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Abstract: Brown planthopper (BPH, Nilaparvata lugens Stal.) is the most damaging rice pest affecting
stable rice yields worldwide. Currently, methods for controlling BPH include breeding a BPH-
resistant cultivar and using synthetic pesticides. Nevertheless, the continuous cultivation of resistant
cultivars allows for the emergence of various resistant races, and the use of synthetic pesticides can
induce environmental pollution as well as the emergence of unpredictable new pest species. As
plants cannot migrate to other locations on their own to combat various stresses, the production of
secondary metabolites allows plants to protect themselves from stress and tolerate their reproduction.
Pesticides using natural products are currently being developed to prevent environmental pollution
and ecosystem disturbance caused by synthetic pesticides. In this study, after BPH infection in
rice, chrysoeriol7 (C7), a secondary metabolite that induces resistance against BPH, was assessed.
After C7 treatment and BPH infection, relative expression levels of the flavonoid-related genes were
elevated, suggesting that in plants subjected to BPH, compounds related to flavonoids, among the
secondary metabolites, play an important role in inducing resistance. The plant-derived natural
compound chrysoeriol7 can potentially thus be used to develop environmentally friendly pesticides.
The suggested control of BPH can be effectively used to alleviate concerns regarding environmental
pollution and to construct a relatively safe rice breeding environment.

Keywords: brown planthopper (Nilaparvata lugens Stal.); rice; secondary metabolite; chrysoeriol7;
environmentally friendly pesticides

1. Introduction

The brown planthopper (Nilaparvata lugens Stal., BPH) (Homoptera: Delphacidae)
is a rice (Oryza sativa L.) pest. Homoptera causes several forms of damage, such as leaf
blights and viral infections while sucking rice stems, and has provided a direct cause for
the reduction in rice yield in Asia for decades [1]. In particular, among Homoptera, BPH
has the greatest contribution the decrease in yield and grain quality [2,3]. BPH sucks leaf
sheath, reduces nutrients in plants, destroys tissues through its spawn, impedes nutrient
migration, and causes plant colonization. Depending on the growing stage of rice, the
resistance against BPH is at different levels, reducing the tiller number and 1000-grain
weight, and having a negative effect on yield and grain quality [4,5]. The control of
BPH is predominantly achieved by means of synthetic pesticides [6]. BPH inhabits rice
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stems and has a high replication rate [7]; its control using chemical pesticides is thus
relatively ineffective [8]. The continuous use and abuse of synthetic pesticides has led to
devastating consequences, such as the pollution of agriculture and of the environment [9],
toxicity to humans and livestock [10], and a reduction in their effectiveness due to the
outbreak of synthetic pesticide-resistant pathogens [11]. In fact, research has been reported
in which speciation was shown to cause resistance to synthetic pesticides, due to the
control of BPH with synthetic pesticides. The main components of these pesticides include
organophosphates, carbamates, pyrethroids, neonicotinoids, insect growth regulators,
and henylpyrazole [8]. However, pesticides using a natural substance can solve such
problems [12].

To this end, an alternative strategy that can minimize the damage caused by BPH but
provides a solution regarding the chemical pesticides issues is vital [13]. In addition, there
is an urgent need for the development and dissemination of bio-pesticides that are able to
control plant pathogens using plant-derived natural products without having a negative
effect on the ecosystem, such as residual toxicity and environmental pollution [14].

Plants can survive herbivore attacks through a variety of biochemical changes [15]. As
plants cannot migrate to other places, various defense systems have been developed in
order for them to reproduce and protect themselves from threats [16]. Plants have important
defense systems such as antixenosis, antibiosis, and tolerance to improve their tolerance
of abiotic/biotic stress [17]. Plant defense systems have been reported to be effective
against abiotic stress such as drought, heat, cold, and salinity, as well as insect and virus
suppression [18]. The following is an example of a plant showing resistance to abiotic/biotic
stress. The synthesis level of salicylic acid (SA) was increased due to infection with potato
virus Y (PVY). The SA suppresses virus division, impedes the virus from moving into cells,
and has resistance [19]. Antixenosis prevents insects from accessing the host plant, sucking,
spawning, and colonizing the plant [20]. Jasmonic acid (JA) is synthesized by infection with
Bemisia tabaci (Gennadius) and induces necrosis of the infected cells and has resistance [21].
Plants possess a sophisticated and interrelated network of defense strategies to avoid
or tolerate abiotic/biotic stress. Physical barriers are the first defense in plants against
external stress. Some morphological structures such as thick cuticles and the development
of wax layers [22], biologically active tissues such as trichomes [23], and the synthesis of
secondary metabolites can act as barriers when plants are faced with external stress [24]. For
example, Arabidopsis thaliana increases the leaf trichome density when infected by insects,
inducing JA synthesis, indicating resistance [25]. By increasing flavonoid accumulation in
the plants, the rate of larval infections such as Anticarsia gemmatalis (Hübner) (Lepidoptera:
Noctuidae) is reduced [26]. In addition to the synthesis of phytoalexin [27], plants can also
synthesize various substances such as secondary metabolites to protect themselves [28].
Chalcone synthase, for instance, is an important enzyme involved in flavonoid biosynthesis
and promotes salicylic acid formation in order to resist stress such as bacterial and fungal
infections in rice [29]. A large amount of kaempferol-3,7-dirhamnoside, which is a flavonoid
family, is also synthesized in Arabidopsis due to the overexpression of MYB75 transcription
factor, inducing resistance to Pieris brassicae (Lepidoptera: Pieridae) [30]. Similarly, some
flavonoids respond to insects [31,32], such as the vitexin protein, which inhibits the growth
of Spodoptera litura (Lepidoptera: Noctuidae) larvae [33], the schaftosides protein, which
suppresses the growth of nematodes (Meloidogyne incognita) [34], and chrysoeriol, which
suppresses the growth of BPH [35].

Chrysoeriol is a flavonoid commonly found in crops such as rice, barley (Hordeum
vulgare), wheat (Triticum aestivum), millet (Sorghum bicolor), corn (Zea mays), and multiple
land plants. Crysoeriol and its derivative, known as O-methylluteolin, have roles as
allelochemicals [36] and insect repellents [37]. These secondary metabolites may also
present effectiveness within the same species of pests [38]. BPH, for instance, as well as
another species, the whitebacked planthopper (WBPH), are resistant to S-linalool [3,39].
The aim of this study was thus to identify whether crysoeriol7 (C7) [40], for which WBPH
has been shown to develop resistance, can effectively repel BPH.
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In the current study, we assessed the effectiveness of C7 against BPH resistance and
analyzed the relative expression level of genes involved in flavonoid biosynthesis in rice
with a composition for controlling rice pests containing C7. The aim of this research was
to identify new plant-derived extracts for the effective control of BPH. The BPH-control
chemical demonstrated by this research was a plant-derived environmentally friendly
compound and can be used as a substitute for synthetic pesticides. Therefore, this can lead
to the development of a safe rice breeding environment by using a BPH control method
that is harmless to nature and humans.

2. Results
2.1. Analysis of Phenotypes in Rice after Infection with BPH

To identify BPH resistance, plant heights were measured on days 1, 2, and 3 af-
ter BPH infection to the Samgang, Nagdong, TN1, SNDH29, SNDH30, and SNDH11
(Figures 1 and 2). Figure 1a shows representative plants of each group in the repeated ex-
periment. Samgang, SNDH29, and SNDH30 were resistant populations to BPH. Nagdong,
TN1, and SNDH11 were susceptible populations to BPH. BPH-resistant populations demon-
strated no significant differences between the control and BPH infection group. However,
the BPH-susceptible population experienced a negative effect on growth compared to the
control. The plant heights of the BPH-susceptible population were short from 2 days after
BPH infection. In the BPH-susceptible population, the degree of growth disorder due to
BPH infection increased over time.
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Figure 1. Comparison of phenotypes that are affected after 1, 2, and 3 days of BPH infected in
Samgang, Nagdong, TN1, SNDH29, SNDH30 and SNDH11. (a) The plant heights were investigated
for each group, namely the control and the group infected with BPH, and representative plants of
each group in the repeated experiment are shown. (b) The plant height over time after being infected
with BPH. Control: not infected with BPH; Infection: infected with BPH. 1 d: One day after BPH
infection; 2 d: two days after BPH infection; 3 d: three days after BPH infection. Data are shown as
the mean ± SD (n = 5). ** indicates a significant difference at p < 0.01. ns indicates not significant.
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Figure 2. Analysis of the reduction rate of plant growth for 3 days after BPH infection. 1 d: One day
after BPH infection; 2 d: two days after BPH infection; 3 d: three days after BPH infection. Bars are
shown as the value of the rate of reduction in plant height (n = 5).

2.2. Analysis of Concentration of C7 after BPH Infection

To identify that C7 is involved in BPH resistance, the concentration of C7 after BPH
infection was investigated in Samgang, a cultivar resistant to BPH, and Nagdong, a culti-
var susceptible to BPH (Figure 3). In Samgang, the C7 concentration of the BPH-infected
population was 15.30 ± 1.01, the uninfected population was 12.32 ± 0.85, and the C7 concen-
tration rate of increase (%) was 24.24 ± 1.79 (Table 1). In Nagdong, the C7 concentration of
the BPH-infected population was 12.48 ± 0.96, the uninfected population was 11.54 ± 1.21,
and the C7 concentration rate of increase (%) was 8.4 1± 6.41. The BPH-infected population
had a greater C7 concentration than the uninfected population in Samgang, and Samgang
synthesized more C7 than Nagdong (p < 0.05).
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Figure 3. Analysis of concentration of C7 after BPH infection in Samgang and Nagdong. Control: BPH
non-infection. BPH: BPH infection. Samgang: BPH-resistant cultivar. Nagdong: BPH-susceptible
cultivar. Data are shown as the mean ± SD (n = 5). * indicates a significant difference at p < 0.05. ns
indicates not significant.
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Table 1. Analysis of C7 Concentration After BPH Infection in Samgang and Nagdong.

Cultivar
Concentration of C7 (ng/g)

p Value Rate of Increase (%)
Control BPH

Samgang 12.32 ± 0.85 15.30 ± 1.01 0.0173 * 24.24 ± 1.79

Nagdong 11.54 ± 1.21 12.48 ± 0.96 0.3434 ns 08.41 ± 6.41
Control: BPH non-infection. BPH: BPH infection. Values are shown as the mean ± SD (n = 5). * indicates a
significant difference at p < 0.05. ns indicates not significant.

2.3. Assessment of C7 Efficacy against BPH

To identify the effectiveness of isolated C7 against BPH, Samgang, Nagdong, and TN1
were treated with C7, then infected with BPH, and the bio-scoring value and chlorophyll
contents were measured 1, 2, and 3 weeks after infection (Figure 4). The bio-scoring value
of the C7 + BPH infection group was significantly lower than that of the BPH infection
group. The reduction rate of the bio-scoring value was larger in Nagdong and TN1 than in
Samgang. There was no difference in Samgang’s chlorophyll content with or without C7
treatment. Nagdong and TN1 had increased chlorophyll contents when treated with C7. In
Samgang, Nagdong, TN1, SNDH29, SNDH30, and SNDH11, the C7 + BPH infection group
had fewer growth disorders than the BPH infection group (Figure 5). The BPH-resistant
population showed no differences in plant height with or without C7 treatment. The
BPH-susceptible population had an increased growth rate when treated with C7 compared
to controls (Figure 6). Nagdong, TN1, and SNDH11 were less affected by growth disorders
in the BPH-infected population after C7 treatment than in the BPH-infected population
without C7 treatment.
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Figure 4. Analysis of C7 efficacy for BPH resistance by cultivars after BPH infection. (a) Bio-scoring
value was assigned based on the damage level that appears after BPH infection. (b) Chlorophyll
contents were investigated 3 weeks after BPH infection. S: Samgang; N: Nagdong; T: TN1. Data are
shown as the mean ± SD (n = 5). ** indicates a significant difference at p < 0.01. ns indicates not
significant.
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Figure 5. Phenotype comparison for C7 bio-efficacy analysis for BPH in rice. (a) The plant height at
3 days after C7 treatment and BPH infection. (b) The plant height was investigated over 3 days after
C7 treatment and BPH infection. BPH: BPH infection in Samgang, Nagdong, TN1, SNDH29, SNDH30
and SNDH11, C7 + BPH: C7 treatment and BPH infection in Samgang, Nagdong, TN1, SNDH29,
SNDH30 and SNDH11. 1 d: One day after BPH infection; 2 d: two days after BPH infection; 3 d:
three days after BPH infection. Data are shown as the mean ± SD (n = 5). ** indicates a significant
difference at p < 0.01. ns indicates not significant.
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Figure 6. Analysis of the rate of plant growth increase after C7 treatment in plants infected with
BPH. 1 d: One day after BPH infection; 2 d: two days after BPH infection; 3 d: three days after BPH
infection. Bars are shown as the value of the rate of increase in plant height (n = 5).
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2.4. Flavonoid and Plant Resistant Gene Expression Levels Analysis in BPH-Infected Rice

The expression levels of flavonoid and plant resistant genes were compared in Sam-
gang, Nagdong, TN1, BPH-resistant SNDH29, SNDH30, and BPH-susceptible SNDH11
over time after C7 treatment and BPH infection (C7 + BPH) (Figure 7). Relative expres-
sion levels were measured for flavanone 3-hydroxylase (F3H) and choristmate mutase (CM),
which are known as flavonoid biosynthesis-related genes, as well as for non-expressor of
pathogenesis-related genes1 (NPR1) and WRKY45, which are known as plant resistant genes.
Expression levels of OsF3H, OsCM, and OsWRKY45 were significantly lower in plants
treated with C7 and infected with BPH compared to control plants infected with BPH
(p < 0.01) for 1, 2, and 3 days. The expression levels of OsNPR1 did not show any significant
difference between the plants treated with C7 and infected with BPH and the plants only
infected with BPH (control).
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Figure 7. Expression levels of the genes involved in plant defense in the leaves of rice. 1 d: One day
after BPH infection; 2 d: two days after BPH infection; 3 d: three days after BPH infection. S: Samgang;
S29: SNDH29; S30: SNDH30; N: Nagdong; T: TN1; S11: SNDH11. Bars represent means ± SD (n = 5).
Mean denoted by the same letter are not significantly different (p < 0.05) as evaluated by Duncan’s
multiple range test (DMRT).
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3. Discussion

When the rice was infected with BPH in this search, the level of C7 synthesis in the
BPH-resistant population was higher than that in the BPH-susceptible population. After the
infection of Samgang, Nagdong, TN1, SNDH29, SNDH30, and SNDH11 with BPH, plant
heights were measured to identify the level of effectiveness against BPH. Bio-scoring is a
method of classifying the phenotype of each rice cultivars after BPH infection into resistant
or susceptible according to the data presented by The International Rice Research Institute
(IRRI). Additionally, plant height and chlorophyll contents are the most useful data to
analyze resistance to biotic stress, such as WBPH and BPH. In particular, plant height is
the best agricultural trait for classifying resistant and susceptible populations after BPH
infection. Plant height and chlorophyll contents are agricultural traits that can most easily
classify the response to biotic stress as a phenotype and a resistant or susceptible population.
Plant height and chlorophyll contents are the characteristics that show the greatest change
after BPH infection. Therefore, in many studies, the resistant population and the susceptible
population were classified using the plant height and chlorophyll contents [41–43]. The
plant heights were investigated on days 1–3, and the growth rate was found to be reduced
compared to control plants that were not infected with BPH. When a plant is attacked by a
herbivorous insect, its growth rate was reduced [44]. This was responsible for BPH-infected
Samgang, Nagdong, TN1, SNDH29, SNDH30, and SNDH11 populations having shorter
plant heights compared to control plants. The bio-scoring value of the C7 + BPH infection
group was lower than that of the BPH-infected group and the chlorophyll content was
higher than that of the BPH-infected group. The C7 + BPH infection group had a greater
plant height, a lower bio-scoring value, and higher chlorophyll content, and had fewer
growth disorders than the BPH infection group, suggesting that C7 is resistant against BPH.

C7 is a compound containing a phenol group, as a compound of the flavonoid fam-
ily [45,46]. Phenol is volatile, colorless and as an aromatic compound, it has a peculiar
scent [47]. Phenol is used to produce preservatives, disinfectants, synthetic resins, dyes,
explosives, etc. This type of rice’s volatile compounds attract BPH’s natural enemies and
induce indirect resistance [48]. Volatiles induced after BPH sucking attract, for instance,
the parasite insect Anagrus nilaparvatae and the predator Cyrtorbinus lividipennis to defend
them from BPH [49]. Nevertheless, the degree of attraction depends on the genotype of the
rice [50]. Recent studies have reported that S-linalool, a rice volatile compound induced
upon BPH sucking, attracts predators and parasites and repels BPH [39]. The green leaf
volatiles (GLV) released by the BPH attack also act as repellents on BPH [51], and it is
thus hypothesized that C7, which contains an aromatic compound emitting a volatile and
unique aroma, could also infer resistance to BPH in rice by spreading its aroma, which
repels BPH.

Flavonoids are a type of plant and fungal secondary metabolite, with polyphenol
compounds known as plant defense compounds, and are contained in the majority of
plants [52]. In the current work, the relative expression levels of OsF3H [53], OsCM [54],
OsWRKY45 [55], and OsNPR1 [56], which are known as plant resistance genes, were
compared, and it was identified whether they are also effective against BPH. After infection
with BPH, the relative expression levels of OsF3H, OsCM, and OsWRKY45 in the Samgang
and SNDH29 were relatively higher than in the Nagdong and SNDH11. OsF3H and
OsCM presented higher relative expression levels compared to OsWRKY45 and OsNPR1.
Furthermore, OsF3H and OsCM are genes involved in flavonoid biosynthesis, and their
relative expression levels were found to be increased after BPH infection, suggesting that
flavonoids are involved in the secondary metabolites synthesized after BPH attacks. The
relative expression levels of OsF3H, OsCM, OsWRKY45, and OsNPR1 were lower in the
group infected with BPH after treatment with C7 compared to the group infected with BPH
and no C7 treatment. It was thus suggested that C7, acting as a repellent for BPH, infers
resistance to BPH in rice [57].

The results of this study demonstrate that C7, a plant defense metabolite that infers
resistance to BPH, is an eco-friendly and safe compound that can be used effectively as an
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alternative to synthetic pesticides, thus contributing to the alleviation of environmental
pollution concerns.

4. Materials and Methods
4.1. Plant Material and Field Design

In this study, 113 double haploid populations, developed by anther cultures of F1
obtained by crossing the BPH-resistant cultivar Samgang and the BPH-susceptible cultivars
Nagdong and TN1, were used as the experimental rice. The SNDH group was a high
generation group used as an intermediate model that has seen generation advancements
in the field of Kyungpook National University (Daegu, Korea) since 2010. Among 113
SNDH populations, SNDH29, which is a BPH-resistant population, and SNDH11, which
is a BPH-susceptible population, were used as experimental rice for evaluation of the
effectiveness of C7 on BPH [54]. Seeds were disinfected using a seed disinfectant (Spotak,
Samgong, Korea) and cultured in the dark at 25 ◦C for 4 days. The disinfected seeds
were sown in the field of Kyungpook National University on 15 April 2021 and trans-
planted at a planting distance of 30 × 15 cm on 20 May 2021. Each population was trans-
planted in one row, and each row contained 23 plants. The amount of fertilizer used was
N-P2O5-K2O = 9–4.5–5.7 kg/10a, and rice was cultivated based on the standards of the
Agricultural Science and Technology Research Institute of the Rural Development Admin-
istration.

4.2. BPH Rearing

Fifty male and female BPHs were obtained from the Agricultural Science and Technol-
ogy Research Standards of the Rural Development Administration. BPHs were bred in a
special cage (50 × 50 × 40 cm) made of acrylic board, and a 100 µm mesh net was used for
ventilation at the back of the cage. The breeding was maintained at a temperature of 27 ◦C,
a humidity of 60–70%, and a luminous intensity of 2000 lux in 16 h cycles. BPHs were fed
using Chucheong in the seedling stage, and feed was renewed every two weeks.

4.3. Evaluation of BPH Resistance in SNDH

In order to confirm the resistance of the selected SNDH population to BPH, the plant
heights in the BPH-infected and the control groups were measured. Samgang, Nagdong,
TN1, SNDH29, SNDH30, and SNDH11 were infected with 10–15 BPH (2nd–3rd instar), and
plant heights were measured after 1, 2, and 3 days of infection (Supplementary Materials
Figure S1). The plant height was measured from the bottom of the stem to the edges of the
flag leaf. BPH infected 5 plants in each population, and the height was measured for each
plant. The plant height was measured five times for each population, and the mean and
standard deviation values were calculated.

4.4. Isolation of C7 in Rice

After sampling, the leaves of BPH-infected Samgang, Nagdong, TN1, SNDH29,
SNDH30, and SNDH11 were ground in a mortar using liquid nitrogen. After adding
10 g of the plant sample obtained previously to the 1000 mL Erlenmeyer flask and 350 mL
of 70% methanol, the plants were crossed by shaking at 20 ◦C. and 130 rpm and reacted
overnight. The sample was then filtered twice using filter paper (Whatman Qualitative
Filter Paper, Grade 2, UK). The same volume of n-hexane as the filtered sample was added
to the separatory funnel, then shaken vigorously and mixed thoroughly. Then, when the
layers of the sample were completely separated, the bottom layer of the sample solution
was collected, and this sample was concentrated using a rotary evaporator. This concen-
tration was cultured in a water bath at 30 ◦C, at 6–8 rpm, and used cooling water at −3 to
5 ◦C. The concentrated sample solution was aliquoted on a glass column (10 × 250 mm in
diameter) containing 125 g of Silicagel60 (70–230 mesh, DUKSAN, Ansan, Korea). Then,
20% methanol was aliquoted in 1 mL until the sample solution passed through the edge of
the glass column with silica gel filtration. The sample solution filtered through silica gel was
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collected in a 1.5 mL tube and then dried using a heat blot at 50 ◦C overnight. Additionally,
the expression level of C7 in the sample dried using TLC silica gel 60F254 plates (Merck,
KgaA, Darmstadt, Germany) with a ratio of chloroform:methanol:1-butanol:water = 4:5:6:4
was confirmed. After separating, only C7 on TLC plates was isolated using a 4% methane
solution.

4.5. Evaluation of C7 Efficacy against BPH

To validate that C7 is effective in controlling BPH, Samgang, Nagdong, TN1, SNDH29,
SNDH30, and SNDH11 in the seedling stage were treated with C7 and infected with 100
BPH (2nd–3rd). C7 was received at the Plant Molecular Breeding Lab at Kyungpook
National University [40]. After spraying the seedling stages of Samgang, Nagdong, TN1,
SNDH29, SNDH30, and SNDH11 with 1000 ppm C7, bio-scoring, chlorophyll contents,
and plant height were measured. The correlation between phenotype and the C7 was
analyzed. The BPH effectiveness of C7 was evaluated based on the differences in plant
heights. The plant heights were measured from the bottom of the stem to the end of the flag
leaf. To investigate C7’s efficacy in conferring BPH resistance to the cultivar, bio-scoring
values were evaluated at 1, 2, and 3 weeks after BPH infection of Samgang, Nagdong,
and TN1. The bio-scoring value was assigned based on plant damage evaluation by BPH
infection [58]. The bio-scoring value was assigned 0 points if the plant was not damaged,
1 point if there was some damage, 3 points if the leaves were slightly underdeveloped,
5 points if more than half of the leaves were underdeveloped, 7 points if more than half of
the plants had died, and 9 points when the plant ultimately died. Chlorophyll contents
were investigated using the SPAD-502 Plus (Konica Minolta Optics, Japan) at 3 weeks after
C7 + BPH infection. All data were measured five times for each population, and the mean
and standard deviation values were calculated.

4.6. Comparison of the Expression Levels of Plant Resistance-Related Genes

Samgang, Nagdong, SNDH29, and SNDH11 were infected with BPH, RNA was
extracted from the leaves on days 0, 1, 2, and 3 after BPH infection, and the relative
expression level of plant resistance-related genes was analyzed. Total RNA was extracted
from the leaves using the RNeasy plant mini kit (QIAGEN, Hilden, Germany). Then,
1 µg of RNA was used as a template for cDNA synthesis, and cDNA was synthesized
using the qPCRBIO cDNA Synthesis kit (PCRBIOSYSTEM, Wayne, PA, USA). Quantitative
real-time PCR (qPCR) was analyzed with the Eco Real-Time PCR System using plant
resistance-related gene-specific primers. Reaction solutions for qPCR included 10 µL of
2× Real-time PCR Master Mix (BioFACT, Daejeon, Korea), 2 µL of cDNA, 1 µL of forward
primer (10 pmol/µL), and 1µL of reverse primer (10 pmol/µL). ddH2O was then added to
reach a final volume of 20 µL. OsActin was used as a housekeeping gene. Each reaction
was repeated three times to calculate mean and standard deviation values.

4.7. Statistical Analysis

Statistical software SPSS software (IMMSPSS Statistics, version 22, IBMSPSS Statistics,
version 22, Redmond, WC, USA) was used to calculate significant differences (p < 0.05)
using ordinary one-way ANOVA. One-way ANOVA was used to determine statistically
significant differences between the mean values of 3 groups (p < 0.05), followed by Duncan’s
multiple range test (DMRT). All experimental data were replicated five times.

5. Conclusions

BPH seriously damages rice growth and yield. In this research, rice populations
were infected with BPH, and the plant height, bio-scoring, and chlorophyll contents were
measured to identify populations resistant to BPH. Compared to the group infected with
BPH, in the group treated with C7 and then infected with BPH, it was revealed that
plant growth increased with time and C7 demonstrated effectiveness against BPH. In
addition, after infection with BPH, the relative expression levels of genes involved in



Int. J. Mol. Sci. 2022, 23, 1540 11 of 13

flavonoid biosynthesis was increased, and as a result, it was demonstrated that flavonoids
are involved in the secondary metabolites synthesized as protective substances against BPH
attacks in rice. The current study also suggested that C7 is a natural flavonoid compound
derived from plants and is efficient in BPH control. The identified BPH-effective compound
C7 can be potentially used to develop environmentally friendly pesticides, and its use is
expected to provide solutions with regard to environmental pollution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23031540/s1.

Author Contributions: Conceptualization, E.-G.K., S.Y., J.-R.P., Y.-H.J. and M.F.; methodology, E.-
G.K., S.Y. and J.-R.P.; investigation, E.-G.K., S.Y. and J.-R.P.; writing—original draft preparation,
E.-G.K. and J.-R.P.; writing—review and editing, E.-G.K. and J.-R.P.; supervision, B.-J.Y. and K.-M.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by a grant from the New Breeding Technologies
Development Program (Project No. PJ016531012022), Rural Development Administration, Republic
of Korea.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Taub, D.A.; Wei, J.T. The economics of benign prostatic hyperplasia and lower urinary tract symptoms in the United States. Curr.

Urol. Rep. 2006, 7, 272–281. [CrossRef] [PubMed]
2. Xue, J.; Zhou, X.; Zhang, C.X.; Yu, L.L.; Fan, H.W.; Wang, Z.; Xu, H.J.; Xi, Y.; Zhu, Z.R.; Zhou, W.W.; et al. Genomes of the rice pest

brown planthopper and its endosymbionts reveal complex complementary contributions for host adaptation. Genome Biol. 2014,
15, 521. [CrossRef]

3. Ling, Y.; Weilin, Z. Genetic and biochemical mechanisms of rice resistance to planthopper. Plant Cell Rep. 2016, 35, 1559–1572.
[CrossRef] [PubMed]

4. Sun, Z.; Shi, J.H.; Liu, H.; Yin, L.T.; Abdelnabby, H.; Wang, M.Q. Phytopathogenic infection alters rice–pest–parasitoid tri-trophic
interactions. Pest Manag. Sci. 2021, 77, 4530–4538. [CrossRef] [PubMed]

5. Jing, S.; Zhao, Y.; Du, B.; Chen, R.; Zhu, L.; He, G. Genomics of interaction between the brown planthopper and rice. Curr. Opin.
Insect Sci. 2017, 19, 82–87. [CrossRef] [PubMed]

6. Roy, D.; Chakraborty, G. Bio-efficacy of novel chemicals and tribal pesticide-based integrated modules against brown planthopper
in rice. Int. J. Trop. Insect Sci. 2021, 1–11. [CrossRef]

7. Zhang, F.; Zhu, L.; He, G. Differential gene expression in response to brown planthopper feeding in rice. J. Plant Physiol. 2004, 161,
53–62. [CrossRef]

8. Wu, S.F.; Zeng, B.; Zheng, C.; Mu, X.C.; Zhang, Y.; Hu, J.; Zhang, S.; Gao, C.F.; Shen, J.L. The evolution of insecticide resistance in
the brown planthopper (Nilaparvata lugens Stål) of China in the period 2012–2016. Sci. Rep. 2018, 8, 4586. [CrossRef]

9. Tschoeke, P.H.; Oliveira, E.E.; Dalcin, M.S.; Silveira-Tschoeke, M.C.A.C.; Sarmento, R.A.; Santos, G.R. Botanical and synthetic
pesticides alter the flower visitation rates of pollinator bees in Neotropical melon fields. Environ. Pollut. 2019, 251, 591–599.
[CrossRef]

10. Mesnage, R.; Séralini, G.-E. Editorial: Toxicity of Pesticides on Health and Environment. Front. Public Health 2018, 6, 1–2.
[CrossRef]

11. Dubey, N.K.; Shukla, R.; Kumar, A.; Singh, P.; Prakash, B. Prospects of botanical pesticides in sustainable agriculture. Curr. Sci.
2010, 98, 479–480.

12. Amoabeng, B.W.; Johnson, A.C.; Gurr, G.M. Natural enemy enhancement and botanical insecticide source: A review of dual use
companion plants. Appl. Entomol. Zool. 2019, 54, 1–19. [CrossRef]

13. Kedia, A.; Prakash, B.; Mishra, P.K.; Singh, P.; Dubey, N.K. Botanicals as eco friendly biorational alternatives of synthetic pesticides
against Callosobruchus spp. (Coleoptera: Bruchidae)—A review. J. Food Sci. Technol. 2015, 52, 1239–1257. [CrossRef] [PubMed]

14. Mfarrej, M.F.B.; Rara, F.M. Competitive, Sustainable Natural Pesticides. Acta Ecol. Sin. 2019, 39, 145–151. [CrossRef]
15. Tomas, F.; Abbott, J.M.; Steinberg, C.; Balk, M.; Williams, S.L.; Stachowicz, J.J. Plant genotype and nitrogen loading influence

seagrass productivity, biochemistry, and plant-herbivore interactions. Ecology 2011, 92, 1807–1817. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23031540/s1
https://www.mdpi.com/article/10.3390/ijms23031540/s1
http://doi.org/10.1007/s11934-996-0006-0
http://www.ncbi.nlm.nih.gov/pubmed/16930498
http://doi.org/10.1186/s13059-014-0521-0
http://doi.org/10.1007/s00299-016-1962-6
http://www.ncbi.nlm.nih.gov/pubmed/26979747
http://doi.org/10.1002/ps.6491
http://www.ncbi.nlm.nih.gov/pubmed/34047439
http://doi.org/10.1016/j.cois.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28521948
http://doi.org/10.1007/s42690-021-00534-3
http://doi.org/10.1078/0176-1617-01179
http://doi.org/10.1038/s41598-018-22906-5
http://doi.org/10.1016/j.envpol.2019.04.133
http://doi.org/10.3389/fpubh.2018.00268
http://doi.org/10.1007/s13355-018-00602-0
http://doi.org/10.1007/s13197-013-1167-8
http://www.ncbi.nlm.nih.gov/pubmed/25745194
http://doi.org/10.1016/j.chnaes.2018.08.005
http://doi.org/10.1890/10-2095.1


Int. J. Mol. Sci. 2022, 23, 1540 12 of 13

16. Bezemer, T.M.; Wagenaar, R.; Van Dam, N.M.; Wäckers, F.L. Interactions between above- and belowground insect herbivores as
mediated by the plant defense system. Oikos 2003, 101, 555–562. [CrossRef]

17. Rampe, H.L.; Tulung, M.; Pelealu, J.; Runtunuwu, S.D. The Antibiotic and Antixenotic Resistance of Some Peanut (Arachis hypogea
L.) Varieties after the Organic Fertilizer Application. Int. J. Res. Eng. Sci. 2015, 3, 40–44.

18. Aznar-Fernández, T.; Rubiales, D. Identification and characterisation of antixenosis and antibiosis to pea aphid (Acyrthosiphon
pisum) in Pisum spp. germplasm. Ann. Appl. Biol. 2018, 172, 268–281. [CrossRef]

19. Carr, J.P.; Murphy, A.M.; Tungadi, T.; Yoon, J.Y. Plant defense signals: Players and pawns in plant-virus-vector interactions. Plant
Sci. 2019, 279, 87–95. [CrossRef]

20. Bueno, A.F.; Panizzi, A.R.; Hunt, T.E.; Dourado, P.M.; Pitta, R.M.; Gonçalves, J. Challenges for Adoption of Integrated Pest
Management (IPM): The Soybean Example. Neotrop. Entomol. 2021, 50, 5–20. [CrossRef]

21. Lin, D.; Xu, Y.; Wu, H.; Liu, X.; Zhang, L.; Wang, J.; Rao, Q. Plant defense responses induced by two herbivores and consequences
for whitefly Bemisia tabaci. Front. Physiol. 2019, 10, 1–9. [CrossRef] [PubMed]

22. Emamverdian, A.; Ding, Y.; Mokhberdoran, F.; Xie, Y. Heavy metal stress and some mechanisms of plant defense response. Sci.
World J. 2015, 25, 27–54. [CrossRef] [PubMed]

23. Dalin, P.; Ågren, J.; Björkman, C.; Huttunen, P.; Kärkkäinen, K. Leaf trichome formation and plant resistance to herbivory. In
Induced Plant Resistance to Herbivory; Springer: Dordrecht, The Netherlands, 2008; pp. 89–105.

24. Wang, Y.; Cao, L.; Zhang, Y.; Cao, C.; Liu, F.; Huang, F.; Qiu, Y.; Li, R.; Lou, X. Map-based cloning and characterization of BPH29, a
B3 domain-containing recessive gene conferring brown planthopper resistance in rice. J. Exp. Bot. 2015, 66, 6035–6045. [CrossRef]
[PubMed]

25. Saxena, S.C.; Salvi, P.; Kamble, N.U.; Joshi, P.K.; Majee, M.; Arora, S. Ectopic overexpression of cytosolic ascorbate peroxidase
gene (Apx1) improves salinity stress tolerance in Brassica juncea by strengthening antioxidative defense mechanism. Acta Physiol.
Plant. 2020, 42, 45. [CrossRef]

26. Xing, Z.; Liu, Y.; Cai, W.; Huang, X.; Wu, S.; Lei, Z. Efficiency of trichome-based plant defense in phaseolus vulgaris depends on
insect behavior, plant ontogeny, and structure. Front. Plant Sci. 2017, 8, 1–8. [CrossRef] [PubMed]

27. Darvill, A.G.; Albersheim, P. Phytoalexins and their Elicitors-A Defense against Microbial Infection in Plants. Annu. Rev. Plant
Physiol. 1984, 35, 243–275. [CrossRef]

28. Saddique, M.; Kamran, M.; Shahbaz, M. Differential Responses of Plants to Biotic Stress and the Role of Metabolites; Elsevier Inc.:
Amsterdam, The Netherlands, 2018; ISBN 9780128126905.

29. Zhang, X.; Abrahan, C.; Colquhoun, T.A.; Liu, C.J. A proteolytic regulator controlling chalcone synthase stability and flavonoid
biosynthesis in Arabidopsis. Plant Cell 2017, 29, 1157–1174. [CrossRef]

30. Onkokesung, N.; Reichelt, M.; Van Doorn, A.; Schuurink, R.C.; Van Loon, J.J.A.; Dicke, M. Modulation of flavonoid metabolites in
Arabidopsis thaliana through overexpression of the MYB75 transcription factor: Role of kaempferol-3,7- dirhamnoside in resistance
to the specialist insect herbivore Pieris brassicae. J. Exp. Bot. 2014, 65, 2203–2217. [CrossRef]

31. Simmonds, M.S.J. Flavonoid-insect interactions: Recent advances in our knowledge. Phytochemistry 2003, 64, 21–30. [CrossRef]
32. Simmonds, M.S.J. Importance of flavonoids in insect-plant interactions: Feeding and oviposition. Phytochemistry 2001, 56, 245–252.

[CrossRef]
33. Aboshi, T.; Ishiguri, S.; Shiono, Y.; Murayama, T. Flavonoid glycosides in Malabar spinach Basella alba inhibit the growth of

Spodoptera litura larvae. Biosci. Biotechnol. Biochem. 2018, 82, 9–14. [CrossRef]
34. Du, S.S.; Zhang, H.M.; Bai, C.Q.; Wang, C.F.; Liu, Q.Z.; Liu, Z.L.; Wang, Y.Y.; Deng, Z.W. Nematocidal flavone-C-glycosides

against the root-knot nematode (Meloidogyne incognita) from Arisaema erubescens tubers. Molecules 2011, 16, 5079–5086. [CrossRef]
[PubMed]

35. Zhang, Z.; Cui, B.; Yan, S.; Li, Y.; Xiao, H.; Li, Y.; Zhang, Y. Evaluation of tricin, a stylet probing stimulant of brown planthopper,
in infested and non-infested rice plants. J. Appl. Entomol. 2017, 141, 393–401. [CrossRef]

36. Kong, C.H.; Xu, X.H.; Zhang, M.; Zhang, S.Z. Allelochemical tricin in rice hull and its aurone isomer against rice seedling rot
disease. Pest Manag. Sci. 2010, 66, 1018–1024. [CrossRef] [PubMed]

37. Bing, L.; Hongxia, D.; Maoxin, Z.; Di, X.; Jingshu, W. Potential resistance of tricin in rice against brown planthopper Nilaparvata
lugens (Stål). Acta Ecol. Sin. 2007, 27, 1300–1306. [CrossRef]

38. Piasecka, A.; Jedrzejczak-Rey, N.; Bednarek, P. Secondary metabolites in plant innate immunity: Conserved function of divergent
chemicals. New Phytol. 2015, 206, 948–964. [CrossRef] [PubMed]

39. Xiao, Y.; Wang, Q.; Erb, M.; Turlings, T.C.J.; Ge, L.; Hu, L.; Li, J.; Han, X.; Zhang, T.; Lu, J.; et al. Specific herbivore-induced
volatiles defend plants and determine insect community composition in the field. Ecol. Lett. 2012, 15, 1130–1139. [CrossRef]

40. Jang, Y.; Park, J.; Kim, K. Antimicrobial Activity of Chrysoeriol 7 and Chochlioquinone 9, White-Backed Planthopper-Resistant
Compounds, Against Rice Pathogenic Strains. Biology 2020, 9, 382. [CrossRef]

41. Wang, H.; Ye, S.; Mou, T. Molecular Breeding of Rice Restorer Lines and Hybrids for Brown Planthopper (BPH) Resistance Using
the Bph14 and Bph15 Genes. Rice 2016, 9, 53. [CrossRef]

42. Fan, F.; Li, N.; Chen, Y.; Liu, X.; Sun, H.; Wang, J.; He, G.; Zhu, Y.; Li, S. Development of elite BPH-resistant wide-spectrum
restorer lines for three and two line hybrid rice. Front. Plant Sci. 2017, 8, 1–9. [CrossRef]

http://doi.org/10.1034/j.1600-0706.2003.12424.x
http://doi.org/10.1111/aab.12417
http://doi.org/10.1016/j.plantsci.2018.04.011
http://doi.org/10.1007/s13744-020-00792-9
http://doi.org/10.3389/fphys.2019.00346
http://www.ncbi.nlm.nih.gov/pubmed/31019468
http://doi.org/10.1155/2015/756120
http://www.ncbi.nlm.nih.gov/pubmed/25688377
http://doi.org/10.1093/jxb/erv318
http://www.ncbi.nlm.nih.gov/pubmed/26136269
http://doi.org/10.1007/s11738-020-3032-5
http://doi.org/10.3389/fpls.2017.02006
http://www.ncbi.nlm.nih.gov/pubmed/29225609
http://doi.org/10.1146/annurev.pp.35.060184.001331
http://doi.org/10.1105/tpc.16.00855
http://doi.org/10.1093/jxb/eru096
http://doi.org/10.1016/S0031-9422(03)00293-0
http://doi.org/10.1016/S0031-9422(00)00453-2
http://doi.org/10.1080/09168451.2017.1406301
http://doi.org/10.3390/molecules16065079
http://www.ncbi.nlm.nih.gov/pubmed/21694672
http://doi.org/10.1111/jen.12353
http://doi.org/10.1002/ps.1976
http://www.ncbi.nlm.nih.gov/pubmed/20730995
http://doi.org/10.1016/S1872-2032(07)60031-6
http://doi.org/10.1111/nph.13325
http://www.ncbi.nlm.nih.gov/pubmed/25659829
http://doi.org/10.1111/j.1461-0248.2012.01835.x
http://doi.org/10.3390/biology9110382
http://doi.org/10.1186/s12284-016-0126-1
http://doi.org/10.3389/fpls.2017.00986


Int. J. Mol. Sci. 2022, 23, 1540 13 of 13

43. Zhou, S.; Chen, M.; Zhang, Y.; Gao, Q.; Noman, A.; Wang, Q.; Li, H.; Chen, L.; Zhou, P.; Lu, J.; et al. Osmkk3, a stress-responsive
protein kinase, positively regulates rice resistance to nilaparvata lugens via phytohormone dynamics. Int. J. Mol. Sci. 2019, 20,
3023. [CrossRef]

44. Verma, N.; Shukla, S. Impact of various factors responsible for fluctuation in plant secondary metabolites. J. Appl. Res. Med.
Aromat. Plants 2015, 2, 105–113. [CrossRef]

45. Mishra, B.; Priyadarsini, K.I.; Kumar, M.S.; Unnikrishnan, M.K.; Mohan, H. Effect of O-glycosilation on the antioxidant activity
and free radical reactions of a plant flavonoid, chrysoeriol. Bioorg. Med. Chem. 2003, 11, 2677–2685. [CrossRef]
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