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BROWN PLANTHOPPER RESISTANCE14 (BPH14), the first planthopper resistance gene isolated via map-based cloning in
rice (Oryza sativa), encodes a coiled-coil, nucleotide binding site, leucine-rich repeat (CC-NB-LRR) protein. Several
planthopper and aphid resistance genes encoding proteins with similar structures have recently been identified. Here, we
analyzed the functions of the domains of BPH14 to identify molecular mechanisms underpinning BPH14-mediated
planthopper resistance. The CC or NB domains alone or in combination (CC-NB [CN]) conferred a similar level of brown
planthopper resistance to that of full-length (FL) BPH14. Both domains activated the salicylic acid signaling pathway and
defense gene expression. In rice protoplasts and Nicotiana benthamiana leaves, these domains increased reactive oxygen
species levels without triggering cell death. Additionally, the resistance domains and FL BPH14 protein formed homocomplexes
that interacted with transcription factors WRKY46 and WRKY72. In rice protoplasts, the expression of FL BPH14 or its CC, NB,
and CN domains increased the accumulation of WRKY46 and WRKY72 as well as WRKY46- and WRKY72-dependent
transactivation activity. WRKY46 and WRKY72 bind to the promoters of the receptor-like cytoplasmic kinase gene RLCK281
and the callose synthase gene LOC_Os01g67364.1, whose transactivation activity is dependent on WRKY46 or WRKY72.
These findings shed light on this important insect resistance mechanism.

INTRODUCTION

Almost 400,000 species of plant-eating insects have been iden-
tified (Schultz, 2002), andeveryknownplantspecies isattackedby
a rangeof insect species. For example, hundredsof insect species
are known to feed on rice (Oryza sativa),;30 of which can cause
severe damage to rice plants (Grist and Lever, 1969). To survive,
plants have evolved sophisticated systems for defense against or
resistance to such insects. Recently, significant progress has
been made toward understanding the genetic basis of plant re-
sistance to insect attack. Several planthopper resistance genes
(including BROWN PLANTHOPPER RESISTANCE14 [BPH14],
BPH26, BPH18, and BPH9) have been isolated and shown to
encodeCC-NB-LRR (CNL) proteins (Du et al., 2009; Tamura et al.,
2014; Ji et al., 2016; Zhao et al., 2016). Other notable insect
resistance genes have similar CC-NB-LRR structures, including
Mi-1.2 in tomato (Lycopersicon peruvianum) and Vat in melon
(Cucumismelo), which confer resistance to aphids (Macrosiphum
euphorbiae and Aphis gossypii), whitefly (Bemisia tabaci), and
psyllid (Bactericerca cockerelli) (Vos et al., 1998; Nombela et al.,
2003; Casteel et al., 2006; Dogimont et al., 2014). It thus appears
that CC-NB-LRRproteins play prominent roles in plant resistance
to insects.

Disease resistance (R) proteins with the CNL structure play
central roles in plant-pathogen interactions by recognizing spe-
cific pathogen effectors and inducing rapid and robust resistance
responses (Jones and Dangl, 2006; Jacob et al., 2013). Conse-
quently, the structures and functions of their domains have been
studied extensively. Their C-terminal LRR domains exhibit high
sequence variability and appear to function as pathogen-specific
receptor domains in at least some cases (Zipfel, 2014). The LRR
domains also participate in complex intramolecular interactions
that help regulate NLR (nucleotide oligomerization domain
[NOD]-like receptor) protein activity (Takken and Goverse, 2012;
Slootweg et al., 2013).
The central NB domain of these disease resistance proteins is

highly conserved and is found inmember of the NB-ARC family of
STAND (signal transduction ATPases with numerous domains)
proteins (Leipe et al., 2004). The NB domain is believed to act as
a molecular switch that stabilizes R proteins in their inactive state
when bound to ADP but in the signaling-competent state when
bound to ATP (Tameling et al., 2002; Williams et al., 2011). NB
domains contain many highly conserved motifs whose functions
have been intensively studied. For example, the P-loop is thought
to be required for nucleotide binding, and mutations in this motif
usually result in loss of function (Tameling et al., 2006; Ueda et al.,
2006; Williams et al., 2011). Conversely, the MHD motif acts as
a phosphate sensor and is involved in nucleotide-dependent
conformational changes; mutations in this motif usually lead to
constitutive autoactivation (Bendahmane et al., 2002; Howles
et al., 2005; van Ooijen et al., 2008; Gao et al., 2011; Maekawa
et al., 2011). Isolated NB domains and CC-NB constructs derived
fromvariousCC-NB-LRRproteins havebeen shown to induce the
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hypersensitive response (HR) in wild tobacco (Nicotiana ben-
thamiana) leaves. CC-NB-LRR proteins in this group include Rx
(Rairdan et al., 2008) and Sw-5b (De Oliveira et al., 2016) from
potato (Solanum tuberosum) and RESISTANT TO P. SYRINGAE5
(RPS5) (Adeet al., 2007),RPS2 (Taoet al., 2000), andRPS4 (Zhang
et al., 2004) fromArabidopsis thaliana. In addition, theNBdomains
of several disease resistance proteins exhibit nucleotide phos-
phatase activity consistent with the switch model described
above (Fenyk et al., 2012). Interestingly, Rx1was recently found to
bendand locallymeltdouble-strandedDNA inaprocessmediated
by its NB domain (Fenyk et al., 2015, 2016). The functional activity
of this NLR protein may thus be linked to a conserved direct in-
teraction with DNA.

CC domains have been implicated in NLR-mediated down-
stream signaling. These domains might be involved in the rec-
ognition of cofactors and cognate effector proteins (Collier and
Moffett, 2009; Lewis et al., 2013) or mediate downstream sig-
naling, eventually leading to the induction of defense responses
(Maekawa et al., 2011; Collier et al., 2011;Wang et al., 2015a). The
HR can be induced via the activation of downstream signaling by
isolatedCCdomains derived fromproteins includingMLA10 from
barley (Hordeum vulgare; Maekawa et al., 2011), Rp1-D21 from
maize (Zea mays; Wang et al., 2015a), Sr33 and Sr50 from wheat
(Triticum aestivum; Cesari et al., 2016), and NRG1 or ACTIVATED
DISEASE RESISTANCE1 (ADR1) from N. benthamiana and Ara-
bidopsis (Collier et al., 2011). Since the HR can be induced by the
isolated NB domains of Rx1 and Sw-5b, or by the isolated
N-terminal CC domain of MLA10, Sr33 and Sr50, it appears that
the roles of the CC and NB domains in signaling transduction
differ between NLRs.

The recognition of a pathogen effector by a disease resistance
protein triggersastrongandmultifacetedresistanceresponseoften
involving the induction of the HR, reactive oxygen species accu-
mulation, defense hormone synthesis, the rapid induction of de-
fense genes, and the production of additional antimicrobial
compounds (Jones and Dangl, 2006; Dangl et al., 2013). Recent
findings concerning the interactions between disease resistance
proteins and associated transcription factors (TFs) have provided
important insights into the mechanisms governing the transcrip-
tional activationof nuclearRproteins. In rice, thedisease resistance
protein Pb1 interactswith the transcription factorWRKY45 through
its CC domain to protect WRKY45 against degradation by the 26S
proteasome, promoting the accumulation of WRKY45 and, pre-
sumably, its defense-related transcriptional activity (Inoue et al.,
2013; Matsushita et al., 2013). In Arabidopsis, most WRKY genes
are implicated in defense (Dong et al., 2003; Chi et al., 2013).

We previously isolated the brown planthopper resistance gene
BPH14, which is a CNL gene that confers resistance to brown
planthopper (BPH; Nilaparvata lugens) and white-backed plan-
thopper (Sogatella furcifera) (Du et al., 2009). Here, we present
a structure-function analysis of BPH14 protein, which indicates
that the isolated CC and NB domains confer BPH resistance and
activate salicylic acid (SA) signaling pathways in the same way as
the full-length BPH14 protein. We also show that BPH14 and the
isolatedCCandNBdomains interactwithWRKY46andWRKY72,
enhancingtheaccumulationof thesetranscription factors.Wefound
thatWRKY46andWRKY72 interactwith thepromotersofRLCK281
and LOC_Os01g67364.1 and regulate their transactivation.

Together, these results provide important insights into the insect
resistance mechanism mediated by CNL proteins.

RESULTS

The CC, NB, and CC-NB Domains of BPH14 Confer
Resistance to BPH Attack

We previously showed that the brown planthopper resistance
gene BPH14 encodes a CC-NB-LRR protein. To better un-
derstand the roles of the BPH14 domains in BPH resistance,
we generated a series of BPH14 fragments (Figure 1A). These
fragments included the isolated CC, NB, and LRR domains and
three constructs featuring two of these domains: CC-NB (CN),
NB-LRR (NL), and CC-LRR (CL). The full-length (FL) BPH14
protein was used as a positive control. Constructs expressing
these fragments under the control of the ubiquitin (UBI) pro-
moter were transformed into the BPH-susceptible indica rice
variety Kasalath via Agrobacterium tumefaciens-mediated
transformation. For each transgene construct, we selected two
homozygous T2 transgenic lines derived from independent T0
plants that had undergone single-copy insertion (Supplemental
Figure 1) for BPH resistance evaluation and further study. In the
resistanceevaluation, four-leaf stage riceseedlingswereexposed
to second to third instar BPH nymphs. As soon as the susceptible
wild-type rice had been killed by the insects, we evaluated the
damage sustained by each plant and assigned a severity score of
0, 1, 3, 5, 7, or 9.We calculated the average scores for each line to
quantify their levels of resistance. Transgenic plants expressing
the CC domain (CC14-6 and CC22-3), the NB domain (NB9-13
and NB10-9), the CN domain (CN7-18 and CN12-12), or the FL
BPH14 protein (FL10-4 and FL12-1) exhibited strong BPH re-
sistanceandsurvived theBPH infestation (Figure1B).Conversely,
lines expressing the LRR domain (LRR2-12 and LRR3-17), the
NL domain (NL14-4 and NL18-2), or the CL domain (CL9-6 and
CL16-2) showed no resistance to BPH and died after BPH in-
festation. The average resistance scores for the CC-, NB-, and
CN-expressing lineswere;3 to 4,while those for lines expressing
the LRR, NL, or CL domains were above 8 (Figure 1C). A BPH14
mutant protein bearing the P-loop K213R mutation (KR7-19,
KR15-9 [K is the abbreviation for lysine, while R is the abbreviation
for arginine]), which was predicted to render BPH14 inactive,
exhibited noBPH resistance (Figures 1Band1C). Immunoblotting
experiments showed that all of the transformed proteins were
expressed as expected (Supplemental Figure 2). These results
indicate that the CC and NB domains of BPH14 conferred re-
sistance to BPH infestation, as did constructs featuring at least
one of these domains. However, the LRR domain conferred no
resistance and partially suppressed the resistance conferred by
the CC and NB domains.
Weperformed a series of experiments to determinewhether the

resistance conferred by the CC and NB domains resulted from
antixenosis (which repels insects from its normal host) or antibi-
osis (which reduces insect survival, growth rate, or reproduction)
(Qiu et al., 2011; Smith and Clement, 2012). Host choice tests
revealed no significant differences between transgenic and wild-
type plants in terms of the numbers of BPH insects that settled on
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Figure 1. Functional Characterization of the BPH14 CC and NB Domains.

(A) Schematic diagram of the BPH14 domain structure and the derived fragments expressed in the BPH-susceptible Kasalath indica variety. Individual
domains of BPH14 are represented by colored boxes, and the relative positions of relevant amino acids are indicated. All fragments were transformed into
Kasalath rice (under the control of the UBI promoter) using the Agrobacterium-mediated method.
(B) BPH resistance phenotypes of transgenic T2 lines expressing BPH14 and its domains. The wild type is Kasalath rice.
(C) BPH resistance scores of transgenic T2 lines expressing BPH14 and its domains. Lower scores correspond to higher levels of insect resistance. Data
represent the means (three biologically independent experiments with each experiment having 15 seedlings per rice line used for analysis) 6 SD.
(D) Host choice test results for BPH insects on transgenic plants and Kasalath plants. The number of nymphs that settled on the transgenic plants and
Kasalathwascountedat3, 6, 24, 48, and72hafter release.Data represent themeans (10 replicateswitheach repeathaving40BPH insectsper rice lineused
for analysis) 6 SD.

CC and NB Domains of BPH14 Confer BPH Resistance 3159

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/29/12/3157/6100478 by W

uhan U
niversity Library user on 04 April 2022



theplantsbetween3and72hafter release (Figure1D), suggesting
that the domains do not act via antixenosis. We investigated
antibiosiseffectsbymeasuring thequantityofhoneydewsecreted
by theBPH insects. Insects feedingonCC,NB,CN, andFLBPH14
transgenic plants produced far less honeydew than thoseonwild-
type plants (Figure 1E), and the insects’ growth rates and rates of
survival were significantly lower when fed on the resistant
transgenic plants than on their wild-type counterparts (Figure 1F;
Supplemental Figure 3).

We confirmed the functions of the CC, NB, and CN domains in
BPH resistance by transforming genes encoding the individual
domains, under the control of the native BPH14 promoter, into
Kasalath. The accumulation of the transformed proteins in the
transgenic plants was verified by immunoblotting (Supplemental
Figure 4A). Subsequent RNA gel blot analysis and qRT-PCR ex-
perimentsrevealedthat the resistancedomainsandFLBPH14were
expressedmuchmoreweakly in these native expression lines than
in the overexpression lines (Supplemental Figures 4B and 4C). For
each resistance domain, we selected two homozygous transgenic
plants expressing that domain from the T2 transgenic plants of the
nativeexpressionlines.ThetwohomozygousT2transgenic linesfor
the CC, NB, and CN domains were designated CC6-5 and CC8-4,
NB20-2 and NB35-2, and CN1-1 and CN3-18, respectively. We
also selected two homozygous plants expressing the FL BPH14
protein (FL9-4andFL16-2)andusedeachof thesepairs togenerate
offspring for further analysis. DNA gel blot analyses indicated that
all of the resulting offspring exhibited a single-copy insertion
(Supplemental Figure 1). Resistance evaluations indicated that the
native expression plants retained resistance toBPH (Supplemental
Figures 5A and 5B). Moreover, host choice experiments and
measurements of BPH honeydew excretion, weight gain, and
survival indicated that the resistance mechanism in the native
expression lines was the same as that in the overexpressing
transgenic lines (Supplemental Figures 6A to 6D). Taken together,
these results demonstrate that the CC and NB domains of BPH14
confer resistance to BPH infestation.

We measured the morphological traits of transgenic and wild-
type plants. Compared with Kasalath, the overexpressing
transgenic lines showed a significant decrease in grain width,
grain thickness, and grain weight (Supplemental Figure 7 and
Supplemental Data Set 1).

Cell Death Is Not Induced by BPH14, the CC Domain, or the
NB Domain

During plant-pathogen interactions, the HR is often triggered by
the recognition of a pathogen effector by NLR proteins, which is
typical of defense responses in general and usually occurs in

tandemwith localized programmed cell death (Dangl et al., 2013).
Accordingly, the overexpression of some NLR proteins induces
cell death in planta (Künstler et al., 2016). To determine whether
BPH14 inducescell death in rice,wecoexpressed theCC,NB,and
CN domains and FL BPH14 with the luciferase reporter protein in
rice protoplasts. The luciferase activity in protoplasts transformed
with the CC, NB, and CN domains and FL BPH14 did not differ
significantly from those of the empty vector controls (control
check [CK]), indicating that BPH14did not induce cell death in rice
(Figure 2A). All of the fusion proteins were properly expressed
(Figure 2B).
To verify these results, we transiently expressed the CC, NB,

CN, or FL BPH14 constructs in N. benthamiana leaves. All of the
expected fusion proteins were detected by protein gel blot
analysis except for the RPM1 (D505V) protein, which might have
been rapidly degraded after the induction of the resistance re-
sponse (Figure 2C). RPM1 (D505V) rapidly induced HR-like cell
death inN.benthamiana leaves.However, nodetectablecell death
was induced by the CC, NB, or CN domains or by FL BPH14
protein, confirming that BPH14 and its CC and NB domains lack
cell death-inducing activity (Figure 2D).

The CC and NB Domains of BPH14 Activate the SA Signaling
Pathway in Rice

The SA pathway is activated during BPH14-mediated BPH re-
sistance (Du et al., 2009). We found that the transcript levels
of the SA biosynthesis-related genes EDS1 (ENHANCED
DISEASESUSCEPTIBILITY1),PAL1 (PHENYLALANINEAMMONIA-
LYASE1), ICS1 (ISOCHORISMATE SYNTHASE1), and NPR1
(homologofArabidopsisNONEXPRESSOROFPATHOGENESIS-
RELATED GENE1, encoding a key regulator of SA-dependent
systemic acquired resistance) were higher in theCC, NB, andCN
transgenic plants than in wild-type plants before BPH infestation
(except for PAL1), and the expression of these four genes further
increased after BPH infestation (Figure 3A). LOX (LIPOXYGENASE)
and AOS2 (ALLENE OXIDE SYNTHASE2) encode regulators of
jasmonic acid (JA) biosynthesis. The expression of both of these
geneswasupregulatedafterBPH infestation inboth transgenicand
wild-type plants, suggesting that JA-dependent pathways might
be involved in the basal defense response to BPH (Figure 3A).
To confirm these findings, we also measured the levels of SA,

JA, and JA-Ile in the leaf sheaths of rice plants. The SA con-
centrations were significantly higher in the CC, NB, and CN
domain-expressing transgenic lines than in the wild type and the
FL BPH14 transgenic line before BPH infestation, suggesting that
enzymes involved in the biosynthesis of these phytohormones
are constitutively expressed in transgenic lines expressing the

Figure 1. (continued).

(E)Honeydew excretion of BPH insects on transgenic plants andKasalath plants after 2 d. Data represent themeans (30 replicateswith each repeat having
one BPH insect per rice line used for analysis) 6 SD.
(F)Weight gain ofBPH insects feedingon transgenicplants andKasalathplants for 2d.Data represent themeans (30 replicateswith each repeat havingone
BPH insect per rice line used for analysis) 6 SD.
Dataweresubjected toANOVAasdetailed inMethods, andasterisks indicatesignificantdifferencesbetween transgenicandwild-typeplants (*P#0.05;
**P # 0.01).
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resistancedomains.AfterBPH feeding, theSA levels in transgenic
lines expressing the CC, NB, or CN domains, or FL BPH14, were
significantly higher than in the wild-type plants during the early
stages of infestation and increased further during the first 48 h of
infestation, followed by a return to basal levels by 72 h after the
start of infestation (Figure 3B). The JA levels in the transgenic lines
and wild-type plants significantly increased at 3 and 6 h after the

start of BPH feeding but returned to the basal levels by 12 h and
remained static thereafter (Figure 3B). JA-Ile, the active formof JA,
is a major regulatory hormone that controls JA-responsive gene
expression and the production of secondary metabolites after
biotic stress. The levels of this phytohormone exhibited similar
trends to those of JA in the transgenic lines and wild-type plants
following BPH infestation, although they increased more rapidly

Figure 2. Assessment of Cell Death Induced by BPH14 and Its CC and NB Domains.

(A)Relative LUC activity in rice protoplasts expressing BPH14 and the CC, NB, and CNdomains. Protoplasts transformedwith empty vector were used as
controls (CK).Averagevaluesandstandarddeviationswerecalculated fromeight replicate samples, andvalueswerenormalizedwith respect to theaverage
values of CK. Data were subjected to ANOVA as detailed in the Methods and indicated no statistically significant difference between the protoplasts
transformedwith theCC,NB, andCNdomainsandFLBPH14and thecorrespondingcontrol (CK). Theexperimentwas repeated three times, yielding results
equivalent to those shown in all cases.
(B) Protein immunoblotting of BPH14 and the CC, NB, and CN domains expressed in rice protoplasts. Ponceau staining of the Rubisco small subunit was
used to demonstrate equal loading in all cases except where otherwise specified.
(C) Protein immunoblotting of BPH14 and the CC, NB, and CN domains expressed in N. benthamiana leaves. Total protein was extracted from
N. benthamiana leaves at 48 h after agroinfiltration. Asterisks are used to indicate nonspecific signals throughout this article except where otherwise
specified. The autoactivated mutant construct RPM1 (D505V) was not detected because of cell death.
(D) Cell death-inducing activity of BPH14 and the CC, NB, and CN domains in N. benthamiana leaves. Cell death symptoms were visualized at 48 h after
agroinfiltration. An autoactivated mutant construct, RPM1 (D505V), and a YFP construct were used as positive and negative controls, respectively.
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and strongly (Figure 3B). Together with the expression patterns of
SA and JA biosynthesis-related genes, these results suggest that
theCCandNBdomains of BPH14mildly activate theSA signaling
pathway in the absence of BPH feeding and further enhance this
activation in response to BPH feeding in rice.

Defense Reactions Are Activated by the CC and NB
Domains of BPH14

To characterize the defense responses activated by the CC and
NB domains of BPH14, we investigated reactive oxygen species
(ROS) generation, defense gene expression, and callose de-
position in the transgenic plants after BPH infestation. As before,

rice protoplasts were transformed with the CC, NB, or CN
domains, or with FL BPH14. ROS production was then measured
in these protoplasts histochemically using the probe 29,79-
dichlorodihydrofluorescein diacetate (H2DCFDA). Rice proto-
plasts overexpressing the CC, NB, or CN domains, or FL BPH14,
exhibited significantlymore intensegreenH2DCFDAfluorescence
(P < 0.01) than the CK controls, indicating enhanced intracellular
ROSaccumulation (Figure 4A). A luminol-based extracellular ROS
assay revealed that rice protoplasts transfected with an empty
vector exhibited no detectable ROS production, whereas those
treatedwithchitinexhibited rapidand transientROSaccumulation
within 20 min (Supplemental Figure 8). Protoplasts transfected
with constructs harboring the CC, NB, or CN domains, or FL

Figure 3. Phytohormone Responses to BPH Feeding in Transgenic Lines Expressing BPH14 and Its CC, NB, and CN Domains.

(A) Expression analysis of phytohormone-response genes. EDS1, PAL, and ICS1 are SA biosynthesis-related genes. NPR1 encodes a key regulator of
SA-dependent systemic acquired resistance. LOX and AOS2 are JA biosynthesis-related genes. Rice ACTIN1 was used as a reference control. Gene
expression was quantified relative to the value obtained from 0-h susceptible samples. Data represent the means (three biologically independent ex-
periments for gene expression) 6 SD.
(B) Endogenous levels of SA, JA, and JA-Ile in rice plants. Data represent the means (three biologically independent experiments for hormone con-
centration) 6 SD.
Datawere subjected toANOVAasdetailed inMethods, and asterisks show significant differences between transgenic andwild-type plants at the indicated
time points after the start of BPH feeding (*P # 0.05; **P # 0.01).
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Figure 4. Induction of the Defense Response by the CC and NB Domains of BPH14 in Rice.

(A)Histochemical detection ofROS in intact rice protoplasts. The images (upper) were acquired using an epifluorescencemicroscope fittedwith aGFP filter
after rice protoplastswere transfectedwith theCC,NB,CN, andFLBPH14constructs and incubatedwith the fluorescent probeH2DCFDA.CKdenotes rice
protoplasts transfected with the empty vector. Relative pixel intensity (lower) showing corresponding quantification of H2DCFDA fluorescence in intact
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BPH14, exhibitedanoxidativeburst thatwassignificantlystronger
than that of wild-type or CK protoplasts but weaker than that of
chitin-treated protoplasts (Supplemental Figure 8). These results
indicate thatanoxidativeburstandenhancedROSproductioncan
be triggered by the isolatedCC,NB, or CNdomains, andby the FL
BPH14 protein.

Callose deposition is an important defense mechanism in
BPH14-transgenic plants that prevents planthoppers from in-
gesting their phloem sap (Hao et al., 2008; Du et al., 2009).
Transgenic plants expressing the resistance genes exhibited
larger and more numerous callose spots than wild-type plants
afterBPH feeding (Figure4B).Wealsoexamined theexpressionof
callose hydrolase-encoding genes, revealing that GNS5 and
GNS9 were downregulated in transgenic plants after infestation,
but GNS6 and GNS8 were not. The effect of these changes is to
suppress callose degradation and to ensure that the phloemsieve
tubes remain occluded (Supplemental Figure 9). The expression
patterns of these genes thus confirmed the reliability of the callose
deposition measurements.

The transcript levels of PATHOGENESIS-RELATED GENE1
(PR1b), PR4, and PR5 (but not PR10) were constitutively higher in
the resistant transgenic lines than in wild-type plants or the FL
BPH14 transgenic linebeforeBPH infestation.UponBPH feeding,
the transcript levels ofPR1b,PR4, andPR5 increasedsignificantly
in the transgenic plants (relative to thewild type) during the first 3 h
and remained high after 72 h. Conversely, PR10 transcript level in
the transgenicplants increasedsignificantlyat6hafter infestation,
increased further by 12 h, returned to the basal levels between
24 and 48 h, and then increased again by 72 h (Figure 4C). Taken
together, these results indicate that the CC and NB domains of
BPH14 trigger defense responses including ROS generation,
callose deposition, and defense gene activation.

The CC and NB Domains of BPH14 Enhance Plant
Resistance to Bacterial Blight

Considering theobservation that transgenicplants expressing the
CC or NB domains of BPH14 appeared to exhibit constitutive
activation of the SA signaling pathway and defense responses
(Figures 3 and 4), we were interested in determining the spectrum
of resistance in these plants by including additional pathogens in
our assay. We therefore evaluated the resistance level of CC,NB,
CN, andFLBPH14 transgenic andwild-typeplants to thebacterial
blight pathogen Xanthomonas oryzae pv oryzae and the fungal
blastpathogenMagnaportheoryzae. Asexpected, comparedwith

wild-type plants, the lesion area caused by X. oryzae in CC, NB,
CN, and FL BPH14 overexpressing transgenic plants and trans-
genic plants with native expression ofCC,NB, andCN (but not FL
BPH14) was significantly reduced (Figures 5A and 5B). However,
neither theCC,NB,CN, andFLBPH14overexpressing transgenic
plants nor the CC, NB, CN, and FL BPH14 native expressing
transgenic plants showed an obvious difference in disease level
afterM. oryzae infection compared with wild-type plants (Figures
5C and 5D). These results suggest that a constitutively induced
and primed defense response in transgenic plants may lead to
enhanced resistance against the bacterial pathogen X. oryzae.

BPH14 Is Localized to the Cytoplasm and Nucleus and
Forms Homocomplexes

To determine the subcellular localization of the FL BPH14 protein
and its isolated CC, NB, and CN domains, we transiently
expressed each protein fused with YFP in rice protoplasts and
visualized them by confocal laser scanning microscopy. All four
proteins were observed in both the cytoplasm and the nucleus
(Figure 6A). Subcellular fractionation of the rice protoplasts re-
vealed that the four proteins were present in both the nuclei-
depleted and nuclei-enriched fractions (Figure 6B).
Thegenesencoding thecompleteCC,NB, andCNdomainsand

FL BPH14were separately cloned into the pGADT7 and pGBKT7
vectors to create a yeast two-hybrid system. The successful
expressionofeachconstruct inyeastwasconfirmedbyproteingel
blot analysis (Supplemental Figure 10A). Experiments using this
system revealed that all three individual domains and FL BPH14
formed homocomplexes. Pairwise mating of yeast cells bearing
the CC, NB, and CN domains or FL BPH14 with themselves re-
vealedclearpositive interactionsonaTDO/X-a-Gal/AbAselection
plate (Figure 6C). To validate these results in vivo, fusions of the
four proteins with a C-terminal HA tag (CC-HA, NB-HA, CN-HA,
and FL-HA) were coexpressed in rice protoplasts with fusions of
the same protein and a C-terminal Myc tag (CC-Myc, NB-Myc,
CN-Myc, and FL-Myc). All of the expected fusion proteins were
detected in the transformed rice protoplast extracts by immu-
noblotting with anti-HA or anti-Myc antibodies, revealing that the
input constructs were all properly expressed (Figure 6D) and that
the enriched CC-HA, NB-HA, CN-HA, and FL-HA proteins in the
output were precipitated by anti-Myc antibodies, suggesting that
FL BPH14 and the CC, NB, and CN domains coprecipitated
specifically with themselves (Figure 6D). We also prepared
pUSYNE-tagged constructs (with split YFP N-terminal fragment

Figure 4. (continued).

protoplasts. The reported values are means (at least 25 protoplasts across ten or more images per genotype from three biologically independent ex-
periments)6 SD. Datawere subjected toANOVAasdetailed inMethods, and asterisks indicate significant differences between the protoplasts transformed
with the CC, NB, and CN domains and FL BPH14 and the corresponding control (CK) (*P # 0.05; **P # 0.01). Bars = 5 mm.
(B) Callose deposition in rice plants induced by BPH feeding. The images were taken at 24 h after BPH infestation. Callose deposition values are means
(15 replicates)6 SD. Datawere subjected toANOVAasdetailed inMethods, and asterisks indicate significant differences between transgenic andwild-type
plants (*P # 0.05; **P # 0.01).
(C) Expression patterns of pathogen-related genes in rice plants after BPH infestation. ACTIN1 was used as a reference control. Gene expression was
quantified relative to the value obtained from 0-h susceptible samples. Data represent the means (three biologically independent experiments for gene
expression) 6 SD. Data were subjected to ANOVA as detailed in Methods, and asterisks show significant differences between transgenic and wild-type
plants at the indicated time points after the start of BPH feeding (*P # 0.05; **P # 0.01).
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Figure 5. Bacterial and Fungal Pathogen Resistance Test of CC, NB, CN Domain- and BPH14-Expressing Transgenic Plants.

(A) Bacterial pathogen resistance phenotypes of wild-type Kasalath and BPH14- and CC, NB, and CN domain-expressing transgenic T2 lines infected by
X.oryzae. Thirty leavesofequal size (the fourth leaf at the four-leaf stage) fromeach rice linewere inoculatedwithX.oryzae (93108colony-formingunits/mL),
and phenotypes were recorded in 10 d after inoculation. Bars = 1 cm.
(B) The mean lesion area per leaf (lesion length/leaf length) of the 30 leaves used in (A).
(C) Fungal pathogen resistance phenotypes of wild-type Kasalath andBPH14- andCC,NB, andCN domain-transgenic T2 lines infected byM. oryzae (13
106 colony-formingunits/mL). Tenplants at the four-leaf stage fromeach rice linewere inoculatedwithM.oryzae, andphenotypeswere recorded in 6dafter
inoculation. Bars = 1 cm.
(D) M. oryzae disease severity in the investigated rice lines. Higher scores correspond to lower levels of disease resistance.
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expression) derived from the FL BPH14 protein and the CC, NB,
and CN domains and coexpressed them in rice protoplasts with
fusions of the same protein tagged with pUSYCE (giving split
YFP C-terminal fragment expression). As expected, the results
showed that the CC, NB, and CN domains and the FL BPH14
protein could interactwith themselves in both the cytoplasmand
nucleus (Figure 6E). These results support the conclusion that
the CC, NB, and CN domains, and the FL BPH14 protein, are
localized to the cytoplasm and nucleus and form homo-
complexes in vivo and in vitro.

BPH14 Interacts with Transcription Factors WRKY46
and WRKY72

To explore the possibility that the role of BPH14 in defense sig-
naling involves direct interactions with rice WRKY TFs such as
MLA10 and Pb1 (Shen et al., 2007; Inoue et al., 2013), we per-
formed targeted yeast two-hybrid experiments to investigate the
interactions between these proteins. Building on the work of Xie
et al. (2005), we gathered information about rice WRKY genes,
amplified the cDNA sequences of rice WRKY genes from indica
rice 9311, and separately cloned these sequences into the
pGADT7 vector. BPH14was then cloned into the pGBKT7 vector
to create a yeast two-hybrid system. We then examined mating
combinations involving BPH14 and WRKY46 or WRKY72 and
observed a clear positive interaction on the corresponding plates
(Supplemental Figure 11). Specifically, combinations in which
pGADT7-WRKY46 and pGADT7-WRKY72 mated with pGBKT7-
CC,pGBKT7-NB,pGBKT7-CN,orpGBKT7-FLgrewwell onTDO/
X-a-Gal/AbA plates, showing that the CC, NB, and CN domains,
and the FL BPH14 protein, all interacted with WRKY46 and
WRKY72 in yeast cells (Figure 7A). The identities of the proteins
expressed in yeast cells were confirmed by protein gel blot
analysis (Supplemental Figures 10B and 10C).

We performed coimmunoprecipitation experiments to confirm
the interactions of the CC and NB domains of BPH14 with
WRKY46 andWRKY72. To this end, CC-HA, NB-HA, CN-HA, and
FL-HA were coexpressed with WRKY46-Myc or WRKY72-Myc in
rice protoplasts (Figure 7B). Immunoprecipitation with anti-Myc
antibodies caused CC-HA, NB-HA, CN-HA, and FL-HA to co-
precipitatewithWRKY46-MycandWRKY72-Myc (Figure7B), and
subsequent immunoblotting assays confirmed that the FLBPH14
protein and its CC, NB, and CN domains all interacted with
WRKY46 and WRKY72 in rice cells.

Subcellular fractionation of rice cells from WRKY46- and
WRKY72-overexpressing protoplasts revealed the presence of
WRKY46 and WRKY72 in nuclei-enriched fractions but not in
nuclei-depleted fractions, indicating that both transcription fac-
torswere localized to thenucleus (Figures7Cand7D).Toverify the
interactions of FL BPH14 and its CC, NB, and CN domains with
WRKY46 and WRKY72, we performed bimolecular fluorescence

complementation (BiFC) experiments using constructs express-
ing WRKY46 and WRKY72 tagged with pUSYCE and constructs
expressing FL BPH14 or its CC, NB, or CN domains tagged with
pUSYNE. In addition, nuclear-localized WRKY74 tagged with
pUSYCEwas used as a negative control (Supplemental Figure 11)
(Dai et al., 2016). The FL BPH14 protein and its domains all in-
teractedwithWRKY46andWRKY72, but notwithWRKY74, in the
nucleus and YFP signals overlapped with DRN-CFP signals,
confirming its nuclear localization (Figure 7E); the proper ex-
pression of the fusion proteins of the negative control was verified
by protein gel blot analysis (Supplemental Figure 12). In summary,
we demonstrated that two transcription factors, WRKY46 and
WRKY72, interact with the CC, NB, and CN domains and the FL
BPH14 protein in vivo and in vitro. We detected reduced ex-
pression ofWRKY46 at 24 and 72 h after the start of BPH feeding
in the transgenic lines relative to wild-type plants. However,
WRKY72 transcript levels were significantly higher in the trans-
genic lines than in wild-type plants between 48 and 72 h after the
start of BPH infestation (Supplemental Figure 13).

Binding to BPH14 Stabilizes WRKY46 and WRKY72

WhenWRKY46 andWRKY72 were expressed in rice protoplasts,
the addition of the proteasome inhibitor MG132 resulted in their
accumulation, suggesting that both transcription factors are
subject degradation by the ubiquitin proteasome system (UPS) in
rice cells. Furthermore, coexpression of the CC, NB, or CN
domains or the FL BPH14 protein instead of MG132 stabilized
WRKY46andWRKY72proteins in riceprotoplasts (Figures8Aand
8B). Additionally, increasing the levels of FL BPH14 or its CC, NB,
or CN domains caused a gradual increase in the accumulation of
WRKY46 andWRKY72, but gradually increasing the levels of GFP
or truncated GFP derivatives caused no such changes in WRKY
protein accumulation (Figures 8C and 8D). These results suggest
that the CC, NB, and CN domains and the FL BPH14 protein
protectWRKY46andWRKY72 fromUPS-dependent degradation
through a protein-protein interaction.
We performed chromatin immunoprecipitation (ChIP) analysis

to identify promoters that may interact directly with WRKY46 or
WRKY72 in rice protoplasts. After theChIP test, the enrichment of
specific DNA fragments in the immune precipitate was deter-
mined by ChIP sequencing. This yielded two sets of ChIP se-
quencing results,withseveral commoncandidategenesaswell as
several genes thatwere only enriched byoneWRKYprotein.Most
of these candidate genes are somehow related to defense
responses (Supplemental Data Sets 2 and 3). Two that drew our
attention were LOC_Os09g39640.1 and LOC_Os01g67364.1.
LOC_Os09g39640.1 (RLCK281) encodes a receptor-like cyto-
plasmic kinase (Vij et al., 2008), while LOC_Os01g67364.1
encodes a protein with a glucan synthase component that is
predicted to be similar to CALLOSE SYNTHASE5 isoform X1.

Figure 5. (continued).

The data represent themeans (30 leaves or 10 plants in each transgenic line used forX. oryzae orM. oryzae disease resistance analysis for one independent
experiments)6 SD. Data were subjected to ANOVA as detailed inMethods, and asterisks indicate significant differences between transgenic andwild-type
plants (*P # 0.05; **P # 0.01). Three biological repeats (independent experiments) were conducted.
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Figure 6. BPH14 Protein Localizes to the Cytoplasm and Nucleus and Forms Complexes.

(A) BPH14 and the CC, NB, and CN domains are localized to the cytoplasm and nucleus of rice protoplasts. DRN-CFP was used as a nucleus marker.
Confocal images of protoplasts were taken 16 to 22 h after transfection. Bars = 5 mm.
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Bioinformatic analysis of the putative promoter regions (i.e., the
sequences 2 kb upstream of the translational start codon) of
RLCK281 and LOC_Os01g67364.1 identified W-box elements
(W-boxRLCK281 and W-boxLOC_Os01g67364.1) that are recognized by
WRKY transcription factors (Supplemental Figure 14). The in-
teractions of WRKY46 and WRKY72 with W-boxRLCK281 and
W-boxLOC_Os01g67364.1 were verified in by yeast one-hybrid
analysis: Yeast cotransformedwithWRKYs andW-boxRLCK281 or
W-boxLOC_Os01g67364.1 grew well in selective medium, indicating
that WRKY46 or WRKY72 bound specifically to W-boxRLCK281
and W-boxLOC_Os01g67364.1 (Figure 9A). The presence of the DNA
bait in the yeast genome and the prey protein in the yeast cells
was verified by yeast colony PCR and immunoblotting experi-
ments, respectively (Supplemental Figures 15A and 15B).

Electrophoretic mobility shift assays (EMSAs) revealed that
purified 63His-WRKY46 and 63His-WRKY72 fusion proteins
bound specifically to W-boxRLCK281 and W-boxLOC_Os01g67364.1,
respectively, but not to the mutant probes (designated
mW-boxRLCK281 and mW-boxLOC_Os01g67364.1) in which the TGAC
sequence of each W-box was changed to TGAA (Figures 9B
and 9C; Supplemental Figure 14B) (Yu et al., 2001). The specific
probe binding was outcompeted by the respective nonlabeled
W-boxRLCK281 and W-boxLOC_Os01g67364.1 probes, but not by the
mutant probes (Supplemental Figure 16). To assess whether the
presence of the CC, NB, and CN domains or FL BPH14 affects
the specificity or selectivity of the interacting WRKYs in rice, we
expressed WRKY46-Myc or WRKY72-Myc in wild-type and
transgenic protoplasts, respectively, and performed ChIP assays
using anti-Myc antibody. qPCR analyses of immunoprecipitated
chromatin were performed for the promoter region of RLCK281
and LOC_Os01g67364.1, which harbor W-boxRLCK281 and
W-boxLOC_Os01g67364.1. Significant enrichment of the DNA seg-
ments (CQ1-F/CQ1-R for the RLCK281 promoter and CQ2-F/
CQ2-R for the LOC_Os01g67364.1 promoter) was detected
by qPCR in the CC, NB, and CN domains or FL BPH14-
overexpressing transgenic protoplast samples comparedwith the
wild type (Figures 9D to 9G). Also, coexpression of WRKY46 or
WRKY72with the FLBPH14 protein or its CC, NB, or CN domains
enhanced the luciferase activity of theRLCK281 promoter relative
to that detected in the CK control (Figure 9H). Conversely, the
luciferase activity of the LOC_Os01g67364.1 promoter was en-
hanced by coexpression of these domains with WRKY46 but
not by coexpression with WRKY72 (Figure 9I). These results
strengthen the conclusion that BPH14 plays crucial roles in
stabilizingWRKY46 andWRKY72 in rice and that this stabilization

enhances the binding of WRKY46 and WRKY72 to the promoter
regions of RLCK281 and LOC_Os01g67364.1 and affects the
expression of these candidate defense-related genes.

DISCUSSION

BPH14, a rice gene that confers resistance to the insect brown
planthopper, encodes a CC-NB-LRR protein. In this study, we
conducted a structure-function analysis of BPH14 protein and
demonstrated that plants transformedwith genes encoding theCC
orNBdomainsaloneor theircombinationconferredasimilar levelof
BPH resistance to transgenic lineswith the full-lengthBPH14gene.
The CC and NB domains of BPH14 activate the SA signaling
pathwayanddefense reactions.Overexpressionof theCC,NB,and
CN domains and FL BPH14 proteins induced oxidative bursts and
enhancedROSproduction butwithout cell death. TheCC,NB, CN,
and FL BPH14 proteins interacted with themselves and with the
transcription factors WRKY46 and WRKY72. ChIP analyses iden-
tified the target genes of WRKY46 and WRKY72. We further
demonstrated that binding to FL BPH14 or its CC, NB, and CN
domains stabilizedWRKY46andWRKY72and increasedWRKY46
andWRKY72-dependent transactivation activity, thus potentiating
defense gene expression and immune responses.

The CC and NB Domains Are Necessary and Sufficient for
Planthopper Resistance

BPH14 encodes a CNL protein that confers resistance to insect
planthoppers. We demonstrated that the CC and NB domains of
BPH14 are necessary and sufficient for BPH resistance and
signaling pathway activation. In detail, transgenic plants carrying
the CC domain, the NB domain, or both exhibited comparable
levels of BPH resistance to transgenic plants expressing the
complete BPH14 protein. Conversely, transgenic plants ex-
pressing theLRRdomainor constructs featuring this domainwere
not resistant to BPH. In general, plants resist insect pests using
mechanisms based on antixenosis or antibiosis (Painter, 1951).
We previously showed that BPH14 has antibiotic but not anti-
xenotic activity toward BPH insects (Du et al., 2009). Here, we
found that transgenic plants expressing the CC and NB domains
also exhibited an antibiotic but not an antixenotic effect toward
BPH, suggesting that the individual domains induce the same
resistancemechanism as BPH14.We therefore conclude that the
BPH14 CC and NB domains constitute minimal functional mod-
ules forBPH resistance initiation.Other disease resistanceprotein

Figure 6. (continued).

(B) Protein gel blot analysis of BPH14 and the CC, NB, and CN in cytoplasm (Cyto) and nucleus (Nuc) fractions. Nuclei-depleted and nuclei-enriched
fractionswere prepared from rice protoplasts and analyzed by protein gel blot analysis. Ten-fold equivalents of nuclei-enriched fractionswere used relative
to the nuclei-depleted fractions. BPH14 and the CC, NB, and CN domains were detected in nuclei-depleted and nuclei-enriched fractions using anti-Myc
antibody. Histone H3 was used as a nucleus marker, and ACTIN and GAPDH as cytoplasm markers. Molecular masses (in kilodaltons) are indicated.
(C) Results of yeast two-hybrid assay of self-interaction of BPH14 and the CC, NB, and CN domains.
(D)Coimmunoprecipitationassayof homocomplexes.BPH14and theCC,NB,andCNdomainswere transiently expressed in riceprotoplasts andanalyzed
by coimmunoprecipitation. Molecular masses (in kilodaltons) are indicated.
(E)BiFC visualization of self-interaction of BPH14 and theCC,NB, andCNdomains in rice protoplasts. TheYFP vector served as a transfected control. The
DRN-CFP vector served as a nucleus marker. Confocal images of protoplasts were taken 16 to 22 h after transfection. Bars = 5 mm.

3168 The Plant Cell

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/29/12/3157/6100478 by W

uhan U
niversity Library user on 04 April 2022

http://www.plantcell.org/cgi/content/full/tpc.17.00263/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00263/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00263/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00263/DC1


Figure 7. Transcription Factors WRKY46 and WRKY72 Interact with BPH14.

(A) Yeast two-hybrid assay of the interactions between two WRKY TFs and BPH14 or its CC, NB, or CN domains.
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domains that induce the same level of resistance as the parent
protein include the CC domains of MLA10 (Maekawa et al., 2011),
Rp1-D21 (Wang et al., 2015a), Sr33 and Sr50 (Cesari et al., 2016),
and the CN domain of RPS5 (Ade et al., 2007). NB domains have
also been associated with downstream signaling leading to the
activationofdisease resistance in thecaseof thepotatoRxprotein
(Rairdan et al., 2008) and Sw-5b (De Oliveira et al., 2016). Rairdan
et al. suggested that most NB domains are innately unstable,
which would explain why their ability to trigger resistance is rarely
observed. However, the NB domain of BPH14 (and all of its other
domains) exhibited stable protein accumulation, which may be
why it inducedobservable resistance (Supplemental Figures2and
4). Our results show that a P-loop mutation (K213R) in BPH14
abolished its ability to trigger BPH resistance, indicating that
nucleotidebindingandhydrolysiscontrolledby theNBdomainare
critical for regulating NB-LRR protein activity and that the sig-
naling role of the NB domain in disease and insect resistance is
evolutionarily conserved. However, the CC domain of BPH14
conferred P-loop-independent BPH resistance, implying that it
might mimic a postactivation state of BPH14 such that the P-loop
functionality is no longer required for resistance induction. We
speculate that the C-terminal LRR domain of BPH14 plays
a negative regulatory role in BPH14-mediated BPH resistance, as
has been reported for the LRR domains of some NB-LRR disease
resistance proteins (Bai et al., 2012; Takken and Goverse, 2012;
Slootweg et al., 2013). The isolated CC and NB domains do
not appear to be limited by interaction with the LRR domain or
nucleotide hydrolysis, which may also play a negative role in
signaling activation.

Overexpressing single components of disease resistance
proteins canactivate thedownstreamdefense responsepathway,
a phenomenon termed the “overdose effect” (Tao et al., 2000).
Full-length proteins for which this is true include Rx (Bendahmane
et al., 1999), RPM1 (Boyes et al., 1998), RPS2 (Tao et al., 2003), Prf
(Oldroyd and Staskawicz, 1998), Sw-5b (De Oliveira et al., 2016),
andRCY1 (Satoet al., 2014); this has alsobeenobserved for some
single signaling component of CNLs such as MLA10 (Maekawa
et al., 2011), Rp1-D21 (Wang et al., 2015a), NRG1 and ADR1
(Collier et al., 2011), Sr33 andSr50 (Cesari et al., 2016), andRPS5,
which combines two signaling components (Ade et al., 2007). We
transformed the BPH-susceptible rice variety Kasalath rice with
the CC domain of BPH14, the NB domain, and a construct ex-
pressing both these domains under the control of the UBI

promoter or the nativeBPH14 promoter to create overexpressing
and native expression lines. All lines exhibited resistance to BPH
infestation based on the same mechanism of antibiosis. These
results suggest that BPH14-induced resistance is finely regulated
and involves a system that is sufficiently sensitive for native ex-
pression to exceed the threshold required for the activation of
downstream responses.

The CC and NB Domains Activate a Defense-
Signaling Pathway

Our experiments demonstrated that the CC and NB domains
activate signaling pathways in the same manner as BPH14. ROS
production is a key early defense response in plant innate im-
munity (Boller and Felix, 2009), and rapidROSaccumulation plays
a central signaling role in response to pathogen invasion (Foyer
andNoctor, 2005;Mittler et al., 2011;Ge et al., 2015). In this study,
the CC and NB domains, as well as the FL BPH14 protein, en-
hanced intracellular ROS accumulation, suggesting that ROS
contribute to the BPH resistance conferred by BPH14.
SA and JA are well-established plant signaling molecules that

mediate defense responses to insects (Walling, 2000; Li et al.,
2006; Zarateet al., 2007;Duet al., 2009;Browse, 2009;Zhaoet al.,
2016). The transcript levels of SA biosynthesis-related genes
accumulatedmore rapidly and weremaintained at higher levels in
CC and NB transgenic plants than in wild-type plants. This was
accompanied by a similar increase in SA concentration, sug-
gesting that endogenous SA and SA-dependent signaling path-
ways contributed to BPH resistance in the CC and NB transgenic
lines (Figure 3). The transcript levels of JA biosynthesis-related
genes increased in both transgenic and wild-type plants upon
BPH infestation, and this change was accompanied by a parallel
increase in JA and JA-Ile concentrations (Figure 3). These results
indicate that JA signaling is involved in the basic BPH resistance
response in rice.
It is well documented that plants produce and accumulate

pathogenesis-related proteins (PR proteins) that are induced by
biotic or abiotic stress and participate in defense responses (Sels
et al., 2008).We found that the transcript levelsofPR1b,PR4,PR5,
and PR10 increased upon BPH feeding in CC and NB transgenic
plants, suggesting that the PR proteins are associated with CC-,
NB-, and BPH14-induced BPH resistance (Figure 4C). In-
terestingly, even before BPH infestation, the CC and NB

Figure 7. (continued).

(B) Coimmunoprecipitation showing the interactions between BPH14, the CC, NB, and CN domains, and two WRKY TFs. BPH14 or the CC, NB, and CN
domainsandWRKY46orWRKY72were transiently expressed in riceprotoplastsandanalyzedbycoimmunoprecipitation.Molecularmasses (inkilodaltons)
are indicated.
(C)WRKY46 andWRKY72 are localized to the nucleus in rice protoplasts. DRN-CFPwas used as a nucleusmarker. TheYFP vector served as a transfected
control. Confocal images of protoplasts were taken 16 to 22 h after transfection. Bars = 5 mm.
(D)Proteingel blot analysisofWRKY46andWRKY72 in thecytoplasm (Cyto) andnucleus (Nuc) fraction.Nuclei-depletedandnuclei-enriched fractionswere
prepared from rice protoplasts and analyzed by protein gel blot analysis. Ten-fold equivalents of nuclei-enriched fractions were used relative to the nuclei-
depleted fractions. WRKY46 andWRKY72were detected in nuclei-enriched fractions using anti-Myc antibody. Histone H3was used as a nucleusmarker,
and ACTIN and GAPDH as cytoplasm markers. Molecular masses (in kilodaltons) are indicated.
(E)BiFCvisualizationof the interactionsofBPH14or theCC,NB,andCNdomainswithWRKY46orWRKY72 in transiently coexpressed riceprotoplasts. The
YFP vector served as a transfected control. The DRN-CFP vector served as a nucleusmarker. The rice nuclear proteinWRKY74 served as a BiFC negative
control. Confocal images of protoplasts were taken 16 to 22 h after transfection. Bars = 5 mm.
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transgenic plants exhibited significantly increased ROS pro-
duction, transcript levels of SA-dependent signaling pathway
genes, SA levels, and transcript levels ofPRgenes relative towild-
typeplants. It thusappears that their defensemechanismswere at
least partially constitutively active in the absence of the LRR
domain. This hypothesis is also supported by the finding that

transgenic plants that were undergoing a constitutively induced
defense response were in a primed state, which positively reg-
ulates plant resistance to the bacterial blight pathogen X. oryzae.
Moreover, the primed state plays a role in reducing grain size,
resulting in a large reduction ingrainweight.Callosedeposition on
the sieve plates is an important defensemechanism that prevents

Figure 8. BPH14 Protects WRKY46 and WRKY72 Proteins from Degradation.

(A) and (B) Coexpression of BPH14 or the CC, NB, and CN domains enhancedWRKY46 (A) andWRKY72 (B) accumulation in rice protoplasts. WRKY46-
Myc or WRKY72-Myc were translated in rice protoplasts in the absence (CK) or presence of MG132, or cotransfected with BPH14 or the CC, NB, and CN
domains, and detected by protein gel blot analysis. The truncatedGFP (GFP-short [GFP-s.]) or GFP served as a control. The figure is representative of three
independent experiments.
(C) and (D) Dosage effect of BPH14 and the CC, NB, and CN domains on WRKY46 (C) and WRKY72 (D) accumulation. Rice protoplasts transfected with
WRKY46-Myc (C) or WRKY72-Myc (D)were cotransfected with different amounts of CC-Myc, NB-Myc, CN-Myc, and FL-Myc. GFP-s.-Myc or GFP-Myc
served as a control.
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Figure 9. WRKY46 and WRKY72 Bind Specifically to W-BoxRLCK281 and W-BoxLOC_Os01g67364.1.

(A)Results of yeast one-hybrid assay showing the interactions ofW-boxRLCK281 andW-boxLOC_Os01g67364.1 withWRKY46 andWRKY72. Four tandemcopies
of theW-boxsequences (43W-boxRLCK281and43W-boxLOC_Os01g67364.1) insenseorientationwereusedasbait, andconstructsofWRKY46orWRKY72fused
toSV40NLS-GAL4ADasprey.AGAL4-AD fusionof themurinep53proteinandabait construct containing its target sequence (p53DBS)servedascontrols.
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Figure 9. (Continued)

Five-microliter portions of serial dilutions of single transformants in SD liquid medium (1022, 1023, 1024, and 1025) were dropped onto SD medium
containing either leucine (+L) or 200 ng/mL AbA (+AbA200). The experiment was repeated twice with similar results.
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planthoppers from ingestingphloemsap (Haoetal., 2008). TheCC
and NB transgenic plants exhibited dramatic increases in the
number of callose staining spots after BPH infestation. Taken
together, these results strongly suggest that the CC and NB
domains activate the same defense-signaling pathways as the
full-length BPH14 protein.

BPH14 Does Not Induce HR-Like Cell Death

In the plant resistance response to pathogens, the activation of an
NB-LRR gene is generally (but not always) associated with the
induction of programmed cell death responses. This leads to the
rapid appearance of necrotic lesions resulting from a process
known asHR-like cell death, which occurs at the site of attempted
pathogen invasion and is believed to limit the spread of biotrophic
pathogens. However, the restriction of pathogen growth does
not always correlate with cell death (Bendahmane et al., 1999;
Gassmann, 2005; Coll et al., 2011; Heidrich et al., 2011). Although
the transgenic plants were resistant to planthoppers, neither
the isolated CC and NB domains nor the FL BPH14 protein in-
duced hypersensitive cell death when expressed transiently in
the authentic system (rice protoplasts) or an ectopic system
(N. benthamiana leaves) (Figures 2A and 2D). Indeed, there is
a growingbodyof evidence indicating that disease resistance and
HR-related programmed cell death are distinct processes. Sup-
port for this hypothesis comes fromstudies onRx (Slootweget al.,
2010), RPS4 (Heidrich et al., 2011), and N (Bhattacharjee et al.,
2009). Moreover, cell death appears to be uncoupled from the
defense mechanisms induced by plant disease resistance genes
encoding R proteins such as Rdg2a (Bulgarelli et al., 2010), Rrs1
(Lehnackers and Knogge, 1990), Mla1 (Freialdenhoven et al.,

1994), Rx (Bendahmane et al., 1999), RPS4, RPS6 (Gassmann,
2005), and Mi-1 (Martinez de Ilarduya et al., 2003). These findings
indicate that plant immunity can be effectivewithout programmed
host cell death.
BPH is amonophagous herbivore that sucks the phloem sap of

rice plants through its stylet mouthparts with a moving feeding
style, which is very different from pathogen infection that is lo-
calized to a specific area of the plant. HR-like cell death restricts
pathogen growth and confers some level of local resistance, but
this strategy is wholly ineffective against a mobile organism such
as BPH that can simply move to another part of the plant
(Kombrink andSchmelzer, 2001). TheRxgene in potato is thought
to very rapidly induce extreme resistance to potato virus X, pre-
venting the avirulence factor from accumulating to a degree that
would otherwise trigger a more extensive host response
(Bendahmane et al., 1999). BPH14 induces antibiosis but not
antixenosis resistance to planthoppers, suggesting that the
elicitation of extreme resistance (unlike that of HR) occurs rapidly
and independently of HR,making it an efficient disease resistance
mechanism (Künstler et al., 2016). A rapid oxidative burst appears
to play a role in HR-independent extreme resistance, enabling
a rapid and usually symptomless process that eliminates
pathogens promptly without overly stressing the plant’s resource
reserves (Figure 4A; Supplemental Figure 8) (Hafez and Kiraly,
2003; Bacsó et al., 2011). We also propose that inducible re-
sponses giving rise to physical and chemical barriers to BPH
infection in the cell walls (such as callose deposition) and in-
tercellular spacesof the riceplant representmechanismsbywhich
BPH14 mediates resistance to BPH infestation without inducing
hypersensitive cell death (Figure 4B; Supplemental Figure 9).

Figure 9. (continued).

(B)Purified 63His-WRKY46 and 63His-WRKY72 proteins used in the EMSA. Protein concentrationswere determined by theBradford assay. Portions (1.5
and 3.0 mg) of purified 63His-WRKY46, 63His-WRKY72, and BSAwere separated in a 10%SDS polyacrylamide gel and stained with Coomassie brilliant
blue. Molecular masses (in kilodaltons) are indicated.
(C) EMSA showing thatWRKY46 andWRKY72 bound specifically to theW-boxRLCK281 andW-boxLOC_Os01g67364.1 probes. Positions of bound and free DNA
probes are indicated on the left. Note that alongwith differences in amounts (in nanograms) of proteins to DNA probes, the gradually increasing band shifts
with W-boxRLCK281 (upper panel) and W-boxLOC_Os01g67364.1 (lower panel) probes but not mutant probes (mW-boxRLCK281 and mW-boxLOC_Os01g67364.1), in-
dicating that WRKY46 and WRKY72 bind specifically to the W-boxRLCK281 and W-boxLOC_Os01g67364.1 probes, respectively. Each EMSA experiment was
repeated three times with similar results.
(D) to (G)WRKY46 andWRKY72 proteins bound to the promoter regions ofRLCK281 ([D] and [F]) and LOC_Os01g67364.1 ([E] and [G]) analyzed byChIP
assay. Rice protoplast samples were prepared using wild-type Kasalath (WT) and transgenic plants (CC-OE, NB-OE, CN-OE, and FL-OE), which were
transfectedwithWRKY46-Myc ([D] and [E]) orWRKY72-Myc ([F] and [G]). The qPCRwas conducted before immunoprecipitation (input), after IPwith anti-
Myc antibody (+ Antibody), or after IP without anti-Myc antibody (2 Antibody). The presented percentage of PCR product from IP is relative (IP/input%) to
that from input. Data represent themeans (three biologically independent experiments for PCRproducts from IP)6 SD. The PCRproducts from IPwith anti-
Myc antibody all significantly differ from the PCR products from IP without anti-Myc antibody in wild-type and transgenic protoplast samples. Data were
subjected toANOVAasdetailed inMethods, andasterisks indicateasignificantdifferencebetween thePCRproducts fromIPwithanti-Mycantibody inwild-
type and transgenic protoplast samples expressing the WRKY46 and WRKY72 proteins (*P # 0.05; **P # 0.01). OE, homozygous (T3 generation)
overexpressing transgenic lines.
(H) and (I) Transactivation assay showing enhancement of RLCK281 and LOC_Os01g67364.1 transcription by BPH14 and the CC, NB, and CN domains.
The reporter construct containedputativepromoter sequences (2 kbupstreamof the translational start codon) ofRLCK281 (H)andLOC_Os01g67364.1 (I).
The reporter,WRKY46 orWRKY72, and reference (Pro35S:RLUC ) plasmids were delivered into rice protoplasts using the PEGmethod, in the absence or
cotranslated with BPH14 or theCC,NB, and CN domains. LUC reporter activity was determined and normalized to an internal Pro35S:RLUC control. The
results represent the means (eight technical replicates from one biological experiment)6 SD. Data were subjected to ANOVA as detailed in Methods, and
asterisks indicate significant differences of the transcriptional activities between the protoplasts transformedwith theWRKY46 orWRKY72, in the absence
or cotranslatedwithBPH14 or theCC,NB, andCN domains and the reporter only (*P# 0.05; **P# 0.01). Three biologically independent experiments were
performed, yielding equivalent results.
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The Oligomerization of BPH14 Is Implicated in
Plant Immunity

Previous studies on plant proteins such as the CNL receptor
Prf (Gutierrez et al., 2010; Ntoukakis et al., 2014) and RPS5 (Ade
et al., 2007) have suggested that oligomerization of plant NLRs
plays some type of role in the activation of defense mechanisms.
Crystallographic analyses of the structures and functions of the
N-terminal domains of MLA10 confirmed that they form homo-
dimers and revealed the nature of the interface for each N-terminal
dimer module. Like MLA10, the NMR structure of the wheat Sr33
protein, an ortholog of MLA, was also solved and found to form
dimers in solution. These examples suggest that self-association is
critical for signaling involving CNLs (Maekawa et al., 2011; Casey
et al., 2016). A similar mechanism has been demonstrated in more
extensive studiesofanimalNLRs.For example, upon recognitionof
invadingpathogensordangersignals,anactivatedNAIP2molecule
provides a platform for self-oligomerization of NLRC4monomer to
form a wheel-shaped oligomer called the inflammasome, in which
NLRC4 recruits caspase-1 directly through CARD-CARD inter-
actions and transduces the immune signal (Hu et al., 2015; Zhang
et al., 2015; Lu et al., 2016). Apaf-1, CED-4, and human NOD
proteins also form oligomers via NB-ARC-mediated interactions,
which may or may not be accompanied by dimerization of the
N-terminal domains in vertebrate proteins. Conversely, plant NLRs
lack the ARC3 subdomain within the NB-ARC domain, which ap-
pears to be critical for the oligomerization of animal NLRs (Proell
etal.,2008;Danotetal.,2009;Qietal.,2010;vonMoltkeetal.,2013).
Among plant NLRs, to date, only the RPS5 NB domain has been
shown to self-associate, andoverexpression of aCC-NBconstruct
of this protein induced cell death (Ade et al., 2007). Overexpression
of the isolatedNBdomainsofRxandSw-5balso inducedcell death
(Rairdan et al., 2008; De Oliveira et al., 2016). Here, we show that
the BPH14 protein and its isolated CC andNB domains can self-
associate in vivo (Figures 6C to 6E). However, our data do not
clearly distinguish between dimerization and higher-order oligo-
merization. It is therefore possible that higher-order complexes
form after the initial dimerization event, potentially giving rise to
high molecular weight complexes reminiscent of animal infla-
mmasomes (Vanaja et al., 2015).

Notably, the powdery mildew resistance receptor, i.e., the CNL
Pm8 derived from rye (Secale cereale), can form self-association
complexes with its ortholog Pm3 or with different allelic forms of
Pm3 in wheat (Brunner et al., 2011; Stirnweis et al., 2014). Since
phylogenetic analysis has shown that BPH14 is more closely
related to Pm8 than tomost other known plant disease resistance
proteins, studies on Pm8 and its ortholog Pm3may provide some
insight into its behavior. Together with our data on BPH14, this
suggests that BPH14 may work by itself or in conjunction with
orthologs to engage downstream signaling components. These
mechanistic diversities and complexities could be elucidated by
mutation analysis or crystallographic studies in the future.

Downstream Signal Transduction and Defense Mechanism
Activation by BPH14

There are some reports of activated NLRs binding to signaling
proteins and directly influencing transcriptional regulation in

plants. For example, the R protein SNC1 binds to TPR1 and the
transcription factor bHLH84 (Zhu et al., 2010; Xu et al., 2014),
N binds to the transcription factor SPL6 (Padmanabhan et al.,
2013), and RPS4 binds to the ribosome biogenesis regulator
homolog RRS1 (Williams et al., 2014). Interactions between NLRs
andWRKYTFs,whichare involved indefense signal transduction,
have also been reported in plants. For example, MLA10 interacts
with HvWRKY1 and HvMYB6 (Shen et al., 2007; Chang et al.,
2013), Pb1 interacts with WRKY45 (Inoue et al., 2013; Matsushita
et al., 2013), and Xa21 interacts with WRKY62 (Peng et al., 2008;
Park andRonald, 2012).Weobserved that the transcript levels of
WRKY46 and WRKY72 differed, suggesting that WRKY72 may
be directly involved in the defense response signaling pathway
while WRKY46 contributes in some other way (Supplemental
Figure 13). Previous data imply that WRKY46 and WRKY72
function in disease resistance signaling. WRKY46 transcript
levels were significantly repressed following plant inoculation
with avirulentM. oryzae strain CL3.6.7 (Abbruscato et al., 2012),
while WRKY72 transcript levels were highly upregulated in
9804 (a japonica rice variety, which was used as the recipient
of the maize Rxo1 gene) after inoculation with the bacterial

Figure 10. Proposed Model for the Interaction of BPH14 with WRKY46
and WRKY72 and the Initiation of Defense Signaling.

The BPH14monomers are assembled into a homodimer, which is capable
of interacting with WRKY46 and WRKY72. Coexpression of BPH14 is
considered to protect WRKY46 and WRKY72 from degradation by the
ubiquitin proteasome system. The dimer formed from BPH14 can di-
rectly interact with WRKY46 and WRKY72, thereby enhancing its W-box
binding activity and potentiating defense gene (e.g., RLCK281 or
LOC_Os01g67364.1) expression and immune responses. WRKY46 and
WRKY72 are shown as pentagons representing the conformation whose
DNAbindingactivity isenhancedbybindingof thedimer formedbyBPH14.
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pathogen, X. oryzae pv oryzicola (Zhou et al., 2010). WRKY72
protein was also specifically phosphorylated after 24 h of
X. oryzae pv oryzae infection (Hou et al., 2015).We found that the
BPH14 protein and its CC, NB, and CN domains interacted with
WRKY46 andWRKY72, protecting them fromUPS degradation.
We speculate that this stabilization of WRKY46 and WRKY72
increases their transcriptional activity or that UPS-dependent
WRKY46 and WRKY72 degradation represses the defense
mechanism.

We designed more sophisticated ChIP experiments to identify
the target genes of WRKY46 and WRKY72 to facilitate the
analysis of their functions. Yeast one-hybrid screening and
EMSA experiments revealed that the W-box elements of
RLCK281 and LOC_Os01g67364.1 interact with WRKY46 and
WRKY72, respectively. Several RLCKs are thought to play
pivotal roles in plant defense (Martin et al., 1994; Swiderski and
Innes, 2001; Zhang et al., 2010; Shi et al., 2013; Liu et al., 2011;
Feng et al., 2012; Shinya et al., 2014; Yamaguchi et al., 2013;
Dubouzet et al., 2011; Wang et al., 2015b; Zhou et al., 2016) and
are thought to be involved in connecting signal perception
by RLKs in the plasma membrane to downstream intracellu-
lar signal transduction systems. Callose synthases such as
LOC_Os01g67364.1 perform callose biosynthesis in plants (Xie
et al., 2011), and there is considerable evidence that they
function in preventing penetration by herbivores (Enrique et al.,
2011; Blümke et al., 2013, 2014; Ellinger et al., 2013). We found
that the promoters of RLCK281 and LOC_Os01g67364.1 were
associated withWRKY46 andWRKY72; the presence of the CC,
NB, and CN domains or FL BPH14 enhanced the association
between the WRKYs and the promoters of RLCK281 and
LOC_Os01g67364.1 in rice. The transactivation activities of
these genes were regulated by these two TFs, with or without
the CC, NB, and CN domains or FL BPH14. We therefore
suggest that BPH14 is involved in the transcription of some
RLCKs (e.g., RLCK281) and some callose synthase genes (e.g.,
LOC_Os01g67364.1) via its interactions with WRKY46 and
WRKY72and that theseTFsmaymediate thedefense responses
of rice to BPH attack.

In conclusion, we demonstrated that BPH14 and the isolated
CC, NB, or CN domains confer resistance to BPH infestation by
activating the SA signaling pathway. Interestingly, a recent study
reported thatPATTERN-TRIGGEREDIMMUNITYCOMPROMISED
RECEPTOR-LIKECYTOPLASMICKINASE1 (PCRK1) andPCRK2
regulate SA biosynthesis by influencing the expression of two
transcription factors,SARDEFICIENT1 (SARD1) andCALMODULIN
BINDING PROTEIN 60-LIKE.g (CBP60g), in Arabidopsis (Kong
et al., 2016). Moreover, in rice, PBL1 protein facilitates the acti-
vation of the SA-dependent pathway in the defense response
againstpathogenattack (Khareet al., 2016). Further studieswill be
needed to determine whether RLCK281 is involved in regulating
SA signaling. Additionally, studies on phytohormone defense
signaling have shown that SA treatment can affect callose syn-
thase gene expression (Jacobs et al., 2003; Dong et al., 2008).We
propose that LOC_Os01g67364.1 may function as part of a cal-
lose synthase and contribute to callose accumulation to protect
plants against BPH attack. As such, it would be interesting to
determine whether its expression correlates positively with SA
levels.

Proposed Model for the Interaction of BPH14 with WRKY46
and WRKY72 and the Initiation of Defense Signaling

Weobservedtheself-associationofBPH14and its interactionswith
WRKY46andWRKY72. In addition, we obtaineduseful information
concerning the relationship between the activation of BPH re-
sistance and the induction of signaling. Based on these results, we
developed a model of the key protein-protein and protein-DNA
interactions that function in BPH14-mediated immune responses,
which is shown in Figure 10. Ourmodel suggests that BPH14 or its
CC, NB, or CN domains form dimeric structures and recruit sig-
nalingpartners includingWRKY46andWRKY72.However,with the
exception of RLCK281 and LOC_Os01g67364.1, the downstream
signaling partners activated in this process remain unknown.
Identifying these geneswill greatly increase our knowledge of plant
resistance to insects.

METHODS

Plant Materials

The indica rice (Oryzasativa) varietyKasalath,which is susceptible toattack
by BPH (Nilaparvata lugens), was grown during the normal rice growing
seasons under natural field conditions at the Genetics Institute at Wuhan
University and was used as the transgenic acceptor and as a susceptible
ricecontrol.Nicotianabenthamianaplantsweregrown inagrowthchamber
at 22°C under high-pressure sodium lamps (200 to 300 mmol s21m22 light)
with a 16-h-light/8-h-dark photoperiod.

Insect Population Maintenance and BPH Resistance Evaluation

The BPH insects used for infestation were maintained on the susceptible
cultivarTaichungNative1 (TN1)atWuhanUniversity,China.Approximately
15 seeds harvested from each T2 individual transformant or Kasalath were
sown in a 9-cm-diameter plastic pot. At the four-leaf stage, the seedlings
were infested with second to third instar BPH nymphs at a rate of eight
insects per seedling. Once all seedlings of the susceptible control were
dead, theplantswereexaminedandeachseedlingwasassignedascoreas
described by Huang et al. (2001). At least three replicates were used for
each cultivar or line.

Host Choice Test

In the host choice test, four-leaf stage rice plants were grown in a single
plastic bucket. Two of the plants in each bucket were Kasalath, and the
other two were from one of the transgenic lines. Plants from the same
line were placed in opposition to each other. Forty third-instar BPH
nymphs were then placed in the buckets, and the number of nymphs
that settled on each plant was recorded at 3, 6, 24, 48, and 72 h after
release. Ten buckets were analyzed for each transgenic line included in
the study.

Honeydew Excretion and BPH Weight Gain Measurements

A total of 30 third-instar BPH nymphs previously starved for 2 h were
weighedand confined to a preweighedParafilm sachet attached to the leaf
sheath of a rice plant (Pathak et al., 1982). After 2 d of feeding, the sachets
were removed from the plants and the insects were removed from the
sachets. Both the insects and the honeydew in each sachet were weighed
again, and theweight differenceof theParafilm sachetwas recorded as the
honeydew excretion. The change in the insects’ weight was recorded as
the BPH weight gain.
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Bacterial and Fungal Pathogen Inoculation

To examine bacterial blight disease resistance, wild-type and transgenic
rice plants at the four-leaf stage were inoculated with the bacterial
pathogen Xanthomonas oryzae (strain PXO99) using the leaf-clipping
method (Chen et al., 2002). The inoculated plants were grown and ex-
amined under natural field conditions during the normal rice growing
season from June to August at the Experimental Station of Wuhan
University,Wuhan, China. Disease severity was scored bymeasuring the
percentage of the lesion area (lesion length/leaf length) at 10 d after
inoculation.

To evaluate fungal blast disease resistance, wild-type and transgenic
rice plants at the four-leaf stage were inoculated with the fungal pathogen
Magnaporthe oryzae (strain M13Ac007) by spray inoculation (Chen et al.,
2003). The inoculated plants were grown in a growth chamber at 28°C in
darkness for 24 h and then under a 16-h-light/8-h-dark cycle with 95%
humidity. Disease severity was scored for individual plants at 6 d after
inoculation, and the disease severity score was given following the
standard evaluation system developed by the International Rice Research
Institute,wherea scoreof 0 indicates no lesions andascoreof 9 represents
more than 75% of leaf area affected (International Rice Research Institute,
2002).

Gene Constructs

Routinemolecularcloning techniqueswereused toprepare theconstructs.
The gene constructs and primers used in this work are listed in
Supplemental Data Sets 4 and 5. All of the resulting recombinant vectors
were sequenced.

ZeBaTA-based expression vectors for gene overexpression, desig-
nated pCXUN-43HA and pCXUN-43Myc, were created by adding
a C-terminal 43HA or 43Myc tag to the pCXUN vector (Chen et al., 2009).
ZeBaTA-based expression vectors for native gene expression, designated
Rap-43Myc, were derived from pCXUN-43Myc by replacing the UBI
promoter with the native BPH14 (Ra) promoter via HindIII and BamHI di-
gestion and ligation.

The CC, NB, LRR, CN, NL, and CL fragments, the P-loop (K213R)
mutant KR, and FL BPH14 were amplified from B5 cDNA and cloned into
the vector pCXUN-43HA, while the CC, NB, and CN fragments and FL
BPH14 were amplified from B5 cDNA and cloned into the vector Rap-
43Mycusing theTAcloningsystem(Chenetal., 2009). TheP-loop (K213R)
mutant KR and CL fragments were generated by overlap extension PCR
(Ho et al., 1989; Horton et al., 1989) using two sets of primer pairs
(Supplemental Data Set 4), with FL-HA as the template. The two resulting
PCR products were joined in a second amplification step using the primer
pairs RaK213R-F/RaK213R-R and LRRPJ-F/CCPJ-R (Supplemental
Data Set 5). These constructs were used for Agrobacterium tumefaciens-
mediated transformation of Kasalath rice.

Constructs used for rice protoplast transfection and N. benthamiana
agroinfiltration experiments were generated with pCXUN-43HA and
pCXUN-43Myc. The coding sequences for theCC,NB, andCN domains,
and FL BPH14, were cloned into pCXUN-43HA, yielding vectors desig-
nated CC-HA, NB-HA, CN-HA, and FL-HA, respectively. Additionally, the
coding sequences for the CC, NB, and CN domains, FL BPH14, GFP,
truncated GFP (GFP-short), WRKY46, and WRKY72 were cloned into
pCXUN-43Myc, yielding vectors designated CC-Myc, NB-Myc, CN-Myc
and FL-Myc, GFP-Myc, GFP-short-Myc, WRKY46-Myc, and WRKY72-
Myc, respectively.

A YFP fragment was amplified by PCR using a left primer with AvrII and
SpeI sites andcloned into thevectorpCXUN-43Myc toobtain thepCXUN-
YFP-43Myc fusion construct. To analyze the subcellular localization of the
CC,NB, andCNdomains, FLBPH14,WRKY46, andWRKY72, their coding
sequences were cloned in-frame into theAvrII andSpeI sites of C-terminal
YFP, respectively, using the pCXUN-YFP-43Myc vector.

For BiFC analysis, the 35S promoters of the pSPYNE vector and the
pSPYCE vector (Walter et al., 2004) were replaced by the UBI promoters
using the HindIII and XmaI sites to obtain the pUSYNE vector and the
pUSYCE vector, respectively. The coding sequences for the CC, NB, and
CN domains, and FLBPH14, were cloned in-frame into the XmaI site of the
pUSYNE vector. The coding sequence of theCC,NB, andCN domain and
FLBPH14,WRKY46,WRKY72, andWRKY74werecloned in-frame into the
XmaI site of the pUSYCE vector.

For yeast two-hybrid analysis, the coding sequencesof theCC,NB, and
CN domains and FL BPH14 and WRKY46 and WRKY72 were separately
cloned in-frame into theNdeI and EcoRI sites of the pGBKT7 and pGADT7
vectors, yielding vectors designatedpGBKT7-CC,pGBKT7-NB,pGBKT7-
CN, pGBKT7-FL, pGADT7-CC, pGADT7-NB, pGADT7-CN, pGADT7-FL,
pGADT7-WRKY46, and pGADT7-WRKY72.

For yeast one-hybrid analysis, four copies of the bait DNA sequence
(W-box) in tandem were cloned in-frame into the HindIII and XhoI sites of the
pAbAi vector to yield bait constructs designated pAbAi-43W-boxRLCK281
andpAbAi-43W-boxLOC_Os01g67364.1. ThepGADT7-WRKY46andpGADT7-
WRKY72 constructs were used as prey.

Forexpressionandpurificationofproteinsused in theEMSA, thecoding
sequences ofWRKY46 andWRKY72were cloned into the EcoRI and XhoI
sites of the pET-28a expression vector (EMD Biosciences, Novagen),
yielding constructs designated 63His-WRKY46 and 63His-WRKY72,
respectively.

Constructs for the split luciferase assay were generated by modifying
the FRK1-LUCvector construct (Zhang et al., 2010). The reporter plasmids
ProRLCK281-LUC and ProLOC_Os01g67364.1-LUC were generated by replacing
the FRK1 sequence in the FRK1-LUC vector with the putative promoter
sequences (2kbupstreamof the translational start codon) ofRLCK281and
LOC_Os01g67364.1 using theNdeI and XhoI sites orNdeI and KpnI sites,
respectively.

Generation of Transgenic Rice Plants

Overexpression and native expression constructs of BPH14 and its iso-
lated domains were transformed into Kasalath rice using an Agro-
bacterium-mediatedmethod (Nishimura et al., 2005). T0 transgenic plants
were grown in a greenhouse under a 14-h-light/10-h-dark cycle at 28°C.

Phenotypic Evaluation

To measure grain traits, harvested rice grains were air-dried and stored
at 220°C prior to testing. Ten randomly chosen, filled grains from each
plant were lined up lengthwise along a vernier caliper to measure grain
length and then arranged by breadth and thickness tomeasure grain width
and grain thickness. The measurement was performed five times for each
plant, and each replicate was performed using 10 different grains. The
1000-grain weight was calculated based on 100 grains and converted to
1000-grain weight, the measurement was performed in triplicate for each
plant, and each replicate was performed using 100 different grains.

For seed germinationmeasurements, 50 seeds of each tested linewere
imbibed in tap water at 28°C for 5 d and transferred to Petri dishes con-
taining water-saturated filter paper to germinate. Germination rates were
scored 3 d after transfer to dishes. Seeds were regarded as having germi-
nated when the radicle was longer than 1 mm. The test was performed in
triplicate, and each biological replicatewas performed using 50 such seeds.

To measure 7-d-old seminal root length, the germinated seeds were
transferred to plastic nets that were installed on the upper surfaces of
plastic boxes that contained just enoughdistilledwater tomaintain contact
with the germinated seeds. The boxes were placed in a plant growth
chamber at 28°C for 7 d for seminal root growth. The length of each 7-d-old
seminal root was measured from the seed surface to the tip of the lon-
gest root.
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For plant morphological characterization, plant height, the length of the
fourth leaf (from the base leaf of the plant), and the width of the fourth leaf
weremeasured in rice seedlings at the four-leaf stage rice. Plant heightwas
measured from the soil surface to the tip of the tallest leaf. The length and
width of the fourth leaf weremeasured at the longest andwidest part of the
leaf blade.

Protein Extraction, Protein Gel Blot Analysis,
and Coimmunoprecipitation

Proteins from transgenic riceplantswere extracted from the leaf sheathsof
15-d-old seedling tissue for immunoblotting as described previously (Hu
et al., 2011). Fusion proteins were detected using an anti-HA antibody
(MBL; catalog no. M180-3) or an anti-Myc antibody (MBL; catalog no.
M192-3) at adilution ratioof 1:1000withdilutionbuffer (20mMTris-HCl, pH
7.4, 150 mM NaCl, 0.1% [w/v] Tween 20, and 3% [w/v] BSA), followed by
a subsequent incubation with 1:10,000 diluted secondary antibody con-
jugated to horseradish peroxidase (Jackson; catalog no. 115-035-003)
with 5% (w/v) skimmed milk.

Protein extracts from N. benthamiana leaves were prepared as de-
scribedbelow. Leaf sampleswere collected48hafter agroinfiltration. Total
soluble proteins from three 11-mm-diameter leaf discs taken from the
infiltrated area were extracted in 200 mL of 23 Laemmli buffer (Laemmli,
1970), boiled, and centrifuged. Proteins from 10 mL of the resulting su-
pernatant were separated via SDS-PAGE, and the Myc-tagged protein
fraction was detected by immunoblotting using an anti-Myc antibody
(MBL; catalog no. M192-3) at a dilution ratio of 1:1000 with dilution buffer
(20mMTris-HCl, pH7.4, 150mMNaCl, 0.1% [w/v] Tween20, and3% [w/v]
BSA), followed by a subsequent incubation with 1:10,000 diluted sec-
ondary antibody conjugated to horseradish peroxidase (Jackson; catalog
no. 115-035-003) with 5% (w/v) skimmed milk.

Protein extracts from rice protoplasts were prepared in rice protein
extractionbuffer consistingof 100mMTris-HCl (pH7.5), 1mMEDTA,5mM
MgCl2, and0.5%(w/v) TritonX-100,with2mMDTTand1mMPMSFadded
immediately before use. Total soluble proteins from rice protoplast sam-
ples comprising ;5 3 106 cells each were extracted in 200 mL of rice
protoplast protein extraction buffer. Tenmicroliters of the extract was then
separated by SDS-PAGE and subjected to immunoblotting using an anti-
HA antibody (MBL; catalog no. M180-3) or an anti-Myc antibody (MBL;
catalog no.M192-3) at a dilution ratio of 1:1000 with dilution buffer (20mM
Tris-HCl, pH 7.4, 150 mMNaCl, 0.1% [w/v] Tween 20, and 3% [w/v] BSA),
followed by a subsequent incubation with 1:10,000 diluted secondary
antibody conjugated to horseradishperoxidase (Jackson; catalog no. 115-
035-003) with 5% (w/v) skim milk. The Tanon high-sig ECL protein gel
blotting substrate was used for detection.

For rice protoplast coimmunoprecipitation assays, the CC-Myc,
NB-Myc,CN-Myc, andFL-MycconstructswerecoexpressedwithCC-HA,
NB-HA, CN-HA, FL-HA, WRKY46-Myc, and WRKY72-Myc in rice proto-
plasts. The protoplasts were incubated for 16 to 22 h after transfection,
after which total proteinswere extractedwith rice protein extraction buffer.
For anti-Myc IP, total proteins were precleared with protein G agarose
(Roche) for 1 h, followedbyprecipitationwith 2mganti-Mycantibody (MBL;
M192-3) together with protein G agarose for 4 h at 4°C. The coimmuno-
precipitated proteins were analyzed by SDS-PAGE. Immunoblot analysis
was performed using anti-Myc-tag mAb-HRP-DirecT (MBL; catalog no.
M192-7) or anti-HA-tag mAb-HRP-DirecT (MBL; catalog no. M180-7)
antibodiesatadilution ratioof1:1000withdilutionbuffer (20mMTris-HCl,pH
7.4, 150 mM NaCl, 0.1% [w/v] Tween 20, and 3% [w/v] BSA), respectively.

First-Strand cDNA Synthesis and qRT-PCR Analysis

Seeds from wild-type plants and transgenic plants expressing one of the
CC,NB, andCNdomainsorFLBPH14weresown in9-cm-diameter plastic

cups. At the four-leaf stage, plants were infested with eight second-instar
nymphs per plant and sampled after 0, 3, 6, 12, 24, 48, and 72 h. All
treatments, each with three biological replicates, with each biological
replicate having 15 seedlings per rice line used for analysis, were termi-
nated at the same time. Total RNAwas extracted from the leaf sheaths and
converted into first-strand cDNA using an oligo(dT) primer and random
6-mers from a PrimeScript RT reagent kit with gDNA Eraser (Takara; code
no. RR047Q), according to the manufacturer’s instructions, using 3 mg of
total RNA from each sample for reverse transcription. The cDNA was di-
luted 10-fold and amplified for qRT-PCR analysis. The expression of se-
lected genes was quantified by qRT-PCR using a C1000 Touch Thermal
Cycler (Bio-Rad) and the primers listed in Supplemental Data Set 6. Ex-
pression was evaluated by relative quantification (Livak and Schmittgen,
2001).

Transient Protein Expression and Cell Death Assays in
N. benthamiana

Agrobacteria-mediated transient expression (agroinfiltration) was per-
formed using the Agrobacterium strain GV3101 carrying the indicated
constructs, which was grown in Luria-Bertani liquid medium containing
50mg/mL rifampicin, 15mg/mL gentamycin, and 25mg/mL kanamycin at
28°C for 24 h. Bacteria were harvested by centrifugation, resuspended in
infiltration medium (10 mM MES pH 5.6, 10 mM MgCl2, and 150 mM
acetosyringone), grown to an OD600 of 0.5, and incubated for 2 h at room
temperature before leaf infiltration. The 4- to 5-week-old infiltrated plants
were incubated in growth chambers under controlled conditions at 22°C
with a 16-h-light period for the cell death assays.

Rice Protoplast Viability Assays

Rice protoplasts were prepared as described previously using normal
green rice seedlings instead of etiolated rice seedlings of the Nipponbare
cultivar (Chen et al., 2006). ThePro35S:RLUC (Renilla luciferase) was used
as a reporter to monitor protoplast viability (Zhang et al., 2010). Specified
combinations of constructs were cotransfected together with the Pro35S:
RLUC plasmid into rice protoplasts using the PEG method (Chen et al.,
2006). Luciferase activity wasmeasured 16 to 22 h after transfection using
a luciferase assay system (Promega), and the reduction in luminescence
was comparedwith that for a control comprising empty vector-transfected
protoplasts.

ROS Measurements

For histochemical detection of ROS in rice protoplasts, rice protoplasts
were prepared enzymatically as described above (Chen et al., 2006). After
transfection for16 to22h, theprotoplastswere resuspended inW1solution
(0.5 Mmannitol, 4 mMMES, pH 5.7, and 20 mM KCl) after rinsing with W5
(154 mM NaCl, 125 mM CaCl2, 5 mM KCl, and 2 mM MES, pH 5.7) and
allowed to sit and recover for 5 h before treatment. After resting, the
protoplasts were quantified with a hemocytometer and aliquoted into a -
24-well Corning Costar cell culture plate, where they were diluted in W1 to
a concentration of 1 3 105 cells/200 mL. The cell culture plate was then
moved to a light bank where the protoplasts were left under bright light
(100 to 150 mmol s21 m22 light) for 1 h. Prior to imaging, 750 nMH2DCFDA
(CalBioChem)wasaddedand thecellswere incubated indarkness for12 to
15 min. Images used for quantification (as shown in Figure 4A) were ob-
tained using a Leica (TCS SP8) epifluorescent microscope with a GFP
cube. Fluorescence was quantified using ImageJ from a minimum of
25 protoplasts across 10 ormore images per genotype (Henry et al., 2015).

Hydrogen peroxide contents were determined by the chemilu-
minescence method based on the Co (II)-catalyzed oxidation of luminol as
previously described (Pérez andRubio, 2006). Transfected rice protoplasts
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for histochemical ROS detection were prepared as described above. At
16 to22hafter transfection, theprotoplastswerequantifiedanddilutedwith
W5 to 1 3 105 cells/200 mL. Horseradish peroxidase (20 mg/mL; Sigma-
Aldrich) and 21 nM of the luminol derivative 8-amino-5-chloro-7-phenyl-
pyrido [3,4-d] pyridazine-1,4 (2H,3H) dione (L-012) (Wako) were added to
the protoplasts before the start of the experiment (Nishinaka et al., 1993). In
addition, crab shell chitin (200 mg/mL) was added to the prepared proto-
plasts to serve as a positive control. Luminescence was captured using
a Photek camera system and analyzed using software supplied by the
manufacturer and Microsoft Office Excel. At least three independent ex-
periments measuring hydrogen peroxide contents were performed, with
similar results on different days.

Simultaneous Quantification of Multiple Phytohormones (SA and JA)
and Hormone Metabolites (JA-Ile)

JA and SA standards were purchased from Sigma-Aldrich, and JA-Ile was
obtained from OlChemIm. The internal standards were 10-dihydro-JA
(OlChemIm) for JA and JA-Ile and naphthaleneacetic acid (OlChemIm)
for SA.

To estimate endogenous SA, JA, and JA-Ile levels, three replicates of
each frozen leaf sheathsample (;100mg foreach replicate)wereground to
a fine power in liquid nitrogen using amortar and pestle. Each sample was
then homogenized in 750mL cold extraction buffer (methanol:water:acetic
acid, 80:19:1, v/v/v) supplemented with internal standards, 10 ng
10-dihydro-JA, and 3 mg naphthaleneacetic acid and shaken at 4°C
overnight. Thesubsequent extractionprocedurewasperformedaccording
to a previous report (Liu et al., 2012), and the extracts were filtered through
a 0.22-mm nylon membrane and dried by evaporation under a flow of ni-
trogen gas for;4 h at room temperature before being dissolved in 200 mL
methanol. The samples were stored at270°C until use. The quantification
of endogenous SA, JA, and JA-Ile was performed according to a previous
report (Liu et al., 2012).

Callose Staining

Rice seedlings at the four-leaf stage that had been infested byBPH for 24 h
werefixed inanethanol:acetic acid (3:1 v/v) solution for5h.Thefixativewas
changed frequently to ensure thorough fixing and clearing of the tissues.
The seedlingswere then rehydrated successively in 70%ethanol for 2 h, in
50%ethanol for 2 h, and inwater overnight. After beingwashed three times
with water, the seedlings were treated with 10%NaOH for 1 h to make the
tissues transparent. After rinsing four times with water, the seedlings were
incubated in 150 mM K2HPO4 (pH 9.5) containing 0.01% aniline blue
(Sigma-Aldrich) for 4 h (Millet et al., 2010). The leaf sheaths were mounted
onaslide, andcallose spotswereobserved immediately under anOlympus
(BX51) microscope under the UV channel.

Subcellular Localization and BiFC Analysis

Protoplasts isolated from etiolated rice seedlings of the Nipponbare cul-
tivar were cotransfected with constructed expressing vectors and sub-
cellular localization marker DRN-CFP (Chandler et al., 2011) by previously
describedprocedures.After incubation for16 to22hat28°C, theprotoplasts
were imaged under a confocal microscope (Olympus Fluoview FV1000).

Nuclear Fractionation

Riceprotoplastswereprepared inextractionbuffer 1 (10mMTris-HCl atpH
7.5, 10mMKCl, 0.5% [w/v] Triton X-100, 1.5 mMMgCl2, 340mMsucrose,
and 10% glycerol) and incubated on ice for 10 min. Total soluble proteins
were separated by centrifugation at 1000g for 20min in buffer 1 containing
30% Percoll (Sigma-Aldrich). The nuclei-depleted supernatant was

separated and the pellet was resuspended in extraction buffer 2 (50 mM
Tris-HCl at pH 7.5, 5mMMgCl2, 1 mMDTT, and 500mMNaCl), incubated
for 10 min, and centrifuged briefly to yield a nuclei-enriched supernatant
(Inoue et al., 2013).

Yeast Two-Hybrid Assay

The Matchmaker gold yeast (Saccharomyces cerevisiae) two-hybrid
system (Clontech) was used to confirm the interactions of the CC, NB, and
CNdomains or FLBPH14with itself, and the interaction of theCC,NB, and
CNdomainsorFLBPH14withWRKY46orWRKY72.Yeast strainY2HGold
was transformed with the bait plasmid and strain Y187 was transformed
with the prey plasmid according to the manufacturer’s instructions. Co-
transformants were plated on synthetic medium lacking leucine and
tryptophan (DDO plates) or synthetic medium lacking leucine, tryptophan,
and histidine with 20 mg/mL X-a-Gal and 200 ng/mL Aureobasidin A (AbA)
(TDO/X-a-Gal/AbA plates) and incubated at 28 C for 3 d.

WRKY Protection Assay in Protoplasts

Plasmids encoding GFP-Myc or GFP-short-Myc, CC-Myc, NB-Myc,
CN-Myc, andFL-Mycwere cotransfectedwithWRKY46-MycorWRKY72-
Myc into protoplasts by the PEG method as described previously (Chen
et al., 2006). After incubation for 16 to 22 h, the transfected proteins were
detected by protein gel blot analysis.

Yeast One-Hybrid Assay

For protein-DNA interaction studies, the Matchmaker Gold Yeast One-
Hybrid Library Screening System (Clontech) was used following the
manufacturer’s protocol. The GAL4-AD fusion of the murine p53 protein
and the bait containing its target sequence (p53DBS) served as controls.
The bait constructs were digested with BstBI and transformed into yeast
strain Y1HGold, and the transformants were verified by colony PCR. The
prey constructswere then transformed into thegeneratedY1HGold strains
that harbored the cognate bait DNA sequences in their genomes.
Transformants grown on selective SDmedium at 30°C were resuspended
in 0.9% NaCl to an OD600 of 0.002, or ;2000 cells per 100 mL. Serial di-
lutions in 0.9% NaCl were dropped onto SD medium supplemented with
leucine or 200 ng/mL AbA. Transformants that appeared identical were
inspected for the presence of the bait plasmid by colony PCR and for the
expression of GAL4-AD-fusion proteins by immunoblot analysis.

EMSA

EMSAwas performed as described previously (Kay et al., 2007) with slight
modifications. Polyhistidine-tagged fusion proteins of WRKY46 (63His-
WRKY46) and WRKY72 (63His-WRKY72) were purified from Escherichia
coliBL21 cells usingNi Sepharose 6 Fast Flow (GEHealthcare; part no.17-
5318-01). Protein concentrations were determined by the Bradford assay
(Bio-Rad). Complementary pairs of nonlabeled or 59-biotin-labeled oli-
gonucleotides (Augct)wereannealed toobtaindouble-strandedDNA.DNA
primers used for EMSA are listed in Supplemental Data Set 5. EMSA was
performed with a LightShift Chemiluminescent EMSA Kit (Thermo Sci-
entific; part no. 20148) and a Chemiluminescent Nucleic Acid Detection
Module Kit (Thermo Scientific; part no. 89880) according to the manu-
facturer’s instructions.

Transactivation Assay

The constructs harboring the CC, NB, and CN domains and FL BPH14,
WRKY46, or WRKY72 were delivered into rice protoplasts by the PEG
method together with the appropriate reporter plasmid (ProRLCK281-LUC or
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ProLOC_Os01g67364.1-LUC) as described above. Pro35S:RLUC (Renilla lu-
ciferase) activity was normalized to the reference LUC activity. Luciferase
activity was measured 16 to 22 h after transfection and determined using
the Dual-Luciferase Reporter system (Promega) following the manu-
facturer’s instructions.

Reproducibility of Experiments and Statistical Analyses

The presented data generally resulted from a single biological experiment.
Unless otherwise stated, equivalent results were obtained in three bi-
ologically independent experiments. Statistical analyses were performed
by ANOVA (Supplemental Table 1). Mean valueswere separated by LSD at
P # 0.05.

DNA Isolation and DNA Gel Blot Analysis

GenomicDNAwasextracted from the leavesofwild-typeKasalath rice and
transgenic plants using the cetyltrimethyl ammonium bromide method.
The genomic DNAwas digested with the restriction endonucleases EcoRI
and BamHI, electrophoretically separated on a 1.5% agarose gel, trans-
ferred onto a Hybond N+ membrane (Amersham-Pharmacia), and probed
with hygromycin DNA labeledwith 59-biotin (Augct). Pairwise DNA primers
hygromycin-F and hygromycin-R are listed in Supplemental Data Set 5.
Hybridization and detection of nucleic acid were performed using
aNorth2SouthChemiluminescentHybridizationandDetectionKit (Thermo
Scientific; part no. 17097) and aChemiluminescent Nucleic Acid Detection
Module Kit (Thermo Scientific; part no. 89880). The membranes were
exposed to an appropriately equippedCCDcamera (Bio-Rad) toobtain the
desired signal.

BPH Survival Rate

To determine the survival rates of nymphs on rice lines, pots (containing
one plant each) were individually covered with plastic cages (diameter,
9 cm; height, 12 cm), and 10 third-instar nymphs were released into each
cage. The number of surviving BPH nymphs on each plant was recorded
everydayuntil 7dafter the introductionof theherbivore.Survival rateswere
calculated as the number of surviving nymphs divided by the total number
of nymphs released at the start of the experiment. Ten experimental
replicates were performed for each rice line, with each repeat having
10 BPH insects per rice line in each pot used for analysis.

RNA Isolation and RNA Gel Blot Analysis

Total RNA was extracted from leaf sheaths of 15-d-old seedling tissue
(almost at the four-leaf stage) and frozen in liquid nitrogen using TRIzol re-
agent (Invitrogen), followed by isopropyl alcohol precipitation. The RNAwas
then dissolved in diethyl pyrocarbonate-treated water. The concentration of
RNA was determined by spectrophotometric measurement (Perkin-Elmer).
For RNA gel blot analysis, total RNA (40 mg) was separated on a 1.5%
formaldehyde agarose denaturing gel and blotted onto Hybond N+ nylon
membranes. Specific sections ofBPH14 cDNA probeswere labeled with
59-biotin. Pairwise DNA primers northernCC-F/northernCC-R and
northernNB-F/northernNB-R are listed in Supplemental Data Set 5. Hy-
bridization and nucleic acid detection were performed using a North2South
Chemiluminescent Hybridization and Detection Kit (Thermo Scientific; part
no. 17097) and a Chemiluminescent Nucleic Acid Detection Module Kit
(Thermo Scientific; part no. 89880). The membranes were exposed to an
appropriately equipped CCD camera (Bio-Rad) to obtain the desired signal.

Yeast Colony PCR

Single yeast colonies were resuspended in 300 mL lyticase buffer (1.2 M
sorbitol, 0.1M sodium phosphate at pH 7.4, and 2.5 mg/mL lyticase

[Tiangen; catalog no. RT410]) and incubated for 1 h at 37°C. Yeast plasmid
DNA was performed using a TIANprep Yeast Plasmid DNA Kit (Tiangen;
catalog no. DP112). Five microliters of the elution was used for PCR with
DNA primers pAbAi-F2 and pAbAi-R2 (Supplemental Data Set 5).

Yeast Protein Extraction and Immunoblotting

Yeast protein extraction for immunoblotting analysis was performed using
a postalkaline extraction method (Kushnirov, 2000). Single yeast colonies
were resuspended in YPDA (1% yeast Extract, 2% peptone, 2% glucose,
and0.003%adeninesulfate) liquidmedium toanOD600=0.15andgrownat
30°C and 150 rpm to OD600 = 0.4 to 0.6. Cells from a 3 mL culture were
resuspended in 100mLdistilledwater, combinedwith 100mL 0.2MNaOH,
incubated for 5 min at room temperature, pelleted, resuspended in 50 mL
SDS sample buffer, boiled for 3 min, and pelleted again. Approximately
10 mL protein extract was separated on 10% SDS polyacrylamide gels.
Protein fusion detection was performed using anti-HA antibody (MBL;
catalog no. M180-3) or anti-Myc antibody (MBL; catalog no. M192-3).

ChIP Experiments

The ChIP experiment was performed following a previously reported
protocol (Gendrel et al., 2005) with several modifications. Approximately
9 3 106 cells from each sample of rice protoplasts transfected with
WRKY46-Myc or WRKY72-Myc were used as the starting material, and
proteins were immunoprecipitated using antibodies against Myc (MBL;
catalog no. M192-3). The precipitated DNA was purified with a Qiaquick
PCR purification kit (Qiagen; catalog no. 28104) and processed further for
ChIP-seq data processing and analysis.

For quantitative analysis of immunoprecipitated chromatin, rice pro-
toplastswere prepared fromwild-typeKasalath and transgenic plantswith
native expression or overexpression of theCC,NB, andCN domains or FL
BPH14, then transfected with WRKY46-Myc or WRKY72-Myc. Sonicated
chromatin fragments were immunoprecipitated with anti-Myc antibody
(MBL; catalog no. M192-3). The IP chromatins were analyzed by qPCR
using primer pairs CQ1-F/CQ1-R for the promoter region ofRLCK281 and
CQ2-F/CQ2-Rfor thepromoter regionofLOC_Os01g67364.1 (Supplemental
Data Set 6). The non-IP and sonicated chromatinwas used as the total input
DNA control. The percentage of immunoprecipitation (IP%) was used to
compare different samples by calculating the ratio of the amount of target
PCR product from IP relative to that from the input. The IP%was calculated
using the following formula: IP% = 22DCt (normalized ChIP), in which DCycle
threshold (DCt) = Ct [ChIP]2 (Ct [input]2 log2 input dilution factor) and input
dilution factor = (fraction of the input chromatin saved)21 in the qPCR, ac-
cording to a previous report (Haring et al., 2007).

Accession Numbers

Sequence data from this article can be found in the GenBank Database or
Rice Genome Annotation Project under the following accession numbers:
BPH14 (FJ941067.1), WRKY46 (BK005049), WRKY47 (BK005050), WRKY51
(BK005053),WRKY62 (BK005065),WRKY67 (BK005070),WRKY68 (BK005071),
WRKY69 (BK005072), WRKY72 (BK005075), WRKY74 (BK005077), RLCK281
(LOC_Os09g39640.1), LOC_Os01g67364.1 (LOC_Os01g67364.1), EDS1
(AK100117),PAL (X87946), ICS1 (AK120689),NPR1 (AY923983),LOX (D14000),
AOS2 (AY062258), PR1b (U89895), PR4 (AY050642), PR5 (X68179), PR10
(D38170), GNS5 (U72251), GNS6 (U72252), GNS8 (U72254), GNS9 (U72255),
andOsACTIN1 (AB047313). TheChIP-seq data created in this study have been
deposited in the Gene Expression Omnibus repository (GSE93607).

Supplemental Data

Supplemental Figure 1. DNA gel blot analysis of homozygous
transgenic plants.
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Supplemental Figure 2. Protein expression of BPH14 and the derived
fragments in transgenic and wild-type plants.

Supplemental Figure 3. BPH survival rate on BPH14- and CC, NB,
and CN domain-expressing transgenic plants.

Supplemental Figure 4. Expression of the CC domain, NB domain,
CN domain, and FL BPH14 in wild-type and transgenic plants.

Supplemental Figure 5. BPH resistance test of BPH14- and CC, NB,
and CN domain-expressing transgenic and wild-type rice.

Supplemental Figure 6. Characterization of insect resistance in
BPH14- and CC, NB, and CN domain-expressing transgenic rice.

Supplemental Figure 7. Phenotypes of CC, NB, and CN domain and
BPH14 transgenic plants.

Supplemental Figure 8. ROS generation in CC, NB, and CN domain-
or FL BPH14-overexpressing rice protoplast lines.

Supplemental Figure 9. Expression analysis of plant callose-related
genes in BPH14- and CC, NB, and CN domain-expressing transgenic
and wild-type rice.

Supplemental Figure 10. Accumulation of bait and prey proteins in
yeast.

Supplemental Figure 11. Screening of several rice WRKY proteins
with BPH14 identified two different BPH14 interactor clones (WRKY46
and WRKY72).

Supplemental Figure 12. Verification of negative control proteins
tested in the BiFC experiments.

Supplemental Figure 13. Expression analysis of WRKY46 and
WRKY72 in BPH14- and CC, NB, and CN domain-expressing trans-
genic and wild-type rice.

Supplemental Figure 14. Putative promoter sequences and DNA
probes of RLCK281 and LOC_Os01g67364.1.

Supplemental Figure 15. Verification of DNA bait and prey proteins in
yeast.

Supplemental Figure 16. Competitive binding assays of W-boxRLCK281
and W-boxLOC_Os01g67364.1 probe to 63His-WRKY46 and 63His-
WRKY72.

Supplemental Table 1. ANOVA tables.

Supplemental Data Set 1. Traits of wild-type Kasalath and CC, NB,
and CN domain- and BPH14-expressing transgenic plants.

Supplemental Data Set 2. List of genes significantly enriched (P <
0.05) in rice protoplasts transfected with WRKY46-Myc in a ChIP
assay.

Supplemental Data Set 3. List of genes significantly enriched (P <
0.05) in rice protoplasts transfected with WRKY72-Myc in a ChIP
assay.

Supplemental Data Set 4. Details of the gene constructs used in this
study.

Supplemental Data Set 5. List of PCR primers used in this study.

Supplemental Data Set 6. List of qPCR primers used in this study.
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