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Cultivated rice (Oryza sativa L.) grows under a wide range of 
environmental conditions; however, most rice is cultivated 
in irrigated or rain-fed fields, which provide warm, humid 

environments that promote the proliferation of insects. Hundreds 
of insect species reportedly feed on rice1, but the brown planthop-
per (Nilaparvata lugens Stål; hereafter referred to as BPH) and the 
white-backed planthopper (Sogatella furcifera Horvath; hereaf-
ter referred to as WBPH) are the most destructive. Planthoppers 
cause direct damage by sucking sap from the phloem of susceptible 
rice varieties, resulting in ‘hopperburn’, which is characterized by 
extensive wilting, yellowing and lethal drying of rice2. Planthoppers 
may also indirectly damage rice plants by transmitting viral dis-
ease agents2,3. The BPH is believed to have undergone a host shift 
from Leersia to Oryza in tropical Asia about 0.25 million years ago4. 
These migratory pests remain active year round in warm tropical 
areas and can travel thousands of kilometers over land and sea, 
which poses serious threats to annual global rice production2,5,6. In 
recent decades the abundance and severity of planthopper infes-
tations have increased. Because the planthoppers have developed 
resistance to insecticides that were previously effective for control-
ling them7, there is a clear need to exploit planthopper-resistance 
genes for breeding resistant cultivars.

Planthopper resistance in rice was first reported in the vari-
ety Mudgo in 19698,9. It involves either antixenotic mechanisms 
that repel the insects or antibiotic mechanisms that harm the 
insects and reduce their survival, growth or reproduction rates. 
On the basis of rice resistance scores and/or planthopper insect 
performance, a number of planthopper-resistance genes have 
been detected in cultivated and wild rice species4,10. Several BPH-
resistance genes (Bph14, Bph26, Bph3, Bph29, Bph9 and Bph32) 

have previously been cloned11–17, just one of which (Bph3) confers 
broad-spectrum resistance to BPH and WBPH14. Thus, there are 
still urgent needs to identify new types of resistance genes and 
elucidate resistance mechanisms.

Results
Map-based cloning of Bph6. The Bangladesh landrace Swarnalata 
carries a dominant BPH resistance gene, Bph618, which was previously 
mapped to the long arm of chromosome 4 between the SSR (simple 
sequence repeat)  markers Y19 and Y919. In the present study, we 
have performed high-resolution mapping using 4,300 BC3F2 plants 
derived by crossing Swarnalata with 9311 (recurrent parent)19 to 
further narrow the candidate region between the H and Y9 markers  
(Fig.  1a). We sequenced this fragment (18.1 kb) in Swarnalata 
(Fig. 1a) and found two predicted genes in it, which we designated 
Gene1 and Gene2 (Fig.  1b). We obtained full-length cDNAs that 
corresponded to both genes. We observed that there were many dif-
ferences in the deduced amino acid sequences encoded by Gene1 
in Swarnalata and Nipponbare, but there was 100% identity in 
the amino acid sequences encoded by Gene2 for both landraces 
(Supplementary Fig.  1). To test which gene was Bph6, we trans-
formed the candidate Gene1 or Gene2 into the BPH-susceptible rice 
Nipponbare. In complementation tests, segregation of resistance 
was detected in all 28 independent T1 progenies of the lines that were 
transgenic for Gene1 (Supplementary Table  1 and Supplementary 
Fig. 2). Further checks with the T2 progenies from two T1 single-
copy Gene1-transgenic lines showed that BPH resistance scores 
cosegregated with the transgene and that the segregation of the 
resistant, segregating and susceptible plants was in agreement with 
a 1:2:1 ratio (Supplementary Fig. 3). Furthermore, T2 families with 
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homozygous Gene1 showed high resistance and survived under 
BPH infestation, whereas wild-type plants were killed within 7 d of 
BPH infestation (Fig. 1c,d). In stark contrast, Gene2-transgenic lines 
were susceptible (like the wild-type plants) and killed within 7 d; 
thus, Gene2 is unlikely to be a BPH resistance gene (Supplementary 
Fig.  2). We also conducted confirmatory gene-silencing tests. We 
have previously developed near-isogenic lines (NILs) carrying 
Bph6 in the  9311 and Nipponbare backgrounds19 (respectively 
named 9311-Bph6-NIL and Nip-Bph6-NIL here), which showed 
high resistance to BPH infestation (Supplementary Fig.  4). We 
transformed the Nip-Bph6-NIL with an RNA interference (RNAi) 
construct targeting Gene1. Segregation of resistance was detected 
in all eight independent T1 progenies of the Gene1-specific RNAi-
transgenic lines (Supplementary Table 1), and further checks with 
T2 progenies from two T1 single-copy transgenic lines showed that 
BPH resistance scores cosegregated with the transgene and that the 
segregation of the resistant, segregating and susceptible plants was 
in agreement with a 1:2:1 ratio (Supplementary Fig. 3). Expression 
of Gene1 was suppressed in the RNAi lines (Supplementary Fig. 5), 
which were susceptible and killed by BPH insects (Fig. 1e,f). These 
observations demonstrate that Gene1 (NCBI accession KX818197) 
is the BPH-resistance-conferring gene Bph6.

Bph6 encodes a previously uncharacterized protein that is local-
ized to the exocyst. Bph6 was predicted to encode a protein of 
981 amino acids (Supplementary Fig. 2a) that has no similarity to 
any known proteins. To determine its subcellular localization, we  

coexpressed BPH6-GFP or BPH6-YFP with organelle marker 
proteins in rice protoplasts. The fluorescent BPH6 signals did not 
colocalize with any of the standard organelle markers for the endo-
plasmic reticulum (ER), cis-Golgi apparatus, trans-Golgi network/
early endosomes (TGN/EE), tonoplast and nucleus (Supplementary 
Fig. 6). However, we observed clear colocalization of BPH6 and its 
allelic proteins in Nipponbare and 9311 with EXO70E2, an exocyst 
complex subunit20 (Fig. 2a). We also coexpressed the genes encod-
ing other exocyst subunits, Exo84b and Sec10, with Bph6 in rice pro-
toplasts. Confocal microscopy showed that BPH6 colocalized with 
these exocyst subunits (Fig. 2a). These results strongly indicate that 
BPH6 protein localizes with the exocyst complex.

We also assessed the Bph6 expression pattern by RNA in situ 
hybridization. The signals indicated that Bph6 and its allele in 
Nipponbare were strongly expressed in sclerenchyma tissues, vas-
cular bundles and companion cells in the  leaf sheaths and leaves 
of rice plants (Fig. 2b–e and Supplementary Fig. 7). Real-time RT–
PCR analysis showed that Bph6 was expressed in the radicle, plu-
mule, leaf blade, leaf sheath, stem, young panicle and endosperm 
(Fig. 2f). The transcript levels did not significantly differ between 
Nip-Bph6-NIL and Nipponbare plants in leaf sheath and stem tis-
sues, which BPH often infested. Furthermore, Bph6 expression was 
not significantly upregulated at either the transcript or protein level 
by BPH feeding (Fig. 2g and Supplementary Fig. 8).

BPH6 interacts with OsEXO70E1 and promotes exocytosis. The 
plant exocyst has recently emerged as an important battleground 

Chr. 4

a

b

c d e f

5 cM 19

1

1 kb

401 ATG

2,019

9 9
8
7
6
5
4
3
2
1
0

8
7
6
5
4
3
2
1
0B

P
H

 r
es

is
ta

nc
e 

sc
or

e

B
P

H
 r

es
is

ta
nc

e 
sc

or
e

2,241 5,186 5,915

TAG

1 205

Nip-
Bph

6-
NIL

Nip-
Bph

6-
NIL

Nip-
Bph

6-
NIL

Nip-
Bph

6-
NIL

RNAi3-
9

RNAi3-
9

RNAi4-
17

RNAi4-
17

G9-
10

G9-
10

G19
-2

G19
-2

Nipp
on

ba
re

Nipp
on

ba
re

Nipp
on

ba
re

Nipp
on

ba
re

504

Bph6

Gene1 Gene2

1

18.1 kb

2 2 2 2 9 5

R
M

16
99

4

Y
19

Y
19 H Y
9

Y
9

R
M

11
9

R
M

16
99

9

R
M

57
57

R
M

17
00

4

R
M

17
00

8

Fig. 1 | Map-based cloning of Bph6. a, Fine mapping of Bph6 to an 18.1-kb genomic region, which contains two predicted genes. Numbers under the 
linkage map indicate numbers of recombinants detected between the molecular markers. b, Structure of Bph6. White boxes represent the 5′​ and 3′​ 
UTRs, the black box represents the coding sequence, and the thin line represents the intron. ATG and TAG indicate the start and stop codons of the ORF. 
The position (in base pairs) starting at the first nucleotide in the transcript was determined by RACE. c, Photograph of representative Bph6-transgenic 
seedlings that were damaged by BPH. d, BPH-resistance scores of the Bph6-transgenic lines. G9-10 and G19-2 are homozygous T2 progeny from 
independent Bph6 complementation transformants. e, Photograph of representative Bph6-RNAi seedlings damaged by BPH. f, BPH-resistance scores of 
the Bph6-RNAi lines. RNAi3-9 and RNAi4-17, homozygous T2 progeny plants of independent Bph6-RNAi transformants suppressing Bph6 in Nip-Bph6-NIL 
plants. In d and f, the lower scores indicate higher resistance to the insect, and the higher scores indicate higher susceptibility to BPH; data were collected 
7 d after BPH infestation (n =​ 3 independent experiments, with each pooled with 15 individual plants). In the box plots, the center value is the median, and 
the bottom and top edges of the boxes indicate the 25th and 75th percentiles; whiskers mark the range of the data, excluding outliers.
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in plant–pathogen interactions21–23. Because BPH6 colocalized with 
exocyst subunits, we tested the possibility that BPH6 interacted with 
them. We found that BPH6 interacted with OsEXO70E1 (a homolog 
of EXO70E2 in Arabidopsis thaliana (AtEXO70E2) in rice), but not 
with other exocyst subunit proteins (OsSEC3, OsSEC5, OsSEC6, 
OsSEC8, OsSEC10, OsSEC15 and OsEXO84), in yeast two-hybrid 
assays (Fig. 3a and Supplementary Fig. 9). In vivo coimmunopre-
cipitation (co-IP) assays further confirmed that BPH6 interacted 
with OsEXO70E1 (Fig. 3b).

The exocyst complex is mainly associated with Golgi-to-plasma-
membrane (PM) trafficking, and it participates in various biological 
processes that require delivery of cytosolic compounds to the PM 
or to the plant’s extracellular environment21. We therefore examined 
the possibility that Bph6 affects secretion to the cell surface. We 
first coexpressed OsEXO70E1-YFP and PLC2-CFP (a PM marker 
protein) with BPH6 or with an empty vector in leaves of Nicotiana 
benthamiana. After 2 d, OsEXO70E1-YFP signals outside the PM 
(Fig.  3c, small fluorescent punctate structures indicated by the 
arrows) were detected and measured. A significant difference in the 
intensity of the OsEXO70E1 fluorescence signal outside the PM (as a 
proportion of the intensities inside and outside the PM) was observed 
between cells that coexpressed OsEXO70E1 and BPH6 (4.98%) and 
others that expressed OsEXO70E1 alone (3.63%) (Fig. 3d). We then 
tested whether BPH6 could influence release of cytosolic proteins 
to the cell surface. YFP-tagged rice S-adenosylmethionine synthe-
tase 2 (OsSAMS2), a homolog of AtSAMS2 that is delivered to the 
apoplast and is present in the cell wall proteome20, was selected as 
a marker. Cells that coexpressed OsSAMS2 and BPH6 generated 
stronger fluorescence signals outside their PM than cells expressing 
OsSAMS2 alone (Fig. 3c,d). Collectively these results suggested that 
Bph6 could enhance exocytosis.

We further suppressed expression of OsExo70E1 in Nip-Bph6-
NIL plants using  RNAi targeting OsExo70E1 expression (hereafter 
referred to as OsExo70E1-RNAi transgenic plants) (Supplementary 

Fig.  10a) and evaluated the BPH resistance of the OsExo70E1-
RNAi transgenic plants. Segregation of resistance was detected in 
independent T1 progenies (Fig.  3e). BPH insects that fed on the 
OsExo70E1-RNAi transgenic lines, in which the expression of 
OsExo70E1 was suppressed (Supplementary Fig.  10b), excreted 
much more honeydew and gained much more weight than those 
that fed on Nip-Bph6-NIL plants (Supplementary Fig. 10c,d). Thus, 
knocking down OsExo70E1 expression clearly decreased the resis-
tance of Nip-Bph6-NIL plants to BPH insects. These results strongly 
indicate that OsEXO70E1 has a role in Bph6-mediated resistance.

Bph6 has a role in cell wall development in plants infested by 
BPH. The findings that BPH6 protein is localized to the exocyst, 
interacts with OsEXO70E1 and participates in functions of the exo-
cyst complex prompted us to check expression levels of the exocyst-
subunit-encoding genes Sec3a, Sec5, Sec6, Sec8, Sec10 and Exo70E1 
in rice plants before and after BPH feeding. Real-time PCR analy-
sis showed that expression levels of the genes of interest differed 
between the 9311-Bph6-NIL and 9311 plants after BPH feeding for 
6 h (Fig.  4a). Generally, their expression was suppressed in 9311 
plants  but was unchanged or enhanced in 9311-Bph6-NIL plants 
(Fig. 4a), suggesting that exocyst activity is inhibited in susceptible 
rice but remains normal in Bph6-expressing plants infested with 
BPH. The exocyst-related secretory pathway is essential for building 
the plant cell wall24. Therefore, we measured cell wall polysaccha-
rides in leaf sheaths of the 9311 and 9311-Bph6-NIL plants before 
and after BPH feeding. The results showed that levels of cell wall 
components were decreased in 9311 plants, but were unaltered or 
elevated in 9311-Bph6-NIL plants, after BPH feeding (Fig. 4b). We 
then examined the cell wall monosaccharide composition of leaf 
sheaths in 9311 and 9311-Bph6-NIL plants by GC-MS (gas chro-
matography–mass spectrometry) analyses. The glucose, xylose and 
galactose contents were significantly higher in 9311-Bph6-NIL plants 
than in 9311 plants after BPH feeding (Supplementary Table  2). 
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Transmission electron microscopy showed that the cell walls of scle-
renchyma tissues, bundle sheaths, sieve tubes and companion cells 
were significantly thicker in 9311-Bph6-NIL than in 9311 plants 
after BPH infestation for 2 d (Fig. 4c–k and Supplementary Fig. 11). 
We also observed more callose deposited in the sieve tubes, which 
prevented the BPH from ingesting phloem sap25, in 9311-Bph6-NIL 
plants than in 9311 plants after BPH infestation (Fig. 4l–n). All of 
these results suggest that Bph6 has important roles in maintaining 
and strengthening the cell walls in leaf sheaths of plants that are 
infested with BPH insects.

Bph6 alters phytohormone signaling pathways. To further inves-
tigate the roles of Bph6 in insect resistance, we analyzed global 
gene expression profiles during the course of BPH infestation in 
Nip-Bph6-NIL and Bph6-RNAi plants, in which Bph6 expres-
sion was knocked down (Supplementary Fig. 5), using Affymetrix 
GeneChip technology (Supplementary Table 3). The results showed 
that knocking down Bph6 expression repressed rice responses to an 
external stress or stimulus (Supplementary Fig. 12a). More specifi-
cally, the expression of genes involved in phytohormone, stress or 
defense responses, and to oxidation–reduction processes, was sig-
nificantly weaker in early stages (6 hours after infestation (HAI)), in 
the RNAi plants than in the Nip-Bph6-NIL plants (Supplementary 
Fig.  12b). At 48 HAI, expression of genes involved in cytokinin 

(CK)-regulated processes—such as cytokinesis, cell proliferation 
and regulation of meristem growth—was also downregulated in the 
RNAi plants (Supplementary Fig. 12c). Furthermore, genes involved 
in the salicylic acid (SA), jasmonic acid (JA) and CK biosynthesis 
and signaling processes were differentially expressed between the 
Nip-Bph6-NIL plants and the RNAi plants at 6 and 48 HAI (Fig. 5a). 
These findings suggest that Bph6 expression alters phytohormone 
signaling pathways, allowing rice to respond rapidly to threats while 
maintaining growth.

Because phytohormones have pivotal roles in the regulation 
of plant defense signaling networks26, we quantitatively exam-
ined phytohormone profiles in rice plants during BPH infestation 
(Fig. 5b–d and Supplementary Fig. 13). Generally, phytohormone 
levels increased more rapidly in the resistant 9311-Bph6-NIL plants 
than in the susceptible 9311 plants in response to BPH infestation. 
SA, a well-known mediator of BPH resistance in rice11, was induced 
at relatively high levels in 9311-Bph6-NIL plants in early stages 
(3–6 HAI), whereas no obvious changes were observed in the 9311 
plants (Fig. 5b). However, salicylic acid 2-O-β​-d-glucoside (SAG), 
an inactive storage form of SA, was not significantly induced by 
BPH feeding (Supplementary Fig. 13a). Accumulation of the bio-
logically active form of jasmonates, JA-Ile, which has an important 
role in plant defenses against wounding and chewing insects27, was 
significantly and rapidly induced following BPH infestation in 
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9311-Bph6-NIL plants, and its upregulation lasted longer than in 
the 9311 plants (Fig. 5c). Most notably, in addition to marked upreg-
ulation of the classic defense hormones SA and JA, there was a sharp 
increase in levels of CKs, especially of the cis-zeatin (cZ) type, in the 
9311-Bph6-NIL plants between 12 and 24 HAI as compared to both 
non-infested controls and 9311 plants (Fig. 5d and Supplementary 
Fig.  13c–e). The gene expression analyses confirmed the phyto-
hormone regulation patterns (Supplementary Fig.  14). We also 
quantitatively examined phytohormone levels in Bph6-transgenic, 
Nipponbare, Nip-Bph6-NIL and Bph6-RNAi plants after BPH infes-
tation. The results confirmed that levels of SA, JA and cZ-type CKs 
were higher in Bph6-transgenic and Nip-Bph6-NIL plants than in 
Nipponbare and Bph6-RNAi plants (Supplementary Fig. 15).

To further explore the roles of hormones in rice resistance to 
BPH, we evaluated the BPH survival rate, an indicator of the anti-
biosis mechanism of plant resistance11,14, on 9311-Bph6-NIL and 
9311 plants after treatment with exogenous hormones. Both exog-
enous SA and methyl jasmonate (MeJA) enhanced resistance, 
reducing BPH survival rates on 9311-Bph6-NIL and 9311 plants 
(Fig. 5e and Supplementary Fig. 16a). Thus, contrary to the classic 
binary defense model of SA and JA, which postulates that they have 

opposite roles in defenses against sucking and chewing insects28–30 
(as well as biotrophic and necrotrophic pathogens31), these phy-
tohormones seem to have synergistic effects in rice–BPH interac-
tions. We also tested the effects of treating rice plants with the CKs 
6-benzylaminopurine (6-BA), N6-(∆​2-isopentenyl)adenine (iP) and 
cZ on BPH performance. The survival rates of BPH insects were 
significantly reduced on the CK-treated 9311-Bph6-NIL plants, 
suggesting that the CK treatment enhanced resistance (Fig. 5f and 
Supplementary Fig.  16b,c). In contrast, the  BPH survival rate on 
9311-Bph6-NIL plants increased when the plants were treated with 
lovastatine, a CK biosynthesis inhibitor (Supplementary Fig. 16d). 
However, no such effects of exogenous CKs and lovastatine were 
observed in the susceptible 9311 plants (Fig. 5f and Supplementary 
Fig.  16b–d). These findings confirm that CKs have an important 
role in Bph6-mediated resistance. Results of applying the same 
treatments to Bph6-transgenic, Nipponbare, Nip-Bph6-NIL and 
Bph6-RNAi plants confirmed that SA and MeJA enhanced resis-
tance in all of the treated plants, whereas CKs specifically enhanced 
resistance in Bph6 plants (Supplementary Fig.  17). These results 
collectively confirm that Bph6 mediates resistance by altering the 
action of CKs, JA and SA.

c

e f

g h

i j

SC SC

SC
SC

ST

X

P

X

P

l m

CC

ST

ST
ST

ST

CC

CC

CC

ST

ST

CC
ST

d

2.5

2.0

1.5

1.0

0.5

0

Time after BPH infestation (h)

0 3 6 12 24 48 72

1.5

1.0

0.5

0

0

1.0

0.5

1.5 2.5

2.0

1.5

1.0

0.5

0

72482412630

Time after BPH infestation (h) Time after BPH infestation (h)

2.5

2.0

1.5

1.0

0.5

0

2.0

1.5

1.0

0.5

0

400

300

200

100

0

180
160
140
120
100
80
60
40
20
0

0 1 2 3 4

Time after BPH infestation (d) Time after BPH infestation (d)

90
80
70
60
50
40
30
20
10
0

P = 0.205
P = 0.268

P = 0.027

P = 0.006

P = 0.012

9311

P = 0.416

P = 0.614 P = 0.019

P = 0.022 P = 0.010

P < 0.001P < 0.001

P = 0.019
P = 0.315

P = 0.055

P = 0.002P = 0.002

P = 0.655
P = 0.077

P = 0.047

90
80
70
60
50
40
30
20
10
0

9311-Bph6-NIL

H
ot

 w
at

er
 n

g/
m

g 
A

IR
C

el
lu

lo
se

 n
g/

m
g 

A
IR

Non-infestation BPH infestation

Time after BPH infestation (d)

0 1 2 3

12

10

8

6

4

2

0

100

80

60

40

20

0 C
om

pa
ni

on
 c

el
l w

al
l

th
ic

kn
es

s 
(n

m
)

S
ie

ve
 tu

be
 w

al
l

th
ic

kn
es

s 
(n

m
)

W
al

l t
hi

ck
ne

ss
 (

nm
)

93
11

93
11

-B
ph

6-
N

IL
93

11
93

11
-B

ph
6-

N
IL

9311 9311-Bph6-NIL

N
um

be
r 

of
 s

ie
ve

 p
la

te
s

w
ith

 c
al

lo
se

 d
ep

os
iti

on

BPH infestationNon-infestation

72482412630

P
 =

 0
.8

77

P
 =

 0
.3

07

P
 =

 0
.2

35 P
 =

 0
.0

35

P
 =

 0
.0

29

P
 =

 0
.0

26

P
 =

 0
.0

13

P
 =

 0
.1

97

P
 =

 0
.3

77

P
 =

 0
.0

08

P
 =

 0
.0

21

P
 =

 0
.0

01

P
 =

 0
.0

18

P
 =

 0
.0

35

P
 =

 0
.4

30

P
 =

 0
.1

63

P
 <

 0
.0

01

P
 =

 0
.0

03

P
 =

 0
.0

18

P
 =

 0
.0

27

P
 =

 0
.0

18

P
 =

 0
.5

57 P
 =

 0
.4

41

P
 =

 0
.0

43

P
 =

 0
.0

11

P
 =

 0
.0

12

P
 =

 0
.0

38

P
 =

 0
.0

26

P
 =

 0
.1

07

P
 =

 0
.0

84

P
 =

 0
.0

04

P
 =

 0
.0

31

P
 =

 0
.0

25

P
 =

 0
.0

42

P
 =

 0
.0

47

P
 =

 0
.5

31

P
 =

 0
.9

33

P
 =

 0
.0

15 P
 =

 0
.0

15

P
 =

 0
.0

24

P
 =

 0
.0

02

P
 =

 0
.0

24

P
ec

tin
H

em
ic

el
lu

lo
se

0 1 2 3 4

9311-Bph6-NIL9311

1,000

800

600

400

200

0

120
100

80
60
40
20

0

9311 9311-Bph6-NIL

P = 0.313
P = 0.001

P = 0.0851 P < 0.001

P = 0.805 P < 0.001

P = 0.002
P < 0.001

P < 0.001
9311 9311-Bph6-NIL

a

b

k

n

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

Sec8 Sec10 Exo70E1

Sec3a Sec5 Sec6
Sclerenchyma cell

Fig. 4 | Characterization of exocyst gene expression and cell walls in 9311-Bph6-NIL and 9311 plants. a, Expression levels of genes encoding exocyst 
subunits in 9311-Bph6-NIL and 9311 plants infested by BPH. Rice TBP was used as a reference control. b, Contents of cell wall components in leaf sheaths 
of 9311-Bph6-NIL and 9311 plants infested by BPH. In a and b, data are means ±​ s.d. of n =​ 3 independent experiments. P values were derived by one-way 
ANOVA. c–k, Comparison of cell wall thickness in 9311-Bph6-NIL and 9311 plants. Transmission electron micrographs (c–j) and quantification of cell wall 
thickness (k) of sclerenchyma cells (c–f,k), companion cells and sieve tubes (g–k) in 9311 (c,d,g,h,k) and 9311-Bph6-NIL (e,f,i–k) plants, respectively  
(n =​ 3 independent experiments; data in each pooled from five individual plants and 20 sections). SC, sclerenchyma cell; ST, sieve tube; CC, companion 
cell. In k, sheath sections were used for observation. P values were derived by one-way ANOVA. Scale bars, 2 µ​m (c–f), 0.5 µ​m (g–j). l,m, Representative 
images showing callose deposition in vascular bundles of 9311 (l) and 9311-Bph6-NIL (m) plants (n =​ 10 independent experiments). The callose is 
indicated by red arrows. X, xylem; P, phloem. Scale bars, 20 μ​m. n, Numbers of sieve plates with callose deposition in BPH-infested leaf sheaths  
(n =​ 10 independent experiments; data for each pooled from 50 individual sections). P values were derived by one-way ANOVA. In the box plots,  
the center line denotes the median, box limits are the upper and lower quartiles, and whiskers mark the range of the data, excluding the outliers.

Nature Genetics | www.nature.com/naturegenetics

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

http://www.nature.com/naturegenetics


Articles Nature Genetics

Bph6 and cytokinins positively regulate phytoalexin production. 
It has become increasingly apparent recently that CKs have key roles 
in plant immune systems through various proposed mechanisms, 
including synthesis of antimicrobial phytoalexins and regulation 
of defense-associated genes and other defense-related phytohor-
mones32–36. To clarify the mechanism(s) underlying CK-regulated 
defense against BPH insects in rice, we examined gene expression 
patterns in CK-treated plants. Expression of NPR1, which is essen-
tial for SA-induced pathogenesis-related (PR) genes and systemic 
acquired resistance, was unaffected, whereas expression of PR1 and 
PR5 was slightly induced in CK-treated plants, relative to untreated 
controls (Supplementary Fig. 18). However, genes involved in bio-
synthesis of phytoalexins, which have been implicated in chemi-
cal defenses against insect herbivores37, were upregulated in the 
BPH-fed and 6-BA-treated 9311-Bph6-NIL plants (Supplementary 
Figs. 19 and 20a,b). We further examined the effects of BPH feeding 
and exogenous CK applications on levels of the major rice diterpe-
noid phytoalexins (momilactones, phytocassanes and oryzalexins) 
and flavonoid phytoalexins (naringenin and sakuranetin)38. The 
results showed that BPH feeding induced much stronger increases 
in momilactone A levels in the 9311-Bph6-NIL plants than in the 
9311 plants (Fig.  5g). During early stages, it also induced slight 
rises in naringenin and sakuranetin levels in 9311-Bph6-NIL, but 
not 9311, plants (Supplementary Fig. 21a). 6-BA treatment induced 
increases in momilactone A levels in the 9311-Bph6-NIL plants 
(Supplementary Fig.  20c). We also measured phytoalexin levels 
in Bph6-transgenic, Nipponbare, Nip-Bph6-NIL and Bph6-RNAi 
plants and observed corresponding increases in momilactone A 
levels, with varying responses in naringenin and sakuranetin lev-
els, after BPH feeding (Supplementary Fig.  21b). Therefore, BPH 
feeding and exogenous application of CK induced expression of 
genes involved in phytoalexin biosynthesis and enhanced phyto-
alexin production in Bph6-carrying plants. Furthermore, we ana-
lyzed the expression levels of three transcription factors (encoded 
by OsTGAP1, OsbZIP79 and OsWRKY7639,40) involved in regulation 
of phytoalexin production in rice and found that OsTGAP1 expres-
sion was upregulated and OsbZIP79 expression was downregulated 

in the CK-treated 9311-Bph6-NIL plants (Supplementary Fig. 22). 
The results strongly suggest that CKs are positive regulators of phy-
toalexin production and Bph6-mediated resistance.

Bph6 confers broad resistance to BPH and WBPH. Generally, 
plants may use three resistance mechanisms against insect pests41—
antixenosis, antibiosis and tolerance41. To probe the mecha-
nisms underlying Bph6-controlled resistance, we investigated 
the  responses of BPH insects that were fed on Bph6-transgenic, 
Nipponbare, Nip-Bph6-NIL and Bph6-RNAi plants. In host-pref-
erence experiments, significantly fewer BPH  insects settled on 
Bph6-transgenic and Nip-Bph6-NIL plants than on Nipponbare 
and RNAi plants (Fig. 6a and Supplementary Table 4), indicating 
that there was an antixenotic mechanism. Similarly, fewer BPH 
eggs were laid on Bph6-transgenic and Nip-Bph6-NIL plants than 
on Nipponbare and RNAi plants (Supplementary Fig.  23a and 
Supplementary Table 4). Electronic penetration graph (EPG) data 
revealed that the insects ingested phloem for much shorter times on 
the NIL plants than on the 9311 and Nipponbare plants, showing 
that insect feeding was inhibited on Bph6-carrying plants (Fig. 6b 
and Supplementary Table 4). Accordingly, the insects excreted less 
honeydew on Bph6-transgenic and Nip-Bph6-NIL plants when 
feeding on them (Fig. 6c and Supplementary Table 4). The BPH sur-
vival rate was much lower on the Bph6-transgenic and Nip-Bph6-
NIL plants than on Nipponbare and RNAi plants in a no-choice 
feeding test (Supplementary Fig. 23b and Supplementary Table 4). 
All of these observations demonstrate that Bph6 has both antixen-
otic and antibiotic effects toward BPH insects.

To assess the resistance spectrum of Bph6 fully, we evaluated the 
resistance of 9311-Bph6-NIL plants using populations of six BPH 
biotypes and WBPH. In the tests, the 9311-Bph6-NIL plants grew 
normally, whereas the 9311 plants died after infestation by all of the 
BPH biotypes (Fig. 6d). The resistance scores of the Bph6-carrying 
plants were 4.11, 2.73, 2.83, 2.80, 2.70 and 3.23 against BPH bio-
types 1, 2, 3, P, S and Y, respectively (Fig. 6e). Bph6 expression also 
conferred high resistance to WBPH (Fig.  6d,e). However, Bph6-
carrying plants displayed no resistance to a chewing insect, the 
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striped stem borer, or the bacterial blight pathogen Xanthomonas 
oryzae pv. oryzae strain PXO145 (Supplementary Fig.  24). These 
results demonstrate that Bph6 confers broad-spectrum resistance to 
different BPH biotypes and to WBPH.

Yield performance  of Bph6-carrying plants in fields with or 
without BPH infestation. Cultivated rice is divided into two sub-
species,  O. sativa ssp. indica (hereafter referred to as indica) and 
O. sativa ssp. japonica (hereafter referred to as japonica), which 
widely differ in various genomic, morphologic, agronomic and 
ecological aspects42. 9311 and Nipponbare are typical cultivars of 
indica and japonica, respectively. The Bph6-NILs in both the 9311 
and Nipponbare backgrounds showed high resistance to BPH at 
the seedling and mature stages (Supplementary Figs.  4 and 25). 
To further confirm the utility of Bph6 in breeding programs, we 
evaluated the resistance and yield performance of 9311-Bph6-NIL 
and 9311 plants under field conditions with and without BPH infes-
tation. In plots that were not infested with BPH, 9311-Bph6-NIL 
and 9311 had similar agronomic traits and grain yields (Fig.  6f 
and Supplementary Table  5), demonstrating that Bph6 expres-
sion had no adverse effects on rice yields. However, in plots that 
were heavily infested with BPH, the 9311 plants died and dried, 
whereas the 9311-Bph6-NIL plants showed no clear physiological 
damage (Supplementary Fig.  26). The percentage of filled grains 
of BPH-infested 9311 plants was as low as 17.5%, whereas that of 
BPH-infested 9311-Bph6-NIL plants was more than 85%, which is 

considered normal. Notably, the BPH infestation heavily reduced 
1,000-grain weight and total grain weight and finally caused up to 
a 90% loss in yield in the 9311 plants. However, the 9311-Bph6-
NIL plants maintained about 82.2% of their yield (Fig.  5f and 
Supplementary Table  5). These results demonstrate that, under 
BPH infestation, Bph6-carrying plants are highly resistant to BPH 
and maintain normal growth and grain yield.

Bph6 originated in wild rice. Great genetic diversity, which is 
essential for plant populations to respond effectively to diverse chal-
lenges such as pests and pathogens43, has been commonly observed 
in cultivated rice and wild species44,45. To explore natural varia-
tion of the Bph6 gene in rice populations, we analyzed its coding 
sequences from 32 accessions of wild rice and 148 cultivated vari-
eties of various geographic provenance (Supplementary Table  6). 
High levels of nucleotide variation were observed among the Bph6 
alleles (Supplementary Tables  7 and 8). Average pairwise nucleo-
tide diversity (π) and Watterson’s nucleotide diversity estimator 
(θW) over the Bph6 gene were, respectively, 0.05030 and 0.06407 in 
wild rice, and 0.07810 and 0.05458 in cultivated rice (Fig. 7a and 
Supplementary Table 9). Substantial differentiation of the gene was 
observed between the subspecies indica and japonica, particularly 
in the region from 1–1,533 bp that encodes the N terminus of the 
protein (Supplementary Fig. 1a). However, the sequence diversity of 
Bph6 was much lower within indica and japonica (π =​ 0.02235 and 
π =​ 0.00807, respectively) (Fig. 7a and Supplementary Table 9). We 
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infestation. The lower scores indicate higher resistance to the insect, and the higher scores indicate higher susceptibility to the BPH (n =​ 3 independent 
experiments; data for each pooled from 15 individual plants). f, Performance on yield-related traits of 9311-Bph6-NIL and 9311 plants observed in the field 
with and without BPH infestation (n =​ 30, 30, 24 and 22 individual plants for 9311-Bph6-NIL and 9311 with and without BPH infestation, respectively; three 
replicates were analyzed for actual plot yield). In a–c,e,f, P values were derived by one-way ANOVA. In each of the box plots, the center line denotes the 
median, box limits indicate upper and lower quartiles, and whiskers mark the range of the data, excluding outliers.
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identified a total of 80 haplotypes in Bph6 alleles (Supplementary 
Table  6) and 45 in the indica subspecies, with nine major haplo-
types (H9, H19, H22, H23, H51, H52, H53, H54 and H55) scat-
tered evenly in isolation, indicating the gene’s heterogeneous nature. 
Two major haplotypes (H73 and H76) and six others were found in 
the japonica subspecies. The variation in wild rice covers the range 
observed in cultivated rice (Fig. 7a).

Construction of a phylogenetic tree of Bph6 haplotypes revealed 
two major clusters (Fig. 7b), designated cluster I and cluster II, that 
comprised mainly alleles from indica and japonica, respectively, 
confirming the differentiation in Bph6 alleles between the two 
subspecies. The highly BPH-resistant allele of Bph6 is  in the hap-
lotype H51, which was present in five tested cultivars (including 
Swarnalata) and in one accession of each of two species of wild rice 
(Oryza rufipogon and Oryza nivara), all of which show resistance 
to BPH and WBPH (Fig. 7c,d, Supplementary Figs. 1a and 27, and 
Supplementary Table 10).

Discussion
Secretory pathways play important roles in defense against patho-
gens by delivering cytosolic compounds that reinforce cell walls, 
depositing callose and/or releasing antimicrobial compounds21. 
Recently, the evolutionarily conserved exocyst complex, which 
is involved in the tethering step in the secretory pathways, has 
emerged as an important battleground in plant–pathogen interac-
tion21–23. Here we isolated Bph6, a gene in rice involved in resistance 
to BPH and WBPH. Bph6 encodes a novel protein that localizes 

to the exocyst and interacts with exocyst subunit OsEXO70E1. 
Suppression of OsExo70E1 gene expression decreased resistance 
of Bph6-NIL plants, indicating that OsExo70E1 participates in 
Bph6-mediated resistance. Our data show that Bph6 expression 
enhances release of protein outside the PM. Bph6 functions in the 
maintenance and reinforcement of cell walls in rice plants that are 
infested by BPH. The finding that BPH6 associated with the exo-
cyst complex, and thus with Golgi-to-PM trafficking, paves new 
avenues to advance understanding of the molecular mechanisms 
governing plant–insect interactions. Our results also showed that 
a coordinated CK, SA and JA signaling pathway is activated in 
Bph6-carrying plants after BPH infestation. A notable finding is 
that CKs function as positive regulators in Bph6-mediated resis-
tance. Bph6 conferred broad resistance to BPH and WBPH, which 
enabled rice to grow normally under conditions of planthop-
per infestation, and in the absence of planthoppers Bph6 carri-
ers showed no yield penalty as Bph6 expression had no adverse 
effects on agronomic traits. Thus, Bph6 expression could clearly 
be highly beneficial in efforts to control rice planthoppers without 
other inputs or environmental damage.

Insect herbivores are believed to impose natural selection pres-
sures that favor resistant plant genotypes while driving the evo-
lutionary diversification of plant species46. We propose that the 
resistant Bph6 allele arose in the wild rice species O. rufipogon and 
O. nivara following a host shift of BPH from Leersia to Oryza, which 
putatively occurred 0.25 million years ago4. After domestication of 
rice, natural variations in Bph6 alleles further accumulated mainly 
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through acquisition of mutations and the major haplotypes formed 
in indica and japonica. Although BPH is a rice pest in both tropical 
and temperate regions, the insects only remain active year round in 
tropical areas. Thus, constant exposure of rice plants in these areas to 
planthopper insects presumably promoted enrichment of the resis-
tant haplotype H51 in cultivated rice in these areas. Furthermore, 
we found that wild rice accessions and cultivated varieties carrying 
the resistant haplotype H51 are patchily distributed in tropical Asia 
(Fig.  7e and Supplementary Table  6). In much of this region (for 
example, in large tracts of India), rice is the staple food, there is a 
long history of rice cultivation and the selected landraces presum-
ably included resistant alleles. In contrast, two major haplotypes 
(H73 and H76) evolved in japonica and are distributed in temperate 
areas (Fig. 7e). The resistant Bph6 allele that arose in wild rice and 
was retained in cultivars in tropical regions should be very valuable 
for the development of planthopper-resistant rice varieties and the 
control of insect pests.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-018-0039-6.
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Methods
Plant and insect materials. Seeds of the rice cultivar Swarnalata, which has 
been previously described48, were kindly provided by the International Rice 
Research Institute. 9311-Bph6-NIL and Nip-Bph6-NIL are near-isogenic lines 
that carry Bph6 from Swarnalata in genetic backgrounds of the insect-susceptible 
model varieties 9311 and Nipponbare (which are indica and japonica subspecies, 
respectively). The Bph6-NIL lines were generated by repeated backcrossing to the 
recurrent parent, as well as marker-aided selection, to eliminate introgression of 
non-target DNA regions, as previously described19.

BPH insects are maintained in the authors’ laboratory. Biotypes 1, 2, 3, P and 
Y were separately maintained on plants of rice varieties TN1, Mudgo, ASD7, P09 
(which carries the BPH-resistance gene Bph9) and YHY15 (which carries Bph15), 
as previously described49. Population S insects were collected from rice fields in 
Wuhan, China, and maintained on TN1 plants for 3 years.

WBPH insects were collected from rice fields in Hangzhou, China, and 
maintained on susceptible cultivar TN1 in the laboratory. The larvae of the 
striped stem borer (SSB; Chilo suppressalis Walker) were obtained from a colony 
maintained in the laboratory. The bacterial blight pathogen X. oryzae pv. oryzae 
strain PXO145 was cultured on potato dextrose ager medium in the laboratory13.

Evaluation of BPH and WBPH resistance of rice. The rice resistance scores were 
obtained by a progeny test50. BPH and WBPH resistance of rice populations at the 
seedling stage was evaluated by using at least three replicates of each cultivar or 
line as previously described50,51. Briefly, sets of about 60 seeds from each population 
were randomly sown in separate plastic boxes in three 26-cm-long rows, with 
2.5 cm between rows, or 20 seeds harvested from an individual plant were sown 
in a 10-cm-in-diameter plastic cup. At the third-leaf stage, each seedling was 
infested with ten BPH or WBPH nymphs (second- to third-instar). When all of the 
susceptible 9311 or Nipponbare control plants had died (scored as 9), each seedling 
of the other cultivars or lines was given a score of 0, 1, 3, 5, 7 or 9, as previously 
described50,51 and calculated. To evaluate resistance at the maturing stage, each of 
the rice plants was grown in a 20-cm-in-diameter plastic bucket and infested with 
100 mature BPH insects at the heading stage. About a month later, the plants were 
scored as susceptible (dead) or resistant (alive).

Performance of BPH and SSB insects, and inoculation with pathogen on rice 
plants. BPH insect performance on rice plants was evaluated using host choice, 
fecundity, nymph survival rate, honeydew excretion and EPG assays, as previously 
described11,14,25. Seeds of each line were sown in a plastic cup (10 cm in diameter), 
and seedlings at the four-leaf stage were infested with BPH. All of the experiments 
were repeated ten times. In the host-choice test, seedlings in the cup were covered 
with a light-transmitting mesh, and ten BPH nymphs per plant were released. The 
number of insects on each plant were recorded at 1, 2, 3, 4 and 5 d after release. 
In the BPH fecundity assay, each plant was infested with two couples of BPH 
adults. After 7 d, the adults were removed, and the numbers of eggs laid on leaf 
sheath were counted under the microscope. To study BPH nymph survival on rice, 
second-instar BPH nymphs were released (ten insects per plant), and then the 
cups were covered with a light-transmitting mesh. The nymphs on each plant were 
counted 8 d after release. To measure honeydew excretion, a filter paper  
(4 cm in diameter) was placed on the base of a rice plant, and the plant was covered 
by an inverted transparent plastic cup. Ten third-instar nymphs that had previously 
been starved for 2 h were placed in the chamber. After 2 d, the filter papers were 
collected and treated with a solution of 0.1% ninhydrin in acetone. After drying 
for 30 min at 60 °C, the honeydew spots appeared as violet or purple stains due to 
their amino acid content. To weigh the honeydew, a Parafilm sachet was attached 
to the leaf sheath of each seedling. A female BPH within 1 d after emergence was 
then enclosed in the sachet. After 2 d, the insect was removed, and the sachet was 
weighed. For EPG assays of BPH insects feeding on rice plants, a female BPH 
within 1 d after emergence was attached with gold wire on its dorsum and placed 
on the leaf sheath. The test continued for 8 h. Data were acquired at 100-Hz sample 
frequency, stored on a computer’s hard disc and simultaneously displayed on a 
screen. The EPG waveforms indicative of BPH feeding behavior patterns have  
been previously described25.

SSB insect performance on rice plants was evaluated using larval survival rate 
and growth mass, as previously described52. To assess the resistance to bacterial 
blight, rice plants at the tillering stage were inoculated with PXO145 by leaf 
clipping as previously described13.

High-resolution mapping of Bph6. Previously, we used the flanking markers 
RM16994 and RM17008 to screen 4,300 BC3F2 plants, obtain 41 recombinants and 
map Bph6 to the region between markers Y9 and Y1919. Additional DNA markers 
were designed based on the published genomic sequences of Nipponbare and 9311 
in the GeneBank database, and these were used to analyze the recombinants and 
delimit the Bph6 gene to the 18.1-kb region flanked by the markers H and Y9 in 
our current study.

Bph6 complementation and knockdown. To construct plasmids for the 
complementation test, coding sequence (CDS) fragments of Gene1 and Gene2 
were amplified from Swarnalata by using gene-specific primers (Supplementary 

Table 11), and the PCR products were inserted into the binary vector pCXUN53 
(after the A-addition procedure) to generate complementation constructs, 
which were designated GENE1 and GENE2, respectively. After verification by 
DNA sequencing, these constructs were transformed into Nipponbare using the 
Agrobacterium-mediated method. The Bph6-RNAi construct was developed by 
amplifying a 498-bp fragment of Gene1 cDNA using primers Ripri1 and Ripri2 
(Supplementary Table 11) and inserting it into the binary vector pCXUN as 
previously described54. This construct was transformed into Nip-Bph6-NIL  
plants to generate the RNAi plants.

Total rice genomic DNA was isolated from leaves of T0 transgenic plants as 
previously described50 and subjected to Southern blot analysis using a North2South 
Complete Biotin Random Prime Labeling and Detection Kit (Thermo Fisher 
Scientific). Briefly, 4 µ​g DNA samples were digested with DraI restriction enzyme, 
fractionated by electrophoresis, transferred to nylon membrane and allowed to 
hybridize with a 728-bp biotinylated hpt II probe.

To identify the T-DNA insertion site, a genome walker system was used. The 
genomic DNA libraries were prepared by digesting the T0 progeny plant DNA 
with four blunt-ended enzymes and then ligated to specific adapters following 
the Universal Genome Walker Kit user manual (CLONTECH). The fragments 
resulting from the PCR reactions performed on the Genome Walker libraries were 
sequenced, and 5′​ sequences upstream of the LB (left border) region were analyzed. 
Sequences of the primers are listed in Supplementary Table 11.

The OsExo70E1-RNAi construct was developed by amplifying a 486-bp 
fragment of OsExo70E1 using primers Ri70E1-1 and Ri70E1-2 (Supplementary 
Table 11) and inserting it into the binary vector pCXUN54. This construct was 
transformed into Nip-Bph6-NIL plants to generate the OsExo70E1-RNAi plants.

RNA isolation, quantitative RT–PCR analysis and RACE. Total RNAs 
were isolated from rice plants using TRIzol reagent (Invitrogen), according 
to the manufacturer’s instructions, and then converted into first-strand 
cDNA (PrimeScrip RT Reagent Kit with gDNA Eraser, Takara, RR047Q). 
Expression of Bph6 and other genes involved in BPH feeding responses was 
analyzed by quantitative RT–PCR using a CFX96 Real-Time System (Bio-Rad). 
Sequences of the primers used are listed in Supplementary Table 11.

For 5′​ RACE, we conducted the first round of amplification according to the 
protocol provided with the Advantage 2 PCR Kit (CLONTECH) using the primer 
5RACE1R and the UPM adaptor primer from the kit. For the second round, the 
PCR product from the first round was diluted 50-fold, and 1 μ​l of this solution 
was used as the template. The amplification was conducted using the nest primer 
5RACE2R together with the adaptor primer NUPM provided in the kit. The 3′​ 
RACE protocol was essentially the same, except that primers 3RACE1F (with 
UPM) and 3RACE2F (with NUPM) were used in the first and second amplification 
rounds, respectively. Sequences of the primers are listed in Supplementary Table 11.

Subcellular localization analysis. The Bph6, Bph6−9311 (9311 allele of Bph6) and 
Bph6–NIP(Nipponbare allele of Bph6) coding sequences, amplified by PCR using 
the primers Bph6-GFP and Bph6-NIP-GFP (Supplementary Table 11), were cloned 
downstream of a maize (Zea mays) ubiquitin-1 promoter, in frame with XFP  
(GFP or YFP) in the binary vector pCAMBIA1300, yielding, respectively, 
constructs named BPH6-XFP, BPH6−9311-YFP and BPH6-NIP-YFP. Full-length 
cDNAs encoding other exocyst subunits (AtSec10 and AtExo84b) were amplified 
from Arabidopsis Columbia-0 leaf tissue cDNAs with the primer sets listed in 
Supplementary Table 11. The expression constructs were coexpressed into rice 
protoplasts according to previously described protocols55. The resulting XFP 
fluorescence was visualized under a confocal laser-scanning microscope  
(FV1000, Olympus).

The standard organelle markers were as follows: bZIP6353 for the nucleus, 
mRFP–SYP6120 for the TGN/EE, EXO70E220 for the exocyst, CD3-953 for the 
endoplasmic reticulum (ER), CD3-961for the cis-Golgi, and CD3-96956 for the 
tonoplast. We developed the EXO70E2-CFP-expressing constructs, and the 
corresponding amplified fragments (encoding EXO70E2)20 were cloned into the 
pGWB17 vector with cyan fluorescent tags at the C terminus.

RNA in situ hybridization. Freshly collected rice leaf sheaths and leaves were 
fixed in 4% paraformaldehyde in PBS, pH 7.0, for 30 min, and then in a fresh 
paraformaldehyde solution at 4 °C overnight. The samples were subsequently 
washed in PBS, dehydrated in a graded ethanol series and embedded in Paraplast 
Plus (Sigma-Aldrich) at 58–60 °C. We cut ~12-μ​m-thick microtome sections and 
mounted them on RNase-free glass slides.

To prepare a Bph6 probe, we used a pair of primers, insitu-F and insitu-R 
(Supplementary Table 11), to amplify a unique 173-bp sequence of Swarnalata 
Bph6 (and alleles) from a cDNA clone. The fragment was then inserted into the 
pTA-2 vector (Toyobo) for RNA transcription. The sense and antisense RNA 
probes were produced by T7 and T3 RNA polymerase labeled with digoxigenin 
(Roche). RNA in situ hybridization and immunological detection followed 
previously described protocols57.

Yeast two-hybrid assay. The Matchmaker GAL4 yeast two-hybrid system 3 
(CLONTECH) was used for yeast two-hybrid assays. Bph6 was amplified and 
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cloned into the pGBKT7 vector using the primers shown in Supplementary 
Table 11. Genes encoding exocyst subunits (OsSec3, OsSec5, OsSec6, OsSec8, 
OsSec10, OsSec15, OsExo70E1 and OsExo84) were amplified from Nipponbare 
tissue cDNAs with the primer sets listed in Supplementary Table 11 and cloned into 
the pGADT7 vector. These plasmids were cotransformed into yeast strain AH109 
with the pGBKT7-Bph6 construct, and the transformants were simultaneously 
grown on synthetic dropout (SD) medium lacking leucine and tryptophan or on 
SD medium (containing an appropriate concentration of 3-amino-1,2,4-triazole 
(3AT)) lacking leucine, tryptophan and histidine.

Immunoblot analysis and in vivo co-immunoprecipitation assays. For 
immunoblot analysis, total protein from rice leaf sheaths was extracted in protein 
extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% NP-
40, 1 mM PMSF and plant protease inhibitor cocktail (Roche)). Equal amounts of 
total protein were analyzed by SDS-PAGE and detected by immunoblotting using 
anti-actin (Abbkine, Catalog: A01050-2) or anti-BPH6 antibodies. The relative 
intensitiesof the protein bands were quantified by Image J software. The anti-BPH6 
antibody was prepared by expressing amino acids 1–140 of BPH6 (cloned into 
pET28a) in Escherichia coli strain BL21. The expressed recombinant proteins were 
harvested and injected into a rabbit (Quan Biotech Corp, Wuhan, China).

In vivo Co-IP assays were carried out by transient protein expression in rice 
protoplasts. Hemagglutinin (HA)-tagged EXO70E1 and MYC-tagged BPH6 or 
MYC-empty constructs were coexpressed in rice protoplasts, extracted in the 
buffer described above, immunoprecipitated with an anti-MYC antibody  
(MBL, M192-3), then detected by the anti-HA (MBL, catalog: M180) and  
anti-Myc (MBL, catalog: M047), respectively.

Transient expression in N. benthamiana and quantification of fluorescence 
signals. The Agrobacterium strain GV3101 containing expression vectors 
was grown overnight at 28 °C. Cells were resuspended and incubated in 
induction medium (containing 10 mM MES pH 5.6, 10 mM MgCl2 and 150 μ​M 
actosyringone) at room temperature for 2 h before infiltration by direct injection. 
Agrobacterium suspensions used in co-infiltration experiments were mixed to the 
desired final OD600 values and then injected into the leaves of 5- to 6-week-old  
N. benthamiana plants with a needleless syringe. Two days after infiltration, the 
plant leaves were subjected to osmotic treatment with 6% NaCl solution for 15 min 
and then observed with a confocal microscope (FV1000, Olympus).

To compare proportions of fluorescence signals outside the PM of cells in 
N. benthamiana leaves that were transiently expressing different combinations 
of constructs, we first measured the raw integrated signal density divided by the 
areas of regions of interest (ROIs) outside and inside the PM of 30 cells of leaves 
expressing each tested combination, then calculated average values of the intensity 
ratio (as percentages of the intensity outside the PM). Three replicates were used 
for each combination of constructs.

Transmission electron microscopy. Fresh leaf sheaths were fixed with 3% 
glutaraldehyde in PBS, pH 7.2, for 4 h at room temperature. The samples were 
subsequently washed in PBS, postfixed with 1% osmium tetroxide, dehydrated in 
a graded ethanol series and embedded in Spurr’s resin (Sigma-Aldrich, EM0300). 
Samples were sectioned using an ultramicrotome. For transmission electron 
microscopy, ultrathin sections were post-stained with uranyl acetate for 10 min, 
followed by lead citrate for 2 min. The sections were then observed with a JEM-
1400 plus transmission electron microscope (Japan).

Cell wall analysis. The alcohol-insoluble residue (AIR) of cell walls from leaf 
sheaths from 9311-Bph6-NIL and 9311 plants infested by BPH for different times 
were prepared as previously described58. The AIR was de-starched by treatment 
with α​-amylase (0.75 U/mg, Sigma) in 10 mM Tris-maleate buffer  
(pH 6.9) overnight. After removing the solubilized starch by centrifugation, the 
hot-water-soluble pectin and hemicellulose fractions were extracted with hot  
water, 50 mM EDTA (pH 6.8) and 17.5% sodium hydroxide containing 0.04% 
sodium borohydride, followed by heating in a boiling water bath for 10 min, 
respectively. The hemicellulose fractions were neutralized with acetic acid, dialyzed 
against water at 4 °C for 1 d and lyophilized. The residual precipitate was washed 
with water and ethanol, then collected as the cellulose fraction. The total sugar 
content of the fractions was determined by the phenol–sulfuric acid method59 
using glucose as a calibration standard. The crystalline cellulose content was 
measured by using a modified method as described by Updegraff60.

The de-starched AIR was sequentially fractionated, and the analysis of uronic 
acid and monosaccharide composition was performed by GC-MS (Thermo Fisher 
Scientific) as previously described58.

Callose deposition in rice tissue. To observe callose deposition, rice seedlings 
at the three-leaf stage were each infested with ten BPH insects. Their leaf 
sheaths were then fixed in FAA solution (50% ethanol, 5% acetic acid and 3.7% 
formaldehyde) at 4 °C overnight, dehydrated and embedded in Paraplast Plus 
(Sigma-Aldrich) at 58–60 °C. Sections, ~10 μ​m thick, of the samples were taken, 
mounted on glass slides, stained with 0.1% aniline blue in 0.1 5 M K2PHO4 for 
5 min, and then examined under a fluorescence microscope (BX51, Olympus). 

The callose deposition in each examined plant was scored by counting the number 
of sieve plates with a bright callose ring. At least 400 sections were examined per 
sample, and the results were expressed as the number recorded per 50 sections, as 
previously described27.

Microarray analysis. Nip-Bph6-NIL and Bph6-RNAi (RNAi3-9) rice seedlings 
were grown in the Plant Growth Chamber (CONVIRON PGC2000, Canada), 
and each was infested with ten third-instar BPH nymphs at the four-leaf stage 
and sampled at 0 (non-infested control), 6 and 48 h after BPH infestation. All 
treatments, each with three biological replicates, were terminated at the same 
time. Total RNA was isolated from the sampled leaf sheaths using TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions. The transcriptomic 
profiles were then explored using standard Affymetrix instruments, protocols 
and software (obtained from Shanghai Bio Corp.). The acquired data were then 
analyzed using the ‘limma’ software package to detect differentially expressed genes 
(DEGs), with fold-change ≥​2.0 and probability criteria <​0.01 or <​0.05 (ref. 61).  
The experiments were repeated three times.

Measurement of phytohormones and phytoalexins. Seeds were sown in plastic 
cups (10 cm in diameter) and grown in the Plant Growth Chamber (CONVIRON 
PGC2000, Canada) under programmed conditions (relative humidity, 80% from 
0:00 to 19:30 and 75% from 19:30 to 0:00; light intensity, level 3; and temperature: 
0:00–5:30, 25 °C, 5:30–8:30, 27 °C, 8:30–11:30, 30 °C, 11:30–15:30, 32 °C, 15:30–
17:00, 30 °C, 17:00–19:30, 28 °C, 19:30–0:00, 27 °C). For BPH treatment, plants 
of the treated groups were infested with ten BPH nymphs (ten per plant) at the 
selected time points (3, 6, 12, 24, 48 and 72 h to the end of experiments). Control 
groups were maintained in parallel but without BPH infestation62. At the end of 
the treatments, leaf sheaths were collected from the rice plants. All treatments were 
repeated three times. Phytohormones and phytoalexins were extracted from rice 
leaf sheaths and analyzed by ultrafast liquid chromatography with electrospray 
ionization and tandem mass spectrometry (UFLC-ESI-MS) as previously 
described63. Three replicates of each frozen sample were ground to a fine power  
in liquid nitrogen and extracted with a methanol:water:acetic acid (80:19:1,  
vol/vol/vol) solution supplemented with internal standards. After centrifugation, 
the supernatant was filtered through a nylon membrane with  
0.22-μ​m pores. The filtrate was dried and re-dissolved in methanol for 
quantification of phytohormones and phytoalexins. SAG was extracted,  
purified and analyzed as previously described64.

Phytohormone treatment of rice plants. SA (1 mM), MeJA (25 μ​M), 6-BA (50 μ​
M), iP (10 μ​M), cZ (10 nM) and lovastatine (50 μ​M) were sprayed individually 
on leaf sheaths of Bph6-NIL, Bph6-transgenic and WT rice plants at the three-
leaf stage. To study nymph survival on seedlings, ten third-instar nymphs were 
placed on each plant 6 h later. The cup was covered with light-transmitting mesh, 
and the number of nymphs on each plant was counted 9 d after infestation. The 
experiments were repeated ten times. The leaf sheaths were collected 6 h later for 
quantitative RT–PCR analysis and phytoalexin measurement. The experiments 
were repeated three times.

Sequence analyses of Bph6 alleles in rice collections. Bph6 alleles from 148 
cultivars and 32 accessions of wild rice species were sequenced (Supplementary 
Table 6). The genomic sequences corresponding to the transcribed regions of Bph6 
and Bph6-NIP were amplified with four primer sets (Bph6-1, Bph6-2, Bph6-NIP-1 
and Bph6-NIP-2; Supplementary Table 11). Numbers of polymorphic sites (S) and 
haplotypes (H), the average pairwise differences per base pair between sequences 
(π) and Watterson’s estimator (θw) were calculated using DnaSP (version 5)65.  
A phylogenetic tree of Bph6 haplotypes was generated from multiple open-reading 
frame sequence alignments by CLUSTAL X. The phylogeny of sequences was 
inferred by the neighbor-joining (NJ) method and conducted with MEGA (version 
6.0)66. Bootstrap analyses were performed with 1,000 replicates.

Yield performance test in field. To investigate effects of Bph6 on yield 
performance and resistance in field conditions, we grew 9311 and Bph6-NIL plants 
in Wuhan, China, under a standard field management regime for the region. The 
experiment was laid out in a randomized block design with three replications. 
Seedlings, 30 d old, of all experimental materials were transplanted in the field 
with 16.7 cm spacing between plants within each line and 26.7 cm between rows. 
The ‘severe BPH populations’ plot received BPH at the heading stage. Briefly, we 
infested ~10,000 mature BPH insects in each plot. At harvest, the middle six to 
ten plants in the central row of each plot were sampled for analysis. The following 
seven quantitative traits of these plants were then assessed and recorded: heading 
date (in days), plant height (in cm), panicles per plant (in number), spikelets per 
panicle (in number), grains per panicle (in number), percentage of filled grain, 
1,000-grain weight (in grams) and grain yield per plant (in grams)67.

Statistical analyses. Statistical analysis of all the data was performed using one-
way ANOVA in Microsoft Excel. The traits evaluated in the field are summarized 
in Supplementary Table 5.
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URLs. National Center for Biotechnology Information (NCBI), https://www.ncbi.
nlm.nih.gov; Rice Information System (RIS), http://rise2.genomics.org.cn/page/
rice/index.jsp; Michigan State University (MSU) Rice Genome Annotation Project, 
http://rice.plantbiology.msu.edu/; The Arabidopsis Information Resource (TAIR), 
http://www.arabidopsis.org/.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The NCBI accessions for genome and cDNA sequence of the 
Bph6 allele from Swarnalata are KX818198 and KX818197, respectively. The 
microarray data have been deposited in the Gene Expression Omnibus (GEO) 
under accession code GSE86379.
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    Experimental design
1.   Sample size

Describe how sample size was determined. High-resolution mapping of the Bph6 using 4,300 BC3F2 plants derived by crossing 
Swarnalata with 9311. To explore natural variation of the Bph6 gene in rice 
populations, we analyzed its coding sequences from 32 accessions of wild rice and 
148 cultivated varieties of various geographic provenances. Sample sizes  were 
based on previously conducted and published experiments (e.g, ref. 11,14,16, 19 
and 25 in the manuscript) in which statistically significant differences were 
observed on bone with various experiments in our laboratory (Online Methods).

2.   Data exclusions

Describe any data exclusions. No data was excluded for the analyses.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

The experiments were replicated and the findings were 
reliably reproduced.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

For each study, based on the methods, all plants were randomly allocated into 
experimental groups.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Not applicable.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Statistical analysis of all the data was performed using One-way ANOVA in the MS-
Excel. Numbers of polymorphic sites (S) and haplotypes (H), the average pairwise 
differences per base pair between sequences (π) and Watterson’s estimator (θw) 
were calculated using DnaSP (version 5). A phylogenetic tree of Bph6 haplotypes 
was generated from multiple ORF sequence alignments by CLUSTAL X. The 
phylogeny of sequences was inferred by the Neighbor-joining (NJ) method and 
conducted with MEGA (version 6.0).The relative protein band intensity was 
quantified by Image J software. They were provided in Online Methods.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

No unique materials were used for this study.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

MYC Monoclonal Antibody, MBL, Catalog: M047-8and M192-3. HA Monoclonal 
Antibody, MBL, Catalog: M180-3. ACTIN Monoclonal Antibody, Abbkine, Catalog: 
A01050-2. These antibodies have previously been used in the following 
publications: PMID 24560272, PMID 26405199 and PMID 26386272, respectively. 
The anti-BPH6 antibody was prepared by expressing 1-140 amino acids of BPH6 
(cloned into pET28a) in E. coli strain BL21. The expressed recombinant proteins 
were harvested and injected into a rabbit (Quan Biotech Corp, Wuhan, China). 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Not applicable.

b.  Describe the method of cell line authentication used. Not applicable.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Not applicable.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

Not applicable.

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

Not applicable.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

Not applicable.
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