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Brassinosteroids (BRs) are steroid hormones that regulate plant growth, development, and stress resis-
tance. In this study, we evaluated the effect of agrochemicals on dark-induced hypocotyl elongation, which
is regulated by BRs, to identify novel chemicals that regulate BR action. We found that the juvenile hor-
mone agonist fenoxycarb inhibited dark-induced hypocotyl elongation in Arabidopsis. Treatment with the

Fenoxycarb

same class of juvenile hormone agonist, pyriproxyfen, did not affect hypocotyl elongation. Co-treatment

with fenoxycarb and BR partly canceled the fenoxycarb-induced hypocotyl suppression. In addition, gene
expression analysis revealed that fenoxycarb altered the BR-responsive gene expression. These results indicate

that fenoxycarb is a BR action inhibitor.
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Introduction

Plant growth and development are controlled through the regu-
lation of plant hormone biosynthesis and signaling in response
to environmental changes. Brassinosteroids (BRs) are a group of
polyhydroxylated steroid hormones involved in dark-induced
hypocotyl elongation, xylem development, reproductive growth,
and seed germination. In addition, BRs protect plants from
various abiotic and biotic stresses by regulating the mechanisms
by which plants respond to stress. Hence, regulating BR func-
tions in plant tissues using chemicals is a useful approach for
enhancing plant growth and crop yields. Endogenous BR func-
tions have been demonstrated in BR-deficient mutants. These
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mutants have been useful for determining the fundamental roles
of BRs in plant growth and development. Small molecules have
also proven to be valuable tools for determining the physiological
roles, biosynthesis, and signaling of BRs. For example, the BR
biosynthesis inhibitor brassinazole has greatly contributed to
identifying BR signaling genes.” BILI/BZRI was the first gene
identified from mutant screening to cancel the brassinazole-
induced phenotype.>¥ BIL1/BZR1 and its homolog, BES1, are
key transcriptional regulators of BR signaling and control the
expression of numerous genes.**

Juvenile hormones (JHs) play critical roles in regulating
various physiological processes such as metamorphosis, repro-
duction, diapause, and behavior in most insects. When larvae
grow to the appropriate size, JH synthesis ceases, permitting the
formation of an adult.? Because JH-like compounds prevent
metamorphosis, an important event for insects, many biologi-
cally active JH-like compounds have been synthesized as novel
insect growth regulators. Fenoxycarb and pyriproxyfen act
as agonists of JH receptor and are commercially registered as
potent insecticides against various insects.

Some pharmaceutical and agrochemical compounds func-
tion as plant growth regulators and several plant growth
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regulators used in basic research have been developed using
scaffolds. For example,
brassinazole was discovered as a BR biosynthesis inhibi-

these compounds as molecular
tor because uniconazole-P, which is used as a plant growth
retardant, exhibits the inhibitory activities of BR biosynthesis.” In
addition, TIS108, a strigolactone (SL) biosynthesis inhibitor, was
found in a screening and structure-activity relationship study
from a chemical library constructed during brassinazole
development.®!¥ Recently, our group reported that insect
growth regulators, chromafenozide and methoxyfenozide, were
SL biosynthesis inhibitors.!?

In this study, we screened commercial agrochemicals for
compounds that inhibit dark-induced hypocotyl elongation in
Arabidopsis to find the novel BR action regulators and investi-
gated the inhibitory activities of BRs by fenoxycarb.

Materials and methods

1. Plant material, chemicals, and growth conditions

The Arabidopsis ecotype Columbia (Col-0) was used as the wild-
type plant. The Arabidopsis bill-1D/bzrl-1D mutant showing a
BR-insensitive long hypocotyl phenotype was selected. After
surface sterilization of seeds and incubation at 4°C, seeds were
germinated on 1/2 Murashige and Skoog (MS) medium con-
taining 0.8% phytoagar with 1.5% sucrose. The MS medium was
supplemented with 0.1% (v/v) DMSO (control) or test chemicals
dissolved in DMSO. The fenoxycarb, pyriproxyfen, insecticides,
and insect growth regulators used in Fig. 1 were purchased from
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Fig. 1.

Fujifilm Wako Pure Chemical Corporation (Osaka, Japan).
Juvenile hormone III was purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). Plants were grown at 22°C
in the dark for 7 days, and the hypocotyl length was measured
using the Image] software.

2. Gene expression analysis

Seven-day-old seedlings grown on 1/2 MS medium contain-
ing 0.8% phytoagar and 1.5% sucrose were treated with 30 uM
fenoxycarb for one day. Seedlings were frozen in liquid nitrogen
and crushed using a mortar and pestle. RNA was extracted using
the PureLink Plant RNA Reagent (Thermo Fisher, Waltham,
MA, USA) according to the manufacturer’s protocol. cDNA syn-
thesis was performed using ReverTraAce qPCR RT Master Mix
with gDNA Remover (Toyobo, Osaka, Japan), according to the
manufacturer’s protocol. qRT-PCR and data analysis were per-
formed using the QuantStudio RealtimePCR System (Thermo
Fisher). The PCR primers used for qRT-PCR are listed in
Table S1.12

Results and discussion

To identify novel plant growth regulators, we focused on the
regulation of BR action because BRs affect plant growth and
crop yield. First, we screened for chemicals that regulate dark-
induced hypocotyl elongation, which is positively regulated
by BRs, among the insecticides and insect growth regulators
(Fig. S1). Seedlings were grown on 1/2 MS agar plates with
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Effect of fenoxycarb on dark-induced hypocotyl elongation. (A) Effect of insecticide and insect growth regulators (3uM) on dark-induced

hypocotyl elongation. The data are the mean*S.D. (n=13-52). (B) Structures of fenoxycarb and pyriproxyfen. (C) Dose-response of fenoxycarb in dark-
induced hypocotyl elongation. Scale bar: 1cm. The data are the mean=S.D. (n=16-20). (D) Effect of fenoxycarb, pyriproxyfen, and natural juvenile
hormone on dark-induced hypocotyl elongation. Fen: fenoxycarb, Pyri: pyriproxyfen, JH: juvenile hormone III. The data are the mean*S.D. (n=18-45).
** denotes a statistically significant difference from hypocotyl length in mock-treated (DMSO or Mock) plants (Dunnett’s test; p<<0.01).
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Fig. 2. Effects of fenoxycarb on BL-treated WT and bill-1D/bzr1-1D
mutant. N.D.: not determined, Fen: fenoxycarb. The data are the mean=+S.D.
(n=14-28). ** denotes a statistically significant difference from hypocotyl
length in 0nM BL-treated (A) and WT (B) plants (t-test; p<<0.01).

insecticides or insect growth regulators under dark condi-
tions, and the hypocotyl length of seven-day-old Arabidopsis
seedlings was measured. Most chemicals did not affect hypocotyl
elongation, whereas treatment with 3uM fenoxycarb signifi-
cantly inhibited dark-induced hypocotyl elongation (Fig. 1A and
B). Fenoxycarb treatment reduced the hypocotyl length in seven-
day-old Arabidopsis seedlings in a dose-dependent manner within a
concentration range of 1-100uM (Fig. 1C). In addition, fenoxycarb
treatment induced a de-etiolated phenotype with open cotyledons,
which is characteristic of BR-deficient mutants. Because fenoxy-
carb is commercially used as an insect JH agonist, we estimat-
ed the effect of a JH agonist, pyriproxyfen, and natural juvenile
hormone on dark-induced hypocotyl elongation under the
same conditions (Fig. 1B and D). While fenoxycarb reduced
the hypocotyl length by one-third at 30uM and 100 uM, pyri-
proxyfen or juvenile hormone III treatment showed only a
slight inhibition of dark-induced hypocotyl elongation, even
at a concentration of 100uM. These results suggest that the
chemical structure of fenoxycarb, rather than its JH agonist
activity, is important for inhibiting dark-induced hypocotyl
elongation (Fig. 1D). Both fenoxycarb and pyriproxyfen have
4-phenoxyphenoxy structures. However, fenoxycarb has a car-
bamate structure, whereas pyriproxyfen has a pyridine ring (Fig.

1B). This structural difference may have caused a significant
difference in the inhibitory activity of dark-induced hypocotyl
elongation.

Hypocotyl elongation under dark conditions is mainly
regulated by BR signaling. To determine whether BR signaling
inhibition caused dark-induced hypocotyl elongation by
fenoxycarb, we co-treated 100nM brassinolide (BL) with
fenoxycarb. This co-treatment partly but significantly recovered
dark-induced hypocotyl elongation compared to fenoxycarb
treatment alone (Fig. 2A). In addition, the inhibition of dark-
induced hypocotyl elongation by fenoxycarb was partly canceled
in the bill-1D/bzrl-1D mutant, a constitutive BR signaling
mutant, compared to the wild-type, suggesting that fenoxycarb
inhibits BR biosynthesis or signal transduction (Fig. 2B). The
structure of fenoxycarb differs markedly from those of BR bio-
synthesis inhibitors (Fig. S2A)."¥ For example, brassinazole, a
potent BR biosynthesis inhibitor, and its derivatives have azole
moiety, while fenoxycarb is a compound without a heterocyclic
ring. Known BR antagonists are also structurally different from
fenoxycarb, which contains a carbamate moiety (Fig. S2B).!*!9
Thus, fenoxycarb may act through a different mechanism than
known BR action inhibitors.

To further investigate the mechanism of action of fenoxycarb
in Arabidopsis, we performed a gene expression analysis of BR-
responsive genes (Fig. 3). Seven-day-old wild-type seedlings
were treated with 30uM fenoxycarb for one day. BIL1/BZRI,
the master regulator of BR signaling, negatively regulates BR
biosynthesis genes and positively regulates auxin-related genes.” In
this study, we selected AfSAUR-ACI (At4g38850) and AtIAAI9
(At3g15540), which are auxin-related genes as BR-upregulated
genes, and AtBR6ox2 (At3g30180) and AtDWF4 (At3g50660),
which are BR biosynthesis genes as BR-downregulated genes.
In addition, as the inhibition of BR biosynthesis increased the
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Fig. 3. Gene expression analysis of fenoxycarb treated Arabidopsis
seedlings. The data are the mean=S.D. (n=5). Fen: 30uM fenoxycarb.
*and ** denote a statistically significant difference from hypocotyl length
in mock-treated (DMSO) plants (¢-test; p<<0.05 and 0.01, respectively).
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expression of photosynthesis-related genes, we also analyzed the
expression level of chlorophyll A/B-binding proteins, AtCAB2/3
(At1g29910 and At1g29920), as BR-downregulated genes.!”
Fenoxycarb treatment downregulated the expression of AtfSAUR-
ACI and AtIAAI9 and upregulated the expression of AtBR60x-2,
AtDWF4, and AtCAB2/3, suggesting that fenoxycarb inhibits BR
action at the gene expression level.

In this study, we found that fenoxycarb, a carbamate juvenile
hormone agonist, inhibited BR action in Arabidopsis. Although
it is not clear whether fenoxycarb acts on BR biosynthesis or
signal transduction, analysis of the target protein(s) and action
mechanism(s) of fenoxycarb might provide new insights into BR
biosynthesis and function since fenoxycarb is structurally different
from previously reported inhibitors of BR biosynthesis and signal

transduction.'?

Acknowledgements

We thank K. Obitsu and M. Takahashi for their technical assistance with
the experiments. This research was supported in part by the Research
Project of the Tokyo University of Agriculture (S.I.).

Conflicts of interest

Declarations of interest: none

Electronic supplementary materials

The online version of this article contains supplementary materials (Supple-
mentary Table S1, Fig. S1, and Fig. S2), which are available at https://www.
jstage.jst.go.jp/browse/jpestics/.

References

1) T. Asami, Y. K. Min, N. Nagata, K. Yamagishi, S. Takatsuto, S. Fujioka,
N. Murofushi, I. Yamaguchi and S. Yoshida: Characterization of
brassinazole, a triazole-type brassinosteroid biosynthesis inhibitor.
Plant Physiol. 123, 93-100 (2000).

2) Z.Y. Wang, T. Nakano, J. Gendron, J. He, M. Chen, D. Vafeados, Y.
Yang, S. Fujioka, S. Yoshida, T. Asami and J. Chory: Nuclear-localized
BZR1 mediates brassinosteroid-induced growth and feedback suppres-
sion of brassinosteroid biosynthesis. Dev. Cell 2, 505-513 (2002).

3) T. Asami, T. Nakano and S. Fujioka: Plant brassinosteroid hormones.
Vitam. Horm. 72, 479-504 (2005).

4) Y. Yin, Z. Y. Wang, S. Mora-Garcia, J. Li, S. Yoshida, T. Asami and
J. Chory: BES1 accumulates in the nucleus in response to brassino-
steroids to regulate gene expression and promote stem elongation.
Cell 109, 181-191 (2002).

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

Y. Sun, X. Y. Fan, D. M. Cao, W. Tang, K. He, J. Y. Zhu, J. X. He,
M. Y. Bai, S. Zhu, E. Oh, S. Patil, T. W. Kim, H. Ji, W. H. Wong, S.
Y. Rhee and Z. Y. Wang: Integration of brassinosteroid signal trans-
duction with the transcription network for plant growth regulation in
Arabidopsis. Dev. Cell 19, 765-777 (2010).

M. Jindra and L. Bittova: The juvenile hormone receptor as a target
of juvenoid “insect growth regulators” Arch. Insect Biochem. Physiol.
103, 21615 (2020).

T. Asami, M. Mizutani, S. Fujioka, H. Goda, Y. K. Min, Y. Shimada,
T. Nakano, S. Takatsuto, T. Matsuyama, N. Nagata, K. Sakata and
S. Yoshida: Selective interaction of triazole derivatives with DWF4, a
cytochrome P450 monooxygenase of the brassinosteroid biosynthetic
pathway, correlates with brassinosteroid deficiency in planta. J. Biol.
Chem. 276, 25687-25691 (2001).

S. Tto, N. Kitahata, M. Umehara, A. Hanada, A. Kato, K. Ueno, K.
Mashiguchi, J. Kyozuka, K. Yoneyama, S. Yamaguchi and T. Asami: A
new lead chemical for strigolactone biosynthesis inhibitors. Plant Cell
Physiol. 51, 1143-1150 (2010).

S. Ito, M. Umehara, A. Hanada, N. Kitahata, H. Hayase, S. Yamaguchi
and T. Asami: Effects of triazole derivatives on strigolactone levels
and growth retardation in rice. PLoS One 6, 21723 (2011).

S. Ito, J. Braguy, J. Y. Wang, A. Yoda, V. Fiorilli, I. Takahashi, M. Jamil, A.
Felemban, S. Miyazaki, T. Mazzarella, G. T. E. Chen, A. Shinozawa, A.
Balakrishna, L. Berqdar, C. Rajan, S. Ali, I. Haider, Y. Sasaki, S. Yajima,
K. Akiyama, L. Lanfranco, M. D. Zurbriggen, T. Nomura, T. Asami
and S. Al-Babili: Canonical strigolactones are not the major determinant
of tillering but important rhizospheric signals in rice. Sci. Adv. 8,
eadd1278 (2022).

K. Kawada, Y. Sasaki, T. Asami, S. Yajima and S. Ito: Insect growth
regulators with hydrazide moiety inhibit strigolactone biosynthesis in
rice. J. Pestic. Sci. 47, 43-46 (2022).

K. Oh, T. Matsumoto, A. Yamagami, T. Hoshi, T. Nakano and
Y. Yoshizawa: Fenarimol, a pyrimidine-type fungicide, inhibits brassi-
nosteroid biosynthesis. Int. . Mol. Sci. 16, 17273-17288 (2015).

W. Dejonghe, K. Mishev and E. Russinova: The brassinosteroid
chemical toolbox. Curr. Opin. Plant Biol. 22, 48-55 (2014).

T. Muto and Y. Todoroki: Brassinolide-2,3-acetonide: A brassinolide-
induced rice lamina joint inclination antagonist. Bioorg. Med. Chem.
21, 4413-4419 (2013).

S. Takimoto, A. Sugiura, S. Minami, T. Tasaka, Y. Nakagawa and
H. Miyagawa: In silico exploration for agonists/antagonists of brassi-
nolide. Bioorg. Med. Chem. Lett. 26, 1709-1714 (2016).

E. Oh, J. Y. Zhu and Z. Y. Wang: Interaction between BZR1 and PIF4
integrates brassinosteroid and environmental responses. Nat. Cell
Biol. 14, 802-809 (2012).


https://doi.org/10.1104/pp.123.1.93
https://doi.org/10.1104/pp.123.1.93
https://doi.org/10.1104/pp.123.1.93
https://doi.org/10.1104/pp.123.1.93
https://doi.org/10.1016/S1534-5807(02)00153-3
https://doi.org/10.1016/S1534-5807(02)00153-3
https://doi.org/10.1016/S1534-5807(02)00153-3
https://doi.org/10.1016/S1534-5807(02)00153-3
https://doi.org/10.1016/S0083-6729(05)72014-8
https://doi.org/10.1016/S0083-6729(05)72014-8
https://doi.org/10.1016/S0092-8674(02)00721-3
https://doi.org/10.1016/S0092-8674(02)00721-3
https://doi.org/10.1016/S0092-8674(02)00721-3
https://doi.org/10.1016/S0092-8674(02)00721-3
https://doi.org/10.1016/j.devcel.2010.10.010
https://doi.org/10.1016/j.devcel.2010.10.010
https://doi.org/10.1016/j.devcel.2010.10.010
https://doi.org/10.1016/j.devcel.2010.10.010
https://doi.org/10.1016/j.devcel.2010.10.010
https://doi.org/10.1002/arch.21615
https://doi.org/10.1002/arch.21615
https://doi.org/10.1002/arch.21615
https://doi.org/10.1074/jbc.M103524200
https://doi.org/10.1074/jbc.M103524200
https://doi.org/10.1074/jbc.M103524200
https://doi.org/10.1074/jbc.M103524200
https://doi.org/10.1074/jbc.M103524200
https://doi.org/10.1074/jbc.M103524200
https://doi.org/10.1093/pcp/pcq077
https://doi.org/10.1093/pcp/pcq077
https://doi.org/10.1093/pcp/pcq077
https://doi.org/10.1093/pcp/pcq077
https://doi.org/10.1371/journal.pone.0021723
https://doi.org/10.1371/journal.pone.0021723
https://doi.org/10.1371/journal.pone.0021723
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1126/sciadv.add1278
https://doi.org/10.1584/jpestics.D21-063
https://doi.org/10.1584/jpestics.D21-063
https://doi.org/10.1584/jpestics.D21-063
https://doi.org/10.3390/ijms160817273
https://doi.org/10.3390/ijms160817273
https://doi.org/10.3390/ijms160817273
https://doi.org/10.1016/j.pbi.2014.09.002
https://doi.org/10.1016/j.pbi.2014.09.002
https://doi.org/10.1016/j.bmc.2013.04.048
https://doi.org/10.1016/j.bmc.2013.04.048
https://doi.org/10.1016/j.bmc.2013.04.048
https://doi.org/10.1016/j.bmcl.2016.02.054
https://doi.org/10.1016/j.bmcl.2016.02.054
https://doi.org/10.1016/j.bmcl.2016.02.054
https://doi.org/10.1038/ncb2545
https://doi.org/10.1038/ncb2545
https://doi.org/10.1038/ncb2545

