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Summary
Multi-functional microRNAs (miRNAs) are emerging as key modulators of plant–pathogen
interactions. Although the involvement of some miRNAs in plant–insect interactions has been

revealed, the underlying mechanisms are still elusive. The brown planthopper (BPH) is the most

notorious rice (Oryza sativa)-specific insect that causes severe yield losses each year and

requires urgent biological control. To reveal the miRNAs involved in rice–BPH interactions, we

performed miRNA sequencing and identified BPH-responsive OsmiR396. Sequestering

OsmiR396 by overexpressing target mimicry (MIM396) in three genetic backgrounds indicated

that OsmiR396 negatively regulated BPH resistance. Overexpression of one BPH-responsive

target gene of OsmiR396, growth regulating factor 8 (OsGRF8), showed resistance to BPH.

Furthermore, the flavonoid contents increased in both the OsmiR396-sequestered and the

OsGRF8 overexpressing plants. By analysing 39 natural rice varieties, the elevated flavonoid

contents were found to correlate with enhanced BPH resistance. Artificial applications of

flavonoids to wild type (WT) plants also increased resistance to BPH. A BPH-responsive

flavanone 3-hydroxylase (OsF3H) gene in the flavonoid biosynthetic pathway was proved to be

directly regulated by OsGRF8. A genetic functional analysis of OsF3H revealed its positive role

in mediating both the flavonoid contents and BPH resistance. And analysis of the genetic

correlation between OsmiR396 and OsF3H showed that down-regulation of OsF3H comple-

mented the BPH resistance characteristic and simultaneously decreased the flavonoid contents

of the MIM396 plants. Thus, we revealed a new BPH resistance mechanism mediated by the

OsmiR396–OsGRF8–OsF3H–flavonoid pathway. Our study suggests potential applications of

miRNAs in BPH resistance breeding.

Introduction

Non-protein-coding RNAs are widespread and more common

than previously thought (Morris and Mattick, 2014). Among

them, microRNAs (miRNAs) of approximately 22 nucleotides in

length regulate gene expression through antisense complemen-

tary binding to mRNAs at the post-transcriptional level by their

simple core mechanism (Ambros, 2001; Nelson et al., 2003). In

plants, miRNAs function in development and determine physio-

logical characteristics, and therefore have attracted attention as

tools to improve crop plants (Tang and Chu, 2017; Wang and

Wang, 2015). In addition, large numbers of miRNAs are involved

in biotic and abiotic stress responses (Khraiwesh et al., 2012;

Sunkar and Zhu, 2004), although the underlying mechanisms

remain largely elusive. In Arabidopsis, miR393a is induced by

bacterial flagellin and mediates resistance to bacteria through the

auxin signalling pathway (Navarro et al., 2006). In rice (Oryza

sativa), miR319 mediates response to rice ragged stunt virus by

regulating the jasmonic acid (JA) biosynthetic and signalling

pathways (Zhang et al., 2016). miR528 is sequestered by

Argonaute 18 upon virus infection, activating its target gene

and thereby promoting the accumulation of reactive oxygen

species (ROS) for defence (Wu et al., 2017a). Plant small RNAs are

delivered to pathogens by exosome-like vesicles to inhibit their

virulence through cross-kingdom RNA interference (Cai et al.,

2018). Nevertheless, the roles of plant miRNAs in plant–insect
interactions and their underlying mechanisms have rarely been

studied.

The functions of miR396 in plant development have largely

been revealed. In Arabidopsis, miR396 is involved in leaf

polarity, leaf development and root development (Das Gupta

and Nath, 2015; Mecchia et al., 2013; Rodriguez et al., 2015).
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In rice, OsmiR396 regulates floral organogenesis and panicle

development (Gao et al., 2015; Liu et al., 2014). miR396 is an

important regulator in the reprogramming of root cells during

nematode infections (Hewezi et al., 2012). However, whether

and how miR396 functions in insect resistance is largely

unknown.

A rice-specific herbivore, the brown planthopper (BPH) is

increasingly causing devastating yield losses throughout Asian

planting areas (Cheng et al., 2013; Normile, 2008). Furthermore,

BPH has evolved into different bio-types that can adjust quickly

and breakdown the resistance of rice species, making the pest

more difficult to control. Currently, BPH control relies on

extensive applications of environmentally unfriendly chemical

insecticides. Therefore, there is an urgent need to identify

different resistant resources for aggregated rice breeding (Zhang,

2007). In the past decade, great efforts have been made to

identify plant endogenous resistance genes to BPH from different

rice germplasms, and eight of them, Bph14, Bph26, Bph3,

Bph18, Bph29, BPH9, BPH32 and BPH6, have been successfully

cloned (Du et al., 2009; Guo et al., 2018; Ji et al., 2016; Liu

et al., 2015; Ren et al., 2016; Tamura et al., 2014; Wang et al.,

2015; Zhao et al., 2016). In addition, reverse genetics has also

contributed some gene resources (Guo et al., 2014; Zhou et al.,

2009). However, our knowledge of the molecular mechanisms

underlying these gene resources and further rice–BPH interactions

is limited. Therefore, new genes are still desirable for theoretical

studies and for rice cultivation to counteract the food security risk

caused by BPH.

Flavonoids are a representative group of secondary metabolites

that are widespread in plants and have protective functions

against environmental stresses (Bharti et al., 2015; Nakabayashi

and Saito, 2015; Pourcel et al., 2007). Flavonoid biogenesis and/

or their regulatory pathway are involved in the resistance to

various stresses, such as high and ultraviolet lights, low temper-

ature, salinity, high sucrose and oxidation (Bharti et al., 2015; Ilk

et al., 2015; Kusano et al., 2011; Lotkowska et al., 2015;

Mahmood et al., 2016; Zhang et al., 2015). Flavonoids are

powerful deoxidizers that relieve oxidative stress (Nakabayashi

et al., 2014; Zhang et al., 2014), and respond quickly to different

stresses (Dixon and Paiva, 1995). Plants may use flavonoids to

deter the feeding, development and oviposition of herbivores

(Onkokesung et al., 2014). Several flavonoids respond to insects,

for example, vitexin inhibits Spodoptera litura larval growth

(Aboshi et al., 2018) and schaftoside inhibits BPH growth by

interacting with the native NICDK1 protein (Hao et al., 2018).

However, how flavonoids are regulated in response to BPH

attacks remains unknown.

To investigate the possible involvement of miRNAs in rice–BPH
interactions, we performed miRNA sequencing analyses before

and after BPH infestation and identified BPH-induced OsmiR396.

A functional analysis in three rice genetic backgrounds confirmed

its negative regulatory effects on both BPH resistance and

flavonoid content. Natural rice varieties exhibited enhanced BPH

resistance as the flavonoid content increased. Through the

functional analysis of OsmiR396, one target gene, OsGRF8, and

one gene in flavonoid biosynthesis, OsF3H, were identified. A

biochemical analysis of the direct regulation of OsGRF8 on OsF3H

and a genetic correlation analysis between OsmiR396 and OsF3H,

showed that OsmiR396–OsGRF8 modulated BPH resistance by

directly regulating OsF3H. Thus, we revealed a new mechanism of

BPH resistance involving the OsmiR396-regulated flavonoid syn-

thesis pathway.

Results

OsmiR396 was induced by BPH infestation

Because the miRNAs are so functionally diverse, we investi-

gated whether they are involved in BPH resistance. The miRNA

sequencing of rice seedlings at 4 h after BPH infestation was

performed and compared with miRNA sequencing without

infestation. There were 15 up-regulated and 14 down-

regulated miRNAs in BPH-infested compared with un-infested

plants (Table S1). In this study, we mainly focused on

OsmiR396b.

In rice, six genes, OsmiR396a–f, encode OsmiR396. To inves-

tigate the response of each OsmiR396 gene to BPH infestation,

we carried out a quantitative reverse transcriptase PCR (qRT–PCR)
analysis of the pre-OsmiR396 transcripts. Both pre-OsmiR396a

and pre-OsmiR396b were induced by BPH infestation as early as

2 h, with peaks at 8 h, suggesting the possible involvement of

these OsmiR396s in interactions with BPH (Figure 1a). Further-

more, compared with pre-OsmiR396a, pre-OsmiR396b showed

continuous induction before 8 h. There appeared to be an

induction rhythm for both pre-OsmiR396a and pre-OsmiR396b,

because at 24 h, the expression levels of both miRNAs dropped to

levels similar to those at 0 h, and promptly rose again at 32 h

(Figure 1a). A northern blot analysis using OsmiR396b as the

probe revealed that OsmiR396a/b was induced by BPH at 8 and

12 h (Figure 1b). Mature OsmiR396a and OsmiR396b shared the

same sequence (http://www.mirbase.org/). Thus, at least some

OsmiR396s were responsive to BPH. In particular, OsmiR396a and

OsmiR396b were induced by BPH infestations.

OsmiR396 negatively regulated rice resistance to BPH

To study the function of OsmiR396, we constructed a plasmid

overexpressing OsmiR396 target mimicry (MIM396), intending to

sequester the normal expression of native OsmiR396, and trans-

formed it into the rice variety ZH11, which was used as WT. We

obtained 35 transgenic MIM396 plants, and the positive plants

were verified (Figure S1a). The transgenic plants showed no visible

differences in plant height or tiller number as compared with the

WT (Figure S1b). We tentatively selected the T1 generation of two

transgenic lines and evaluated their responses to BPH using

individual tests, and repeats were carried out in the following

generations. After BPH infestation for 7 days, the MIM396 plants

were still alive but the WT plants had died (Figure 1c). We then

used one MIM396 line and carried out a small population analysis.

TheWT plants withered earlier than the MIM396 plants, indicating

that the latter were more resistance than the former (Figure S2a).

Additionally, the amount of honeydew excreted by BPH feeding on

MIM396 plants decreased compared with that on WT, which

further indicated the increased resistance of the MIM396 plants to

BPH (Figure S2b) compared with WT.

Generally, there are three resistance strategies used by plants

against insects: antixenosis to affect insect settling, colonization

and oviposition; antibiosis to reduce the insect survival rate or

feeding activity; and tolerance to withstand the damage by the

insects (Jing et al., 2017). A host plant choice test revealed that

there was no significant differences between the numbers of BPH

that settled on the MIM396 and WT plants from 1 to 72 h after

infestation (Figure 1d), which indicated that the resistance of the

MIM396 plants to BPH was not a result of antixenosis. When we

compared the body weight gain of the BPH after feeding on the

genetically stable MIM396 plants for 2 days to that of BPH
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feeding on the WT, less weight was gained by the BPH feeding on

the MIM396 plants (Figure 1e). Together with the decreased level

of honeydew excretion by BPH feeding on the MIM396 plants

(Figure S2b), we concluded that antibiosis contributed to the

resistance of the MIM396 plants. Furthermore, we found that the

tolerance index of the MIM396 plants was significantly lower

than that of the WT (Figure 1f), indicating that the MIM396

plants also had an increased tolerance to BPH.

Next, to further verify the consequence of sequestering

OsmiR396, we transformed the MIM396 plasmid into two other

genetic rice backgrounds, R8015 and XS134, which are two main

cultivated varieties in the Yangtze River Delta, and the

corresponding transgenic plants were named as RM396 and

XM396 respectively. Both the RM396 and the XM396 plants

showed increased resistance levels to BPH, whether in individual

tests (Figure 1g,i) or BPH weight gain tests (Figure 1h,j). Thus,

sequestering OsmiR396 in different genetic rice backgrounds

increased the plants’ resistance to BPH.

OsmiR396 negatively regulated rice tolerance to salt
stress

The OsmiR396-sequestered plants showing resistance to BPH, a

kind of biotic stress, were used to determine if they could mediate

abiotic stress. The overexpression of OsmiR396c decreases

Figure 1 Detection of OsmiR396 expression after BPH feeding, and BPH resistance tests of the OsmiR396-sequestered transgenic plants. (a) qRT–PCR

analysis of the pre-OsmiR396 transcripts after BPH infestation (n = 3). The expression level at 0 h was set as 1.0. (b) northern blot analysis of the expression

levels of some OsmiR396s at different time points after BPH feeding using miR396b as the probe. (c) Individual tests to determine the BPH resistance of the

MIM396 plants and the WT. (d) Analysis of the numbers of BPH that settled on the MIM396 and WT plants to indicate a choice tendency (n = 3). (e) Body

weight gain of BPH feeding on the MIM396 and WT plants for 2 days (n = 10). (f) Tolerance indices of the MIM396 and WT plants after BPH feeding

(n = 32). (g) Individual tests to determine the BPH resistance of the XM396 and WT (XS134) plants. (h) Body weight gains of the BPH feeding on the XM396

and WT (XS134) plants for 2 d (n = 10). (i) Individual tests to determine the BPH resistance of the RM396 plants and the WT (R8015). (j) Body weight gains

of the BPH feeding on the XM396 and WT (R8015) plants for 2 days (n = 10). Asterisks in (a, e, f, h and g) represent significant differences determined by

Student’s t-test at *P < 0.05 and **P < 0.01.
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tolerance to salt (Gao et al., 2010), indicating that OsmiR396

might negatively regulate salt tolerance. To test this hypothesis,

we treated nutrition-cultured MIM396 and WT plants with

100 mM NaCl (Figure S3a). After 7 days of treatment, the WT

plants were nearly dead, whereas the MIM396 plants were still

healthy (Figure S3b), and this contrast in their status was more

obvious after recovering for 3 days (Figure S3c,d). Furthermore,

an expression analysis verified that OsmiR396b could be induced

by a salt treatment (Figure S3e). Thus, OsmiR396 negatively

regulates the plants’ tolerance to salt, a kind of abiotic stress.

Sequestering miR396 in both rice and Arabidopsis
increased flavonoid contents

In the T0 generation of the MIM396 plants, the seed hulls of

some lines were deeply coloured (Figure 2a), indicating possible

changes in the flavonoid contents. Therefore, we extracted the

total flavonoids from the hulls and found that they were indeed

significantly increased, as indicated by the colour of the extract

(Figure 2b) and by quantification (Figure 2c). Similarly, the

flavonoid contents in the RM396 and XM396 plants also

increased compared with their respective WT R8015 and XS134

plants (Figure 2c). Thus, sequestering OsmiR396 in different

genetic backgrounds of rice increased the flavonoid contents.

Generally, miRNA functions are conserved among species. To

verify the influence of OsmiR396 on the flavonoid contents, we

genetically transformed the MIM396 plasmid into Arabidopsis

Col-0. The stems of the Arabidopsis transgenic plants (aMIM396)

showed deeper colour than those of the WT (Figure S4a), and

accordingly, the anthocyanin level was increased in the aMIM396

plants (Figure S4b,c). Thus, overexpression of MIM396 increased

the flavonoid contents in both rice and Arabidopsis.

Increased flavonoid content correlates with enhanced
BPH resistance in rice

To determine whether the increased flavonoid contents in the

OsmiR396-sequestered plants accounted for their increased BPH

resistance, we artificially treated the WT plants with flavonoids

and fed them to the BPH. The flavonoids treatment did not result

in any developmental changes to the plants (Figure 2d). When

the plants were treated with 0.2 or 0.4 mg/mL flavonoid for

3 days, they showed greater resistance to BPH than the untreated

plants (Figure 2e), and accordingly, the survival rate of the

flavonoid-treated plants increased (Figure 2f), indicating that the

exogenously added flavonoids enhanced rice resistance to BPH.

Therefore, the increased flavonoid contents in the OsmiR396-

sequestered plants may account for their increased BPH

resistance.

To determine whether the flavonoid contents in rice was

generally correlated with BPH resistance, we measured the

flavonoid contents of 39 natural rice varieties and simultaneously

analysed their resistance to BPH by determining the BPH weight

gain after infestation. In general, the greater the flavonoid

contents in different varieties, the lower the BPH weight gain, as

shown in Figure 2g. Overall, the trend indicated that the

flavonoid content was positively correlated with the resistance

of rice to BPH.

The OsmiR396–OsGRF8 module regulated flavonoid
biosynthesis through a direct transcriptional regulation
of OsF3H

There are 12 OsGRF genes that serve as OsmiR396 targets (Gao

et al., 2015). In the MIM396 plants, the expression levels of most

of the OsGRF genes were up-regulated (Figure 3a). We further

tested the response of each OsGRF gene to BPH infestation.

OsGRF4 and OsGRF8 were up-regulated at 6 h after BPH

infestation (Figure 3b). We used OsGRF8 for further functional

analysis, and fused OsGRF8 with Green Fluorescent Protein (GFP)

to construct overexpression transgenic lines (GRF8OE), in which

OsGRF8 was up-regulated (Figure 3c). Using individual analysis,

we tested two lines of GRF8OE plants and found them to be more

resistant to BPH than the WT (Figure 3d). Moreover, the flavonoid

contents in the GRF8OE plants increased (Figure 3e). On the basis

of these analyses, we hypothesized that OsmiR396 mediates BPH

resistance and flavonoid biosynthesis through OsGRF8.

The increased flavonoid contents in the OsmiR396-sequestered

plants led us to hypothesize that OsmiR396 may regulate

flavonoid biosynthesis. Consequently, we determined the expres-

sion levels of some flavonoid biosynthetic genes in the MIM396

plants and found that several genes were up-regulated

(Figure 4a). Among them, OsF3H (LOC_Os03g03034), had been

induced by BPH feeding in a previous microarray analysis (Wang

et al., 2012). Thus, OsF3H may mediate the increased flavonoid

contents in the MIM396 plants.

The binding motif of GRF proteins is CGC(G)A(C)G(A) (Gao

et al., 2015), and there are 17 such motifs in the 3-kb promoter

of the OsF3H gene (Figure 4b). To determine whether the

OsGRF8 protein regulated OsF3H by binding to these motifs,

we performed a yeast one-hybrid assay and found that OsGRF8

could bind to the first four motifs in the OsF3H promoter. When

these motifs were mutated, the binding disappeared (Figure 4c).

We then carried out a chromatin immunoprecipitation (ChIP)

assay using the GRF8OE plants and found that the GRF8-fused

GFP protein bound more fragments from the motif-containing

region close to the ATG start code in the OsF3H promoter

compared with the other regions tested (Figure 4d). Furthermore,

to validate the activation of OsF3H by OsGRF8, we carried out a

Dual-LUC assay in tobacco leaves, which revealed that OsGRF8

activated the expression of the OsF3H promoter, resulting in a

greater LUC/REN value than the GFP control (Figure 4e,f). On the

basis of these analyses, we concluded that the OsmiR396–
OsGRF8 module activated the expression of OsF3H by directly

binding of the OsGRF8 protein to the OsF3H promoter.

OsF3H positively regulated both the BPH response
characteristic and the flavonoid contents

To determine whether OsF3H functioned in flavonoid biosynthe-

sis and BPH resistance, we performed a genetic functional

analysis of OsF3H using overexpression and double-stranded RNA

interference (RNAi). We obtained 36 OsF3H RNAi plants

(OsF3HR) and selected three lines (OsF3HR16, OsF3HR18 and

OsF3HR22) having the greatest degrees of OsF3H down-

regulation of OsF3H for further analyses (Figure S5a). Addition-

ally, we obtained 32 OsF3H overexpression plants and selected

three lines (OsF3HOE18, OsF3HOE28 and OsF3HOE33) with

different degrees of OsF3H overexpression for further analyses

(Figure S5b). Individual tests of BPH resistance showed that all

three OsF3HOE lines were more resistant to BPH than the WT

(Figure 5a), whereas all three lines of the OsF3HR plants were

more susceptible to BPH feeding than the WT (Figure 5b). We

further investigated the resistance mechanism and found that

there were fewer BPH feeding on the OsF3HOE plants than on

the WT, whereas BPH digested more of the OsF3HR plants than

the WT, indicating that OsF3H regulated BPH resistance through

a selection mechanism (Figure 5c).
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We also measured the flavonoid contents in the OsF3H

transgenic lines. In all of the OsF3HOE plants, the flavonoid

contents were increased, whereas, in all of the OsF3HR plants,

they were decreased (Figure 5d), which is consistent with the

function of OsF3H in flavonoid biosynthesis. Furthermore, we

overexpressed OsF3H in Arabidopsis Col-0 and got aOsF3HOE

plants. The aOsF3HOE plants showed increased pigment depo-

sition (Figure 5f) compared with the WT (Figure 5e), and antho-

cyanin extracted from the aOsF3HOE plants was darker coloured

than that of the WT (Figure 5g). The anthocyanin contents

increased in the leaves and the siliques of the aOsF3HOE plants

compared with in the WT (Figure 5h). Thus, overexpression of

OsF3H in both rice and Arabidopsis increased the flavonoid

contents. Hence, the OsF3H gene positively regulated both BPH

resistance and flavonoid biosynthesis in rice.

Complementation of BPH resistance in MIM396 plants
through down-regulation of OsF3H

To further verify the involvement of OsF3H in the BPH resistance

pathway mediated by OsmiR396–OsGRF8, we crossed the

OsF3HR16 plants with the MIM396 plants. Positive hybrids were

tested for BPH resistance after verification at the genomic

(Figure S6a) and mRNA (Figure S6b,c) levels. Compared with

the MIM396 plants, the MIM396/OsF3HR16 plants were more

susceptible to BPH feeding (Figure 6a), whereas, compared with

the OsF3HR16 plants, they showed increased resistance to BPH

(Figure 6b). This indicated that the resistance of the MIM396

plants was complemented by down-regulation of the OsF3H

gene. Furthermore, the flavonoid contents in the MIM396/

OsF3HR16 plants were similar to those of the WT, indicating

that the increased flavonoid contents in the MIM396 plants was

also complemented by crossing with OsF3HR16 plants

(Figure 6c). Thus, we concluded that down-regulation of OsF3H

decreased the BPH tolerance of the MIM396 plants by down

regulating flavonoid biosynthesis.

The salicylic acid (SA) signalling pathway was activated,
whereas the JA signalling pathway was depressed in the
MIM396 plants

Signalling molecules in several phytohormone pathways, such as

JA and SA, are involved in the plant–insect interactions (Erb et al.,

2012; Ling and Weilin, 2016). To investigate the possible

Figure 2 Detection of the correlation between

flavonoid content and BPH resistance. (a) Rice

grains of one MIM396 line and WT plants showing

pigment deposition. (b) Flavonoids extracted from

the MIM396 and WT plants showing the colour

difference. (c) Quantitative determination of

flavonoid contents in the MIM396 and ZH11

plants, XM396 and XS134 plants and RM396 and

R8015 plants (n = 10). (d) Flavonoid-treated WT

plants before BPH feeding. The flavonoid

concentrations were 0, 0.2 and 0.4 mg/mL. (e)

Flavonoid-treated WT plants after BPH feeding. (f)

Statistical analysis of the survival rates of

flavonoid-treated WT plants after BPH feeding

(n = 3). (g) Statistical analysis of the flavonoid

contents in 39 natural rice varieties and the body

weight gain of BPH feeding on the corresponding

varieties for 2 days. The flavonoid contents of

each variety are arranged in ascending order

(n = 3), and BPH body weight gains are arranged

according to the varieties (n = 10). The dashed

line indicates the trend of BPH weight gain.

Asterisks in (c) and (f) indicate significant

differences determined by Student’s t-test at

**P < 0.01.
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signalling pathways involved in MIM396-mediated resistance, we

examined the transcript levels of genes involved in the SA- and

JA-dependent pathways during BPH infestation. The transcripts of

OsCoia and OsCoib in the JA signalling pathway were suppressed

in the MIM396 plants upon BPH infestation compared with in the

WT (Figure S7a,b); whereas the OsNPR1 gene in the SA signalling

pathway was up-regulated in the MIM396 plants upon BPH

infestation (Figure S7c), which indicated that the MIM396 plants

might mediate BPH resistance by activating the SA signalling

pathway while suppressing the JA signalling pathway. Similarly,

Bph29 mediates BPH resistance by activating the SA signalling

pathway, while inhibit the JA signalling pathway (Wang et al.,

2015). Bph9- and Bph1- mediated BPH resistance by activating

the SA signalling pathway (Du et al., 2009; Zhao et al., 2016).

Discussion

miRNAs function extensively in plant development and determine

physiological characteristics, and a great number of miRNAs are

involved in various stress responses. However, little is known

about the miRNAs mediating rice–BPH interactions, not to

mention the detailed underlying mechanisms. Here, we revealed

that many miRNAs are BPH-responsive (Table S1), indicating their

possible involvement in rice–BPH interactions. This corroborates

the work of Wu et al. (Wu et al., 2017b), which showed that

many miRNAs responded differentially to BPH in resistant and

susceptible rice plants, indicating that miRNAs might mediate

different pathways involved in the basal defence and specific

resistance to BPH. We further revealed a detailed molecular

mechanism mediated by one of the responsive miRNAs,

OsmiR396, which was induced by BPH infestation (Figure 1a,b).

Therefore, for the first time, the practical and detailed involve-

ment of a miRNA was shown in rice–BPH interactions.

Plant hormones and signalling molecules play pivotal roles in

plant immunity (Baxter et al., 2014; Pieterse et al., 2012; Yang

et al., 2015), and the integration of miRNAs with these signalling

pathways may be an important defence strategy employed by

plants. The same might be true for the relationship of miRNAs

and flavonoids. In this study, to elucidate the possible BPH

resistance mechanism mediated by OsmiR396, we performed

molecular, genetic and biochemical analyses, and proposed the

involvement of an OsmiR396–OsGRF8–OsF3H–flavonoid pathway

in response to BPH attacks. For the first time, we revealed a

positive role for flavonoids in BPH resistance and its negative

Figure 3 Expression characteristics of the OsGRF genes, and the function analysis of the OsGRF8 gene. (a) Relative expression levels of the OsmiR396

target OsGRF genes in the MIM396 plants compared with in the WT (n = 3). (b) Relative expression of OsGRF4 and OsGRF8 upon BPH infestation (n = 3).

(c) Analysis of the transcripts of OsGRF8 in the GRF8 overexpressing (OE) transgenic plants (n = 3). (d) Individual analysis to determine the BPH resistance of

the GRF8OE and WT plants. (e) Flavonoid contents in the GRF8OE and WT plants (n = 10).

ª 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 17, 1657–1669

Zhengyan Dai et al.1662



Figure 4 Analysis of the direct regulation of OsGRF8 on OsF3H gene. (a) qRT–PCR analysis of the transcripts of some genes in the flavonoid biosynthesis

pathways of MIM396 and WT plants (n = 3). (b) Schematic representation of the 3-kb OsF3H promoter showing the positions of the putative OsGRF8-

binding motifs and the relative sites for ChIP and yeast one-hybrid analyses. The yellow line represents the OsF3H promoter with the gene coding direction

indicated by the arrowhead; red bar indicates the ATG start code; blue bars indicate the predicted GRF-binding motifs; sites 1, 2 and 3 indicated by the

black arrowheads are the regions used for the ChIP analysis; the regions indicated by the red arrowheads were used for yeast one-hybrid analysis. (c) Yeast

one-hybrid analysis of OsGRF8 and the OsF3H promoter. F3HP is the promoter region framed by the pair of red arrowheads in (b); and mF3HP is F3HP with

mutations in the GRF-binding motifs. (d) ChIP analysis of the OsGRF8 overexpressing plants using the fused tag, GFP, as the antibody (n = 3). (e) Image of

the Dual-LUC assay. (f) LUC/REN ratio in the Dual-LUC assay, indicating relative luciferase activity. The empty vector pHBGFP was used as the control in (e)

and (f). Values are given as means � SDs (n =3). Asterisks in (a, d and f) indicate significant differences determined by Student’s t-test at *P < 0.05 and

**P < 0.01.
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regulation by OsmiR396. In WT plants, OsmiR396 repressed

OsGRF8, resulting in its inability to promote the expression of

OsF3H. This resulted in low levels of flavonoids and rendered the

WT plants more vulnerable to BPH attack (Figure 7). In the

MIM396 plants, in which OsmiR396 was sequestered, the

expression of OsGRF8 was increased, resulting in the up-

regulation of OsF3H (Figures 3a and 4a). As a result, the

flavonoid contents increased (Figure 2c), which rendered the

Figure 5 Biological functional analysis of the OsF3H gene. (a) Individual test to determine the BPH resistance of the OsF3HOE and WT plants. (b) Individual

tests to determine the BPH resistance of the OsF3HR and WT plants. (c) Statistical analysis of the numbers of BPH settled on OsF3HOE33, OsF3HR16 and WT

plants, indicating a choice tendency (n = 5). (d) Quantitative determination of flavonoid contents in the OsF3HOE, OsF3HRNAi and WT plants (n = 3). (e)

Appearance of a Col-0 WT Arabidopsis plant showing the stem colour. (f) Appearance of an aOsF3HOE Arabidopsis plant showing the stem colour. (g)

Colour of the anthocyanin extracted from the aOsF3HOE and Col-0 WT plants. (h) Quantitative determination of the anthocyanin contents in the leaves and

siliques of the aOsF3HOE and Col-0 WT plants (n = 3). Asterisks in (c, d and h) indicate significant differences determined by Student’s t-test at *P < 0.05

and **P < 0.01 compared with 0 h in (c) and WT in (d).
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OsmiR396-sequestered plants more resistant to BPH infestation

than the WT (Figure 7). The underlying mechanism responsible

for the MIM396-mediated resistance to BPH might involve

flavonoids activating the SA signalling pathway while suppressing

the JA signalling pathway (Figure S7). The positive role of SA in

BPH resistance has been largely established (Ling and Weilin,

2016). The role of JA in BPH resistance is still controversial (Ling

and Weilin, 2016), but increasing evidence supports the negative

role of JA in BPH resistance. Because BPH is a piercing insect, the

direct evidence is the increased susceptibility of rice plants to BPH

after treatment with methyl jasmonate (data not shown).

Furthermore, the OsHI-LOX gene in the JA signalling pathway

negatively regulates BPH resistance (Zhou et al., 2009), BPH29

mediates resistance to BPH by depressing the JA signalling

pathway (Wang et al., 2015), and brassinosteroids negatively

regulate resistance to BPH by activating JA (Pan et al., 2018).

Another possible mechanism downstream of OsmiR396-

mediated BPH resistance involves some flavonoids interacting

directly with the NICKD1 protein in BPH and inhibiting their

growth (Hao et al., 2018). This requires further investigation.

The BPH needs to use the rice resources to sustain growth and to

propagate. In this study, we revealed that OsmiR396 functions

diversely in rice. On one hand, the MIM396 plants were more

resistant not only to BPH (Figure 1) but also to salt stress (Figure S3),

indicating that OsmiR396 functions as a negative regulator of plant

biotic and abiotic stresses. A BPH infestation up-regulated the

expression levels of some OsmiR396s (Figure 1a,b), and the

induced OsmiR396s might function to break down the rice

defence system, which would favour the invasion and growth of

the BPH. Furthermore, the OsmiR396-sequestered transgenic

plants showed enlarged grains and improved seed quality (data

not shown). These characteristics are consistent with the positive

functions of its targets in grain size modulation. For example,

OsGRF4 positively regulates seed development and grain size (Che

et al., 2015; Duan et al., 2015; Hu et al., 2015; Li et al., 2016).

Thus, OsmiR396 negatively regulated grain size. Therefore, the

inducedOsmiR396 expression by BPHmight also function to inhibit

the reproductive growth of rice, rendering the rice plants more

favourable to BPH growth by conserving more resources. At this

point, OsmiR396 might provide an interaction target for the

survival strategy of BPH. If this strategy is general or not would be

clear along with the molecular mechanism underlying more and

more BPH-responsive miRNAs to be revealed.

In the OsmiR396–OsGRF8–OsF3H–flavonoid signalling path-

way, MIM396 plants used both antibiotic and tolerance mech-

anisms to mediate BPH resistance (Figure 1e,f), whereas the

OsF3H gene used a selection mechanism (Figure 5c). Because of

the functional diversity of OsmiR396, one possible explanation is

that in addition to OsGRF8, other targets of OsmiR396, such as

OsGRF4, might mediate responses to BPH (Figure 3b). Therefore,

more targets serving as transcriptional factors might regulate and

recruit regulatory factors in other pathways to mediate BPH

resistance. Furthermore, in the downstream signalling, in addition

to the OsF3H gene, OsmiR396 might also regulate other genes in

the flavonoid synthesis pathway, such as OsPAL1, OsCHI, OsF30H,
OsDFR and OsANS, to mediate BPH resistance (Figure 4a). These

possibilities could influence the final resistance mechanisms

integrated by OsmiR396.

One of the most common challenges for both conventional

and modern crop improvement is that the promotion of a

desirable trait is usually offset by the impairment of one or more

other beneficial characteristics (Tang and Chu, 2017). In this

study, OsmiR396 negatively regulated both biotic and abiotic

stresses, as well as grain size, resulting in the OsmiR396-

sequestered transgenic plants not only having enlarged grains

and improved seed quality, but also exhibiting enhanced

resistance to both BPH and salt. Therefore, sequestering

OsmiR396 in rice combined many breeding-beneficial character-

istics, and OsmiR396 may provide an ideal modulator for modern

breeding.

Experimental procedures

Plant and BPH materials

One WT rice plants, and also the genetic background of most of

the transgenic plants was ZH11 (Oryza sativa L. subsp. japonica

Figure 6 Functional analysis of a genetic cross

between MIM396 and OsF3HR16 plants. (a)

Individual tests to determine the BPH resistance of

the MIM396/OsF3HR16 plants compared with

those of the MIM396 and WT plants. (b) Individual

tests to determine the BPH resistance of the

MIM396/OsF3HR16 plants compared with those

of the OsF3HR16 and WT plants. (c) Quantitative

determination of the flavonoid contents in the

MIM396/OsF3HR16, related transgenic and WT

plants (n = 3). Asterisks indicate significant

differences determined by Student’s t-test at

**P < 0.01.
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cv. Zhonghua No.11). Rice cultivar varieties XS134 and R8015

(Oryza sativa L. subsp. japonica) were also used as host for

transformation of MIM396 plasmid. Rice plants were grown in a

paddy field or in pots in a greenhouse under standard growth

conditions.

For Arabidopsis thaliana, the ecotype Columbia0 (Col-0) was

used as WT and transformed by MIM396 and F3HOE plasmids.

Seeds were sown on Murashige and Skoog (MS) medium, cold-

treated for 3 days at 4 °C, and transferred to controlled

environment cabinets under 8 h light/16 h dark conditions with

a fluency rate of 120 lmol/s/m2 of white light (produced by cool-

white fluorescent lamps) at 22 °C.
The BPH population was originally obtained from rice fields in

Shanghai, China and maintained on susceptible rice variety plants

TN1 in a climate-controlled room at 26 � 2 °C, 12 h/12 h light/

dark cycle and 80% relative humidity.

miRNA sequencing analysis

WT rice plants of 3-week-old were individually infested with

12 second-instar BPH nymphs that had been starved for 2 h, leaf

sheaths were collected at 0 and 4 h with three biological samples

each. Total RNA was extracted, purified and added adaptors to

the 50 and 30 end using T4 ligase, amplified for miRNA library

construction, and sequenced using Hiseq2500. Sequence analysis

was carried out under the help of Genergy Biotechnology

Company.

Vector construction

Vector overexpressing OsmiR396 target mimicry (MIM396) was

constructed previously (Gao et al., 2015).

For OsGRF8 overexpression, the full-length cDNA were ampli-

fied and cloned in fusion with GFP into the pHB vector under 35S

promoter to form GRF8-GFPOE plasmids and got GRF8OE plants

after transformation. For OsF3H overexpression, full-length cDNA

was amplified by primers F3HOEF and F3HOER, and cloned into

p1301-35SNos vector. For RNAi of OsF3H, a 482 bp cDNA

fragment of OsF3H gene was amplified and cloned into

p1301RNAi vector in sense orientation using BamHI and KpnI,

and antisense orientation using SacI and SpeI.

Rice transformation was carried out by agrobacterium-

mediated method (Hiei et al., 1994); and flower dipping method

was used for Arabidopsis transformation (Zhang et al., 2006).

BPH resistance detection and measurements

Individual plant test was carried out at seedling stage using at

least six replicates of each cultivar or line as described (Wang

et al., 2012; Zhao et al., 2016). Each seedling about 3-week old

was infested with twelve second-instar BPH nymphs. Plant status

were observed daily, and 6–9 days later, the plants were scored

as susceptible (dead) or resistant (alive).

For small population analysis, about 100 plants from each line

were planted in a small pot in the mud for 1 month, and feed to

Figure 7 Schematic representation of the mechanism of the OsmiR396–OsGRF8–OsF3H–flavonoid pathway in BPH resistance. In WT plants, OsmiR396

cleaves OsGRF8 transcripts and represses its expression, thereby suppressing the downstream flavonoid biogenesis, which is activated by OsGRF8. This

results in plants being vulnerable to BPH attack. In MIM396 plants, OsmiR396 is sequestered by target mimicry miR396 (MIM396), resulting in OsGRF80s
expression, and OsGRF8 is available to up-regulate the expression of OsF3H, which enhances flavonoid biogenesis and renders the MIM396 plants more

resistant to BPH attack.
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BPH population in appropriately 10–15 first-instar nymphs per

plant, and then surveyed daily in the following week.

The BPH weight gain, honeydew measurement and host choice

test were performed as described (Du et al., 2009; Wang et al.,

2012; Zhao et al., 2016). The tolerance test was carried out as

described by Cohen et al. (Cohen et al., 1997).

For BPH resistance analysis of the flavonoid-treated plants, WT

seeds were sterilized and cultured in 1/2 MS liquid medium. At

about 3 weeks, four seedlings were treated with 20 mL of

culture medium applied with 0, 0.2 and 0.4 mg/mL flavonoid,

respectively, and then 40 first-instar BPH nymphs were applied to

the seedlings. Each treatment was in triplicates and three repeats

were carried out. Plant damage levels were observed daily, and

the plant survival rate was measured 5 days after infestation.

NaCl (salt) treatment

For salt treatment, 2-week-old seedlings of the MIM396 and WT

plants were transferred to plastic containers containing 1/2 MS

liquid medium with 100 mM NaCl for 1 week, and recovered by

water for 3 days (n = 32). Experiments were carried out in three

repeats.

Anthocyanin and flavonoid content measurements

In this study, anthocyanin content was measured for Arabidopsis

plants as previously described (Gou et al., 2011) and flavonoid

content was measured for rice plants accordingly to Sun et al.

with modification (Sun et al., 2016). 1 g powder milled from

fresh leaves was taken for extraction with 10 mL 50% ethanol for

1 h and repeated 2–3 times, and made up to 50 mL. 0.5 mL of

supernatant was taken out from each extract and made up to

5 mL using 30% ethanol, and 5 min later, added 0.5 M NaNO2

0.3 mL, 0.3 M AlCl3 0.3 mL and vortexed, and 6 min later, added

1 M NaOH 2 mL, and made up to 10 mL using distilled water, and

1 min later, absorbance was read at 510 nm against a blank

sample. The flavonoid content was represented as a percentage,

using a standard Rutin curve made beforehand. Each measure-

ment was repeated three times.

RNA isolation and qRT–PCR analysis

Total RNAs were extracted using TRIzol (Life technologies) and

reverse transcribed using the First Strand cDNA Synthesis Kit

(Toyobo). qRT–PCR was performed with the SYBR Green Real-

time PCR Master Mix Kit (Toyobo), and actin gene was used as an

internal control. Each sample was performed in triplicate and the

mean value of technical replicates was recorded for each

biological replicate. Data from three biological samples were

collected, and the mean value with standard error was plotted.

For qRT–PCR analysis of genes to BPH response, 3-week-old

rice seedlings were individually infested with 12 second-instar

BPH nymphs, and leaf sheaths were collected after 0, 2, 4, 8, 12

and 24 h for RNA extraction.

For qRT–PCR analysis of genes to salt response, 3-week-old rice

seedlings were treatment with 100 mM NaCl and leaves were

collected at 0, 1,2 4, 8, 12 and 24 h for RNA extraction.

Yeast-one-hybrid assays

The full-length cDNAs of OsGRF8 were amplified and fused with

the activation-domain (AD) of pPC86 vector. Fragments contain-

ing four putative GRF-binding motifs in OsF3H promoter were

amplified and fused into vector p178 at the XhoI site to get p178:

F3HP. The fragments with mutant GRF-binding motifs were

constructed based on the p178:F3HP plasmid, mutants in the two

outer motifs were introduced in the primers, and mutants in the

two inner motifs were introduced through overlapping PCR.

The respective p178 and pPC86 constructs were transformed

into the yeast strain EGY48 and grew on SD selective medium

(SD-His-Leu) and observed on Chromogenic medium. Void

plasmid pPC86 and p178 constructs were used as negative

controls.

miRNA northern blot analysis

miRNA northern blotting was carried out as described with

modifications (Wang et al., 2010). The OsmiR396b probe was

synthesized with 30-End Biotin. The blots were incubated at 42 °C
for 30 min in the Hybridization Buffer (Ambion). And 50–80 pM

probes were added in the hybridization buffer to incubate for one

night.

ChIP analysis

Immunoprecipitation of DNA associated with modified histones

was carried out according to the EpiQuikTM Plant ChIP Kit

(Epigentek). Rice young panicles were cross-linked in 1%

formaldehyde, quenched cross-linking and washed twice in

deionized water. The resulting extract was sonicated to fragment

chromatin (4 9 10 s burst/5 min rest, 280 v) and centrifuged for

10 min at 17 500 g. Binding antibody to the assay plate and

chromatin was immune-precipitated with GFP antibody. At last,

immune precipitated sample and whole-cell extract (input) were

incubated at 65 °C to reverse cross-linked DNA, and ethanol

precipitation to elute purified DNA. ChIP DNA and input were

subjected to qRT–PCR using the primers designed to amplify a

sequence in the promoter, a sequence in the coding region was

used as control.

All the primer sequences used in this study were listed in

Table S2.

Dual luciferase (LUC) analysis

The plasmid pHBGRF8-GFPOE was transformed into Agrobac-

terium tumefaciens strain GV3101 to act as effector. The reporter

was constructed by inserting the promoter of OsF3H into pGreenII

0800-LUC vector (Hellens et al., 2005) and subsequently co-

transformed with the helper plasmid pSoup19 into GV3101, with

pHBGFP as negative control. Overnight A. tumefaciens cultures

were collected by centrifugation and re-suspended in MS medium

to OD600 = 0.6, and incubated at RT for 3 h. The reporter and

effectors strains were mixed at the ratio of 1:1 and infiltrated into

tobacco (Nicotiana benthamiana) leaves and the negative control

was infiltrated into the opposite position on the same leaves.

Leaves were collected after 3 days (long day/white light) and

infiltrated with 150 lg/mL luciferin solution; images were

captured using a CCD camera 5 min later and quantification

was performed using Dual-Luciferase Reporter Assay System

(Promega, Madison, WI). Three biological repeats were measured

for each sample.

Accession numbers

The accession numbers used in this study were listed in Table S2.

Acknowledgements

This work was supported by the National Key R&D Program of

China (2016YFD0100603), National Natural Science Foundation

of China (31870232), the National Transgenic Great Subject from

ª 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 17, 1657–1669

The mechanism of OsmiR396 mediated resistance to BPH in rice 1667



the Ministry of Agriculture of China (2016ZX08009-003-001), the

National Natural Science Foundation of China (31371949) and

the grant from State Key Laboratory of Hybrid Rice (KF201805).

We thank Dr. Hongtao Liu from our institute for providing us with

the Dual-LUC system; Margaret Biswas, PhD, from Liwen Bianji,

Edanz Group China (www.liwenbianji.cn/ac), for editing the

English text of a draft of this manuscript.

Conflict of interest

The authors declare no conflict of interests.

References

Aboshi, T., Ishiguri, S., Shiono, Y. and Murayama, T. (2018) Flavonoid glycosides

in Malabar spinach Basella alba inhibit the growth of Spodoptera litura larvae.

Biosci. Biotechnol. Biochem. 82, 9–14.

Ambros, V. (2001) microRNAs: tiny regulators with great potential. Cell, 107,

823–826.

Baxter, A., Mittler, R. and Suzuki, N. (2014) ROS as key players in plant stress

signalling. J. Exp. Bot. 65, 1229–1240.

Bharti, P., Mahajan, M., Vishwakarma, A.K., Bhardwaj, J. and Yadav, S.K.

(2015) AtROS1 overexpression provides evidence for epigenetic regulation of

genes encoding enzymes of flavonoid biosynthesis and antioxidant pathways

during salt stress in transgenic tobacco. J. Exp. Bot. 66, 5959–5969.

Cai, Q., Qiao, L., Wang, M., He, B., Lin, F.M., Palmquist, J., Huang, S.D. et al.

(2018) Plants send small RNAs in extracellular vesicles to fungal pathogen to

silence virulence genes. Science, 360, 1126–1129.

Che, R., Tong, H., Shi, B., Liu, Y., Fang, S., Liu, D., Xiao, Y. et al. (2015) Control

of grain size and rice yield by GL2-mediated brassinosteroid responses. Nat.

Plants, 2, 15195.

Cheng, X., Zhu, L. and He, G. (2013) Towards understanding of molecular

interactions between rice and the brown planthopper. Mol. Plant, 6, 621–

634.

Cohen, M.B., Alam, S.N., Medina, E.B. and Bernal, C.C. (1997) Brown

planthopper, Nilaparvata lugens, resistance in rice cultivar IR64: mechanism

and role in successful N. lugens management in Centrol Luzon, Philippines.

Entomol. Exp. Applica. 85, 221–229.

Das Gupta, M. and Nath, U. (2015) Divergence in patterns of leaf growth

polarity is associated with the expression divergence of miR396. Plant Cell,

27, 2785–2799.

Dixon, R.A. and Paiva, N.L. (1995) Stress-induced phenylpropanoid metabolism.

Plant Cell, 7, 1085–1097.

Du, B., Zhang, W., Liu, B., Hu, J., Wei, Z., Shi, Z., He, R. et al. (2009)

Identification and characterization of Bph14, a gene conferring resistance to

brown planthopper in rice. Proc. Natl Acad. Sci. USA, 106, 22163–22168.

Duan, P., Ni, S., Wang, J., Zhang, B., Xu, R., Wang, Y., Chen, H. et al. (2015)

Regulation of OsGRF4 by OsmiR396 controls grain size and yield in rice. Nat.

Plants, 2, 15203.

Erb, M., Meldau, S. and Howe, G.A. (2012) Role of phytohormones in insect-

specific plant reactions. Trends Plant Sci. 17, 250–259.

Gao, P., Bai, X., Yang, L., Lv, D., Li, Y., Cai, H., Ji, W. et al. (2010) Over-

expression of osa-MIR396c decreases salt and alkali stress tolerance. Planta,

231, 991–1001.

Gao, F., Wang, K., Liu, Y., Chen, Y., Chen, P., Shi, Z., Luo, J. et al. (2015)

Blocking miR396 increases rice yield by shaping inflorescence architecture.

Nat. Plants, 2, 15196.

Gou, J.-Y., Felippes, F.F., Liu, C.-J., Weigel, D. and Wang, J.-W. (2011) Negative

regulation of anthocyanin biosynthesis in Arabidopsis by a miR156-targeted

SPL transcription factor. Plant Cell, 23, 1512–1522.

Guo, H.M., Li, H.C., Zhou, S.R., Xue, H.W. and Miao, X.X. (2014) Cis-12-oxo-

phytodienoic acid stimulates rice defense response to a piercing-sucking

insect. Mol. Plant, 7, 1683–1692.

Guo, J., Xu, C., Wu, D., Zhao, Y., Qiu, Y., Wang, X., Ouyang, Y. et al. (2018)

Bph6 encodes an exocyst-localized protein and confers broad resistance to

planthoppers in rice. Nat. Genet. 50, 297–306.

Hao, P.Y., Feng, Y.L., Zhou, Y.S., Song, X.M., Li, H.L., Ma, Y., Ye, C.L. et al.

(2018) Schaftoside interacts with NlCDK1 protein: a mechanism of rice

resistance to brown planthopper, Nilaparvata lugens. Front. Plant Sci. 9, 710.

Hellens, R.P., Allan, A.C., Friel, E.N., Bolitho, K., Grafton, K., Templeton, M.D.,

Karunairetnam, S. et al. (2005) Transient expression vectors for functional

genomics, quantification of promoter activity and RNA silencing in plants.

Plant Methods, 1, 13.

Hewezi, T., Maier, T.R., Nettleton, D. and Baum, T.J. (2012) The Arabidopsis

microRNA396-GRF1/GRF3 regulatory module acts as a developmental

regulator in the reprogramming of root cells during cyst nematode

infection. Plant Physiol. 159, 321–335.

Hiei, Y., Ohta, S., Komari, T. and Kumashiro, T. (1994) Efficient transformation

of rice (Oryza sativa L.) mediated by Agrobacterium and sequence analysis of

the boundaries of the T-DNA. Plant J. 6, 271–282.

Hu, J., Wang, Y., Fang, Y., Zeng, L., Xu, J., Yu, H., Shi, Z. et al. (2015) A rare

allele of GS2 enhances grain size and grain yield in rice. Mol. Plant, 8, 1455–

1465.

Ilk, N., Ding, J., Ihnatowicz, A., Koornneef, M. and Reymond, M. (2015) Natural

variation for anthocyanin accumulation under high-light and low-

temperature stress is attributable to the ENHANCER OF AG-4 2 (HUA2)

locus in combination with PRODUCTION OF ANTHOCYANIN PIGMENT1

(PAP1) and PAP2. New Phytol. 206, 422–435.

Ji, H., Kim, S.R., Kim, Y.H., Suh, J.P., Park, H.M., Sreenivasulu, N., Misra, G.

et al. (2016) Map-based cloning and characterization of the BPH18 gene

from wild rice conferring resistance to brown planthopper (BPH) insect pest.

Sci. Rep. 6, 34376.

Jing, S., Zhao, Y., Du, B., Chen, R., Zhu, L. and He, G. (2017) Genomics of

interaction between the brown planthopper and rice. Curr. Opin. Insect Sci.

19, 82–87.

Khraiwesh, B., Zhu, J.-K. and Zhu, J. (2012) Role of miRNAs and siRNAs in biotic

and abiotic stress responses of plants. Biochim. Biophys. Acta, 1819, 137–

148.

Kusano, M., Tohge, T., Fukushima, A., Kobayashi, M., Hayashi, N., Otsuki, H.,

Kondou, Y. et al. (2011) Metabolomics reveals comprehensive

reprogramming involving two independent metabolic responses of

Arabidopsis to UV-B light. Plant J. Cell Molecular Biol. 67, 354–369.

Li, S., Gao, F., Xie, K., Zeng, X., Cao, Y., Zeng, J., He, Z. et al. (2016) The

OsmiR396c-OsGRF4-OsGIF1 regulatory module determines grain size and

yield in rice. Plant Biotechnol. J. 14, 2134–2146.

Ling, Y. and Weilin, Z. (2016) Genetic and biochemical mechanisms of rice

resistance to planthopper. Plant Cell Rep. 35, 1559–1572.

Liu, H., Guo, S., Xu, Y., Li, C., Zhang, Z., Zhang, D., Xu, S. et al. (2014)

OsmiR396d-regulated OsGRFs function in floral organogenesis in rice

through binding to their targets OsJMJ706 and OsCR4. Plant Physiol. 165,

160–174.

Liu, Y., Wu, H., Chen, H., Liu, Y., He, J., Kang, H., Sun, Z. et al. (2015) A gene

cluster encoding lectin receptor kinases confers broad-spectrum and durable

insect resistance in rice. Nat. Biotechnol. 33, 301–305.

Lotkowska, M.E., Tohge, T., Fernie, A.R., Xue, G.P., Balazadeh, S. and Mueller-

Roeber, B. (2015) The arabidopsis transcription factor MYB112 promotes

anthocyanin formation during salinity and under high light stress. Plant

Physiol. 169, 1862–1880.

Mahmood, K., Xu, Z., El-Kereamy, A., Casaretto, J.A. and Rothstein, S.J. (2016)

The arabidopsis transcription factor ANAC032 represses anthocyanin

biosynthesis in response to high sucrose and oxidative and abiotic stresses.

Front. Plant Sci. 7, 1548.

Mecchia, M.A., Debernardi, J.M., Rodriguez, R.E., Schommer, C. and Palatnik,

J.F. (2013) MicroRNA miR396 and RDR6 synergistically regulate leaf

development. Mech. Dev. 130, 2–13.

Morris, K.V. and Mattick, J.S. (2014) The rise of regulatory RNA. Nat. Rev.

Genet. 15, 423–437.

Nakabayashi, R. and Saito, K. (2015) Integrated metabolomics for abiotic stress

responses in plants. Curr. Opin. Plant Biol. 24, 10–16.

Nakabayashi, R., Yonekura-Sakakibara, K., Urano, K., Suzuki, M., Yamada,

Y., Nishizawa, T., Matsuda, F., et al. (2014) Enhancement of oxidative and

drought tolerance in Arabidopsis by overaccumulation of

antioxidant flavonoids. The Plant journal : for cell and molecular biology

77, 367–379.

ª 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 17, 1657–1669

Zhengyan Dai et al.1668

http://www.liwenbianji.cn/ac


Navarro, L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N., Estelle, M., Voinnet,

O. et al. (2006) A plant miRNA contributes to antibacterial resistance by

repressing auxin signaling. Science, 312, 436–439.

Nelson, P., Kiriakidou, M., Sharma, A., Maniataki, E. and Mourelatos, Z. (2003)

The microRNA world: small is mighty. Trends Biochem. Sci. 28, 534–540.

Normile, D. (2008) Agricultural research. Reinventing rice to feed the world.

Science, 321, 330–333.

Onkokesung, N., Reichelt, M., van Doorn, A., Schuurink, R.C., van Loon, J.J.

and Dicke, M. (2014) 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. 65, 2203–2217.

Pan, G., Liu, Y., Ji, L., Zhang, X., He, J., Huang, J., Qiu, Z. et al. (2018)

Brassinosteroids mediate susceptibility to brown planthopper by integrating

with the salicylic acid and jasmonic acid pathways in rice. J. Exp. Bot. 69,

4433–4442.

Pieterse, C.M., Van der Does, D., Zamioudis, C., Leon-Reyes, A. and Van Wees,

S.C. (2012) Hormonal modulation of plant immunity. Annu. Rev. Cell Dev.

Biol. 28, 489–521.

Pourcel, L., Routaboul, J.M., Cheynier, V., Lepiniec, L. and Debeaujon, I. (2007)

Flavonoid oxidation in plants: from biochemical properties to physiological

functions. Trends Plant Sci. 12, 29–36.

Ren, J., Gao, F., Wu, X., Lu, X., Zeng, L., Lv, J., Su, X. et al. (2016) Bph32, a

novel gene encoding an unknown SCR domain-containing protein, confers

resistance against the brown planthopper in rice. Sci. Rep. 6, 37645.

Rodriguez, R.E., Ercoli, M.F., Debernardi, J.M., Breakfield, N.W., Mecchia, M.A.,

Sabatini, M., Cools, T. et al. (2015) MicroRNA miR396 regulates the switch

between stem cells and transit-amplifying cells in arabidopsis roots. Plant Cell,

27, 3354–3366.

Sun, Y., Xia, X.L., Jiang, J.F., Chen, S.M., Chen, F.D. and Lv, G.S. (2016)

Salicylic acid-induced changes in physiological parameters and genes of

the flavonoid biosynthesis pathway in Artemisia vulgaris and Dendran

thema nankingense during aphid feeding. Genet. Mol. Res. 15, 1–15.

Sunkar, R. and Zhu, J.-K. (2004) Novel and stress-regulated microRNAs and

other small RNAs from Arabidopsis. Plant Cell, 16, 2001–2019.

Tamura, Y., Hattori, M., Yoshioka, H., Yoshioka, M., Takahashi, A., Wu, J.,

Sentoku, N. et al. (2014) Map-based cloning and characterization of a brown

planthopper resistance gene BPH26 from Oryza sativa L. ssp. indica cultivar

ADR52. Sci. Rep., 4, 5872.

Tang, J. and Chu, C. (2017) MicroRNAs in crop improvement: fine-tuners for

complex traits. Nat. Plants, 3, 17077.

Wang, H. and Wang, H. (2015) The miR156/SPL module, a regulatory hub and

versatile toolbox, gears up crops for enhanced agronomic traits.Mol. Plant, 8,

677–688.

Wang, J., Gao, X., Li, L., Shi, X., Zhang, J. and Shi, Z. (2010) Overexpression of

Osta-siR2141 caused abnormal polarity establishment and retarded growth in

rice. J. Exp. Bot. 61, 1885–1895.

Wang, Y., Li, H., Si, Y., Zhang, H., Guo, H. and Miao, X. (2012) Microarray

analysis of broad-spectrum resistance derived from an indica cultivar Rathu

Heenati. Planta, 235, 829–840.

Wang, Y., Cao, L., Zhang, Y., Cao, C., Liu, F., Huang, F., Qiu, Y. et al. (2015)

Map-based cloning and characterization of BPH29, a B3 domain-containing

recessive gene conferring brown planthopper resistance in rice. J. Exp. Bot.

66, 6035–6045.

Wu, J., Yang, R., Yang, Z., Yao, S., Zhao, S., Wang, Y., Li, P. et al. (2017a) ROS

accumulation and antiviral defence control by microRNA528 in rice. Nat.

Plants, 3, 16203.

Wu, Y., Lv, W., Hu, L., Rao, W., Zeng, Y., Zhu, L., He, Y. et al. (2017b)

Identification and analysis of brown planthopper-responsive microRNAs in

resistant and susceptible rice plants. Sci. Rep. 7, 8712.

Yang, Y.X., Ahammed, G.J., Wu, C., Fan, S.Y. and Zhou, Y.H. (2015) Crosstalk

among jasmonate, salicylate and ethylene signaling pathways in plant disease

and immune responses. Curr. Protein Pept. Sci. 16, 450–461.

Zhang, Q. (2007) Strategies for developing Green Super Rice. Proc. Natl Acad.

Sci. USA, 104, 16402–16409.

Zhang, X., Henriques, R., Lin, S.S., Niu, Q.W. and Chua, N.H. (2006)

Agrobacterium-mediated transformation of Arabidopsis thaliana using the

floral dip method. Nat. Protoc. 1, 641–646.

Zhang, J., Chen, C., Zhang, D., Li, H., Li, P. and Ma, F. (2014) Reactive oxygen

species produced via plasma membrane NADPH oxidase regulate

anthocyanin synthesis in apple peel. Planta, 240, 1023–1035.

Zhang, C., Jia, H., Wu, W., Wang, X., Fang, J. and Wang, C. (2015) Functional

conservation analysis and expression modes of grape anthocyanin synthesis

genes responsive to low temperature stress. Gene, 574, 168–177.

Zhang, C., Ding, Z., Wu, K., Yang, L., Li, Y., Yang, Z., Shi, S. et al. (2016)

Suppression of jasmonic acid-mediated defense by viral-inducible

microrna319 facilitates virus infection in rice. Mol. Plant, 9, 1302–1314.

Zhao, Y., Huang, J., Wang, Z., Jing, S., Wang, Y., Ouyang, Y., Cai, B. et al.

(2016) Allelic diversity in an NLR gene BPH9 enables rice to combat

planthopper variation. Proc. Natl. Acad. Sci. USA, 13, 12850–12855.

Zhou, G., Qi, J., Ren, N., Cheng, J., Erb, M., Mao, B. and Lou, Y. (2009)

Silencing OsHI-LOX makes rice more susceptible to chewing herbivores, but

enhances resistance to a phloem feeder. Plant J. 60, 638–648.

Supporting information

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Table S1 BPH-responsive miRNAs identified by miRNA sequenc-

ing analysis.

Table S2 Primer sequences and accession numbers used in this

study.

Figure S1 Verification and characterization of the MIM396

plants.

Figure S2 BPH resistance of the MIM396 plants in small

population test (a) and in test of the contents of honeydew

excreted by the BPH after feeding for 2 days (b).

Figure S3 Tolerance of the MIM396 plants to 100 mM NaCl.

Figure S4 Analysis of anthocyanin contents in the aMIM396

Arabidopsis plants.

Figure S5 qRT–PCR analysis of the transcript of OsF3H gene in

OsF3HR (a) and OsF3HOE (b) plants compared with in the WT

respectively.

Figure S6 Molecular analysis of the genetic cross between

MIM396 and OsF3HR16 plants.

Figure S7 qRT–PCR analysis of the transcripts of some

signalling genes in JA and SA pathway during BPH infestation

in the MIM396 plants compared with in the WT.

ª 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 17, 1657–1669

The mechanism of OsmiR396 mediated resistance to BPH in rice 1669



© 2019. This work is published under
http://creativecommons.org/licenses/by/4.0/(the “License”).  Notwithstanding
the ProQuest Terms and Conditions, you may use this content in accordance

with the terms of the License.


