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Action mechanism of bleaching herbicide cyclopyrimorate,  
a novel homogentisate solanesyltransferase inhibitor
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The action mechanism of cyclopyrimorate, a novel herbicide for weed control in rice fields, was investigated. Cyclopyrimorate 
caused bleaching symptoms in Arabidopsis thaliana similar to those caused by existing carotenoid biosynthesis inhibitors, me-
sotrione and norflurazon. However, cyclopyrimorate treatment resulted in significant accumulation of homogentisate and a 
reduction in the level of plastoquinone. A metabolite of cyclopyrimorate, des-morpholinocarbonyl cyclopyrimorate (DMC), was 
detected in plants. These data suggested that cyclopyrimorate and/or DMC inhibit homogentisate solanesyltransferase (HST), a 
downstream enzyme of 4-hydroxyphenylpyruvate dioxygenase in the plastoquinone biosynthesis pathway. In vitro assays showed 
that A. thaliana HST was strongly inhibited by DMC and weakly by cyclopyrimorate, whereas other commercial bleaching her-
bicides did not inhibit HST. DMC derivatives showed a positive correlation between HST inhibition and in vivo bleaching activi-
ties. These results indicate that the target site of cyclopyrimorate and DMC is HST, a novel target site of commercial herbicides.  
© Pesticide Science Society of Japan
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Introduction

Herbicide-resistant weeds first became problematic in the USA 
and Europe in the 1970s and early 1980s.1) To date, weeds have 
evolved resistance to 23 of the 26 known herbicide sites of action 
and to 163 different herbicides.2) Weeds resistant to acetolac-
tate synthase (ALS) inhibitor are the most problematic in wheat, 
corn, soybean, and rice production.1,2) Development of new her-
bicides with a novel mode of action, which have not been intro-
duced in more than two decades, is needed to manage the evolu-
tion of weeds resistant to existing herbicides.3)

According to the Herbicide Resistance Action Committee 
classification, bleaching herbicides are categorized into four 
groups. Their target sites are related to carotenoid or plastoqui-
none (PQ) biosynthesis (Fig. 1). Most bleaching herbicides tar-
get phytoene desaturase (PDS) and 4-hydroxyphenylpyruvate 
dioxygenase (4-HPPD).4) PDS inhibitors block the desatura-
tion of phytoene, which directly affects carotenoid biosynthe-
sis.5) 4-HPPD inhibitors block the formation of homogentisate 

(HGA) in the biosynthesis pathway of PQ, a cofactor for PDS, 
and lead to indirect inhibition of its enzymatic activity.6,7) Be-
cause carotenoids protect plant cells from photooxidation, their 
loss leads to the destruction of chlorophyll8) and photobleach-
ing symptoms.5) The bleaching herbicide clomazone inhibits 
the 1-deoxy-D-xylulose-5-phosphate synthase (DOXPS), which 
catalyzes the first committed step in the biosynthesis of isopren-
oids, including carotenoids and PQ.9,10)

It was reported in 2010 that haloxydine inhibits homogentis-
ate solanesyltransferase (HST).11) HST catalyzes the prenylation 
and decarboxylation of HGA to form 2-methyl-6-solanesyl-1,4-
benzoquinol in the PQ biosynthesis pathway. The in vitro assay 
systems were established with the HST gene of Chlamydomonas 
reinhardtii and Arabidopsis thaliana. Using the in vitro assay sys-
tem of C. reinhardtii, haloxydine has been demonstrated to be a 
competitive inhibitor of homogentisate.11,12) Nevertheless, hal-
oxydine has not yet been used commercially.

Cyclopyrimorate, 6-chloro-3-(2-cyclopropyl-6-methylphe-
noxy) pyridazin-4-yl morpholine-4-carboxylate, was invented 
by Mitsui Chemicals Agro Inc.(Fig. 2) and has proven to be 
highly effective against weeds in rice fields, including those re-
sistant to ALS inhibitors. Cyclopyrimorate shows synergistic ef-
fects with 4-HPPD inhibitors, such as pyrazolynate.13–17) How-
ever, the target site of cyclopyrimorate is unknown. Identifica-
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tion of its target site will contribute to the establishment of novel 
strategies for the management of herbicide-resistant weeds. In 
this study, the levels of intermediates in PQ and carotenoid bio-
synthesis pathways were examined after cyclopyrimorate treat-
ment. Escherichia coli cells expressing the A. thaliana HST gene 
were used to determine the HST inhibitory activities of vari-
ous herbicides. Using des-morpholinocarbonyl cyclopyrimorate 
(DMC), a metabolite of cyclopyrimorate (Fig. 2), and its deriva-
tives, we evaluated HST inhibitory activities and in vivo bleach-
ing activities to verify their target site.

Materials and Methods

1. Chemicals and plant materials
Cyclopyrimorate, DMC and its derivatives, mesotrione 
(4-HPPD inhibitor),18) norflurazon (PDS inhibitor),19) and 
clomazone were synthesized at Agrochemicals Research Center, 
Mitsui Chemicals Agro, Inc. (Chiba, Japan). 2-Methyl-6-farne-
syl-1,4-benzoquinol (MFBQH) was also synthesized there ac-
cording to the procedures described previously.20,21) Haloxydine 
was purchased from Namiki Shoji Co., Ltd. (Tokyo, Japan). Hy-
ponex was purchased from HYPONeX JAPAN Co., Ltd. (Osaka, 
Japan). Iron (III) chloride, L-ascorbic acid, and magnesium chlo-
ride hexahydrate were purchased from Wako Pure Chemical 
Industries Co., Ltd. (Osaka, Japan). L-Arabinose, sodium boro-
hydride, and HGA were purchased from Tokyo Chemical In-
dustry Co., Ltd. (Tokyo, Japan). Luria–Bertani broth (LB) was 

purchased from Becton, Dickinson and Company (NJ, USA). 
Farnesyl diphosphate and seeds of A. thaliana were purchased 
from Funakoshi Co., Ltd. (Tokyo, Japan). Seeds of Brassica jun-
cea were purchased from Takii Seed Co., Ltd. (Kyoto, Japan). 
Seeds of Schoenoplectus juncoides were collected at the Agro-
chemicals Research Center, Mitsui Chemicals Agro, Inc. (Shiga, 
Japan).

2. Plant cultivation and herbicide treatment
Seeds of A. thaliana were sown on 10 mL of 1% agar media 
(w/v) containing 0.1% Hyponex (v/v) in a Petri dish (60 mm 
dia.×15 mm depth) and treated with 500 µL of herbicide solu-
tion containing 1% DMSO. Plates were incubated in a chamber 
with an 8 hr light (22°C)/16 hr dark (20°C) cycle for 4–5 days. 
Seeds of B. juncea were sown in a plastic pot (45 mm×55 mm) 
filled with an approximately 1 : 2 mixture of culture soil (NO3-N, 
PO4, K, Mg=550, 1500, 200, 100 mg/L, respectively; pH=6–7) 
and sieved and autoclaved soil collected from a field at the Ag-
rochemicals Research Center, Mitsui Chemicals Agro, Inc. 
(Ibaraki, Japan). Immediately after sowing, 1 mL of herbicide 
solution containing 1% DMSO was added to the soil surface. 
Pots were incubated in a chamber with a 16 hr light (25°C)/8 hr 
dark (22°C) cycle for 4 days. Seeds of S. juncoides were sown on 
10 mL of 0.5% agar media (w/v) containing 0.1% Hyponex (v/v) 
in a glass cylinder (35 mm×60 mm) and treated with 280 µL of 
herbicide solution containing 1% DMSO. Cylinders were incu-
bated in a chamber with a 16 hr light (26°C)/8 hr dark (22°C) 
cycle for 4 days. For appropriate controls, 1% DMSO without the 
herbicides was applied to the seeds of each plant species.

3. HGA extraction and analysis
Whole plants of A. thaliana, leaves of B. juncea, and shoots of 
S. juncoides were homogenized in 500 µL of MeOH and 40 µL 
of 1 M L-ascorbic acid using a Biomasher II (Nippi Inc., Tokyo, 
Japan). After the addition of 500 µL of MeOH, the homogenate 
was centrifuged at 17,360×g for 5 min. Supernatants were dried 
in a centrifugal concentrator and dissolved in 400 µL of 50 mM 
KH2PO4–HCl buffer (pH 2.8). The solution was washed with 
400 µL of n-hexane/ethyl acetate (6 : 4). After NaCl was added 
to saturation, the solution was extracted with 500 µL of ethyl ac-
etate twice. Ethyl acetate solution was dried in a centrifugal con-
centrator, and the residue was resuspended in 100 µL of 50 mM 
KH2PO4–HCl buffer (pH 2.8). The solution was centrifuged at 

Fig. 2. Structures of cyclopyrimorate and its metabolite, des-morpho-
linocarbonyl cyclopyrimorate (DMC).

Fig. 1. Carotenoids and plastoquinone biosynthesis pathways. Target 
enzymes of inhibitors are indicated in bold. Two consecutive arrows in-
dicate multi-step reactions. DOXPS, 1-deoxy-D-xylulose-5-phosphate 
synthase; PDS, phytoene desaturase; 4-HPPD, 4-hydroxyphenylpyruvate 
dioxygenase; HST, homogentisate solanesyltransferase.
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17,360×g for 5 min, and the supernatant was subjected to HPLC 
analysis. The HPLC system consisted of a pump (LC-20AD), a 
UV detector (SPD-M20A), a fluorescence detector (RF-20Axs), 
and a column oven (CTO-20AC). Phase separation was per-
formed on a reverse phase column (X-bridge, 4.6 mm ×15 mm, 
particle size 5 µm; Waters Co., MA, USA). The column oven 
temperature was maintained at 40°C. The mobile phase con-
sisted of acetonitrile and 0.2% triethylamine-phosphoric acid 
buffer (pH 3.2) in a ratio of 0.5 : 99.5 (v/v). The flow rate was 
maintained at 1.4 mL/min, and the effluent was monitored using 
the fluorescence detector (Ex. 290 nm, Em. 330 nm). HGA was 
eluted with a retention time of 7.1 min. The concentration of 
HGA was determined using external standards and expressed 
on a fresh weight basis.

4. PQ extraction and analysis
Whole plants of A. thaliana, leaves of B. juncea, and shoots of S. 
juncoides were homogenized in 500 µL of ice-cold acetone and 
5 µL of 0.5 M iron (III) chloride in EtOH using a Biomasher II. 
Samples were centrifuged at 17,360×g for 5 min, followed by 
the addition of 500 µL of water to the supernatant. The solution 
was extracted with 500 µL of n-hexane twice. The hexane solu-
tion was dried in a centrifugal concentrator, and the residue was 
resuspended in 100 µL of EtOH. The solution was centrifuged 
at 17,360×g for 5 min, and the supernatant was subjected to 
HPLC analysis. The column oven temperature was maintained 
at 40°C. MeOH was used as the mobile phase at a flow rate of 
1.0 mL/min. The effluent was monitored using the UV detector 
at a wavelength of 254 nm. PQ was eluted with a retention time 
of 23.5 min. The concentration was expressed on a fresh weight 
basis.

5. Extraction and analysis of cyclopyrimorate and DMC from 
plants

Arabidopsis leaves were homogenized in 180 µL of 80% MeOH 
and 20 µL of 1 M L-ascorbic acid using a Biomasher II. Samples 
were centrifuged at 17,360×g for 5 min, followed by the addi-
tion of 50 µL of 50 mM KH2PO4–HCl buffer (pH 2.8) to 50 µL 
of the supernatant. Samples were centrifuged at 17,360×g for 
5 min, and the supernatant was subjected to HPLC analysis. The 
column oven temperature was maintained at 40°C. The mobile 
phase consisted of acetonitrile and 0.2% triethylamine-phos-
phoric acid buffer (pH 3.2) in gradient mode as follows: 30%–
100% acetonitrile in 20 min. The flow rate was maintained at 
1.0 mL/min. The effluent was monitored using the UV detector. 
Cyclopyrimorate and DMC were eluted with a retention time 
of 13.8 min and 7.5 min at a wavelength of 272 nm and 277 nm, 
respectively. Concentrations of cyclopyrimorate and DMC were 
determined using external standards and expressed on a fresh 
weight basis.

6. Cloning and heterologous expression of A. thaliana HST
Cloning and heterologous expression of A. thaliana HST were 
performed as described.11,12,22) Briefly, peptide sequences of A. 

thaliana HST (accession number AT3G11945) lacking putative 
chloroplast targeting sequences were cloned into a pDEST15 
vector (Invitrogen) according to the manufacturer’s instructions 
to generate a functional A. thaliana protein with an N-terminal 
glutathione S-transferase (GST) tag. The vectors were trans-
formed into E. coli BL21-AI cells (Invitrogen) and incubated at 
37°C in LB medium supplemented with ampicillin (100 µg/mL). 
Expression of A. thaliana HST was induced in exponentially 
growing cultures by adding L-arabinose to a final concentration 
of 0.2%. After 2 hr of induction, cells were harvested by centrifu-
gation at 12,000×g at 4°C for 10 min and stored at −80°C. The 
frozen cells were resuspended in an extraction buffer (10 mM 
Tris–H2SO4, 1 mM phenylmethylsulfonylfluoride, pH 7.5) and 
homogenized with sonication on ice. The cells were centrifuged 
at 48,000×g at 4°C for 10 min. The supernatant was ultracentri-
fuged at 150,000×g at 4°C for 1 hr. The pellet was resuspended 
in a suspension buffer (5 mM Tris–H2SO4, 50% (v/v) glycerol, 
pH 7.5). Protein concentration was determined using the Bio-
Rad assay (Bio-Rad Laboratories, Inc., CA, USA) according to 
the manufacturer's instructions. This protein suspension was ad-
justed to 15 mg/mL protein and used for in vitro HST assay.

7. In vitro HST assays
HST activity was measured using farnesyl diphosphate as the 
substrate as described previously.11,12,22) Eighty microliters of re-
action mixture containing 50 mM tricine–NaOH buffer (pH 8.5), 
25 µM homogentisate, 100 µM farnesyl diphosphate, 20 mM mag-
nesium chloride, approximately 1.5 mg/mL protein suspension, 
and various concentrations of herbicides dissolved in 1% DMSO 
(or no-herbicide control) was incubated at 28°C for 30 min. In 
the case of cyclopyrimorate, the incubation time was shortened 
to 10 min to avoid the decomposition of cyclopyrimorate to 
DMC. After incubation, 80 µL of 0.05% sodium borohydride in 
EtOH and 32 µL of 0.1 M acetic acid were added to each sample. 
Subsequently, samples were centrifuged at 17,360×g for 5 min, 
and the supernatant was subjected to HPLC analysis. The column 
oven temperature was maintained at 40°C. The mobile phase 
consisted of acetonitrile and 0.1% acetic acid in a ratio of 65 : 35 
(v/v). The flow rate was maintained at 1.0 mL/min, and the efflu-
ent was monitored using the fluorescence detector (Ex. 290 nm, 
Em. 330 nm). The product, MFBQH, was eluted with a retention 
time of 12.8 min and identified by LC-MS/MS. The inhibition 
rate was calculated as (1−T/C)*100, where C and T present the 
amount of MFBQH in control and herbicide treatment samples, 
respectively. The IC50 (half-inhibition concentration) values for 
HST were determined using a four-parameter logistic curve-
fitting program (GraphPad Prism 6.00) with upper and lower 
constraints of 100% and 0% extension, respectively.

8. Determination of chlorophyll
Arabidopsis whole plants treated with various herbicide solu-
tions were homogenized in dimethylformamide using a Bio-
masher II and stored at 4°C for 24 hr under dark conditions. 
Total chlorophyll content, including chlorophyll a and chloro-
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phyll b, was determined using the following equation23): 

 ∗ + ∗646.8 663.8Total chlorophyll mg/mL 17.67 7 2( ) .1A A=   

where A646.8 and A663.8 represent the absorbance of extracts 
determined using a photometer at a wavelength of 646.8 and 
663.8, respectively. The concentrations were expressed on a fresh 
weight basis. The EC50 (half-effective concentration) values for 
chlorophyll content reduction were determined using the four-
parameter logistic curve-fitting program (GraphPad Prism 6.00) 
with upper and lower constraints of 100% and 0% extension, re-
spectively. Bleaching activities were evaluated based on the EC50 
values for chlorophyll.

Results

1. Bleaching symptoms of A. thaliana
Five days after sowing, Arabidopsis seedlings grew normally with 
green cotyledons in the no-herbicide control (Fig. 3A), whereas 
leaves of seedlings treated with 500 ppm cyclopyrimorate solu-
tion were bleached (Fig. 3B). These bleaching symptoms were 
comparable to those observed with major carotenoid biosyn-
thesis inhibitors, such as mesotrione and norflurazon (Fig. 3C 
and D). Furthermore, the lengths of shoots and roots treated by 
these herbicides were shorter than those of the control.

2. Intermediates in the PQ biosynthesis pathway
Five days after cyclopyrimorate treatment, the level of PQ in A. 
thaliana decreased in a concentration-dependent manner; no 
PQ was detected at cyclopyrimorate concentrations ≥400 ppm 
(Fig. 4A). Cyclopyrimorate treatment also resulted in the accu-
mulation of HGA in A. thaliana. By contrast, no PQ or HGA 
was detected in plants treated with mesotrione. In the case of 
norflurazon, the changing pattern was somewhat similar to that 
of cyclopyrimorate, however PQ was still detected even at high 
concentrations, and the increase of HGA was moderate as com-
pared with cyclopyrimorate. These changes in PQ and HGA 
were also observed in B. juncea and S. juncoides (Fig. 4B and C).

3. Metabolite of cyclopyrimorate
DMC was detected in Arabidopsis leaves 4 days after cyclopyri-
morate treatment. The amount of DMC was nearly proportional 
to the treated concentration of cyclopyrimorate. The concentra-
tion of cyclopyrimorate was higher than that of DMC (Fig. 2 and 
Table 1).

4. In vitro HST assays
HST in crude E. coli extracts was weakly inhibited by cyclopy-
rimorate and strongly inhibited by DMC. DMC showed an 
IC50 of 3.93 µM and an inhibition rate of 99% at a concentra-

Fig. 3. Effect of herbicide treatment (500 ppm) on Arabidopsis seed-
lings. (A) Control, (B) cyclopyrimorate, (C) mesotrione, and (D) norflu-
razon. Scale bar=1 mm. The upper panel shows whole seedlings, whereas 
the lower panel shows the expanded leaves of each seedling. Images were 
taken 5 days after sowing.

Fig. 4. The amount of plastoquinone (PQ) and homogentisate (HGA) 
in various plants 5 days after herbicide treatment. (A) A. thaliana seed-
lings, (B) B. juncea leaves, and (C) S. juncoides shoots. The concentration 
of each herbicide (ppm) is indicated along the X-axes. Data for PQ are 
normalized relative to the control, and data for HGA are expressed on a 
fresh weight basis. Values represent the mean±SD (n=3).

Table 1. Concentrations of cyclopyrimorate and DMC in Arabidopsis 
leaves 4 days after cyclopyrimorate treatmenta)a)

Treatment 
Cyclopyrimorate (ppm)

Concentration in leaves (pmol/mg fresh weight)

DMC Cyclopyrimorate

0 0 0
7.8 1.50±1.82 7.81±6.78

31.3 4.01±0.30 80.1±28.3
125 13.6±3.59 421±102

a) Values represent the mean±SD (n=3).
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tion of 200 µM. The IC50 of haloxydine, a known HST inhibitor, 
was 9.19 µM, indicating that the inhibitory activity of DMC was 
higher than that of haloxydine. By contrast, mesotrione and nor-
flurazon did not inhibit HST even at the concentration as high 
as 1 mM (Fig. 5).

5. Relationship between HST inhibitory activities and in vivo 
bleaching activities

The inhibitory activities of cyclopyrimorate, DMC, and its deriv-
atives (1–10) are listed in Table 2. DMC was one of the strongest 
HST inhibitors. Compounds possessing a methyl, an ethyl, or 
a bromo group at position X5 (DMC, 1, 2) showed high inhibi-
tory activity, whereas those possessing a methoxy group or a hy-
drogen (3, 4) showed slightly lower inhibitory activity, suggest-

ing that the presence of hydrophobic groups at position X5 may 
be important for HST inhibition. A similar tendency was also 
observed at positions X3 and X4; the introduction of a methyl 
group in X3 or X4 (5, 6) improved the inhibitory activity, where-
as that of a hydroxyl group in X4 (7) decreased the inhibitory 
activity compared with that of DMC. By contrast, the introduc-
tion of a methyl group in X2 (8) slightly reduced the inhibitory 
activity. Additionally, positions A, X1, and R were more influ-
ential on the inhibitory activity of the compound. Changing a 
cyclopropyl substituent in X1 to a methyl group and a pyridazine 
ring to a pyridine ring (9) led to the lowest inhibitory activity. 

Fig. 5. Effect of various herbicides on A. thaliana HST. ●, cyclopyri-
morate; ■, DMC; △, haloxydine; ▽, mesotrione; ◇, norflurazon. Values 
represent the mean±SD (n=3).

Table 2. Inhibitory activities of cyclopyrimorate, DMC, and its derivatives on HST and chlorophyll content

No. A R X1 X2 X3 X4 X5 HST IC50 (μM) Chlorophyll EC50 
(μM)

Cyclopyrimorate N Morpholine-
4-carbonyloxy c-Pr H H H CH3 5.61×102 2.60×102

DMC N OH c-Pr H H H CH3 3.93 7.08×102

1 N OH c-Pr H H H CH2CH3 2.39 3.52×102

2 N OH c-Pr H H H Br 3.85 3.56×102

3 N OH c-Pr H H H OCH3 2.45×10 1.92×103

4 N OH c-Pr H H H H 2.13×10 2.10×103

5 N OH c-Pr H CH3 H CH3 1.65 6.36×10
6 N OH c-Pr H H CH3 H 2.65 7.92×102

7 N OH c-Pr H H OH CH3 1.57×102 3.60×104

8 N OH c-Pr CH3 H H H 1.93×10 1.52×103

9 CH OH CH3 H H H CH3 4.63×102 1.62×104

10 N H c-Pr H H H CH3 2.58×102 2.96×103

Fig. 6. Correlation between HST inhibitory activities and in vivo 
bleaching activities of herbicides. pIC50=log (1/IC50 (μM)) and pEC50= 
log (1/EC50 (μM)). ◆, DMC and its derivatives; □, cyclopyrimorate.
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Compound 10 and cyclopyrimorate possessing a hydrogen and 
a morpholine-4-carbonyloxy group, respectively, at position R 
showed considerably low inhibitory activity. Compounds with 
low inhibitory activity exhibited weaker bleaching activity, ex-
cept for cyclopyrimorate. In the case of DMC and its deriva-
tives, a positive correlation (r2=0.78) was detected between the 
HST inhibitory activity (pIC50) and the in vivo bleaching activity 
(pEC50) (Fig. 6). However, cyclopyrimorate was an outlier in this 
correlation.

Discussion

Cyclopyrimorate exhibited bleaching symptoms similar to those 
caused by existing major carotenoid biosynthesis inhibitors, 
such as mesotrione or norflurazon (Fig. 3). Therefore, the target 
site of cyclopyrimorate was predicted to be an enzyme in the 
carotenoid or PQ biosynthesis pathway. Additionally, the shoots 
and roots of Arabidopsis seedlings treated with cyclopyrimorate 
were shorter than those of the control, which were similar to the 
dwarf phenotype of an A. thaliana mutant with the disrupted 
HST gene.24)

To narrow down the potential target sites of cyclopyri-
morate, the levels of various intermediates in the PQ biosyn-
thesis pathway were examined in Arabidopsis plants. The level 
of PQ decreased in a concentration-dependent manner of cy-
clopyrimorate, while HGA accumulated after cyclopyrimorate 
treatment (Fig. 4A). At or above 800 ppm cyclopyrimorate, the 
accumulated amount of HGA was lower than that at 400 ppm 
cyclopyrimorate, probably because the plants were damaged, 
and their HGA-synthesizing activity was weakened at higher cy-
clopyrimorate concentrations. Similar changes in the levels of 
intermediates were also observed in B. juncea and S. juncoides 
(Fig. 4B and C), which suggests that cyclopyrimorate inhibits 
HST, a downstream enzyme of 4-HPPD in the PQ biosynthesis 
pathway. Moreover, the pattern of change in HGA and PQ was 
similar between DMC and haloxydine, a known HST inhibitor 
(Supplemental Table S1).

The accumulation of HGA and the decrease of PQ in plants 
treated with norflurazon (Fig. 4) may be due to reduced expres-
sion of the geranylgeranyl diphosphate synthase (GGPS) gene. In 
an A. thaliana mutant with a disrupted PDS gene, the expression 
of GGPS was significantly lower than that in the wild-type.25) 
Geranylgeranyl diphosphate is a precursor of solanesyl diphos-
phate, which is a substrate of HST. It is, therefore, possible that 
lower GGPS activity indirectly caused by norflurazon results in a 
decrease in solanesyl diphosphate, which might further cause an 
indirect inhibition of HST and, subsequently, a little accumula-
tion of HGA and decreased levels of PQ. Norflurazon completely 
bleached Arabidopsis leaves at a concentration of 500 ppm (Fig. 
3D); however, PQ biosynthesis was not completely inhibited, in-
dicating that the inhibition of PQ is not crucial for norflurazon 
to exhibit bleaching activity. By contrast, the inhibition of PQ 
biosynthesis by cyclopyrimorate treatment was closely associ-
ated with its bleaching activity (Fig. 4 and Supplemental Fig. S1).

Neither PQ nor HGA was detected in Arabidopsis plants after 

mesotrione treatment (Fig. 4). Similar trends have been ob-
served before: the synthesis of HGA is inhibited by the 4-HPPD 
inhibitor, sulcotrione,26) and the level of PQ declines prior 
to that of β-carotene in Brassica kaber seedlings upon treat-
ment with the 4-HPPD inhibitor, isoxaflutole.27) These effects 
of 4-HPPD inhibitors were different from those of cyclopyri-
morate.

The action site of cyclopyrimorate could be distinguished 
from that of clomazone, a DOXPS inhibitor, by phytoene ac-
cumulation (Supplemental Fig. S2). It is known that phytoene 
accumulates in the presence of 4-HPPD and PDS inhibitors, 
whereas not in the presence of a DOXPS inhibitor.28,29) In this 
study, phytoene accumulation was observed with cyclopyri-
morate, mesotrione, and norflurazon treatment, whereas not 
with clomazone treatment. These data suggest that the target site 
of cyclopyrimorate is not DOXPS. Based on changes in HGA, 
PQ, and phytoene levels, the action site of cyclopyrimorate was 
clearly distinguishable from those of the other bleaching herbi-
cides except for haloxydine.

To confirm direct interaction between cyclopyrimorate and 
HST, we assayed HST activities in a cell-free system. This assay 
system, in which a radioactive substrate was used, has already 
been reported.11,12,22) Therefore, we developed alternative meth-
ods without the use of a radioactive isotope. Using these newly 
developed methods, the enzymatic reaction product, MFBQH, 
was quantified by HPLC with a fluorescence detection system, 
and the HST inhibitory activities of various herbicides were 
examined in a high-throughput manner. The data showed that 
cyclopyrimorate weakly inhibited HST (IC50=5.61×102 μM), 
whereas DMC strongly inhibited HST (IC50=3.93 µM), suggest-
ing that DMC is the main active form of cyclopyrimorate. HST 
was not inhibited by the other bleaching herbicides except for 
haloxydine.

To verify the target site of cyclopyrimorate, we evaluated 
DMC and its derivatives for HST inhibitory activities and in vivo 
bleaching activities. The HST inhibition and bleaching activi-
ties showed a positive correlation r2=0.78, suggesting that the 
bleaching symptoms were attributable to the inhibition of HST. 
However, cyclopyrimorate was an outlier with the high bleach-
ing activity and the low HST inhibitory activity, because cy-
clopyrimorate is metabolized to the highly active HST inhibitor, 
DMC.

Two intriguing questions remain: what is the mechanism of 
HST inhibition used by cyclopyrimorate, and why does cyclopy-
rimorate exhibit strong synergistic effects with 4-HPPD inhibi-
tors? It is known that haloxydine is a competitive inhibitor of 
homogentisate and a non-competitive inhibitor of FPP for C. 
reinhardtii HST.11) Understanding the HST inhibitory mecha-
nism of DMC will be valuable for the structural requirements to 
develop novel HST inhibitors. To address the synergistic effects 
of cyclopyrimorate and 4-HPPD inhibitors, it is possible that 
both HST and 4-HPPD function in the PQ biosynthesis path-
way; therefore, two herbicides acting on sequential target sites 
may produce synergistic effects. However, detailed mechanisms 
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need to be investigated in future studies.
In conclusion, it was indicated that the target site of cyclopyri-

morate and DMC is HST. Cyclopyrimorate is potentially a high-
ly effective herbicide for weed control in rice fields, especially 
those that are resistant to ALS inhibitors. Cyclopyrimorate will 
be on the market with a novel mode of action for the first time 
in over 20 years, thus offering a new strategy for the manage-
ment of herbicide resistance.
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