
Zhu et al., Sci. Adv. 11, eadu6722 (2025)     16 May 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 16

A G R I C U LT U R E

The microRNA OsmiR393 regulates rice brown 
planthopper resistance by modulating the auxin–ROS 
signaling cross-talk
Lin Zhu1,2,3†, Haichao Li2†, Zhihuan Tao2,3, Feilong Ma4, Shujun Wu1, Xuexia Miao2*,  
Liming Cao1*, Zhenying Shi1*

Auxin plays critical roles in plant development and stress response. However, the roles of auxin and the immune 
signaling factor, reactive oxygen species (ROS), in resistance to the brown planthopper (BPH), a notorious rice-
specific piercing–sucking insect that causes severe yield losses, remain unclear. We revealed that moderate naph-
thalene acetic acid treatment activates rice resistance to BPH, BPH infestation induces ROS accumulation, and 
increase in ROS content promotes BPH resistance. Underlying these phenomena, the auxin receptors OsTIR1 and 
OsAFB2 positively, whereas the posttranscriptional regulator OsmiR393 negatively, regulate BPH resistance. 
Downstream of the OsmiR393/OsTIR1 module, through successive genetic function analysis of each gene, solid 
genetic relationship analysis, and various biochemical assays, we established an OsmiR393/OsTIR1-OsIAA10-
OsARF12-OsRbohB genetic pathway that mediates BPH resistance, in which ROS are integral. Such cross-talk be-
tween auxin and ROS reveals the intricate signaling network underlying BPH resistance, which might assist with 
BPH resistance breeding.

INTRODUCTION
Rice (Oryza sativa L.) is a staple food that sustains more than half of 
the global population. Brown planthopper (BPH; Nilaparvata lugens 
Stål) is the most notorious insect pest specific to rice. BPH causes 
direct harm to the host, through its long, piercing mouthparts, and 
also causes indirect harm by transmitting a variety of virus. In rice-
growing areas, the annual yield loss caused by BPH is estimated to 
exceed US$300 million dollars (1), which is much higher than that 
caused by other pathogens in recent years. Compared with chemical-
based and natural enemy–based approaches, the use of rice endoge-
nous resistance has the advantages of providing effective, long-lasting, 
and environment-friendly protection. Therefore, extensive efforts 
have been made to identify BPH resistance genes in rice in recent 
decades. Till now, more than 40 of them have been identified, and 17 
of them been successfully isolated by map-based cloning.

BPH resistance genes assist rice plants to activate downstream 
defense-related signaling pathways, which interconnected to enable 
the plants to rapidly execute to a cost-effective response. Phytohor-
mones are essential regulators of plant development and immune 
signaling against biotic stresses such as pathogen and insect herbi-
vores, as well as abiotic stresses (2). Auxin functions extensively in 
various processes in plant development and physiology. Auxin sig-
naling begins with the perception of auxin by the co-receptors auxin 
transport inhibitor response 1/auxin signaling F-box 2 (TIR1/AFB), 
which leads to degradation of auxin/indole-3-acetic acid (Aux/IAA) 

proteins through an ubiquitination mechanism, and thus releases 
the cognate auxin response factors (ARFs) to mediate downstream 
auxin signal transduction. Under auxin deficiency, the ARF proteins 
are repressed by Aux/IAA proteins and the compressor TOPLESS 
(TPL) (3, 4). ARFs are transcription factors that bind specifically to 
the TGTCTC-containing auxin-responsive elements (AuxREs) in 
the promoters of early auxin-responsive genes (5, 6). Increasing evi-
dence suggests that ARFs are crucial for plant response to various 
abiotic and biotic stresses (7). Successful microbial infection can 
disturb auxin signaling in the host plants to promote disease devel-
opment, and, in turn, auxin may affect the pathogen to enhance its 
virulence (8). Auxin signaling increases the susceptibility of Arabidopsis 
plants to the root-infecting fungus Fusarium oxysporum (9). Rice dwarf 
virus (RDV) realizes infection through interaction of the P2 capsid 
protein with OsIAA10, thereby preventing OsIAA10 from degrada-
tion (10). OsARF17 interacts with proteins of different viruses and 
is functionally repressed to facilitate infection (11). However, the 
functions of OsARFs vary. For example, OsARF12 and OsARF16 
positively, whereas OsARF11 negatively, regulate resistance to RDV 
(12). However, the role of auxin signaling in rice-BPH interaction 
remains unknown.

Production of reactive oxygen species (ROS) is a defense re-
sponses activated in plants upon different stresses (13, 14). As a typi-
cal feature in pattern-triggered immunity (PTI), ROS mediate rapid, 
long-distance, cell-to-cell propagating signals in plants upon activa-
tion of plant immunity (15–17). ROS homeostasis is fine-tuned to 
avoid damage to the plant cells (18). The respiratory burst oxidase 
homologs (Rbohs) oxidize cytosolic reduced form of nicotinamide 
adenine dinucleotide phosphate and transfer the electrons to O2, 
thereby generating superoxide, which is subsequently converted to 
hydrogen peroxide H2O2 (19). Hydrogen peroxide is recently identified 
as the primary mobile signal for sulfenylation of CCA1 HIKING 
EXPEDITION and increase in salicylic acid production in estab-
lishing systemic acquired resistance in Arabidopsis (20). Rbohs 
participate in defense against pathogen attacks by activating the 
hypersensitive responses and regulating innate immunity (21, 22) 
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and extracellular lignin production (23). However, direct evidence 
for the involvement of ROS signaling participating in BPH resistance 
remains elusive.

Plants rely on cross-talk between different signaling pathways to 
fine-tune the immune response. Downstream signaling events associ-
ated with ROS sensing involve Ca2+ and Ca2+-binding proteins 
(24, 25), activation of RHO-like small G proteins (26), mitogen-activated 
protein kinase (MAPK) (27), etc. Increased ROS production under 
stress influences the auxin and cytokinin networks, which function 
in the formation and maintenance of meristems (28). ROS functions 
as a downstream component in auxin-mediated signal transduction 
in root gravitropism (29). Auxin activates Rboh genes, enhances ROS 
production, and facilitates lateral root (LR) formation (30). Similarly, 
ROS signals mediate auxin-induced adventitious root formation in 
cucumber under waterlogging stress (31). Whether auxin and ROS 
cross-talk to mediate BPH resistance is unknown.

MicroRNAs (miRNAs) are increasingly being recognized as piv-
otal regulators in plant-environment interactions (32). Several miR-
NAs have been proved function in rice-BPH interaction. OsmiR396 
negatively regulates BPH resistance by enhancing the flavonoid 
content mediated by flavanone 3-hydroxylase (OsF3H), a gene that 
positively regulates flavonoid biosynthesis and BPH resistance (33). 
Silencing of OsmiR156 enhances BPH resistance through reduction 
of jasmonic acid (JA) synthesis (34). OsmiR159 mediates BPH re-
sistance through repression of the G protein γ subunit GS3 by the 
GAMYBL2 target and its influence on cellulose synthesis (35). 
OsmiR319 regulates BPH resistance through strong association 

between the target protein OsPCF5 and several OsMYB proteins 
that positively regulate BPH resistance (36). Quite a few typical fac-
tors in the auxin signaling pathway are posttranscriptionally regu-
lated by miRNAs. For example, OsTIR1 and OsAFB2 are two targets 
of OsmiR393 (37). ARFs are respectively regulated by miR167-, 
miR160-, and miR390-phased TAS3 trans-acting small interfering 
RNAs influencing ARFs (https://www.mirbase.org/). Elucidation of 
the function of these auxin-mediating miRNAs in BPH resistance 
will enrich our knowledge of the role of auxin in rice-BPH interac-
tion. Given that the targets of OsmiR393 are auxin receptors, we 
hypothesized that OsmiR393 may play a role in BPH resistance.

RESULTS
Auxin signaling activates rice resistance to BPH
To evaluate the role of auxin in rice resistance to BPH, we treated 
rice seedling plants with Naphthalene acetic acid (NAA), the analog 
of auxin, before feeding to BPH. Seven to 10 days later, when all the 
non-NAA–treated plants (non-treated) had died, the plants treated 
with 0.1 μM NAA remained alive, whereas most of the plants treated 
with 1 μM NAA died either (Fig. 1A). Accordingly, the survival rate 
of the 0.1 μM NAA-treated plants was much higher than that of 
non-treated plants, while that of the 1 μM-treated plants was inter-
mediate (Fig. 1B), indicating that a low concentration of NAA acti-
vated BPH resistance, but, when the NAA concentration was raised, 
the promotive effect declined. In a parallel assay, the plants treated 
with 50 and 100 μM NAA died earlier than those non-treated plants 

Fig. 1. Relationship between auxin and BPH infestation in rice. (A) BPH resistance of the rice plants treated with a low concentration (ddH2O, 0.1 μM, and 1 μM) of NAA 
(ZH11 plants were used). (B) Survival rates of the plants in (A). Data are means ± SD (n = 3). (C) BPH resistance of the rice plants treated with a high concentration (ddH2O, 
50 μM, and 100 μM) of NAA. (D) Survival rates of the plants in (C). Data are means ± SD (n = 3). (E) IAA content before and after BPH infestation in the BPH-resistant rice 
cultivar RHT. Data are means ± SD (n = 3). (F) IAA content before and after BPH infestation in the BPH-susceptible rice cultivar 9311. Data are means ± SD (n = 3). Student’s 
t test was carried out in [(B) and (D)] to compare with ddH2O, in (E) to compare with RHT-0h, and in (F) to compare with 9311-0h (*P < 0.05; **P < 0.01). h, hours; FW, 
fresh weight.

https://www.mirbase.org/
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(Fig. 1C), with a lower survival rate accordingly (Fig. 1D), confirm-
ing that treatment with a higher concentration of NAA treatment 
repressed the BPH resistance of rice plants.

Meanwhile, using the BPH-resistant rice cultivar “Rathu Heenati” 
(RHT) and the BPH-susceptible cultivar “9311” plants, we measured 
the endogenous IAA content after BPH infestation. In both culti-
vars, the IAA content decreased at 12 and 24 hours after BPH infes-
tation, and the decrease in RHT was greater than that observed in 
9311 (Fig. 1, E and F). Thus, BPH infestation lowered down the IAA 
content in the host plants.

Expression of the two main rice auxin receptors encoding genes, 
OsTIR1 and OsAFB2, was induced in response to BPH infestation 
(fig. S1, A and B). Therefore, we constructed OsTIR1- and OsAFB2-
overexpressing transgenic plants (TIR1OE and AFB2OE, respective-
ly) (Fig. 2, A and B) and the edited plants (TIR1KO and AFB2KO, 
respectively) using the CRISPR-Cas9 gene-editing system. One nu-
cleotide (nt) was inserted in OsTIR1 in each TIR1KO line (Fig. 2C). 
In the two AFB2KO lines, 1 nt was inserted in one line, and 5 nt were 
deleted in the other line (Fig. 2D).

We used an individual test and a small population test to evaluate 
the response of these genetic materials to BPH infestation. In both 
kinds of assays, TIROE-1 plants died later than wild-type (WT) 
plants (Fig. 2, E and F), and the survival rates of the TIROE-1 plants 
were much higher than that of the WT after BPH infestation (Fig. 
2G). Similarly, TIROE-2 plants died later than WT plants (Fig. 2, H 
and I) and had a higher overall survival rate (Fig. 2J). In contrast, 
TIR1KO-1 (Fig. 2, K and L) and TIR1KO-2 plants (Fig. 2, K and N) 
died earlier than WT plants, and the respective survival rates were 
much lower than that of the WT (Fig. 2, M and O). AFB2KO-1 (Fig. 
2, P and Q) and AFB2KO-2 plants (Fig. 2, P and S) died earlier than 
WT plants, and both lines exhibited a much lower survival rate than 
the WT (Fig. 2, R and T). Thus, the activation of BPH resistance by 
auxin might be mediated by the OsTIR1 and OsAFB2 receptors.

OsmiR393 modulates auxin signaling posttranscriptionally 
and BPH resistance negatively
OsTIR1/OsAFB2 are posttranscriptionally modulated by OsmiR393. 
Two genes encode OsmiR393 in rice, namely, OsMIR393a and Os-
MIR393b, with mature OsmiR393a and OsmiR393b being 21 nt and 
22 nt long, respectively (http://structuralbiology.cau.edu.cn/PNRD). 
Both OsmiR393a and OsmiR393b were inhibited in response to 
BPH feeding (fig. S1, C and D), indicating their possible involve-
ment in BPH resistance.

To study the function of OsmiR393 in BPH resistance, we con-
structed the OsMIR393a- and OsMIR393b-overexpressing plants 
(393aOE and 393bOE, respectively) in the “Nipponbare” (NIP) ge-
netic background. For verification, we detected the expression of 
mature OsmiR393a and OsmiR393b using miRNA Northern blot-
ting and stem-loop quantitative reverse transcription polymerase 
chain reaction miRNA assays. OsmiR393a and OsmiR393b were 
up-regulated in two miR393aOE lines (Fig. 3, A and B) and one 393bOE 
line (Fig. 3, C and D). Next, we constructed miR393DKO plants in 
which OsmiR393a and OsmiR393b were knocked out simultane-
ously. Two lines with different mutations in the mature OsmiR393a 
and OsmiR393b regions were obtained (Fig. 3E). Accordingly, Osmi-
R393a and OsmiR393b were both strongly down-regulated in the 
393DKO lines (Fig. 3F). Furthermore, in accordance with the post-
transcriptional regulation on OsAFB2 and OsTIR1 by OsmiR393, in 
the 393aOE and 393bOE plants, both OsTIR1 and OsAFB2 were 

distinctly down-regulated, whereas, in the 393DKO plants, both genes 
were up-regulated (Fig. 3G).

In the individual test, the 393aOE-1, 393aOE-2, and 393bOE 
plants all died much earlier than WT plants (Fig. 4, A to C), indicat-
ing a susceptible character to BPH. In the small population test, 
these three lines died earlier than the WT plants (Fig. 4, D, F, and 
H), and the survival rates were lower than that of the respective WT 
(Fig. 4, E, G, and I). Thus, OsmiR393-overexpressing plants were 
susceptible to BPH.

In the individual test, the 393DKO-1 and 393DKO-2 plants died 
later than WT plants, indicating that the resistance to BPH was 
enhanced (Fig. 4, J and K). In the small population test, the 393DKO-
1 and 393DKO-2 plants died later than WT plants (Fig. 4, L and 
N), with much higher survival rates (Fig. 4, M and O). Thus, the 
OsmiR393a– and OsmiR393b–double-knockout plants had increased 
resistance to BPH.

During feeding, BPH excretes honeydew. Meanwhile, honeydew 
is used as a simple measurable indicator of BPH feeding activity 
(38). We determined that a much higher amount of honeydew was 
excreted by BPH individuals feeding on 393bOE plants than on NIP 
plants, whereas a greatly reduced amount was excreted by BPH 
feeding on 393DKO-1 plants (Fig. 4P). Together, these results sug-
gest that the auxin signaling pathway is posttranscriptionally reg-
ulated by OsmiR393, which negatively regulates BPH resistance 
in rice.

OsIAA10 interacts with OsTIR1 to mediate BPH resistance
In mediating auxin signaling, OsTIR1 and OsAFB2 usually interact 
with OsIAA proteins (3). The rice genome includes 31 OsIAA genes 
(39). We conducted a yeast two-hybrid (Y2H) assay to test the inter-
action of most of the OsIAA proteins with OsTIR1 and revealed that 
many of the OsIAAs interacted with OsTIR1 in yeast system (fig. 
S2). Next, we examined the expression of these OsIAA genes in the 
393bOE, 393DKO-1, and WT plants. OsIAA2, OsIAA7, OsIAA10, 
OsIAA16, and OsIAA24 were down-regulated in 393DKO-1 plants 
but up-regulated in 393bOE plants (fig. S3; Fig. 5A). A responsive 
expression assay revealed that these genes were sensitive to BPH in-
festation. Specifically, expression of OsIAA10, OsIAA16, and OsIAA24 
showed similar trends in induction in response to BPH infestation 
(Fig. 5B). Therefore, we inferred that these genes might function in 
BPH resistance in conjunction with OsTIR1. Given that OsIAA10 
showed the strongest induction response, we focused on OsIAA10 
for further genetic function study.

Various biochemical assays were performed to verify the interac-
tion between OsTIR1 and OsIAA10. In the Y2H assay, the yeast har-
boring both OsTIR1 and OsIAA10 grew on SD medium deficient of 
T, L, H, and A (SD/-T-L-HA) supplemented with IAA (fig. S4A). In 
a luciferase complementation imaging (LCI) assays in Nicotiana 
benthamiana leaves, only the epidermal cells infiltrated with both 
OsTIR1 and OsIAA10 produced fluorescence (fig. S4B). A bimo-
lecular fluorescence complementation (BiFC) assay further verified 
the interaction between OsTIR1 and OsIAA10 in planta, while no 
interaction was detected between OsTIR1 and OsIAA31 (fig. S4C).

Next, we tested the genetic function of OsIAA10 in resistance to 
BPH. In individual tests and small population tests, the IAA10KO-1 
and IAA10KO-2 plants (12) died later than “Zhonghua 11” (ZH11) 
WT plants (Fig. 5, C, D, and F), with their respective survival rate 
higher than that of the WT in the small population test (Fig. 5, E 
and G). We constructed OsIAA10-overexpressing lines and chose 

http://structuralbiology.cau.edu.cn/PNRD
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two lines, IAA10OE-1 and IAA10OE-2, for testing (fig. S5). In 
individual tests and small population tests, the IAA10OE-1 and 
IAA10OE-2 plants died earlier than WT plants (Fig. 5, H, I, and K), 
and their respective survival rates were lower than that of the WT in 
the small population test (Fig. 5, J and L). Thus, OsIAA10 negatively 
regulated BPH resistance.

OsARF12 acts downstream of OsTIR1/OsIAA10 to mediate 
BPH resistance
Under auxin deficiency, IAA proteins often combine with ARFs and 
inhibit the function of these ARFs. When sufficient auxin is avail-
able, ARFs are released from the combination with IAAs to regulate 
downstream genes (3). Twenty-five OsARF proteins are recorded in 

Fig. 2. BPH resistance of the TIR1OE, TIR1KO, and AFB2KO plants. (A) Expression of OsTIR1 gene in the TIR1OE lines and NIP plants. Data are means ± SD (n = 3). 
(B) Expression of OsAFB2 gene in the AFB2OE lines and NIP plants. Data are means ± SD (n = 3). (C) Edited sites (marked red) in the OsTIR1 nucleotide sequence for the 
TIR1KO lines. (D) Edited sites (marked red) in the OsAFB2 nucleotide sequence for the AFB2KO lines. (E) Individual test of the TIR1OE-1 and wild-type (WT) plants. (F) Small 
population test of the TIR1OE-1 and WT plants. (G) Survival rates of the plants in (F). Data are means ± SD (n = 3). (H) Individual test of the TIR1OE-2 and WT plants. (I) Small 
population test of the TIR1OE-2 and WT plants. (J) Survival rates of the plants in (I). Data are means ± SD (n = 3). (K) Individual test of the TIR1KO-1, TIR1KO-2, and WT plants. 
(L) Small population test of the TIR1KO-1 and WT plants. (M) Survival rates of the plants in (L). Data are means ± SD (n = 3). (N) Small population test of the TIR1KO-2 and 
WT plants. (O) Survival rates of the plants in (N). Data are means ± SD (n = 3). (P) Individual test of the AFB2KO-1, AFB2KO-2 and WT plants. (Q) Small population test of 
the AFB2KO-1 and WT plants. (R) Survival rates of the plants in (Q). Data are means ± SD (n = 3). (S) Small population test of the AFB2KO-2 and WT plants. (T) Survival rates 
of the plants in (S). Data are means ± SD (n = 3). Student’s t test was carried out in [(A), (B), (G), (J), (M), (O), (R), and (T)] to compare with NIP, respectively (**P < 0.01).
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rice, and many of them have been reported to interact with OsIAA10 
to mediate resistance to the rice RDV (12). For verification, in an 
Y2H assay, yeast harboring both OsIAA10 and OsARF12 grew well 
on the SD/-T-L-H-A medium (Fig. 6A). In addition, the interaction 
between OsIAA10 and OsARF12 was verified in LCI (Fig. 6B), BiFC 
(Fig. 6C), and co-immunoprecipitation (co-IP) assays (Fig. 6D). 
All these biochemical assays indicated that OsIAA10 interacted 
with OsARF12 in vitro and in vivo. Thus, the OsTIR1/OsIAA10 
module might function through OsARF12 to mediate downstream 
auxin signaling.

Next, we tested the genetic function of OsARF12 gene in BPH re-
sistance. First, we tested the expression of OsARF12 upon BPH infes-
tation. OsARF12 was rapidly induced by BPH infestation (fig. S6A). 
We obtained two ARF12KO lines and two ARF12OE lines as gifts 
(12). In individual tests, all ARF12KO-1 (Fig. 6E) and ARF12KO-2 
(Fig. 6F) plants died earlier than the ZH11 WT plants. In small popu-
lation tests, both lines died earlier than ZH11 plants (Fig. 6, G and I), 
with the respective survival rates much lower than that of ZH11 
plants (Fig. 6, H and J). In both types of BPH resistance tests, 
ARF12OE-1 and ARF12OE-2 plants died later than ZH11 plants (Fig. 6, 
K to N), with the respective survival rates higher than that of ZH11 
plants (Fig. 6, M and O), indicating that resistance to BPH was en-
hanced in both lines. In addition, we obtained ARF12OE lines in the 
NIP genetic background (designated ARF12OEn) and confirmed 
that the ARF12OEn plants were more resistant to BPH than NIP WT 
plants (fig. S6, B and C). In detection of honeydew excretion, a great-
er amount of honeydew was excreted by BPH individuals feeding on 
ARF12KO-1 plants than on ZH11 plants, whereas the amount was 

much less on the ARF12OE-1 plants (Fig. 6P). Therefore, OsARF12 
positively regulated BPH resistance.

Simultaneously, in the “Kasalath” genetic background, we gener-
ated a 393DKOk line (fig. S7A) using the CRISPR-Cas9 gene-editing 
system and obtained an ARF12KOk line as gift (fig. S7B) (40). In an 
individual test, 393DKOk plants died later than the Kasalath WT 
plants (fig. S8, A and B), indicative of resistance to BPH similar to 
that of 393DKO in NIP background. Meanwhile, in an individual 
test, the ARF12KOk plants died earlier than the WT plants (fig. S8, C 
and D), indicating susceptibility to BPH similar to that of ARF12KO 
in ZH11 background. To test the genetic interaction between OsmiR393 
and OsARF12, we crossed the ARF12KOk and 393DKOk plants. In the 
cross plant 393DKOk/ARF12KOk, the edited OsmiR393a, OsmiR393b, 
and OsARF12 genomic regions were successfully inherited from the 
parents (fig. S7C). In an individual test, the cross plants 393DKOk/
ARF12KOk were more susceptible to BPH than the 393DKOk plants, 
with a status similar to that of the WT plants (Fig. 6Q). Therefore, the 
BPH resistance of the 393DKOk plants was dependent on OsARF12 gene.

OsARF12 genetically activates the downstream 
gene OsRbohB
Nine genes encode Rbohs in rice, which account for the main source 
of H2O2 production upon an adverse condition. We examined 
whether these OsRbohs are involved in BPH resistance. The expres-
sion of seven genes was severely influenced by BPH infestation, with 
the induction of OsRbohB being the most marked change (Fig. 7A). 
We thus investigated the function of OsRbohB in BPH resistance 
by testing the BPH resistance of the osrbohB mutant (41). In an 

Fig. 3. Verification and detection of 393aOE, 393bOE, and 393DKO plants. (A) Stem-loop quantitative reverse transcription polymerase chain reaction (qRT-PCR) 
miRNA assay of OsmiR393a in the 393aOE and WT plants. Data are means ± SD (n = 3). (B) miRNA Northern blotting of OsmiR393a in the 393aOE and WT plants. (C) Stem-
loop qRT-PCR miRNA assay of OsmiR393b in the 393bOE and WT plants. Data are means ± SD (n = 3). (D) miRNA Northern blotting of OsmiR393b in the 393bOE and WT 
plants. (E) Edited sites (marked red) in the OsmiR393a and OsmiR393b nucleotide sequence for the two lines of 393DKO plants. In 393DKO-1, there is a 70–base pair (bp) 
deletion in the miR393b genomic region. (F) Stem-loop qRT-PCR miRNA assay of OsmiR393a and OsmiR393b in the 393DKO and WT plants. Data are means ± SD (n = 3). 
(G) Expression of OsAFB2 and OsTIR1 genes in the 393aOE, 393bOE, 393DKO, and WT plants. Data are means ± SD (n = 3). Student’s t test was carried out in [(A), (C), (F), 
and (G)] to compare with NIP, respectively (*P < 0.05; **P < 0.01).
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individual test (fig. S9, A and B) and a small population test (fig. S9, 
C and D), the osrbohB mutant plants died earlier than WT plants, 
and the survival rate was much lower than that of the WT plants (fig. 
S9E). Before BPH infestation, H2O2 content in the osrbohB mu-
tant was lower than that in NIP, as indicated by 3,3′-diaminobenzidine 
(DAB) staining and H2O2 content measurement (Fig. 7, B and C). 
BPH infestation activated H2O2 accumulation in the osrbohB mutant 

and NIP plants, but the activation degree in the osrbohB mutant 
plants was not comparable to that in NIP plants (Fig. 7, B and D). 
Thus, OsRbohB gene positively regulated BPH resistance through 
H2O2 accumulation.

Next, we examined whether OsARF12 could directly regulate 
OsRbohB transcription. We first detected the transcriptional activation 
effect of OsARF12 using the GAL4 system. The full-length coding 

Fig. 4. BPH resistance of the 393aOE, 393bOE, and 393DKO plants compared with WT plants. (A) Individual test of the 393aOE-1 and NIP plants. (B) Individual test of 
the 393aOE-2 and NIP plants. (C) Individual test of the 393bOE and NIP plants. (D) Small population test of the 393aOE-1 and NIP plants. (E) Survival rates of the plants in 
(D). Data are means ± SD (n = 3). (F) Small population test of the 393aOE-2 and NIP plants. (G) Survival rates of the plants in (F). Data are means ± SD (n = 3). (H) Small 
population test of the 393bOE and NIP plants. (I) Survival rates of the plants in (H). Data are means ± SD (n = 3). (J) Individual test of the 393DKO-1 and NIP plants. (K) In-
dividual test of the 393DKO-2 and NIP plants. (L) Small population test of the 393DKO-1 and NIP plants. (M) Survival rates of the plants in (L). Data are means ± SD (n = 3). 
(N) Small population test of the 393DKO-2 and NIP plants. (O) Survival rates of the plants in (N). Data are means ± SD (n = 3). (P) Honeydew content in the 393bOE, 
393DKO-1, and NIP plants after BPH infestation for 48 hours. Honeydew was excreted on filter paper. The size of the honeydew area and the intensity of the honeydew 
color correspond to the BPH feeding activity. Student’s t test was carried out in [(E), (G), (I), (M), and (O)] to compare with NIP, respectively (**P < 0.01).
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Fig. 5. Expression of certain OsIAA genes and genetic function analysis of OsIAA10. (A) expression of OsIAA2, OsIAA7, OsIAA10, OsIAA16, and OsIAA24 genes in the 
393dKO-1, 393bOe, and Wt niP plants. data are means ± Sd (n = 3). Student’s t test was carried out to compare with niP (**P < 0.01). (B) expression of OsIAA2, OsIAA7, 
OsIAA10, OsIAA16, and OsIAA24 genes upon BPh infestation. data are means ± Sd (n = 3). Student’s t test was carried out to compare with 0 hours (**P < 0.01). (C) indi-
vidual test of the iAA10KO-1 and iAA10KO- 2 lines and Wt Zh11 plants. (D) Small population test of the iAA10KO-1 and Wt Zh11 plants. (E) Survival rates of the plants in 
(d). data are means ± Sd (n = 3). (F) Small population of the iAA10KO- 2 and Wt Zh11 plants. (G) Survival rates of the plants in (F). data are means ± Sd (n = 3). (H) indi-
vidual test of the iAA10Oe- 1 and iAA10Oe- 2 lines and Wt Zh11 plants. (I) Small population of the iAA10Oe- 1 and Wt Zh11 plants. (J) Survival rates of the plants in (i). data 
are means ± Sd (n = 3). (K) Small population test of the iAA10Oe- 2 and Zh11 Wt plants. (L) Survival rates of the plants in (K). data are means ± Sd (n = 3). Student’s t test 
was carried out in [(e), (G), (J), and (l)] to compare with Zh11, respectively (*P < 0.05; **P < 0.01). h, hours.
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Fig. 6. Interaction verification of OsIAA10 and OsARF12, and genetic function analysis of OsARF12. (A) Y2H assay between OsARF12 and OsIAA10 proteins. (B) LCI 
assay of the interaction between OsARF12 and OsIAA10. (C) BiFC assay of the OsARF12 and OsIAA10 proteins. The couple of OsIAA10 and OsARF8 was used as negative 
control. Scale bars, 30 μm. (D) Co-immunoprecipitation (Co-IP) assay of the OsARF12 and OsIAA10 proteins. (E) Individual test of the ARF12KO-1 and WT plants. (F) Indi-
vidual test of the ARF12KO-2 and WT plants. (G) Small population test of the ARF12KO-1 and WT plants. (H) Survival rates of the plants in (G). Data are means ± SD (n = 3). 
(I) Small population test of the ARF12KO-2 and WT plants. (J) Survival rates of the plants in (I). Data are means ± SD (n = 3). (K) Individual test of the ARF12OE-1, ARF12OE-
2, and WT plants. (L) Small population test of the ARF12OE-1 and WT plants. (M) Survival rates of the plants in (L). Data are means ± SD (n = 3). (N) Small population test 
of the ARF12OE-2 and WT plants. (O) Survival rates of the plants in (N). Data are means ± SD (n = 3). (P) Honeydew content in the ARF12KO-1, ARF12OE-1, and ZH11 plants 
after BPH infestation for 48 hours. Honeydew was excreted on filter paper. The size of the honeydew area and the intensity of the honeydew color correspond to the BPH 
feeding activity. (Q) Individual test of Kasalath, 393DKOk, and the 393DKOk/ARF12KOk cross plants. Student’s t test was carried out in [(H), (J), (M), and (O)] to compare 
with ZH11, respectively (*P < 0.05; **P < 0.01).
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Fig. 7. Transcriptional regulation of OsRbohB by OsARF12, genetic function analysis of OsRbohB, and its genetic relationship with OsARF12 and OsmiR393. 
(A) Expression of OsRboh genes under BPH infestation. Data are means ± SD (n = 3). Student’s t test was carried out to compare with 0 hours (*P < 0.05; **P < 0.01). 
(B) 3,3′-Diaminobenzidine (DAB) staining of H2O2 in leaves of the osrbohB mutant and NIP plants before and after BPH infestation. (C) H2O2 content in the osrbohB mutant 
and NIP plants before BPH infestation. Data are means ± SD (n = 3). (D) Increase in H2O2 content in the osrbohB mutant and NIP plants after BPH infestation. Data are 
means ± SD (n = 3). (E) Analysis of the mRNA level of OsRbohB in the ARF12OE, ARF12KO, and WT plants. Data are means ± SD (n = 3). (F) Relative abundance of OsRbohB
mRnA in the 393aOe-1, 393bOe, 393dKO-1, 393dKO-2, and Wt plants. data are means ± Sd (n = 3). (G) eMSA of the n terminus of the OsARF12 (ARF12n, 1 to 247 
amino acids) and the promoter of OsRbohB. the promoter region for assay was indicated in fig. S11. (H) dual- luciferase (lUc) assay of the OsARF12 protein and the 
promoter region of OsRbohB. (I) lUc/Ren ration in (h). data are means ± Sd (n = 3). (J) chromatin immunoprecipitation (chiP) assay of ARF12Oe plants and the anti- 
ARF12 antibody and the anti- igG antibody was used as control. the promoter region for assay was indicated in fig. S11. data are means ± Sd (n = 3). (K) individual test 
of the ARF12KO- 1/RbphBOe-1, ARF12KO-1/RbohBOe- 2, ARF12KO-1, and Wt plants. (L) individual test of the 393dKO-1/RbohBKO, 393dKO-1, and Wt plants. Student’s t 
test was carried out in [(c) to (F), (i), and (J)] (*P < 0.05; **P < 0.01). h, hours.
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sequence of OsARF12 was fused to GAL4BD for subsequent expres-
sion under the control of the 35S promoter and used as an effector, 
with GAL4BD serving as the negative control and GAL4BD-VP16 
serving as the positive control (fig. S10A). The 35S promoter, six 
tandem repeats of upstream active sequence (UAS) (CGGAGTA‑ 
CTGTCCTCCGAG), which is the binding site for GAL4BD, and a 
TATA-Box were fused to the LUC gene to form 35S-6×UAS-TATA-
LUC as the reporter (fig. S10A). When expressed in the N. benthamiana 
leaves, GAL4BD-ARF12 showed stronger luciferase activity than 
GAL4BD (fig. S10, B and C), indicating that OsARF12 has a tran-
scriptional activation effect.

In an expression assay, OsRbohB gene was up-regulated in the 
ARF12OE plants but down-regulated in the ARF12KO plants (Fig. 
7E), indicating that OsARF12 might regulate OsRbohB. Furthermore, 
OsRbohB gene was up-regulated in the 393DKO-1 and 393DKO-2 
plants but down-regulated in the 393aOE and 393bOE plants (Fig. 
7F), indicating possible involvement of OsRbohB gene in OsmiR393-
mediated signaling. The binding motif for ARF transcription factors 
is AuxRE TGTCT(A, C)C/GA(T, G)GACA (12). Two AuxRE motifs 
are located in the 2-kb promoter of OsRbohB (fig. S11). We performed 
an electrophoretic mobility shift assay (EMSA) and verified that the 
N terminus of OsARF12, which contains the DNA binding domain, 
could bind to the fragment of OsRbohB promoter (Fig. 7G). Further-
more, in a dual-luciferase (LUC) assay, OsARF12 could activate the 
expression of OsRbohB promoter (Fig. 7H), which was verified by 
the LUC/REN ratio (Fig. 7I). Moreover, using the ARF12OE plants, 
we conducted a chromatin immunoprecipitation (ChIP) assay and 
confirmed that the fragment of OsRbohB promoter was enriched in 
chromosomal DNA precipitated by anti-ARF12 antibodies (Fig. 7J). 
Together, we proved that OsARF12 could directly activate the ex-
pression of OsRbohB in rice.

To further verify that OsRbohB gene functions in the OsmiR393/
OsTIR1-OsIAA10-OsARF12 pathway to mediate BPH resistance, 
we overexpressed OsRbohB in the ARF12KO-1 background. In the 
transgenic ARF12KO-1/RbohBOE plants, OsARF12 was down-
regulated (fig. S12A), whereas OsRbohB gene was up-regulated (fig. 
S12B), compared with the respective expression levels in ZH11. In 
the BPH resistance test, after infestation by BPH for 7 days, the 
ARF12KO-1 plants died, whereas ZH11 plants and the two lines of 
the ARF12KO-1/RbohBOE plants remained alive (Fig. 7K). There-
fore, the BPH susceptibility of the ARF12KO-1 plants was comple-
mented by OsRbohB overexpression.

To further detect the genetic interaction between OsmiR393 and 
OsRbohB gene, we knocked out OsRbohB in the 393DKO-1 plants 
through genetic transformation. The resulting 393DKO-1/RbohBKO 
plants had a single-base “A” insertion in the OsRbohB gene region 
(fig. S12C). In an individual test, 393DKO-1/RbohBKO plants were 
more susceptible to BPH in comparison with 393DKO-1 plants, 
indicating that the resistance of 393DKO-1 plants was dependent on 
OsRbohB gene (Fig. 7L).

Involvement of ROS in OsmiR393/OsTIR1 signaling–
mediated BPH resistance
ROS are broadly involved in the downstream signaling mechanism 
in various plant defense response. ROS mediate the function of OsARF12 
in resistance against RDV (12), and OsRboh-mediated ROS concentra-
tions play important roles in defense against rice black streaked dwarf 
virus (RBSDV) (42). To verify whether ROS are involved in BPH resis-
tance, we first treated the rice plants with H2O2 before BPH infestation. 

The plants pretreated with H2O2 showed superior survival after 
BPH infestation, with the survival rate increasing with increased 
H2O2 concentration (fig. S13, A and B). Next, we tested the H2O2 
content in the typical BPH-resistant rice cultivar RHT and the sus-
ceptible cultivar 9311. The basal H2O2 content in RHT was slightly 
higher than that in 9311 (Fig. 8, A and B). Whereas, under BPH in-
festation, the H2O2 content in the RHT plants was greatly enhanced, 
while it was also enhanced in 9311 plants, only that the elevation 
was not comparable to that in RHT (Fig. 8, A and C). Next, we mea-
sured the H2O2 content in the OsmiR393-overexpressing and gene-
edited plants. Although the basal H2O2 content in the 393bOE 
plants was similar to that in NIP plants, it was much higher in the 
393DKO-1 plants than in NIP plants (Fig. 8, D and E). Under BPH 
infestation, the H2O2 contents in all tested plants were increased 
(Fig. 8D), with the promotion in the 393DKO-1 much higher than 
that in NIP plants, while that in the 393bOE plants lower than that 
in NIP (Fig. 8F). Next, we measured the H2O2 content in OsARF12-
overexpressing and gene-edited plants before and after BPH infesta-
tion. In the ARF12OE plants, the basal H2O2 content was higher than 
that in ZH11 plants, while that in the ARF12KO plants was lower 
(Fig. 8, G and H). Under BPH infestation, the H2O2 contents in the 
ARF12OE, ARF12KO, and ZH11 plants were all increased (Fig. 8G). 
In addition, the increase of H2O2 content in the ARF12OE plants 
was higher than that in ZH11 plants (Fig. 8I).

Next, we examined whether chitin could induce ROS production 
in the OsmiR393/OsTIR1-OsIAA-OsARF12 pathway. In the 393DKO 
plants (Fig. 8J), TIR1OE plants (Fig. 8K), IAA10KO plants (Fig. 8L), 
and the ARF12OE plants (Fig. 8M), chitin-induced ROS production 
was enhanced, whereas, in the 393aOE, 393bOE plants (Fig. 8J), 
TIR1KO plants (Fig. 8K), IAA10OE plants (Fig. 8L), and the ARF12KO 
plants (Fig. 8M), ROS production was compromised. Thus, ROS acti-
vation was extensively involved in the OsmiR393/OsTIR1-OsIAA10- 
OsARF12-OsRbohB signaling pathway, and this involvement was 
tightly associated with BPH resistance.

Furthermore, we tested the association between BPH resistance 
and ROS in consistency with the genetic relationship between OsARF12 
and OsRbohB, OsmiR393 and OsRbohB, and OsmiR393 and OsARF12. 
We have proved that the BPH susceptibility of the ARF12KO-1 plants 
was complemented by OsRbohB overexpression (Fig. 7K), and, in con-
sistency, the low ROS content in the ARF12KO-1 plants was recovered 
(Fig. 8N). Also, the 393DKO-1/RbohBKO plants were more suscepti-
ble to BPH, in comparison with the 393DKO-1 plants (Fig. 7L), and, 
consistently, the chitin-induced ROS production was compromised in 
the 393DKO-1/RbohBKO plants compared with that in the 393DKO-
1 plants (Fig. 8O). In addition, we have proved that OsmiR393 geneti-
cally regulates OsARF12 to mediate BPH resistance (Fig. 6Q). We 
further evaluated whether the ROS content was underlying this ge-
netic association. As revealed, the chitin-induced ROS production was 
compromised in the 393DKOk/ARF12KOk plants compared with that 
in the 393DKOk plants (Fig. 8P).

DISCUSSION
Phytohormones play central roles in balancing plant growth and 
survival against diverse biotic and abiotic stresses. Among the vari-
ous phytohormones, inhibition of auxin is usually adopted by plants 
in defense and, therefore, is regarded as a negative regulator of innate 
immunity (43). However, pathogens have evolved counter-defense 
strategies to manipulate phytohormone signaling pathways, such as 



Zhu et al., Sci. Adv. 11, eadu6722 (2025)     16 May 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 16

Fig. 8. ROS content in the OsmiR393/TIR1-OsIAA10-OsARF12–OsRbohB pathway in response to BPH infestation. (A) DAB staining of RHT and 9311 leaves before 
and after BPH infestation. (B) H2O2 content in RHT and 9311 plants before BPH infestation. Data are means ± SD (n = 3). (C) Increase in H2O2 content in RHT and 9311 plants 
after BPH infestation. Data are means ± SD (n = 3). (D) DAB staining of leaves of the 393bOE, 393DKO-1, and WT plants before and after BPH infestation. (E) H2O2 content 
in the 393bOE, 393DKO-1, and WT plants before BPH infestation. Data are means ± SD (n = 3). (F) Increase in H2O2 content in the 393bOE, 393DKO-1, and WT plants after 
BPH infestation. Data are means ± SD (n = 3). (G) DAB staining of leaves of the ARF12OE, ARF12KO, and WT rice plants before and after BPH infestation. (H) H2O2 content 
in the ARF12OE, ARF12KO, and WT plants before BPH infestation. Data are means ± SD (n = 3). (I) Increase in H2O2 content in the ARF12OE, ARF12KO, and WT plants after 
BPH infestation. Data are means ± SD (n = 3). (J to M) Chitin-induced ROS burst in corresponding plant lines. (N) Chitin-induced ROS burst in the ARF12KO-1/RbohBOE-1, 
ARF12KO-1/RbohBOE-2, ARF12KO-1, and WT plants. (O) Chitin-induced ROS burst in the 393DKO-1/RbohBKO, 393DKO-1, and WT plants. Data are means ± SD. (P) Chitin-
induced ROS burst in the 393DKOk/ARF12KOk, 393DKOk, ARF12KOk, and WT plants. In all the tests for chitin-induced ROS burst, Data are means ± SD (n = 8, biologically 
independent samples). (Q) Schematic illustration of the OsmiR393/OsTIR1-OsIAA10-OsARF12-OsRbohB pathway in mediating BPH resistance through cross-talk between 
auxin and ROS. Student’s t test was carried out in [(B) and (C)] to compare with 9311, in [(E) and (F)] to compare with NIP, and in [(H) and (I)] to compare with ZH11, respec-
tively (*P < 0.05; **P < 0.01). h, hours.
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biosynthesis, signaling, and transport, to dampen immunity and 
promote virulence (44, 45). As examples, miR393-mediated sup-
pression of auxin signaling in resistance has been, respectively, il-
lustrated in Arabidopsis and cotton (46, 47). In the present study, we 
demonstrated that auxin signaling plays a role in activation of plant 
defense against BPH. Application of exogenous auxin at a low con-
centration resulted in enhanced resistance to BPH (Fig. 1A). Con-
sistent with this finding, mutation of either auxin receptor, OsAFB2 
or OsTIR1, caused susceptibility to BPH (Fig. 2, K to T). Further-
more, overexpression of both OsmiR393a and OsmiR393b, the 
miRNAs that target OsAFB2 and OsTIR1, renders the plants more 
vulnerable to BPH infestation (Fig. 4, A to I). Consistently, OsIAA10-
overexpressing (Fig. 5, H to L) and OsARF12-knockout plants (Fig. 
6, E to J) were more vulnerable to BPH infestation. In contrast, knock-
out of OsmiR393a and OsmiR393b (Fig. 4, J to O) and OsIAA10 
(Fig. 5, C to G) and overexpression of OsTIR1 (Fig. 2, E to J) and 
OsARF12 (Fig. 6, K to O) resulted in stronger resistance to BPH 
than that of the WT. These results illustrate that auxin is closely as-
sociated with rice resistance to BPH, and a low concentration of aux-
in activates the plant signaling pathways involved in the response to 
BPH infestation. Consistently, repression of OsTIR1 by OsmiR393 
overexpression increases rice susceptibility to RBSDV (42). Infec-
tion by RDV interferes with auxin signaling through blocking the 
interaction between OsIAA10 and OsTIR1 and thus inhibiting 
OsIAA10 degradation (10). The tomato spotted wilt virus (TSWV) 
shows a deliberate attempt to disrupt plant growth and to promote 
its spread in sensitive cultivars mediated by the miR167a-ARF8 mod-
ule (48). Moreover, several types of phytohormone receptors, in-
cluding auxin, JA, and strigolactone receptors, are directly targeted 
by the effector of TSWV to inhibit signaling and promote virulence. 
However, this interference is recognized by a plant NLR protein as a 
counter-virulence strategy to activate immunity (43). Therefore, the 
auxin signaling pathway is a battlefield that is generally fought over 
by both biotic factors and plants.

ROS signaling is essential for plant growth and development and 
in response to different abiotic and biotic stresses, which assist the 
plant to acclimate and adapt to cellular metabolic perturbation and 
environmental stimuli (18, 49, 50). To ensure efficient ROS signal-
ing, cells are equipped with the machinery to locally synthesize ROS 
to initiate cellular responses on one hand and to scavenge or trans-
port ROS to prevent them from reaching damaging level on the other 
hand. ROS are broadly involved in the downstream signaling of 
PTI. In Arabidopsis, ROS signaling functions in stomatal immunity; 
the flg22 peptide is perceived by a co-receptor complex that can ac-
tivate BOTRYTIS-INDUCED KINASE1 (BIK1), which, in turn, ac-
tivates RbohD through phosphorylation (51). Similarly, in rice, 
OsRACK1A is recognized by the effector of the false smut fungus, 
Ustilaginoidea virens, UvCBP1, which disturbs the interaction be-
tween OsRACK1A and OsRbohB, whereas OsRACK1A promotes 
OsRbohB-mediated ROS production and confers resistance (52). 
The importance of ROS in BPH resistance was revealed in the pres-
ent study. First, ROS was proved to be a responsive factor to BPH 
infestation, with ROS being activated by BPH infestation, and the 
degree of induction was much higher in the resistant rice cultivar 
RHT than in the susceptible cultivar 9311 (Fig. 8, A to C). Treatment 
with H2O2 strengthened the BPH resistance of rice plants (fig. S13). 
In addition, OsRbohB was induced by BPH infestation (Fig. 7A) and 
positively regulated BPH resistance (fig. S9). Therefore, ROS func-
tioned to positively regulate BPH resistance. Consistent with this 

conclusion, plants actively generate ROS in response to aphid infes-
tation, a large family of sap-feeding herbivorous insects, and rapid 
ROS induction is often correlated with aphid resistance (53).

Cross-talk and coordination between and among different sig-
naling pathways is crucial for plant development and immunity. The 
cross-talk between auxin and ROS is well established in root hair 
polar growth, which is endogenously controlled by auxin and sus-
tained by oscillating ROS level. In Arabidopsis, auxin activates the 
crucial bHLH transcription factor ROOT HAIR DEFECTIVE 6-
LIKE 4 (RSL4) through several ARFs, and RSL4 induces expression 
of RbohC/J, leading to ROS production (54). Furthermore, ROS 
are essential for the nucleo-cytoplasmic distribution of TIR1/AFB2 
through facilitating their nuclear import and subsequent activation 
of downstream signaling (55). In addition, ROS function upstream 
of auxin signaling to mediate the response to metal stress. The pro-
motion or repression of ROS on auxin is dynamic, with auxin sig-
naling activated by mild stress but inhibited by severe stress (56, 57). 
In rice, asymmetric stress induces a ROS burst and signaling to re-
model root architecture to avoid localized stress, this process re-
quires the participation of the auxin signaling pathway, but the 
detailed mechanism is unclear (58). A recent study reveals that acti-
vation of auxin in root hair formation depends on OsRbohE in rice 
(59). Still, the detailed mechanism remain unclear. BPH is a kind of 
pierce-sucking insect that could be defensed by increased auxin. In 
this study, we further illustrated a genetic cross-talk between auxin 
and ROS that mediated BPH resistance based on the OsmiR393/
OsTIR1-OsIAA10-OsARF12-OsRbohB genetic pathway, with acti-
vated auxin signaling promoting ROS accumulation and thus en-
hancing BPH resistance. BPH infestation depresses auxin synthesis 
through some unknown mechanism (Fig. 1, E and F), which, in turn, 
induces the expression of OsTIR1, represses the function of OsIAA10, 
and thus releases OsARF12, which activates the downstream OsRbo-
hB gene and results in resistance to BPH through increase in ROS 
accumulation. Meanwhile, OsTIR1 is posttranscriptionally regulat-
ed by OsmiR393, which also participates in BPH resistance through 
a negative regulatory mechanism (Fig. 8Q). Comprehensively, accu-
mulation of ROS in the BPH resistant lines of genes functioning in 
auxin signaling was distinctly higher, such as 393DKO (Fig. 8J), TIROE 
(Fig. 8K), IAA10KO (Fig. 8L), and ARF12OE (Fig. 8M), whereas 
ROS accumulation was lower in the BPH-susceptible lines, such 
as 393aOE, 393bOE (Fig. 8J), TIRKO (Fig. 8K), IAA10OE (Fig. 8L), 
and ARF12KO (Fig. 8M). Genetically, the high ROS concentration 
in the 393DKO plants was moderated by OsARF12 knockout (Fig. 
8P) and OsRbohB knockout (Fig. 8O), accompanied by lowered re-
sistance to BPH, respectively (Figs. 6Q and 7L). In contrast, the low 
ROS concentration in the ARF12KO plants was elevated by OsRbohB 
overexpression (Fig. 8N), with the BPH susceptibility of the ARF12KO 
plants being promoted to a level similar to that of the WT (Fig. 7K). 
As a plant early immune-response marker, ROS are usually activated 
by BPH salivary proteins (60). The auxin-ROS cross-talk identified 
in this study might also function in rice-RBSDV interaction because 
ROS accumulation was distinctly reduced in the lines overexpressing 
OsmiR393, OsIAA20, or OsIAA31 (42). In contrast, moderate up-
regulation of auxin signaling inhibits the PTI-triggered ROS burst 
and results in pathogen susceptibility in maize, but the underlying 
mechanism is uncertain (61). Here arises the question: Is the auxin 
signaling modulation of ROS through transcriptional regulation of 
OsRboh genes by OsARF a generally conserved mechanism? There 
are nine OsRboh genes in the rice genome, of which not all are 
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activated in the response to BPH infestation (Fig. 7A). Given the 
considerable number of OsARF family members in rice and that dif-
ferent ARFs might have varying regulatory effects on plant defense 
(12), diverse pairings of OsARF and OsRboh genes might have dif-
ferent regulatory (positive or negative) effects. Furthermore, there 
might be additional pathways that mediate auxin and ROS cross-
talk, which deserve further research.

In summary, we revealed that, in the interaction between BPH and 
rice, BPH disturbs the IAA pathway and reduces the vitality of host 
plant for successful infestation, resulting in reduction in IAA content 
(Fig. 1, E and F). As a counteracting feedback mechanism, the lowered 
IAA content might instead activate the innate IAA signaling pathway in 
rice plants, with expression and function of OsTIR1/OsAFB2 being 
promoted, of OsARF12 being activated, whereas expression of OsIAA10 
being inhibited. The enhanced auxin signaling further promotes ROS 
accumulation and, thus, strengthens the defense response.

MATERIALS AND METHODS
Plant materials and BPH population
The WT rice plants used in this study were cultivars ZH11 (O. sativa 
L. subsp. japonica cv. Zhonghua No.11, ZH11), NIP (O. sativa L. subsp. 
japonica. cv. Nippobare, NIP), RHT, TN1 (O. sativa L. subsp. indica cv. 
Taichung Native 1, TN1), 9311 (O. sativa L. subsp. indica cv. 9311, 
9311), and Kasalath (O. sativa L. subsp. indica cv. Kasalath). ZH11, 
NIP, and Kasalath were mainly used as host of genetic transformation 
or natural WT of mutants. RHT was a well-known BPH-resistant cul-
tivar, and 9311 was a well-known BPH-susceptible cultivar. TN1 was 
used to cultivate BPH in a climate-controlled room at 26° ± 2°C, 
12-hour/12-hour light/dark cycle and 80% relative humidity. All rice 
plants were cultivated under field conditions at two different experi-
mental stations in Shanghai (30°N, 121°E) and Lingshui (Hainan 
Province, 18°N, 110°E), China. Rice seedlings were cultured in the 
phytotron in CAS Center for Excellence in Molecular Plant Sciences, 
with 30/24° ± 1°C day/night temperature, 50 to 70% relative humid-
ity and a light/dark period of 14 hours/10 hours was used to culture 
rice seedlings.

BPH resistance detection and measurements
Individual test assay was carried out at seedling stage using at least six 
replicates of each cultivar or line. Each seedling about 4 weeks was 
infested with 20 second-instar BPH nymphs. Plant status were checked 
daily, and, about 5 to 12 days later, when one tested line died or the 
contrast between the two/three tested lines is obvious, the plants were 
scored as susceptible (dead) or resistant (alive) and photographs taken.

For small population assay, about 40 plants of tested lines and the 
WT were planted in a plate in the mud for 1 month till about third-
leaf stage and fed to BPH population in appropriately 8 to 10 first-instar 
nymphs per plant, and the plant status (alive or dead) was surveyed 
daily in the following days. Data were collected when one tested line 
died or the contrast between the two/three tested lines is obvious. 
Plant materials were photographed using a NIKON D7000 digital 
camera, and the survival rates were calculated on the basis of data 
from at least three repeats. Honeydew content detection was carried 
out as previously described (38).

Plasmid construction and plant transformation
For overexpression of OsMIR393a, fragment containing the stem-
loop structure of pri-OsmiR393a was cloned into the p1301-35S-NOS 

vector using Bam HI and Kpn I double digestion. For overexpression 
of OsTIR1 and OsIAA10, full-length cDNA of respective genes was 
amplified and cloned into the p1301-35S-Nos vector through diges-
tion by Bam HI and Kpn I. For overexpression of OsRbohB gene in the 
ARF12KO background, full-length cDNA of OsRbohB was amplified 
and cloned into the pCAMBIA2301 vector through digestion by Bam 
HI and Kpn I.

For construction of knockout plants such as 393DKO-2, 393DKOk, 
TIR1KO, and AFB2KO, guide DNA (gDNA) was, respectively, syn-
thesized and cloned into the pOs-sgRNA vector and then transferred 
to the pYLCRISPR/Cas9Pubi-H vector with hygromycin selection 
marker through LR reaction. Primers and gDNAs used for these genes 
were listed in table S1.

For RbohBKO plant construction in the 393DKO background, 
gDNA was synthesized and cloned into the pOs-sgRNA vector and 
then transferred to the pYLCRISPR/Cas9Pubi-B with vector glypho-
sate selection marker through LR reaction. Primers and gDNAs used 
for these genes were listed in table S1. Transformation of these plas-
mids was carried out through Agrobacterium-mediated genetic trans-
formation in Biorun Biosciences Company.

RNA isolation and qRT-PCR analysis
For verification of respective transgenic plants, seedlings were used. 
Total RNAs were extracted using TRIzol (Life technologies, USA) 
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), cDNA was synthesized from 
1 μg of total RNA, and 1 μl of cDNA was used as template for real-time 
analysis. The rice actin (LOC_Os03g50885) and ubiquitin (LOC_
Os01g22490) genes were used as reference genes to normalize ex-
pression levels. Data from three biological repeats were collected, 
and the mean value with standard error was plotted. For gene ex-
pression assay responsive to BPH, around 2-week-old rice seedlings 
were individually infested with 12 second-instar BPH nymphs that 
had been starved for 2 hours; leaf sheaths and leaves were collected 
after 0, 2, 4, 8, 12, 24, and 48 hours for RNA extraction followed by 
reverse transcription and qRT-PCR. All the primer sequences used 
in qRT-PCR and other analysis in this study were listed in table S1.

miRNA Northern blot analysis and qRT-PCR analysis
miRNA Northern blot was carried out as previously described (36). 
Specifically, leaves of the rice seedlings were used for RNA extrac-
tion, and the OsmiR393 probe was synthesized with 5′-end biotin. 
The blots were incubated at 42°C for 30 min in the Hybridization 
Buffer (Ambion). In addition, 50 to 80 pM probes were added in the 
hybridization buffer to incubate for one night. For RNA loading, 5S 
ribosomal RNA was used as control.

qRT-PCR analysis of miRNA was carried out as described (36, 62) 
using the miRNA First-Strand cDNA Synthesis Kit (Vazyme Biotech, 
China) and miRNA Universal SYBR qPCR Master Mix (Vazyme 
Biotech, China). The 2−ΔΔCT method was used to quantify relative 
gene expression levels. Mean of internal reference gene U6 was used 
for normalization.

LCI assay
The full-length cDNA of the OsTIR1 and OsIAA10 genes and that of 
OsIAA10 and OsARF12 genes were, respectively, cloned into the 
Kpn I and Sal I sites of pCAMBIA1300-CLuc and pCAMBIA1300-
NLuc using homologous recombination. All the constructs for test 
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were transformed into Agrobacterium tumefaciens GV3101 (pSoup-
P19). Agrobacterium cells were resuspended in infection solution 
(10 mM MES, 10 mM MgCl2, and 200 μM acetosyringone) at opti-
cal density at 600 nm (OD600) of 1.0. The prepared suspensions were 
infiltrated into N. benthamiana leaves. At 3 days post-infiltration, 
the LUC signal was detected using a charge-coupled device (CCD) 
camera and a luciferin solution (150 mg/ml).

Co-IP assay
The full-length cDNA of OsARF12 was fused with the FLAG tag, 
while the full-length cDNA of OsIAA10 was fused with the green 
fluorescent protein (GFP) tag. The recombinant and control vectors 
were transformed into Agrobacterium GV3101, which were then re-
suspended in infection solution at OD600 of 1.0. The prepared sus-
pensions were infiltrated into N. benthamiana leaves, which were 
harvested after 3 days and frozen in liquid nitrogen. Soluble proteins 
were extracted with NB1 buffer [50 mM tris-MES (pH 8.0), 500 mM 
sucrose, 1 mM MgCl2, 10 mM EDTA, 5 mM dithiothreitol, 1 mM 
phenylmethylsulfonyl fluoride, and cocktail]. Immunoprecipitation 
was performed with anti-FLAG-affinity beads (Sigma-Aldrich). Ly-
sates were incubated with the prewashed beads for 3 hours. Then, 
the beads were washed six times and solubilized in an appropriate 
volume of extraction buffer with 1× SDS loading buffer. The fusion 
proteins were detected by immunoblotting using monoclonal anti-
FLAG M2 antibody (Sigma-Aldrich) and monoclonal antibody 
anti-GFP (Huabio).

Bimolecular fluorescence complementation
The cDNA of OsIAA10, OsTIR1, and OsARF12 were, respectively, 
cloned into the Kpn I and Sal I sites of pCAMBIA1300-35S-cYFP 
and pCAMBIA1300-35S-nYFP using homologous recombination. 
Experiment design was carried out according to previously report 
(63). The recombinant and control vectors were transformed into 
Agrobacterium GV3101, respectively. Agrobacterium cells were re-
suspended in infection solution at OD600 of 1.0. The prepared sus-
pensions were infiltrated into N. benthamiana leaves. After culture 
for 3 days, the signals of yellow fluorescent protein and mCherry 
were detected using confocal microscopy (LSM 880; Zeiss).

Y2H assay
The cDNAs of OsIAA10 and OsTIR1 were, respectively, cloned into 
the Bam HI site of pGBKT7 using homologous recombination to get 
BD-IAA10 and BD-TIR1 plasmid. Similarly, the cDNAs of OsIAA10 
and OsARF12 were, respectively, cloned into the Bam HI site of 
pGADT7 to get AD-IAA10 and AD-ARF12 plasmids. The plasmids 
were transformed into AH109 strain after pairing using a lithium ac-
etate transformation protocol (Yeast Protocols Handbook PT3024-1; 
Clontech) and cultured at 30°C on SD/-Leu-Trp for 2 days. The trans-
formed yeast colonies were suspended in sterilized water (OD600 of 
1.0) and grown on SD/-Leu-Trp and SD/-Leu-Trp-Ade-His media 
in a 10−1, 10−2, and 10−3 gradient. Specially, in the selection of the 
OsTIR1-interacting OsIAAs, 10 μM IAA was added to the SD/-Leu-
Trp-His media. Photographs were taken after culture at 30°C for 3 days.

Dual-LUC assay
For transcriptional activity assays, the GAL4/UAS system was used. 
The VP16 transcriptional activation domain and full-length coding 
sequences (CDSs) of the OsARF12 fused with the GAL4 DBD were 
inserted into the pCAMBIA1300-Nos vector as effectors. The GAL4 

DBD was inserted into the pCAMBIA1300-Nos vector as control. A 
sequence comprising six repeats of the GAL4-binding upstream active 
sequence (6xUAS), TATA-Box, and 35S promoter was synthesized and 
cloned into the pGreenII0800-LUC to generate the 35S-UAS-TATA-
LUC reporter plasmid.

For the binding activity assays, the 2000–base pair (bp) genomic 
fragment upstream of the OsRbohB start codon ‘ATG’ was cloned 
into the pGreenII0800-LUC vector as the reporter. The full-length 
CDSs of the OsARF12 were cloned into the pHB vector as effector. 
The pHB empty vector was used as negative control.

In the GAL4/UAS system and the dual-LUC assay, all the recombi-
nant constructs were transformed into A. tumefaciens strain GV3101 
(pSoup-P19) and then transiently expressed in N. benthamiana. At 48 
to 72 hours post-infiltration, the leaves were examined using a CCD 
camera and a luciferin solution (150 μg/ml). Alternatively, luciferase 
activity was quantified using a luminometer according to the manu-
facturer’s instructions (Promega).

Electrophoretic mobility shift assay
For protein expression and purification, the N-terminal sequence 
encoding the 1 to 247 amino acids of OsARF12 was cloned into the 
pCold-TF vector. The resulting recombinant plasmid was transformed 
into Escherichia coli BL21 (DE3) cells to produce the His-tagged fu-
sion protein. The Cyanine 5 (Cy5)-labeled probe was amplified by two 
rounds of PCR. The DNA probes and proteins were co-incubated in 
the reaction buffer, purified, and incubated with the Cy5-labeled 
probe at 37°C for 20 min in EMSA buffer [25 mM Hepes (pH 7.5), 
40 mM potassium chloride, 3 mM dithiothreitol, 10% glycerol, 0.1 mM 
EDTA, bovine serum albumin (0.5 mg/ml), and poly-glutamate (0.5 mg/
ml)]. After incubation, the reaction mixture was electrophoresed on a 
6% native polyacrylamide gel, and the labeled DNA was then detected 
using a Starion FLA-9000 instrument.

In vitro ChIP-qPCR
For ChIP-qPCR, nuclei of 2-week-old ARF12OE plants were ex-
tracted, purified, and sonicated to obtain DNA fragments of 300 to 
500 bp using a Bioruptor UCD-200. The fragments were precleared 
with ChIP protein A/G beads (Merck) for 1 hour before incubation 
for another 1 hour in new protein A/G beads with antibody. The anti- 
ARF12 antibody was used for test, while the anti-IgG antibody was 
used as control. The beads were then washed twice with low-salt and 
high-salt buffer, respectively. The washed magnetic beads were di-
rectly reverse cross-linked, and the DNA fragments were purified 
and used as template for quantitative PCR. Primers used for ChIP 
assays are listed in table S1.

DAB staining and measurement of H2O2
Accumulation of H2O2 was detected by DAB staining as described 
previously (64). Leaves were cut into small pieces (1 cm in length) 
and vacuum infiltrated in DAB solution [DAB (1 mg/ml) and 10 mM 
MES (pH 3.8) with 0.2% (v/v) Tween 20] for 5 min. After further 
incubation at 25°C for 8 hours, samples were cleared by boiling 
in 96% ethanol for 10 min. The cleared samples were mounted in 
50% glycerol for imaging (Leica M205FA).

Quantification of H2O2 was performed using a Hydrogen Perox-
ide Content Assay Kit (Sangon Biotech) following the manufactur-
er’s instruction. The samples were frozen in liquid nitrogen and 
ground into fine powders. Each sample (100 mg) was fully sus-
pended in 1 ml of acetone. The extracts were centrifuged at 8000g 
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for 10 min at 4°C, and the supernatant was used for quantification. 
The concentration of H2O2 was shown as micromoles per gram of 
fresh weight.

ROS measurement
For measurement of ROS bursts in rice cells after chitin treatment, the 
luminol chemiluminescence assay was conducted (65). Leaf sheaths 
from 2-week-old rice seedlings cultivated in nutrient solution were 
cut into ~3-mm strips and preincubated overnight in sterile distilled 
water to recover from wounding stress. The materials were then treat-
ed with 1 × 10−6 M chitin [octa-N-acetylchitooctaose (GlcNAc)8] or 
water as a control in reaction buffer containing 20 μM luminol 
(Wako) and horseradish peroxidase (10 μg ml−1; Sigma-Aldrich). Lu-
minescence was monitored immediately after the treatment and con-
tinuously measured at 2 min intervals for 40 min with Varioskan Flash 
multireader (Thermo Fisher Scientific).

Quantification of IAA
The leaf sheaths of rice seedlings were collected at different time 
points after BPH infestation, and ethyl acetate was added for extrac-
tion after grinding in liquid nitrogen. Nitrogen blowing is followed 
by reconstitution with methanol. IAA level was analyzed by high-
performance liquid chromatography–mass spectrometry using la-
beled internal standard.

Auxin (NAA) treatment assays
Seedlings were grown in 7 cm–by–7 cm–by–8.5 cm pots in 5 × 5 
pattern. Around 4-week-old seedlings were grouped for different 
concentration of NAA treatment, first immersed the seedling in cor-
responding NAA solution and then kept breeding the seedlings with 
the same concentration of NAA solution, and fed to BPH popula-
tion 2 hours later, with 8 to 10 first-instar nymphs for each seedling. 
The seedlings were gently plucked to let the BPH scatter uniformly. 
In the following days, the status of the plants (alive or dead) were 
surveyed daily.

Primer sequences
All the oligo sequences used in this study are listed in table S1.

Statistical analysis
All data values for the statistical analysis were presented in table S2, 
corresponding to each figures.

Supplementary Materials
The PDF file includes:
Figs. S1 to S13
Legends for tables S1 and S2

Other Supplementary Material for this manuscript includes the following:
Tables S1 and S2
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