
weeds is one of the most challenging issues to overcome for
global food security. Striga hermonthica greatly reduces the
yields of cereal crops, bringing hunger and poverty to African
countries.” Moreover, Orobanche and Phelipanche spp. broom-
rapes parasitize various economically important crops world-

* To whom correspondence should be addressed.
E-mail: okazawa.atsushi@omu.ac.jp, m-sonoda@omu.ac.jp
Published online October 14, 2023

(O EATETM| © Pesticide Science Society of Japan 2023. This is
an open access article distributed under the Creative Commons Attri-
bution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND
4.0) License (https://creativecommons.org/licenses/by-nc-nd/4.0/)

wide and threaten sustainable agriculture and society.? For ex-
ample, significant damage to major oil crops, such as rapeseed
and sunflower, is caused by the broomrapes.z) Numerous studies
and practices have been conducted to solve root parasitic weed
problems.

Integrated pest management (IPM), a sustainable strategy for
pest management, is a key concept in modern agriculture.” All
measures for food production are effectively combined to mini-
mize the agricultural impact on the environment in IPM. There-
fore, chemicals with various modes of action exhibiting selective
activities toward pests are required.

Germination stimulants specific to the root parasitic weeds
are one promising approach in their IPM. Strigolactones are
well-known germination stimulants of root parasitic weeds, as
well as a class of plant hormones that is still intensively studied
to reveal intrinsic active structures in planta.*> If root parasitic
weeds are forced to germinate with the application of natural or
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synthetic strigolactones before crop cultivation, they will soon
wither because they are completely dependent on the hosts. This
approach is called suicidal germination and has been proven to
be successful.>® However, the suicidal germination approach
is not commonly adopted in agriculture mostly due to its costs,
unfortunately.

Inhibitors of post-germination stimulation processes in root
parasitic weeds can be utilized as chemicals with different modes
of action from germination stimulants. Moreover, they have the
potential to improve the efficacy of the suicidal germination
approach, since a combination of germination stimulants and
growth inhibitors may greatly reduce the probability of parasite
attachment with hosts. Some plants attracted attention as inter-
crops owning to their allelopathic inhibition of radicle elonga-
tion of root parasitic weeds.”"'? It is expected to reveal the mo-
lecular mechanisms of allelochemicals to understand their mode
of action and utilize the information in agriculture.!¥

Metabolomics was conducted on the germination of O. minor,
and planteose metabolism was found to be a possible target for
growth inhibition.' Planteose as a storage carbohydrate ac-
cumulates in the tissues surrounding the embryo in the dry
seeds of O. minor and is hydrolyzed in the apoplast near the
embryo via an a-galactosidase, OmAGAL2, after germination
stimulation.’ Using recombinant ASP-OmAGAL2, which was
expressed in Escherichia coli without a signal peptide at the N-
terminus in OmAGAL?2, inhibitors of OmAGAL?2 were screened
with a chemical library composed of ca. 15,000 compounds.'®
Twenty-eight OmAGAL2 inhibitors were screened as a result,
and some inhibitors suppressed the radicle elongation of O.
minor.!9 In this study, an aryloxyacetylthiourea, PI-28 (Fig. 1A),
was selected as a lead compound among the screened inhibitors
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to design potent compounds inhibiting O. minor growth as bio-
activity of this class of thioureas has not been reported so far.

Thioureas exhibit a wide range of biological activities toward
viruses, bacteria, fungi, plants, insects, and mammals.'” Non-
substituted thiourea, a plant growth regulator, improves abiotic
stress tolerance in crops.'® Phenylureas and phenylthioureas
are a class of widely used herbicides that inhibit photosynthe-
sis and are grouped as C, in the Herbicide Resistance Action
Committee (HRAC) classification system.!” When thiourea and
allylthiourea were added to the growth medium as organic ni-
trogen sources, the growth of S. hermonthica was suppressed.?”
Moreover, when thiourea was applied with the synthetic germi-
nation stimulant, Nijmegen-1, simultaneously or 48 hr after ger-
mination treatment, germination of O. crenata was significantly
inhibited.?") Accordingly, thioureas can potentially be utilized
as reagents to control root parasitic weeds. However, studies on
the mode of action or modification of the structure of thiourea
against root parasitic weeds were not evaluated until now.

PI-28 and its derivatives can be synthesized in two steps or in a
one-pot using commercially available phenols, 2-chloroacetamide,
and N-aryl isothiocyanates.?? In this study, the inhibitory activ-
ity of PI-28 and its derivatives against O. minor radicle elonga-
tion was evaluated. Compounds exhibiting more potent activity
than the parent PI-28 were obtained as a result. The structure-
activity relationship (SAR) between aryloxyacetylthioureas and
inhibitory activity toward O. minor radicle elongation is dis-
cussed.

Materials and methods

1. Chemicals
Derivatives of PI-28 were synthesized as reported previously

Fig. 1. The structure (A) and the effect of PI-28 (16) on the radicle elongation of O. minor (B, C). (B) The images were obtained at 9 DAT with 1, 3, and
10 ppm PI-28 or without PI-28 (control) together with 1 ppm rac-GR24 as a germination stimulant. (C) The radicle lengths of O. minor in each treatment
at 9 DAT were measured using Image J software and shown as a boxplot. Different letters indicate significant differences (p<<0.05) among the treatments

evaluated via the Turkey-Kramer test, n=54-65.
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(Table 1 and Fig. S1).2? Briefly, phenols with various substitu-
ents and 2-chloroacetamide reacted in acetone in the pres-
ence of potassium carbonate and potassium iodide, yielding
2-aryloxyacetamides. Next, 2-aryloxyacetamides reacted with
aryl isothiocyanates with various substituents in dimethyl
sulfoxide with sodium hydride as a base. The structures of
the synthesized aryloxyacetylthioureas were confirmed via
nuclear magnetic resonance and high-resolution mass spec-
trometry analyses. All the spectrometric data are available in
Sonoda et al.?? clogP values were calculated using ChemDraw
ver.20.1.0.112 (PerkinElmer, Waltham, MA) (Table 1).

2. Plant material and germination treatment

Seeds of naturally grown O. minor were collected in Yokoha-
ma, Japan, in June 2013 and stored in darkness at 4°C. Seeds of
Striga hermonthica were supplied by Prof. Abdel Gabar Babiker
(National Center for Research, Sudan). Seed germination was
induced as reported previously.'>*» The surface of the seeds (ca.
30mg) was sterilized with 1% sodium hypochlorite containing
0.1% (w/v) Tween 20 for 2min at 42°C with shaking at 750 rpm
(Thermomixer comfort, Eppendorf). The seeds were rinsed
several times with distilled water via vacuum-assisted suction
filtration and dried on the filter paper in a vacuum. The seeds
were then placed on two layers of glass microfiber filters (diam-

Table 1. Structuresand clogP of synthesized aryloxyacetylthioureas
R

PN RS

Compound R! R? R® clogP
1 H H H 2.54
2 2-F H H 2.23
3 2-Cl H H 2.68
4 2-OCH, H H 2.46
5 3-F H H 2.68
6 3-CH, H H 3.04
7 3-CF, H H 3.42
8 4-F H H 2.68
9 4-Cl H H 3.25

10 4-Br H H 3.40
11 4-CN H H 1.97
12 4-OCF; H H 3.56
13 4-N(CH,), H H 2.70
14 2-Cl 4-Cl H 3.40
15 3-F 4-F H 2.75
16 (P1-28) 3-Cl 4-Cl H 3.84
17 3-Cl 4-Cl 2-Cl 341
18 3-Cl 4-Cl 2-OCH; 3.41
19 3-Cl 4-Cl 3-Cl 4.56
20 3-Cl 4-Cl 4-Cl 4.56
21 3-Cl 4-Cl 4-Br 4.71

eter 4.7cm, Whatman GF/D, GE Healthcare) moistened with
distilled water in a Petri dish (diameter 5.5cm) for 7 days for
O. minor and for 9 days for S. hermonthica. The upper layer of
the glass microfiber filter with the conditioned seeds was trans-
ferred to a new Petri dish with a single glass microfiber filter,
and strigolactone solution (rac-GR24 final concentration 1 ppm)
was applied. The synthetic strigolactone rac-GR24 (a mixture of
(+)-GR24 and (—)-GR24) is commonly used as a germination
stimulant of Orobanchaceae parasitic weeds.?” The compounds
were applied simultaneously with rac-GR24 to investigate the ef-
fect of aryloxyacetylthioureas on the radicle length of O. minor
and S. hermonthica. Three Petri dishes were treated with each
compound at each concentration, including the control (without
aryloxyacetylthioureas).

3. Measurement of germination rate and radicle length

Images of germinating seeds were obtained with a digital micro-
scope (DMS1000, Leica). The germination rate was measured as
reported previously.? The radicle lengths were measured using
Image J software. The radicles of 10-30 seeds in two or three im-
ages obtained with a microscope as shown in Fig. 1B were mea-
sured as much as possible for samples in a Petri dish, with the
average lengths of at least 30 radicles in three Petri dishes being
calculated. The numbers of measured radicles were indicated
in Table S1. Student’s t-test and Turkey-Kramer test were con-
ducted with SciPy (Version 1.5.2) and Pandas (Version 1.1.3)
modules, respectively, in Python (Version 3.8.5). Relative radicle
lengths of O. minor treated with aryloxyacetylthioureas to those
of the control were determined to compare the effects among
different experimental batches.

Results

1. The effect of PI-28 on the radicle elongation of O. minor

PI-28 is an aryloxyacetylthiourea screened as an inhibitor of
recombinant ASP-OmAGAL2 expressed in E. coli (Fig. 1A).19
PI-28 was applied simultaneously with the germination stimu-
lant, rac-GR24 (1ppm), and the radicles of germinating O.
minor seeds significantly shortened in a dose-dependent manner
without affecting germination rates (Figs. 1B, 1C, and S2). The
radicle lengths of O. minor germinated without PI-28 (control)
at nine days after treatment (DAT) were 1.08+0.34 mm (mean=
S.D.), while those with PI-28 at 1, 3, and 10 ppm were 0.82=*
0.22,0.31%0.16, and 0.11=0.02 mm, respectively.

2. Effect of aryloxyacetylthioureas on O. minor radicle elongation
Since PI-28 exhibited a potent inhibitory effect on O. minor
radicle elongation, the inhibitory effect of 20 PI-28 derivatives

22) was evaluated

differing in substituents on two benzene rings
(Table 1 and Fig. S1). When applied simultaneously with 1-ppm
rac-GR24, 17 among 21 derivatives, including PI-28, signifi-
cantly reduced the O. minor radicle lengths at 10 ppm at 9 DAT
(Fig. 2 and Table S1). Compound 1 without substituents on the
benzene rings and compounds possessing 2-Cl (3), 2-OCH; (4),

and 3-CH; (6) as R! on the benzene ring in the phenylthiourea
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Fig. 2. The effect of the synthesized aryloxyacetylthioureas at 10 ppm on the radicle elongation of O. minor at 9 DAT. The seeds were germinated with
1 ppm rac-GR24 with or without (control) the thioureas. Relative radicle lengths to the radicle lengths in the control in each treatment were shown as a
boxplot. Significant differences were indicated an asterisk (p<<0.05) or double asterisks (p<<0.01) and were evaluated via the Student’s ¢-test, n=33-79.

moiety did not exhibit an inhibitory effect on O. minor radicle
elongation. The radicle lengths of O. minor treated with com-
pounds 1 and 4 were slightly but significantly longer compared
to the control. Monosubstituted compounds possessing 2-F (2),
3-F (5), 3-CF; (7), 4-F (8), and 4-OCF; (12) as R!, along with
disubstituted compounds possessing 2,4-dichloro (14) and
3,4-difluoro (15) as R and R? on the benzene ring in the phen-
ylthiourea moiety moderately inhibited O. minor radicle elonga-
tion. Among the monosubstituted compounds, 4-Cl (9), 4-Br
(10), and 4-CN (11) as R! on the benzene ring in the phenyl-
thiourea moiety derivatives exhibited potent inhibitory activity
toward O. minor radicle elongation. All compounds possessing
a substituent as R* on the benzene ring in the phenoxy moiety
(compounds 17-21) in PI-28 (16) also exhibited potent inhibi-
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tory activity toward radicle elongation. Figure 3 summarizes the
structures of compounds inhibiting the radicle elongation to less
than 30% of the control at 10 ppm.

The effect of the compounds depicted in Fig. 3 at 1 ppm was
evaluated to find the most potent inhibitors of O. minor radicle
elongation. As a result, compounds 19 and 20 which possess
chlorides as R? on the benzene ring in the phenoxy moiety in
PI-28 inhibited the radicle elongation to less than 30% of the
control, even at 1ppm (Fig. 4). Further analysis at lower con-
centrations revealed that compounds 19 and 20 inhibited the O.
minor radicle elongation in a dose-dependent manner. The ef-
fects were even significant at 0.1 ppm (Fig. 5 and Table SI).
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Fig. 3. The structures of the aryloxyacetylthioureas exhibiting high inhibitory effects toward the radicle elongation of O. minor. These compounds

reduced the O. minor radicle lengths to less than 30% of the control.
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Fig. 4. The effect of the aryloxyacetylthioureas 9-11 and 16-21 at
1ppm on the radicle elongation of O. minor at 9 DAT. The seeds were
germinated with 1 ppm rac-GR24 with or without (control) the thioureas.
Relative radicle lengths to the radicle lengths in the control in each
treatment were shown as a boxplot. Significant differences were indicated
an asterisk (p<<0.05) or double asterisks (p<<0.01) and were evaluated via
the Student’s t-test, n=33-62.

3. Effect of compound 20 on S. hermonthica radicle elongation
Since compound 20 exhibited the highest inhibitory effect on O.
minor radicle elongation, its effect on S. hermonthica was also
evaluated. As a result, there was no effect on S. hermonthica rad-
icles even at 10 ppm (Fig. S3).

Discussion

In this study, derivatives of an aryloxyacetylthiourea, PI-28,
(Table 1 and Fig. S1) were evaluated for their inhibitory activ-
ity against O. minor radicle elongation. PI-28 was screened as a
recombinant ASP-OmAGAL2 inhibitor, which might target the

first step of planteose metabolism.!®

Planteose is hydrolyzed
to sucrose and galactose, and sucrose is further hydrolyzed to
glucose and fructose in the early germination process after ger-
mination stimulation in the root parasitic weeds.'¥ When the
hydrolysis of sucrose was inhibited via nojirimycin treatment,
the germination rate of O. minor was significantly reduced, in-
dicating that carbohydrate metabolism is essential for germi-
nation.'#?2% In this study, PI-28 significantly reduced the O.
minor radicle lengths, suggesting that planteose metabolism
promotes radicle elongation. Since a certain amount of sucrose
is contained in dry seeds of O. minor, germination might be ini-
tiated via sucrose hydrolysis, even without planteose metabo-
lism. This demonstrates the possibility of using PI-28 or related
aryloxyacetylthiourea derivatives as a control reagent for root
parasitic weeds because the probability of reaching host roots is
greatly reduced with the shortened radicles. This is the first find-
ing that this class of thioureas affects the growth of root parasitic
weeds.

PI-28 possesses 3-Cl and 4-Cl substituents as R' and R* on
the benzene ring in the phenylthiourea moiety. Compound 1,
possessing no substituent on two benzene rings, completely
lost the activity, indicating a substitution on the benzene ring in
the phenylthiourea moiety is necessary for the activity (Fig. 6).
Compounds 2-4, possessing substituents at the o-position on
the benzene ring in the phenylthiourea moiety, exhibit no or
weak activity, indicating that substitution at the o-position does
not improve the activity (Fig. 2 and Table S1). Only the 2-F de-
rivative (compound 2) showed a weak inhibitory effect, suggest-
ing the electrostatic properties of the benzene ring in the phen-
ylthiourea moiety affected the activity. The statistical analysis
resulted in significant radicle elongation by the treatments with
compounds 1 and 4 compared to the control. However, further
studies are required to reveal whether these compounds acti-
vate the radicle elongation or if the results were derived merely
from unknown experimental artifacts, such as minor environ-
mental differences during the culture. Among m-substituted
compounds 5-7, the 3-CHj derivative (compound 6) did not ex-
hibit activity, while the 3-CF; derivative (compound 7) showed
moderate activity that was more potent than that of the 3-F
derivative (compound 5) (Fig. 2 and Table S1). Accordingly,
electron-withdrawing groups at the m-position on the benzene
ring in the phenylthiourea moiety were favored for the activity.
Compounds 9-11, possessing 4-Cl, 4-Br, and 4-CN, respective-
ly, exhibited potent inhibitory activity against O. minor radicle
elongation among p-substituted compounds 8-13. Contrast-
ingly, compounds 8, 12, and 13, possessing 4-F, 4-OCF;, and
4-N(CHj;),, respectively, showed moderate activity (Fig. 2 and
Table S1). This revealed that an electron-withdrawing group at
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Fig. 5. The effect of the aryloxyacetylthiourea 19 and 20 at 0.1, 0.3, and
1.0ppm on the radicle elongation of O. minor at 9 DAT. The seeds were
germinated with 1 ppm rac-GR24 with or without (control) the thioureas.
The radicle lengths of O. minor in each treatment were measured using
Image ] software and shown as a boxplot. Different letters indicate
significant differences (p<<0.05) among the treatments evaluated via the
Turkey—Kramer test, n=41-66.
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Fig. 6. Structure-activity relationship of aryloxyacetylthioureas for the inhibitory effect on radicle elongation of O. minor germinating seeds. On the
benzene ring in the phenoxy moiety, any substitution at any position was acceptable for the activity. Cl-substitution at the m- or p- position had the most
potent inhibitory effect. On the benzene ring in the phenylthiourea moiety, a substitution at the m- or p- position was essential for the activity. Specifically,

an electron-withdrawing group at the p-position was critical for the activity.

the p-position on the benzene ring in the phenylthiourea moi-
ety is critical for the activity (Fig. 6). When 2-Cl was also intro-
duced to the 4-Cl derivative (compound 14), the activity was
greatly reduced, indicating its introduction at the o-position is
not favorable for the activity. The 3,4-difluoro derivative (com-
pound 15) showed less activity than PI-28 (3,4-dichloro), indi-
cating electrostatic properties or bulkiness of the substituents
deter activity (Fig. 2 and Table S1). All PI-28 derivatives possess-
ing substituents on the benzene ring in the phenoxy moiety as
R? at 0-, m-, and p- positions (compounds 17-21) exhibited po-
tent activities, indicating that any substitution at any position is
acceptable for the activity (Figs. 2, 6, and Table S1). Compounds
19 and 20 possessing 3-Cl and 4-Cl, respectively, exhibited the
highest activity among the synthesized PI-28 derivatives in this
study (Figs. 4, 6, and Table S1). These compounds reduced the
radicle lengths of O. minor to 24% and 12% of the control at
1 ppm (2.6 uM) and 87% and 80% at 0.1 ppm (0.26 yuM), respec-
tively (Fig. 5 and Table S1). The half maximal inhibitory concen-
trations (ICs,) of these compounds were calculated as 1.3 uM for
both, while that of PI-28 was 6.3 uM. The 4-Cl-substituent was
a suitable size for the activity since the 4-Br substituent (com-
pound 21) weakened the activity. Figure 6 summarizes the SAR
of synthesized aryloxyacetylthioureas. On the benzene ring in
the phenylthiourea moiety, m- or p- substitution is necessary,
and an electron-withdrawing group at the p-position is critical
for the inhibitory effect on O. minor radicle elongation. Substitu-
tions are acceptable at any position on the benzene ring in the
phenoxy moiety, and 3-Cl and 4-Cl derivatives exhibited the
most potent activities. Based on this information, we are synthe-
sizing more PI-28 derivatives that might exhibit higher activities
than compounds 19 and 20. No correlation between lipophilic-
ity and activity was observed since the most hydrophilic com-
pound 11 with clogP of 1.97 exhibited potent activity as PI-28
with clogP of 3.84 (Table 1). It should be noted that the SAR
observed in the study is against in vivo activity, which is influ-
enced by absorption, distribution, metabolism, and excretion
(ADME).?” SAR study of the in vitro inhibitory activity of ary-
loxyacetylthioureas against OmAGAL?2 is our future work.

One of the control methods of root parasitic weeds is utili-
zation of intercrops which inhibit their growth through their

allelopathic effects.?® Desmodium uncinatum is used in East
Africa to control Striga hermonthica in maize production.'"!?)
Isoshaftoside, a C-glycosylflavonoid, was isolated as allelochemi-
cal inhibiting the growth of S. hermonthica and S. asiatica even
at 100pM.'"Y Other allelochemicals, quercetin analogues and
ryecyanatine A had inhibitory activities against root parasitic
9,10

weeds at 50uM and 160uM, respectively.*!” The most potent
aryloxyacetylthiourea compound 20 exhibited inhibitory activ-
ity against the radicle elongation of O. minor with ICy, of 1.6 yM
which is more active than reported allelochemicals by an order
except for isoshaftoside. Accordingly, their activity might be
high enough for controlling root parasitic weeds in practical use
after a thorough examination of their safety toward organisms
other than their targets and environmental impacts as in the
case of other agrochemicals.

Unfortunately, the most potent compound 20 failed to inhibit
the radicle elongation of S. hermonthica (Fig. S3). It is assumed
that planteose metabolism can be a control target also in S. her-
monthica as planteose is accumulated in the dry seeds.'¥ Ad-
ditionally, an orthologous gene of OmAGAL2 should exist in S.
hermonthica because it was confirmed in S. asiatica.' Two pos-
sibilities to explain the results are; the germination of S. hermon-
thica is less dependent on planteose metabolism compared with
O. minor, or the synthesized aryloxyacetylthiourea are highly
specific to OmAGAL2. Further studies focusing on planteose
metabolism using other Orobanchaceae species such as Phe-
lipanche spp. will contribute to generalizing the results in Oro-
banchaceae root parasitic weeds.

Having been screened as an OmAGAL2 inhibitor that hydro-
lyzes a storage carbohydrate planteose in the early process of O.
minor germination, a series of derivatives of PI-28 were evalu-
ated for their effects on germinating O. minor seeds. Several
compounds exhibited higher inhibitory activity against O. minor
radicle elongation than the lead compound, PI-28. This is the
first report of the effect of aryloxyacetylthioureas on a root para-
sitic weed. Further structural optimization of aryloxyacetylthio-
ureas will contribute to the development of control reagents for
root parasitic weeds targeting planteose metabolism as a novel
mode of action.
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