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The target site of the novel fungicide quinofumelin was investigated in the rice blast fungus 
Pyricularia oryzae. Quinofumelin-induced mycelial growth inhibition was reversed by orotate 
but not by dihydroorotate. Recovery tests suggested that the target site of quinofumelin was 
dihydroorotate dehydrogenase (DHODH), which catalyzes the oxidation of dihydroorotate to 
orotate. Quinofumelin strongly inhibited P. oryzae class 2 DHODH (DHODH II) (IC50: 2.8 nM). The 
inhibitory activities of mycelial growth and DHODH II were strongly positively correlated, indi-
cating that DHODH II inhibition by quinofumelin lead to antifungal activity. A P. oryzae DHODH 
II gene (PoPYR4) disruption mutant (ΔPopyr4), showing the same tendency as the quinofume-
lin-treated wild strain in recovery tests, was constructed, and disease symptoms were not observed in rice plants infected by ΔPopyr4. Thus, 
DHODH II, which plays an important role in pathogenicity and mycelial growth, is found to be the target site of quinofumelin.
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Introduction

Plant pathogens reduce agricultural production, causing sub-
stantial economic losses and threatening global food security. 
Preferably, food production should be increased by reducing 
losses and retaining natural ecosystems rather than by increas-
ing crop areas. Fungicides help farmers increase food produc-
tion on less land by protecting crops from disease; therefore, 
they play an important role in improving global food security. 
However, the effectiveness of fungicides is threatened by the 
evolution of resistant fungal strains. Indeed, various resistance 
mechanisms exist, such as target site mutations and metabolic 
breakdown. Fungicide resistance mostly appears to evolve by 

mutations in the target-site encoding genes.1) Thus, the devel-
opment of new fungicides with novel modes of action is needed 
to manage the evolution of crop pathogens resistant to existing 
fungicides.

Pyrimidines, such as uracil and cytosine, are important sub-
strates in constructing DNA and RNA. Pyrimidines also con-
tribute to synthesizing phospholipids, proteins, and uridine 
diphosphate sugars.2) Two pyrimidine synthesis routes exist: 
(1) the de novo pathway, in which pyrimidines are synthesized 
by several enzyme reactions with L-glutamine as the starting 
material, and (2) the salvage pathway, in which pyrimidines 
are recycled from DNA and RNA (Fig. 1).3) Dihydroorotate de-
hydrogenase (DHODH), which catalyzes the reaction from L-
dihydroorotate to orotate, is the fourth enzyme in the de novo 
pathway of pyrimidine biosynthesis.3,4) DHODH is divided 
into two classes—class 1 DHODH (DHODH I) and class 2 
DHODH (DHODH II)—by the characteristics of amino acid se-
quence homology, cellular location, and co-substrate specificity. 
DHODH II is a monomeric protein bound to the mitochondrial 
inner membrane of eukayotes.5–7) In addition, DHODH II ex-
ists in the cytoplasmic membrane of some prokaryotes, such as 
Escherichia coli, categorized as gram-negative bacteria.8) In med-
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icine, DHODH II has been actively studied as a drug discovery 
target for cancer, immunological disorders, bacterial and para-
sitic diseases, and bacterial, viral, and fungal infections.4,9,10) For 
example, the drugs leflunomide (Arava) for rheumatoid arthri-
tis and teriflunomide A77-1726 (Aubagio) for multiple sclerosis 
are now available.11,12) The antifungal drug olorofim (formerly 
F901318) for the DHODH of Aspergillus fumigatus10,13) and the 
antimalarial drug for the DHODH of Plasmodium falciparum14) 
are under development. DHODH is reportedly the target site of 
LY214352, an analog of quinoxyfen, which has a mode of action 
different from that of LY214352 discovered by DowElanco15,16) 
in the agrochemical field; however, this product has yet to be 
launched. In addition, the novel DHODH-inhibiting herbicide 
tetflupyrolimet is under development by FMC.17)

Pyricularia oryzae (synonym Magnaporthe oryzae) is an asco-
mycete fungus that causes rice blast, which is one of the most 
serious fungal diseases affecting global rice production.18) P. 
oryzae has been studied extensively as a model pathogenic 
fungus.19,20) Quinofumelin, 3-(4,4-difluoro-3,3-dimethyl-3,4- 
dihydroisoquinolin-1-yl)quinoline (Fig. 2), a novel fungicide de-
veloped by Mitsui Chemicals Agro, Inc., shows potent fungicidal 
activity against a broad range of ascomycete fungi, including P. 
oryzae.21,22) In the present study, using recovery tests and P. ory-
zae DHODH II (PoDHODH II) assays, the target site of quino-
fumelin was investigated. The indicated target site was DHODH 
II, and the inhibition of DHODH II caused quinofumelin-medi-
ated inhibition of mycelial growth. Additionally, when using 
a DHODH II gene (PoPYR4)-disruption mutant (ΔPopyr4), 
DHODH II was essential for P. oryzae infection of rice plants.

Materials and methods

1.  Chemicals, culture media, and P. oryzae strain
Quinofumelin (Fig. 2), its analogs, and penthiopyrad were syn-
thesized at Agrochemicals Research Center, Mitsui Chemicals 
Agro, Inc. (Chiba, Japan). Other chemicals were purchased from 
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) 

and Sigma-Aldrich (St. Louis, MO, USA). Potato dextrose agar 
(PDA; 4 g of potato starch from the infusion, 20 g of dextrose, 
and 15 g of agar per liter of formula as a natural agar medium), 
Czapek Solution Agar (CZA; 30 g of saccharose, 2 g of sodium 
nitrate, 1 g of dipotassium phosphate, 0.5 g of magnesium sul-
fate, 0.5 g of potassium chloride, 0.01 g of ferrous sulfate, and 
15 g of agar per liter formula as a minimal agar medium), yeast 
extract, and Luria–Bertani (Miller) broth (LB) were purchased 
from Becton, Dickinson, and Company (Sparks, MD, USA). 
Restriction enzymes and plasmid vectors were purchased from 
Takara (Shiga, Japan) and TOYOBO (Osaka, Japan). P. oryzae 
Ina-86-137 (MAFF accession number: 151011) and the fun-
gal disruption plasmids pETHG and pCAMBIA-Bar-RfA were 
obtained from Dr. Yoko Nishizawa of the Genetically Modified 
Organism Research Center, National Institute of Agrobiological 
Sciences. P. oryzae 40901 and M-0-001 were the in-house strains 
maintained at Mitsui Chemicals Agro, Inc.

2.  Recovery test
P. oryzae 40901 was preincubated on a natural medium agar 
plate (PDA plate) to form a mycelial colony. The resultant myce-
lial colony disc (4 mm in diameter) was removed and inoculated 
onto a fresh minimal medium agar plate (CZA plate) contain-
ing quinofumelin at 0.01–10.00 ppm and dihydroorotate or oro-
tate at 50 ppm. Inoculated plates were subsequently incubated at 
25°C for 12 days and observed visually for the growth of myce-
lial colonies.

P. oryzae Ina-86-137 and ΔPopyr4 were preincubated on a 
natural medium agar plate to form a mycelial colony. The resul-
tant mycelial colony disc (4 mm in diameter) was removed and 
inoculated onto a fresh minimal medium agar plate contain-
ing dihydroorotate at 250 ppm, orotate at 250 ppm, uridine at 
50 ppm, or uracil at 50 ppm. Inoculated plates were subsequent-
ly incubated at 25°C for 7 days and observed visually for the 
growth of mycelial colonies.

3.  Construction of a bacterial expression vector of the 
PoDHODH II gene PoPYR4

All kits and the DNA sequencing analyzer were used per the 
manufacturer’s protocols. P. oryzae 40901 was grown aerobically 
in 100 mL of potato dextrose broth (4 g of potato starch from the 
infusion and 20 g of dextrose per liter of formula) in a 300 mL 
Erlenmeyer flask at 25°C for 7 days. Total RNA was extracted 
from 0.2 g of P. oryzae 40901 mycelium using a RNeasy Plant 
Mini Kit (QIAGEN). PoPYR4 was amplified from the total RNA 
using a PrimeScript High-Fidelity RT-PCR Kit (TaKaRa) with 

Fig.  1.	 Pyrimidine biosynthesis pathways in P. oryzae. Pathways are 
drawn based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database. Abbreviations: UTP, uridine triphosphate; UDP, uridine diphos-
phate; UMP, uridine monophosphate; CTP, cytidine triphosphate; CDP, 
cytidine diphosphate; CMP, cytidine monophosphate.

Fig.  2.  Structure of quinofumelin.
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primer pairs#1 and#2 (see Supplemental Table S1 for primer se-
quences).

The amplified fragment was ligated into the HincII site of 
cloning vector pUC118 using a Mighty Cloning Kit (TaKaRa). 
The ligated plasmid solution was used to transform E. coli DH5α 
cells. Plasmid DNA was extracted using a QuickLyse Miniprep 
Kit (QIAGEN), and its DNA sequence was confirmed using an 
ABI310 genetic analyzer (Applied Biosystems).

The positive clone, named pUC-Po-Mt-F, was digested using 
XbaI and HindIII, and the resulting fragment was purified using 
a MinElute Gel Extraction Kit (QIAGEN). The purified frag-
ment was ligated into the XbaI/HindIII site of expression vector 
pET-21b(+) (Novagen) using a Ligation Mighty Mix (TaKaRa), 
and the ligated vector solution was used to transform E. coli 
DH5α cells. Plasmid DNA was extracted using a QuickLyse 
Miniprep Kit, and positive clones were identified using restric-
tion enzyme digestion analysis. The resultant plasmid, named 
pET-Po-Mt-F, which encodes PoPYR4 fused in a frame to eight 
histidines and two stop codons, was used to transform E. coli 
BL21(DE3)pLysS cells (Novagen).

The gene sequence of PoPYR4 retrieved from P. oryzae 
70-15 was previously submitted to GenBank (accession num-
ber: XM_003719109). In the present study, PoPYR4 was cDNA 
cloned from in-house P. oryzae 40901. The in-house PoPYR4 
differed from 70-15 at nucleotide position 1204, which was gua-
nine in the in-house gene and adenine in 70-15. Amino acid po-
sition 402 was valine in the in-house gene rather than methio-
nine in 70-15.

4.  Expression and purification of the recombinant PoDHODH II 
protein PoPYR4

Cells were grown to a density of A600=​0.6–0.7 in LB medium 
with 50 µg/mL of ampicillin. Protein expression was induced 
by adding 1 mM isopropyl-β-D-thiogalactopyranoside. The 
cells were kept at 20°C for 5 hr in the presence of 100 µM flavin 
mononucleotide (FMN), after which they were harvested using 
centrifugation at 5,000 g and 4°C for 10 min and stored at −80°C 
until further use.

For purification of recombinant PoPYR4, the frozen cells 
were suspended in 10 mL of extraction buffer [50 mM Tris-
HCl, 150 mM KCl, 10% glycerol, 0.1% Triton X-100, 1 mM DTT, 
and 0.5 mM FMN (pH 8.0)] per gram of wet weight. The cells 
were disrupted using an ultrasonic disrupter UD-200 (TOMY) 
and centrifuged at 12,000 g and 4°C for 40 min. The resultant 
supernatant was diluted using 2 M imidazole solution to pro-
duce a 40 mM solution, which was applied to a His GraviTrap 
(GE Healthcare). After washing the His GraviTrap with 10 mL 
of 60 mM imidazole in extraction buffer, recombinant PoPYR4 
was eluted from the His GraviTrap using 2.5 mL of 200 mM im-
idazole in extraction buffer. The elute fraction was applied to a 
PD-10 column (GE Healthcare) and eluted again with 3.5 mL of 
elution buffer [50 mM Tris-HCl, 150 mM KCl, 10% glycerol, and 
0.1% Triton X-100 (pH 8.0)]. The total protein content was esti-
mated using a protein assay kit (Bio-Rad Laboratories) with bo-

vine serum albumin used as a standard.

5.  PoDHODH II assay
PoDHODH II activity was measured using histidine-tagged 
recombinant PoPYR4 according to a protocol described previ-
ously.23,24) Oxidation of the substrate dihydroorotate with the 
quinone co-substrate was coupled to reduce the chromogen 
2,6-dichloroindophenol (DCIP). Specifically, 100 µL of reaction 
mixture containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
0.1% TritonX-100, 200 µM DCIP, 2 mM dihydroorotate, 100 µM 
decylubiquinone, approximately 10 µg/mL of recombinant 
PoPYR4 suspension, and various concentrations of test com-
pounds dissolved in 1% DMSO (or no compound in the control) 
was incubated at 30°C for 20–30 min. After incubation, 10 µL 
of 10% sodium dodecyl sulfate was added to each sample and 
mixed well to stop the reaction. The absorbance at 595 nm was 
then measured. The inhibitory rate was calculated as (1−T/C), 
where C and T represent the decreasing quantity of the absor-
bance at 595 nm with the control and test sample, respectively. 
The IC50 (half-inhibition concentration) values for PoDHODH 
II inhibitory activity were determined using a four-parameter 
logistic curve-fitting program (GraphPad Prism 6.00), in which 
two parameters were constrained (the top and bottom were 
fixed as 1 and 0, respectively). The Michaelis constant values of 
dihydroorotate and decylubiquinone were 129.1±​18.9 µM and 
494.6±​52.2 µM, respectively.

6.  Mycelial growth assay
To form conidia, P. oryzae M-0-001 was preincubated on an 
oatmeal agar medium containing 40 g of oatmeal, 20 g of sac-
charose, 50 mg of chloramphenicol, and 15 g of agar per liter of 
formula. Conidia were harvested, and a conidial suspension was 
prepared with a spore concentration of 3.0×104 spores/mL in a 
suspension medium containing 250 µL/L of Tween 80, 100 mg/L 
of streptomycin sulfate, and 100 mg/L of chloramphenicol. Sub-
sequently, 100 µL of the conidial suspension was mixed with 
100 µL of assay medium containing 35 g of Czapek–Dox  broth, 
1 mg of thiamine HCl, 0.005 mg of biotin, and 20 mM sodium 
phosphate buffer (pH 7.0) per liter of formula as well as vari-
ous concentrations of test compounds dissolved in<1% DMSO 
(or no compound in the control). The mixed medium was then 
incubated at 28°C for 3 days, after which 8 µL of Alamar Blue 
(Invitrogen) was added to each sample and mixed well. After 
another 4–11 hr of incubation, fluorescence was measured at 
535 nm excitation and 590 nm emission using an ARVO SX 1420 
multilabel counter (Wallac). The inhibitory rate was calculated 
as (1−T/C), where C and T represent the quantity of fluores-
cence at 590 nm with the control and test samples, respectively. 
Experiments were performed at least in duplicate. IC50 values 
for the inhibitory activity of mycelial growth containing conidial 
germination were determined using probit analysis.

7.  Construction of PoPYR4 gene-disrupted P. oryzae
PoPYR4 gene-disrupted P. oryzae was constructed according to 
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the method of Saitoh,25) and the detailed procedure is described 
in the Supplemental Material. Briefly, genomic DNA was ex-
tracted from P. oryzae Ina-86-137 mycelium, and the 5′ and 3′ 
flanking regions of PoPYR4 were subcloned. A disruption entry 
plasmid was constructed by introducing ∼700 bp DNA frag-
ments of the 5′ and 3′ flanking regions of PoPYR4 at both sides 
of the synthetic GFP (S65T) gene (sGFP) and PtrpC-HPT [hy-
gromycin B phosphotransferase (HPT) under the control of the 
Aspergillus nidulans trpC promoter] region of pETHG. The dis-
ruption fragment of PoPYR4 containing the DNA fragment of 
the 5′ and 3′ flanking regions of PoPYR4 and the sGFP and HPT 
region was introduced into pCAMBIA-Bar-RfA using an LR re-
action via the GATEWAY cloning system (Invitrogen, Carlsbad, 
CA). Ina-86-137 was transformed to generate a PoPYR4-disrup-
tion mutant (ΔPopyr4) by introducing the disruption cassette 
via Agrobacterium tumefaciens.

8.  Pathogenicity test of P. oryzae
Conidia were suspended at 3×105 spores/mL in a spray solu-
tion containing 0.01% Gramin S to conduct pathogenicity tests 
on rice plants. At the three-leaf stage, the conidial suspension 
(25 mL) was sprayed onto rice plant seedlings (Oryza sativa cv. 
Sachikaze). Inoculated rice plants were kept in a growth cham-
ber at 20°C under humid conditions and a 12/12 hr light/dark 
cycle. Disease severity was assessed 6 days after inoculation.

Results

1.  Recovery test of P. oryzae
The mycelial growth of P. oryzae 40901 could not be recognized 
on minimal medium agar plates containing quinofumelin at 
concentrations from 0.01 to 10.00 ppm (Fig. 3). In order to in-
vestigate whether exogenous dihydroorotate or orotate could 
recover the mycelial growth of P. oryzae, minimal medium agar 
plates containing quinofumelin were supplemented with di-
hydroorotate or orotate. Although exogenous dihydroorotate at 
50 ppm did not recover mycelial growth, exogenous orotate at 
50 ppm recovered quinofumelin-induced mycelial growth inhi-
bition. Thus, quinofumelin apparently inhibited the orotate for-

mation step in the pyrimidine biosynthesis pathways (Fig. 1). 
Orotate formation from dihydroorotate is catalyzed by DHODH; 
thus, the quinofumelin target site seemed to be DHODH.

2.  Effect of quinofumelin on the inhibitory activity of recombi-
nant PoDHODH II

The gene PoPYR4 (MGG_08814) was found from the P. ory-
zae gene database at NCBI (https://www.ncbi.nlm.nih.gov/
gene/2678980). It potentially encoded a 514-amino acid poly-
peptide possessing a DHOD II-like region (https://www.ncbi.
nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=​240089), and the 
amino acid sequence of PoPYR4 has a high degree of similar-
ity to that of Neurospora crassa PyrE with 61% identity. To de-
termine the enzymatic function of PoPYR4, the gene PoPYR4 
(MGG_08814) was subcloned, introduced into the expression 
vector, and then expressed in E. coli. The enzymatic activity of 
class II dihydroorotate dehydrogenase (quinone type) of the pu-
rified PoPYR4 protein was confirmed by the method described 
in the material and methods section in accordance with those 
of the references.23,24) Because it possessed the enzymatic ac-
tivity of class II dihydroorotate dehydrogenase (quinone type), 
the gene PoPYR4 (MGG_08814) was confirmed to encode 
DHODH II. Based on these results, we named the gene P. ory-
zae PYR4 PoDHODH II. The potential inhibition of recombinant 
PoDHODH II by quinofumelin was then tested. Penthiopyrad, 
the target site of which is succinate dehydrogenase, did not in-
hibit PoDHODH II up to 10 µM (Fig. 4). In contrast, quinofu-
melin strongly inhibited the enzymatic activity of PoDHODH II 
(IC50 value: 2.8 nM; Fig. 4).

3.  Relationship between PoDHODH II inhibitory activities and 
the mycelial growth inhibitory activities of P. oryzae

In order to determine the biologically relevant target of quinofu-
melin, PoDHODH II inhibitory activity was compared with the 
inhibitory activity of P. oryzae mycelial growth containing co-
nidial germination. When plotted in logarithmic form, there was 

Fig.  3.	 Recovery test of P. oryzae on minimal medium agar plates. Re-
covery of mycelial growth was tested by adding dihydroorotate or orotate 
at 50 ppm to plates on which quinofumelin had been added at 0–10 ppm.

Fig.  4.	 Effects of quinofumelin and penthiopyrad on recombinant 
PoDHODH II. Inhibition ratios of PoDHODH II are shown as circles 
(quinofumelin) and triangles (penthiopyrad). Mean values and standard 
deviations were calculated from three independent experiments conduct-
ed in quadruplicate.
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a strong linear relationship (R2=0.89) between the IC50 values of 
PoDHODH II inhibitory activity and mycelial growth inhibitory 
activity for all compounds listed in Supplemental Table S2 (Fig. 
5). Based on this strong correlation, we confirmed that DHODH 
II was the target site of quinofumelin.

4.  Mycelial growth of the P. oryzae DHODH II gene-disruption 
mutant recovered by supplementation of orotate

Disruption of PoPYR4 was confirmed using Southern blot and 
RT-PCR analyses by comparing ΔPopyr4 mutant#3102 and 
wild-type Ina-86-137 (Supplemental Fig. S1). The ΔPopyr4 mu-
tant could not grow on a minimal medium agar plate, whereas 
mycelial growth was recovered with 250 ppm of exogenous oro-

tate, 50 ppm of exogenous uridine, or 50 ppm of exogenous ura-
cil, but not with 250 ppm of exogenous dihydroorotate (Fig. 6). 
Thus, DHODH II was essential for the mycelial growth of P. ory-
zae on a minimal medium agar plate.

5.  Reduced pathogenicity in rice plants with P. oryzae DHODH 
II gene-disruption mutant

The pathogenicity of the ΔPopyr4 mutant against rice plants 
was evaluated 6 days after inoculation of a conidial suspension 
of ΔPopyr4 mutant#3102 and wild-type Ina-86-137. Typical ne-
crotic lesions appeared on rice plant leaves inoculated with wild-
type Ina-86-137, whereas no such lesions appeared on rice plant 
leaves inoculated with ΔPopyr4 mutant#3102 (Fig. 7). There-
fore, DHODH II is apparently essential for developing P. oryzae 
pathogenicity in rice plants.

Discussion

Using P. oryzae, one of the most important plant pathogens due 
to its serious effects on rice farming, we performed various ex-
periments to determine the mode of action of quinofumelin. It 
was recently reported that quinofumelin showed strong anti-
fungal activity on PDA medium against Fusarium graminearum 
or Sclerotinia sclerotiorum.21,22) Although quinofumelin also 
showed moderate antifungal activity on PDA medium against P. 
oryzae (Supplemental Fig. S2), it showed much weaker activity 
when using PDA medium than when using a minimal medium 
(Fig. 1). We focused attention on the difference in the antifun-
gal activity when using PDA medium as opposed to a minimal 
medium, and we selected a possible target site of quinofumelin 
using a minimal medium for the recovery test. Fungal growth 
tests indicated that quinofumelin might inhibit the biosynthe-
sis of substances essential for cell growth, and these substances 
could be exogenously absorbed from the medium. We also 
found that exogenous uracil restored mycelial growth follow-
ing inhibition by quinofumelin on minimal medium agar plates 
(Supplemental Fig. S3). Furthermore, exogenous orotate but not 
exogenous dihydroorotate recovered mycelial growth inhibited 
by quinofumelin at 0.01–10.00 ppm. These recovery tests sug-
gested that quinofumelin inhibited the orotate formation step 
in the pyrimidine biosynthesis pathway (Fig. 1). Moreover, as 
DHODH catalyzes orotate formation, it was indicated as the 

Fig.  5.	 Correlation of pIC50 values between P. oryzae mycelial growth 
inhibitory activity (mycelial growth pIC50) and DHODH II inhibitory 
activity (DHODH II pIC50) with the use of quinofumelin and its analogs. 
pIC50=−log10IC50; square, quinofumelin; circles, analogs.

Fig.  6.	 Recovery test of P. oryzae on a minimal medium agar plate using 
wild-type (Ina-86-137) and DHODH II gene-disruption mutant (ΔPopyr4 
#3102) strains. Plates show the additive-free control (A) and added di-
hydroorotate (B), orotate (C), uridine (D), and uracil (E). Dihydrooro-
tate or orotate was added at 250 ppm, and uridine or uracil was added at 
50 ppm.

Fig.  7.	 Pathogenicity test of the P. oryzae PYR4 disruption mutant. Rice 
leaves (Oryza sativa cv. Sachikaze) were sprayed with conidial solution 
from the wild-type (Ina-86-137) and disruption mutant (ΔPopyr4 #3102).
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likely target site of quinofumelin.
To confirm DHODH as the target site of quinofumelin, we 

tested whether quinofumelin inhibited recombinant PoDHODH 
II, finding that quinofumelin strongly inhibited the enzymatic 
activity of PoDHODH II (Fig. 4). The IC50 value of F901318 
for the DHODH of A. fumigatus was reported previously as 
44±​10 nM,10) and the IC50 values of A77-1726 for the DHODH 
of mice, rats, and humans are reportedly 82±​21, 18±​3, and 
773±​78 nM, respectively.26) Although IC50 values are dependent 
on assay conditions and inhibitory mechanisms, the inhibitory 
activity of quinofumelin against PoDHODH II (IC50=2.8 nM) 
was strong enough to exert a biological effect.

PoDHODH II inhibitory activity was compared with the in-
hibitory activity of P. oryzae mycelial growth containing conid-
ial germination to determine the biologically relevant target of 
quinofumelin. The strong linear relationship (R2=0.89) between 
the IC50 values of PoDHODH II inhibitory activity and those 
of P. oryzae mycelial growth inhibitory activity (Fig. 5) verified 
the direct relationship between these inhibitory activities, i.e., 
that P. oryzae mycelial growth inhibition was caused directly by 
PoDHODH II inhibition.

Although the recovery tests indicated that DHODH II was 
important for P. oryzae mycelial growth, pyrimidines could po-
tentially be supplied using two other routes: the salvage pathway 
and the de novo pathway via DHODH I (Fig. 1). DHODH II 
has been reported in several eukaryotes.9) Saccharomyces cerevi-
siae, S. bayanus, and S. castelli have cytoplasmic-type DHODH 
I, whereas Schizosaccharomyces pombe and Pichia stipites have 
DHODH II, and Saccharomyces kluyveri has both types.27) 
Based on the P. oryzae genomic DNA annotation, P. oryzae also 
has DHODH I (GenBank accession number: XM_003715437) 
and II. Thus, P. oryzae seems to survive using rescue routes 
(DHODH I and the salvage pathway) when DHDOH II is inhib-
ited. In order to determine the biological function of DHODH 
II, the PoDHODH II gene-disruption mutant ΔPopyr4 #3102 
was constructed and used in tests. The colony morphology 
of the ΔPopyr4 #3102 mutant growing on a PDA plate was the 
same as that of the wild-type strain Ina-86-137 on a PDA plate. 
The mycelium growth of the ΔPopyr4 #3102 mutant was recov-
ered with exogenous orotate, uracil, or uridine, but not with ex-
ogenous dihydroorotate (Fig. 6). Our recovery tests confirmed 
that DHODH II was essential for mycelial growth on minimal 
medium agar plates. For the ΔPopyr4 #3102 mutant, the recov-
ery test results and medium-dependent growth were consistent 
with those in a quinofumelin-treated wild-type strain, confirm-
ing that the target site of quinofumelin is DHODH II. Moreover, 
the supplementation of pyrimidines from DHODH I and the 
salvage pathway was seemingly insufficient to recover mycelial 
growth in the minimal medium condition. The recovery of my-
celial growth by exogenous uracil and uridine indicated that the 
pyrimidine salvage pathways are sufficient for mycelial growth. 
In contrast, the de novo biosynthesis pathway via DHOHD I is 
insufficient for such growth in the minimal medium condition.

The mycelial growth speed of the ΔPopyr4 #3102 mutant on 

a natural medium agar plate was a little slower than that of the 
wild-type strain Ina-86-137 (data not shown). In recovery tests, 
the wild-type strain treated with 10 ppm quinofumelin and ex-
ogenous orotate also showed slow mycelial growth (Fig. 3), pos-
sibly due to insufficient absorption of exogenous orotate or the 
imbalance in the ubiquinone pool of the mitochondrial respi-
ratory chain complex, given that DHODH II is involved in the 
ubiquinone–ubiquinol cycle.28) However, a secondary target site 
of quinofumelin might also be involved in this slow growth.

In order to investigate the effect of DHODH II on pathogenic-
ity, a pathogenicity test of the ΔPopyr4 mutant in rice plants was 
conducted. Typical lesions rarely occurred on rice plant leaves 
inoculated with ΔPopyr4 #3102 (Fig. 7). De novo pyrimidine 
biosynthesis reportedly plays an important role in potato leaves 
during the fast replicative early infection stages of Phytophthora 
infestans.29) The DHODH II disruption mutant of Ustilago may-
dis causes a loss of pathogenicity in corn plants.30) When oro-
tate phosphoribosyl transferase, the fifth-step enzyme in the de 
novo pyrimidine biosynthesis pathway, was disrupted in the P. 
oryzae genome in a previous study, the gene-disruption mutant 
lost pathogenicity.31) In these studies, the loss of pathogenicity in 
the disruption mutants was consistent with our result, i.e., that 
the PoPYR4 gene-disruption mutant lost pathogenicity in rice 
plants. According to our rice pathogenicity test results, the py-
rimidines supplied through de novo biosynthesis via DHODH 
II are essential for developing P. oryzae pathogenicity in rice 
plants. In contrast, the salvage pathway and de novo biosynthesis 
via DHODH I are not sufficient for rice necrotic lesions as an al-
ternative to DHODH II. Based on our recovery tests and patho-
genicity tests, we conclude that DHODH II is a promising target 
site for fungicides.

In conclusion, the mode of action of quinofumelin is the inhi-
bition of DHODH II, which is the fourth-step enzyme of the de 
novo pyrimidine biosynthesis pathway. We found that DHODH 
II is essential for mycelial growth and is a promising target for 
fungicide discovery. Thus, quinofumelin, with its novel mode 
of action, is expected to contribute to the development of new 
strategies for managing fungicide resistance as well as food safe-
ty and security.
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