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SUMMARY

Vesicle trafficking including the exocytosis pathway is intimately associated with host immunity against

pathogens. However, we still have insufficient knowledge about how it contributes to immunity, and how

pathogen factors affect it. In this study, we explore host factors that interact with the Magnaporthe oryzae

effector AVR-Pii. Gel filtration chromatography and co-immunoprecipitation assays identified a 150 kDa

complex of proteins in the soluble fraction comprising AVR-Pii and OsExo70-F2 and OsExo70-F3, two rice

Exo70 proteins presumably involved in exocytosis. Simultaneous knockdown of OsExo70-F2 and F3 totally

abrogated Pii immune receptor-dependent resistance, but had no effect on Pia- and Pik-dependent resis-

tance. Knockdown levels of OsExo70-F3 but not OsExo70-F2 correlated with reduction of Pii function,

suggesting that OsExo70-F3 is specifically involved in Pii-dependent resistance. Under our current experi-

mental conditions, over-expression of AVR-Pii or knockdown of OsExo70-F2 and -F3 genes in rice did not

affect the virulence of compatible isolates of M. oryzae. AVR-Pii interaction with OsExo70-F3 appears to play

a crucial role in immunity triggered by Pii, suggesting a role for OsExo70 as a decoy or helper in Pii/AVR-Pii

interactions.
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INTRODUCTION

Vesicle trafficking, particularly exocytosis, plays an impor-

tant role in several biological processes in plants. However,

we understand little how this process contributes to dis-

ease resistance and immunity (Z�arsk�y et al., 2013; Inada

and Ueda, 2014). Exo70 protein, which is a component of

the exocyst complex, plays crucial roles in tethering and

fusion of the vesicles and plasma membrane at the site of

polarized exocytosis (Munson and Novick, 2006). In plant

genomes, multiple Exo70 genes have been reported. For

example, the rice genome has 47 Exo70 genes. In contrast,

only single Exo70 genes occur in the yeast and human

genomes. This suggests that each plant Exo70 protein may

have specific functions (Zhang et al., 2010). Recently, some

Exo70 proteins have been implicated in plant immunity

(Pecenkov�a et al., 2011; Stegmann et al., 2012, 2013; Zhao

et al., 2015). However, we still know little about how Exo70

proteins contribute to immunity and the degree to which

these proteins are recruited or modulated by pathogen

effectors.

The filamentous ascomycete fungus Magnaporthe ory-

zae causes rice blast, the most important disease of rice

(Dean et al., 2012). The availability of the complete gen-

ome sequences of both rice and M. oryzae enables exten-

sive molecular-level analyses (International Rice Genome

Sequence Project, 2005; Dean et al., 2005). Consequently,

the rice/M. oryzae interaction is well-established as a

model pathosystem to understand infection strategies of

fungal pathogens of plants as well as the immune system

of monocot plants. A number of rice resistance genes

against M. oryzae have been identified, most of which

encode typical immune receptor proteins with nucleotide

binding site/leucine-rich repeat (NB-LRR) domains, also

known as nucleotide-binding leucine-rich repeat receptors

(NLRs) (Liu et al., 2013). However, the mechanisms

by which rice NLRs recognize M. oryzae remain poorly
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understood. Such knowledge is important for optimal

deployment of resistant cultivars and for breeding new

blast-resistant rice varieties.

A wide range of plant pathogens, including bacterial,

oomycete and fungal pathogens, deliver virulence effector

proteins into the host cytoplasm or periplasmic space to

interfere with and manipulate host functions to support

pathogen multiplication (De Wit et al., 2009; Schornack

et al., 2009; Deslandes and Rivas, 2012). Plant NLRs directly

or indirectly recognize some of these effectors as aviru-

lence factors (AVRs), and induce effective defense

responses called effector-triggered immunity (ETI) or NLR-

triggered immunity (Dangl and Jones, 2001; Dodds and

Rathjen, 2010; Win et al., 2012). Perception of AVR effec-

tors by NLRs may be direct or indirect. Some AVRs directly

interact with their cognate NLRs, while, in other cases,

direct binding of AVRs to NLRs has not been demon-

strated, leading to the proposal of ‘guard’ and ‘decoy’

models of indirect recognition of AVR effectors (Dangl and

Jones, 2001; van der Hoorn and Kamoun, 2008). In these

models, NLRs monitor host proteins designated as ‘guar-

dees’, which are the operative targets of virulence effec-

tors, or ‘decoys’, which are non-functional mimics of the

operative targets. AVR effector binding or modification of

the guardee/decoy proteins leads to activation of ETI.

These models indicate that plant immune receptors have

evolved to detect pathogen perturbation of certain host

processes to activate defense responses. Not all host inter-

actors of AVRs are guardees or decoys. Some AVRs

require host proteins in order to become functional as viru-

lence and avirulence effectors. These host proteins have

recently been categorized as ‘helpers’, which affect effector

folding, localization and/or post-translational modification

(Win et al., 2012).

In the rice/M. oryzae interaction, three NLR–AVR combi-

nations, Pita/AVR-Pita, Pia/AVR-Pia and Pik/AVR-Pik, have

been extensively investigated at the molecular level. In all

three cases, direct interactions between the NLR and AVR

were detected by a yeast two-hybrid (Y2H) assay (Jia et al.,

2000; Kanzaki et al., 2012; Cesari et al., 2013), suggesting

that AVR-Pita, AVR-Pia and AVR-Pik are directly recognized

by their cognate NLRs via physical binding. Consistent

with these findings, most examples of NLR perception of

filamentous pathogen effectors involve direct NLR–AVR
interactions, and there are only a few examples of guar-

dees/decoys determining the perception of oomycete and

fungal AVRs (Roony et al., 2005; Saunders et al., 2012).

AVR-Pii is a small (70 amino acid) secreted protein of

M. oryzae with no similarity to known proteins (Yoshida

et al., 2009). The cognate rice resistance locus Pii encodes

a pair of CC-NB-LRR-type NLR proteins (Takagi et al.,

2013). In this study, we investigated the biochemical status

of AVR-Pii and its interactors in rice cells in order to obtain

insights into the virulence and avirulence activities of this

effector. We discovered that AVR-Pii forms a complex with

two rice Exo70 proteins, OsExo70-F2 and OsExo70-F3.

Remarkably, OsExo70-F3 was found to be necessary for

Pii-dependent resistance. In sharp contrast to other cases

of M. oryzae/rice NLR–AVR interactions studied to date, we

did not detect interaction between Pii and AVR-Pii by either

Y2H or co-immunoprecipitation (co-IP) assays. Taken

together, our findings suggest that the AVR-Pii perception

mechanism in the rice/M. oryzae pathosystem is unique,

whereby the AVR-Pii interactor OsExo70-F3 is required for

the Pii-mediated response to the AVR-Pii effector.

RESULTS

AVR-Pii forms two complexes in rice cell lysates

AVR-Pii of M. oryzae is 70 amino acids long and contains an

N-terminal signal peptide (Yoshida et al., 2009). Previous

studies involving live cell imaging (Sharma et al., 2013) and

cell death assays in protoplasts (Yoshida et al., 2009) sug-

gested that AVR-Pii functions inside rice cells as a cytoplas-

mic effector and is functional when delivered ectopically in

rice cells. Therefore, we decided to identify and characterize

the proteins that associate with AVR-Pii in rice cells. To facil-

itate protein detection, we fused the N-terminus of AVR-Pii

without its signal peptide (AVR-Pii-ns) to the FLAG tag (FL)

or the StrepII-HA tag (SH), designated FL-AVR-Pii-ns and

SH-AVR-Pii-ns, respectively. These epitope-tagged proteins

retain their avirulence activities (Figure S1).

We first addressed the localization of AVR-Pii in rice cells

by subcellular fractionation and gel filtration chromatogra-

phy. FL-AVR-Pii-ns was transiently expressed in rice proto-

plasts of the Sasanishiki cultivar that lacks the Pii gene.

The majority of FL-AVR-Pii-ns protein was present in the

soluble fraction (S30) of the cell lysates after centrifugation

at 30 000 g (Figure 1a). Next, the soluble fraction was sep-

arated by gel filtration chromatography to visualize AVR-

Pii complexes. Gel filtration chromatography revealed two

elution peaks of AVR-Pii (Figure 1b), indicating that AVR-

Pii exists as two forms in rice (designated as forms I and

II). The fractionation pattern of a purified recombinant

protein AVR-Pii-ns fused with heptahistidine tag (His-

AVR-Pii-ns) was similar to that for form II (fractions 16–19),
suggesting that form II consists only of AVR-Pii-ns protein.

However, the molecular sizes of form II fractions were lar-

ger than those of aprotinin (fractions 19–21) whose size

(6.5 kDa) is close to that of monomeric His-AVR-Pii-ns

(6.9 kDa) and FL-AVR-Pii-ns (8.5 kDa). Some fractions were

even larger than that of cytochrome c (12.3 kDa) (Fig-

ure 1b). Therefore, we hypothesized that AVR-Pii forms

homo-multimers.

To understand the nature of form I and II complexes, we

tested the effects of heat, dithiothreitol (DTT) and EDTA

treatments on AVR-Pii complexes. Although heat treatment

(50°C) led to disappearance of form I, form II was stable
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(Figure 2a). When EDTA treatment was combined with

heat, form II fractions were shifted, but a combination of

DTT treatment with heat did not cause any changes in

form II complexes. The shifted elution peaks were similar

to those of aprotinin (Figure 2a), suggesting that FL-AVR-

Pii-ns in form II fractions exists as homo-multimers, and

the homo-multimeric complex is dissociated by combined

EDTA and heat treatments. To further validate formation of

homo-multimeric complexes, FL-AVR-Pii-ns and SH-AVR-

Pii-ns were transiently co-expressed in Nicotiana

benthamiana. After immunoprecipitation using anti-FLAG

antibody (FLAG-IP), SH-AVR-Pii-ns was specifically co-puri-

fied with FL-AVR-Pii-ns (Figure 2b). Based on these obser-

vations, we conclude that AVR-Pii forms homo-multimers.

The size of form II is between those of cytochrome c

(12.3 kDa) and carbonic anhydrase (30 kDa) (Figure 1b),

suggesting that AVR-Pii forms either dimers (17 kDa) or

trimers (25.5 kDa).

The higher molecular size complex, form I (fractions

12 and 13), was not observed upon gel filtration of

(a)

(b)

(c)

Figure 1. Fractionation of AVR-Pii-ns expressed in rice cells. (a) FL-AVR-Pii-

ns was transiently expressed in rice protoplasts of the Sasanishiki cultivar.

Subcellular fractionation of FL-AVR-Pii-ns was performed by differential

centrifugation (see Experimental procedures): P1, 1000 g pellet; P30,

30 000 g pellet; S30, 30 000 g supernatant. CEBiP, a plasma membrane

protein (Kaku et al., 2006), was used as a marker for the membrane

fraction.

(b) Gel filtration analysis of FL-AVR-Pii-ns. FL-AVR-Pii-ns was transiently

expressed in Sasanishiki protoplasts or N. benthamiana leaves, and the

soluble fractions of their homogenates were used for gel filtration analysis

using a Superdex 75 10/300 GL column (GE Healthcare). Proteins in frac-

tions 10–21 are shown, because the void volume approximately corre-

sponds to the volume of fractions 1 to 10, and analyzed proteins were

detected from fraction 11. Aprotinin (6.5 kDa), cytochrome c (12.3 kDa),

carbonic anhydrase (30 kDa) and BSA (66 kDa) were used as molecular

weight marker proteins and were detected by silver staining. Purified

recombinant His-AVR-Pii-ns was also analyzed as a control. Total proteins

of rice cell lysates detected by Coomassie brilliant blue staining are also

shown. Three independent gel filtration analysis experiments were per-

formed and showed consistent results.

(c) Soluble fractions of lysates of Sas-empty and Sas-SH-AVR-Pii-ns suspen-

sion cell cultures were analyzed by gel filtration chromatography using a

Superdex 200 10/300 GL column (GE Healthcare). Analyzed proteins were

detected from fraction 11 as described in (b). The positions of OsExo70-F2

and OsExo70-F3 protein bands are indicated by arrowheads. A non-specific

protein band detected by anti-OsExo70-F3 antiserum is indicated by aster-

isks. Conalbumin (75 kDa), aldolase (158 kDa) and ferritin (440 kDa) were

used as molecular weight marker proteins and were detected by Coomassie

brilliant blue staining. Quantified data from three independent experiments

are shown in Figure S8.

(a)

(b)

Figure 2. Validation of homo-multimer formation by AVR-Pii-ns.

(a) Effects of heat, DTT and EDTA treatments on forms I and II of FL-AVR-

Pii-ns in rice cell lysates. Homogenates of Sasanishiki protoplasts express-

ing FL-AVR-Pii-ns were incubated at 50°C with or without 100 mM DTT or

50 mM EDTA, and the resulting cell lysates were analyzed by gel filtration

chromatography as described in Figure 1(b). To remove form I-derived FL-

AVR-Pii-ns signals, DTT and EDTA treatments were performed after 50°C
treatment.

(b) Co-IP of AVR-Pii expressed in N. benthamiana. FL-AVR-Pii-ns was co-ex-

pressed with SH-AVR-Pii-ns in N. benthamiana leaves, and the leaf homo-

genate was used for co-IP using anti-FLAG antibody (FLAG-IP). As controls,

N. benthamiana leaves expressing either FL-AVR-Pii-ns or SH-AVR-Pii-ns

alone, and leaves co-expressing FL-RFP and SH-AVR-Pii-ns, were used. Puri-

fied proteins were immunologically detected using anti-FLAG or anti-HA

antibody.
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recombinant protein His-AVR-Pii-ns, and was not

detected when FL-AVR-Pii-ns was expressed in N. ben-

thamiana (Figure 1b). This suggests that formation of

form I occurs specifically in rice cells. As form I fractions

are significantly larger than form II complexes (Fig-

ure 1b), we hypothesized that form I is a complex of

AVR-Pii and rice proteins.

AVR-Pii forms a complex with OsExo70

To identify the rice proteins that associate with AVR-Pii

in form I fractions, we generated stable transgenic Sasan-

ishiki cell cultures expressing SH-AVR-Pii-ns. Gel filtration

analysis of the lysates confirmed the presence of both

forms I and II (Figure S2), similar to the FL-AVR-Pii-ns

complexes in protoplasts described above. Next, we per-

formed immunoprecipitation using anti-HA antibody, and

elution samples were subjected to SDS–PAGE and silver

staining. Purified fractions from total soluble lysates

contained high molecular size proteins as well as SH-

AVR-Pii-ns, with a protein band at approximately 75 kDa

specifically appearing in the lysate containing SH-AVR-

Pii-ns (Figure 3a). This band was analyzed by mass spec-

trometry (LC-MS/MS), which resulted in identification of

two rice proteins belonging to the Exo70 family

(Figure 3b). The identified Exo70 proteins have been

previously described as OsExo70-F2 (Os02 g0505400) and

OsExo70-F3 (Os04 g0382200) (Cvr�ckov�a et al., 2012).

Western blot analysis using anti-OsExo70-F2 and anti-

OsExo70-F3 antisera (Figure S3) also detected specific

co-purification of the proteins with AVR-Pii (Figure 3c).

The interactions between AVR-Pii and OsExo70-F2/F3

were confirmed by Y2H (Figure S4). In addition, co-IP

experiments using deletion mutants of OsExo70-F2/F3

suggested that AVR-Pii has binding affinity to the

C-terminal domain of OsExo70-F2/F3 (Figure S5).

OsExo70-F2 and OsExo70-F3 were also identified from

the purification using form I fractions from gel filtration

analysis. Based on these results, we conclude that an AVR-

Pii–OsExo70 complex is a possible component of form I.

Exo70 is known as a member of an exocyst complex reg-

ulating exocytosis in yeast and mammals (Z�arsk�y et al.,

2013). A previous report showed that OsExo70-F2 and

OsExo70-F3 are most closely related to each other (74.5%

amino acid sequence identity; 78.4% nucleotide sequence

identity) among the 47 genes that comprise the large rice

Exo70 family. Also, OsExo70-F2 and OsExo70-F3 are

related to Arabidopsis AtExo70F (At05 g50380) (Cvr�ckov�a

et al., 2012). However, there is no report to date that

describes the functions of OsExo70-F2, OsExo70-F3 or

AtExo70F.

(a)

(c)

(b)

Figure 3. Co-purification of OsExo70-F2 and OsExo70-F3 with AVR-Pii-ns from rice cell lysates. (a) Total proteins in purified fractions of co-IP detected using

anti-HA antibody. Cell lysates for co-IP were prepared from a wild-type Sasanishiki cell culture (NT) and a transgenic Sasanishiki cell culture (SHi), in which SH-

AVR-Pii-ns is constitutively expressed. Total proteins in purified fractions were visualized by SDS–PAGE/silver staining. The protein band for SH-AVR-Pii-ns is

indicated by an asterisk, and an approximately 75 kDa protein band that was specifically detected in the presence of SH-AVR-Pii-ns is indicated by ‘X’.

(b) Amino acid sequences of OsExo70-F2 (Os02 g0505400) and OsExo70-F3 (Os04 g0382200). The amino acid sequences of OsExo70-F2 and OsExo70-F3 were

obtained from a rice database (RAP-DB; http://rapdb.dna.affrc.go.jp/). The trypsin-digested peptides identified by mass spectrometry are indicated in red.

(c) Immunoprecipitation of FL-AVR-Pii-ns transiently expressed in rice protoplasts. Sasanishiki protoplasts were transfected with expression vectors for FL-AVR-

Pii-ns (FLi) or FL-AVR-Pik-D-ns (FLk), an AVR that is totally unrelated to AVR-Pii (Yoshida et al., 2009). In addition, mock-inoculated protoplasts (M) were used as

a control. After FLAG-IP, OsExo70-F2 and OsExo70-F3 were detected using antiserum specific for each protein. FL-AVR-Pii-ns and FL-AVR-Pik-ns were detected

using anti-FLAG antibody.
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The rice expression profile database (RiceXPro; http://ric-

expro.dna.affrc.go.jp/) showed that OsExo70-F2 and OsExo70-

F3 are expressed widely in various tissues of rice,

including leaf, root, stem and inflorescence. Our semi-

quantitative RT-PCR experiments showed that OsExo70-

F2 and OsExo70-F3 are constitutively expressed in both

healthy and M. oryzae-infected rice leaves (Figure S6),

suggesting that AVR-Pii potentially associates with

OsExo70-F2 and OsExo70-F3 in rice leaf cells during

M. oryzae infection.

AVR-Pii forms soluble 150 kDa complexes with OsExo70-

F2 and OsExo70-F3

To characterize the OsExo70 complex, we fractionated

native OsExo70-F2 and OsExo70-F3 in rice cells. Sub-

cellular fractionation showed that OsExo70-F2 and

OsExo70-F3 are present not only in the soluble fraction

(S20) but also in the membrane fraction (P20) (Fig-

ure S7A). In addition, membrane flotation analysis

demonstrated that OsExo70-F2 and OsExo70-F3 floated

together with host membranes (Figure S7B), suggesting

association of OsExo70-F2 and OsExo70-F3 with host

membranes. On the other hand, most AVR-Pii was

recovered in soluble fractions (Figure S7), indicating that

the majority of AVR-Pii–OsExo70 complexes occur as

soluble forms. Gel filtration chromatography of soluble

OsExo70-F2/F3 revealed that OsExo70-F2 and OsExo70-F3

were detected as one major elution peak (fractions 17–
21), and a fraction of the AVR-Pii pool co-fractionated

with OsExo70-F2 and OsExo70-F3 (Figure 1c), suggesting

that fractions 18–20 correspond with AVR-Pii–OsExo70

complexes (form I) and fractions 22–24 correspond

with free AVR-Pii (form II). The estimated molecular

size of form I was approximately 150 kDa (Figure 1c and

Figure S8).

OsExo70-F2 and OsExo70-F3 form homo- and hetero-

dimers

The form I 150 kDa complex was larger than the sum of

the mass of OsExo70 (75 kDa) and SH-AVR-Pii (monomer

8.1 kDa; trimer 24.3 kDa). We did not identify additional

proteins in this complex, so we explored the possibility

that multimeric forms of OsExo70 are present. Y2H assays

revealed multimerization of OsExo70-F3 (Figure S9A). To

confirm intermolecular interactions among OsExo70 pro-

teins, we performed co-IP experiments and demonstrated

homo- and hetero-interactions between OsExo70-F2 and

OsExo70-F3 in N. benthamiana (Figure S9B). These data

indicate that OsExo70-F2 and OsExo70-F3 form homo- and

hetero-multimers. Therefore, given the molecular size of

the complex (approximately 150 kDa), it is likely that OsEx-

o70-F2 and OsExo70-F3 stably form homo- and hetero-

dimers that incorporate the M. oryzae effector

AVR-Pii.

AVR-Pii-ns specifically interacts with OsExo70-F2 and

OsExo70-F3 among the OsExo70 family proteins

Many Exo70 genes have been identified in both monocots

(e.g. 47 genes in Oryza sativa and 31 genes in Sorghum

bicolor) and dicots (e.g. 23 genes in Arabidopsis thaliana

and 29 genes in Populus trichocarpa). This expansion is

remarkable because single Exo70 genes occur in the yeast

and human genomes. The plant Exo70 family is divided

into nine clades (A–I). A monocot-specific branch, FX, was

identified in the F clade. Although some rice Exo70 genes

belong to the FX branch, OsExo70-F2/F3 belong to branch

with both monocot and dicot members (Cvr�ckov�a et al.,

2012).

Despite the large number of Exo70 genes in rice, we iden-

tified only OsExo70-F2 and OsExo70-F3, among 47 OsExo70

proteins, as AVR-Pii-ns interactors (Figure 3). We further

investigated the specificity of the AVR-Pii interaction with

(a)

(b)

Figure 4. Specific binding of AVR-Pii to OsExo70-F2 and OsExo70-F3. (a)

Expression of OsExo70 genes in the SH-AVR-Pii-ns-expressing rice cell cul-

ture used for purification of the AVR-Pii–OsExo70 complex in Figure 3 was

checked by RT-PCR. In addition to OsExo70-F2 and OsExo70-F3, seven

OsExo70 genes, OsExo70-A3 (Os11 g0157400), OsExo70-B1 (Os01

g0827500), OsExo70-C2 (Os12 g0165500), OsExo70-D1 (Os08 g0455700),

OsExo70-X1 (Os01 g0763700), OsExo70-G2 (Os06 g0698600) and OsExo70-

H3b (Os11 g0100800) (Cvr�ckov�a et al., 2012) were analyzed. Two templates

with (+) or without (�) reverse transcription (RT) were used.

(b) Co-IP to test associations between AVR-Pii and OsExo70 proteins other

than OsExo70-F2 and OsExo70-F3. SH-AVR-Pii-ns and FL-OsExo70-B1 and -

X1 were separately transiently expressed in N. benthamiana. Leaf homoge-

nates were mixed in vitro in the combinations as indicated, and used for

FLAG-IP. FL-OsExo70-F2 and FL-RFP were used as positive and negative

controls, respectively.
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OsExo70 proteins. In addition to OsExo70-F2 and OsExo70-F3,

at least five of seven OsExo70 genes tested by RT-PCR were

transcribed in the transgenic Sasanishiki suspension cul-

tured cells expressing SH-AVR-Pii-ns (Figure 4a). We per-

formed co-IP to test the interaction of SH-AVR-Pii-ns with

two other OsExo70 proteins (OsExo70-B1 and OsExo70-X1).

We did not detect SH-AVR-Pii-ns in the purified fractions of

OsExo70-B1 and OsExo70-X1 (Figure 4b), indicating that

AVR-Pii association with OsExo70-F2 and OsExo70-F3 is

specific.

OsExo70-F2/F3 is required for Pii-dependent resistance

against Magnaporthe oryzae strains expressing AVR-Pii

To investigate the biological functions of OsExo70-F2/F3,

we tested the effects of knockdown of genes encoding

OsExo70-F2/F3 on rice resistance against M. oryzae. To

take into account the potential functional redundancy of

OsExo70-F2 and -F3, OsExo70-F2/F3, a double knockdown

line in the Hitomebore background was established using

a silencing inducer DNA fragment consisting of tandemly

connected F2A and F3A sequences (Figure S10A) of

OsExo70-F2 and OsExo70-F3, respectively. The OsExo70-

F2/F3 double knockdown Hitomebore line Hit-F2A/F3A

grew normally, and we did not detect any notable effects

on compatible interactions between M. oryzae and rice

(Figure 5a,c). However, knockdown of OsExo70-F3 had a

drastic effect on the incompatible interaction between Pii

and AVR-Pii.

The Hitomebore cultivar carries the Pii gene and there-

fore shows resistance to the incompatible M. oryzae strain

Sasa2 expressing AVR-Pii with signal peptide (AVR-Pii-s)

(Yoshida et al., 2009), designated as Sasa2-AVR-Pii-s (Fig-

ure 5a). However, in two independently generated Hitome-

bore OsExo70-F2/F3 double knockdown transgenic lines

(a)

(b) (c)

(d)

Figure 5. OsExo70-F2/F3 double knockdown in rice

totally abrogates Pii-mediated resistance against

Magnaporthe oryzae expressing AVR-Pii.

(a) Rice leaf blade spot inoculation of M. oryzae

(wild-type Sasa2 isolate and transgenic Sasa2-AVR-

Pii-s) into transgenic Hitomebore lines exhibiting

OsExo70-F2/F3 double knockdown (Hit-F2A/F3A-1

and Hit-F2A/F3A-2). A transgenic Hitomebore line

(Hit-F2A/F3A-3), in which OsExo70-F2/F3 double

knockdown was not detected, as well as wild-type

Hitomebore plants (WT Hit) and wild-type Sasan-

ishiki plants (WT Sas), were used as controls.

(b) Quantification of the vertical length of disease

lesions (lesion size) after inoculation with incompat-

ible M. oryzae isolate Sasa2-AVR-Pii-s. Asterisks

indicate statistically significant differences in lesion

size between wild-type and OsExo70-F2/F3 double

knockdown Hitomebore lines (Student’s t test;

P < 0.01).

(c) Quantification of lesion size after rice leaf blade

spot inoculation with compatible M. oryzae isolate

Sasa2.

(d) Quantification of expression levels of OsExo70-

F2 and OsExo70-F3. Expression levels of OsExo70-

F2 (left) and OsExo70-F3 (right) mRNAs in wild-type

and transgenic Hitomebore leaves were quantified

by quantitative RT-PCR. Each bar represents the

ratio of OsExo70-F2 or OsExo70-F3 relative to the

rice actin gene (accession no. X15863). Mean values

and standard deviations were calculated from three

replications. Asterisks indicate statistically signifi-

cant differences in expression levels between wild-

type and OsExo70-F2/F3 double knockdown Hito-

mebore lines (Student’s t test; P < 0.01).
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(Hit-F2A/F3A-1 and Hit-F2A/F3A-2), Pii-dependent resis-

tance was abrogated, resulting in disease symptoms (Fig-

ure 5a). The size of disease lesions in Hit-F2A/F3A-1 and

Hit-F2A/F3A-2 was similar to those in the susceptible culti-

var Sasanishiki (Figure 5b), suggesting that Pii-dependent

resistance was fully abolished in Hit-F2A/F3A-1 and Hit-

F2A/F3A-2 plants. The transgenic Hitomebore line Hit-F2A/

F3A-3, which was transformed with the same OsExo70-F2/

F3 double knockdown vector but did not show OsExo70-

F2/F3 silencing (Figure 5d), showed the same level of resis-

tance as wild-type Hitomebore (Figure 5a,b). Hence, dis-

ruption of Pii-dependent resistance correlates with

knockdown of OsExo70-F2 and OsExo70-F3.

In OsExo70-F2/F3-silenced Hitomebore lines, the expres-

sion levels of cognate NLR genes (Pii-1 and Pii-2) and other

OsExo70 genes (OsExo70-F1, Os01 g0921400; OsExo70-F4,

Os08 g0530300; OsExo70-F5, Os06 g0255900) belonging to

the same group as OsExo70-F2 and OsExo70-F3 (Cvr�ckov�a

et al., 2012) was unaltered (Figure S11). To further validate

the effects of OsExo70-F2/F3 silencing on Pii-dependent

resistance, other combined sequences of OsExo70-F2 and

OsExo70-F3 regions (F2B/F3B and F2B/F3C) were used to

generate OsExo70-F2/F3 double knockdown Hitomebore

lines (Figure S10A). The resulting transgenic plants were

susceptible to M. oryzae Sasa2-AVR-Pii-s (Figure S10B,C).

Therefore, we conclude that OsExo70-F2 and OsExo70-F3

are required for Pii-dependent resistance.

To clarify the contribution of OsExo70-F2 and OsExo70-

F3 to Pii-dependent resistance, OsExo70 knockdown Hito-

mebore lines Hit-F2D-1 and Hit-F3D-1 were generated by

using DNA fragments from either OsExo70-F2 (F2D) and

OsExo70-F3 (F3D), respectively (Figure S10A). In Hit-F2D-1

plants, OsExo70-F2 was efficiently silenced, but the

OsExo70-F3 expression level was also reduced to some

degree (Figure 6b). Similarly, in Hit-F3D-1 plants, OsExo70-

F3 expression was effectively silenced with a slight reduc-

tion in expression of OsExo70-F2, probably due to the

nucleotide sequence similarity of OsExo70-F2 and -F3.

When Hit-F2D-1 plants were challenged with the incompat-

ible isolate Sasa2-AVR-Pii-s, lesion sizes remained small,

although slightly larger than the wild-type Hitomebore

control (Figure 6a). On the other hand, when Hit-F3D-1

plants were challenged with Sasa2-AVR-Pii-s, large disease

lesions developed to the same extent as observed in OsEx-

o70-F2/F3 double knockdown Hitomebore lines (Figure 6a).

We observed similar results in two independent lines each

for Hit-F2D and Hit-F3D, indicating that knockdown levels

of OsExo70-F3 but not of OsExo70-F2 correlates with the

reduction of Pii-dependent resistance. This knockdown

experiment suggests a major role for OsExo70-F3 in Pii-

mediated resistance.

OsExo70-F2/F3 are not required for Pia- or Pik-dependent

resistance to Magnaporthe oryzae

To determine the specificity of involvement of OsExo70-

F2 and OsExo70-F3 in Pii-mediated resistance, the effects

of OsExo70-F2/F3 double knockdown on Pia- and Pik-

dependent resistance were examined. The rice cultivar

Sasanishiki does not possess Pii gene, and is susceptible

to Sasa2-AVR-Pii-s (Figure 5a), but it does express

another NLR gene, Pia (Okuyama et al., 2011), and conse-

quently shows resistance against M. oryzae strains that

(a)

(b)

Figure 6. OsExo70-F3, but not OsExo70-F2, con-

tributes to Pii-dependent resistance. (a) Rice leaf

blade spot inoculation of Sasa2-AVR-Pii-s on trans-

genic Hitomebore lines Hit-F2D-1 and Hit-F3D-1, in

which silencing was induced by a fragment of

either OsExo70-F2 or OsExo70-F3. Photographs of

disease lesions and bar graphs of lesion sizes are

shown. Asterisks indicate statistically significant dif-

ferences in the size of disease lesions (Student’s

t test; P < 0.01), and ‘(�)’ indicates the absence of a

significant difference between Hit-F2A/F3A-1 and

Hit-F3D-1 (P > 0.05).

(b) Expression levels of OsExo70-F2 (left) and OsExo70-

F3 (right) mRNAs in wild-type and transgenic Hito-

mebore leaves are shown as described in Fig-

ure 5(d). Asterisks indicate statistically significant

differences in expression levels between wild-type

and transgenic Hitomebore lines (Student’s t test;

*P < 0.05; **P < 0.01).
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have AVR-Pia. We tested whether double knockdown of

OsExo70-F2/F3 affects Pia-mediated resistance in the

Sasanishiki cultivar. The transgenic M. oryzae line Ina86-

137-AVR-Pia-s (M. oryzae isolate Ina86-137 expressing

AVR-Pia-s) fails to infect the Sasanishiki cultivar due to

the presence of the Pia gene (Yoshida et al., 2009). In the

two independent knockdown lines Sas-F2A/F3A-1 and

Sas-F2A/F3A-2 in the Sasanishiki background, expression

of OsExo70-F2 and OsExo70-F3 was efficiently silenced.

However, Pia-dependent resistance was not affected in

these lines (Figure 7a,b), indicating that OsExo70-F2/F3

are not required for Pia-dependent resistance.

Similarly, the combination of rice cultivar Kanto51 and a

transgenic M. oryzae Sasa2 line (Sasa2-AVR-Pik-D-s),

which may be utilized to evaluate Pik function (Yoshida

et al., 2009), showed no effect of OsExo70-F2/F3 double

knockdown (K51-F2A/F3A-1 and K51-F2A/F3A-2) on Pik-

dependent resistance (Figure 7c,d). Therefore, we conclude

that OsExo70-F2/F3 is required for rice blast resistance

mediated by Pii but not by Pia and Pik.

Rice plants expressing AVR-Pii are not altered in

susceptibility to M. oryzae and the bacterial pathogens

Xanthomonas oryzae and Burkholderia glumae

To evaluate the virulence function of the AVR-Pii effector

of M. oryzae in rice plants that do not carry Pii, we first

examined the extent to which AVR-Pii contributes to

M. oryzae virulence in a compatible interaction. A rice

(a)

(b)

(c)

(d)

Figure 7. Pia- and Pik-dependent resistance are not

affected by OsExo70-F2/F3 double knockdown.

(a) Rice leaf blade spot inoculation of Ina86-137-

AVR-Pia-s (incompatible with wild-type Sasanishiki)

into OsExo70-F2/F3 double knockdown Sasanishiki

lines Sas-F2A/F3A-1 and Sas-F2A/F3A-2.

(b) Expression levels of OsExo70-F2 (left) and

OsExo70-F3 (right) mRNAs in wild-type and trans-

genic Sasanishiki leaves are shown as described in

Figure 5(d). Asterisks indicate statistically signifi-

cant differences in expression levels between wild-

type and transgenic Sasanishiki lines (Student’s

t test; P < 0.01).

(c) Rice leaf blade spot inoculation of Sasa2-AVR-

Pik-D-s (incompatible with wild-type Kanto51) into

OsExo70-F2/F3 double knockdown Kanto51 lines

K51-F2A/F3A-1 and K51-F2A/F3A-2.

(d) Expression levels of OsExo70-F2 (left) and

OsExo70-F3 (right) mRNAs in wild-type and

transgenic Kanto51 leaves are shown as described

in Figure 5(d). Asterisks indicate statistically signifi-

cant differences in expression levels between

wild-type and transgenic Kanto51 lines (Student’s

t test; P < 0.01).
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cultivar Sasanishiki, which does not possess the Pii gene,

was inoculated with Sasa2 and Sasa2-AVR-Pii-s. We

observed no significant difference in development of dis-

ease lesions between the two isolates, indicating that this

effector is not required for full virulence of M. oryzae under

these experimental conditions (Figure S12A). Similarly, a

stable transgenic rice line of the Sasanishiki cultivar

expressing SH-AVR-Pii-ns, designated Sas-AVR-Pii-ns(+),
did not differ from the Sasanishiki cultivar transformed

with empty vector (Sas-empty) in terms of susceptibility to

a compatible isolate of M. oryzae Sasa2 (Figure S12B) and

growth of two rice bacterial pathogens, Xanthomonas ory-

zae and Burkholderia glumae (Figure S13). No significant

difference was observed even when we compared the

length of infection hyphae after leaf sheath inoculation of

Sas-AVR-Pii-ns(+) and Sas-empty (Figure S12C). Consistent

with the undetectable effects of AVR-Pii expression on the

virulence of fungal and bacterial pathogens, defense

responses monitored by PR gene expression after inocula-

tion with M. oryzae Sasa2, or by and callose deposition

after inoculation with the non-host fungal pathogen Col-

letotrichum orbiculare, were not significantly different

between Sas-AVR-Pii-ns(+) and Sas-empty plants (Fig-

ure S14). Overall, these results corroborate the unde-

tectable effects of OsExo70-F2/F3 double knockdown on

the virulence of wild-type Sasa2 (Figure 5a,c). We conclude

that, similar to many other examples of phytopathogen

effectors, the contribution of AVR-Pii to pathogen virulence

using loss of function and ectopic expression cannot be

readily established under current laboratory conditions.

Thus, for now, we can only assign a role to the AVR-Pii–
OsExo70-F2/F3 interaction in Pii-mediated resistance.

DISCUSSION

In this paper, we found that AVR-Pii forms 150 kDa com-

plex with OsExo70-F2/F3 in rice cells. OsExo70-F2/F3 stably

form dimer in the absence of AVR-Pii (Figures S8C and

S9), indicating that dimerization of OsExo70-F2/F3 occurs

before association of AVR-Pii. Interaction between AVR-Pii

and OsExo70-F2/F3 was confirmed in the experiments

including Y2H (Figure S4) and co-IP after in vitro mixture

of AVR-Pii and OsExo70-F2/F3 (Figure S5). Taken together,

the 150 kDa complexes seem to be formed via physical

binding of AVR-Pii to C-terminal regions of OsExo70-F2/F3

dimers (Figure 8).

Involvement of AVR-Pii–OsExo70-F2/F3 interactions in

susceptibility to compatible Magnaporthe oryzae

Exo70 is a member of the evolutionarily conserved exo-

cyst complex, which is required for tethering of secretory

vesicle at the site of polarized exocytosis. In plants, the

exocytosis pathway is known to be closely associated

with defense responses against microbes (Z�arsk�y et al.,

2013; Inada and Ueda, 2014). It has been reported that

Exo70B2 and Exo70H1 of A. thaliana are involved in

basal defense responses, referred to as PAMP-triggered

immunity (PTI) (Pecenkov�a et al., 2011; Stegmann et al.,

2012). Exo70B2 is required for early immune responses,

including the reactive oxygen species burst and mitogen-

activated protein kinase3 activity, and a ubiquitin ligase

PUB22 negatively regulates PTI by targeting and degrad-

ing Exo70B2 (Stegmann et al., 2012). These findings

imply that Exo70-dependent vesicle trafficking contribute

to transport of PTI components such as receptor kinases,

(a) (b)Figure 8. A hypothetical scheme showing possible

roles of OsExo70-F3 in Magnaporthe oryzae AVR-Pii

effector recognition by the rice Pii immunoreceptor.

Left: Guardee/decoy model. (a) OsExo70-F2/F3 form

homo- and/or hetero-dimers, and some of them

associate with host membrane. (b) Pii monitors

OsExo70-F3, and (c) AVR-Pii secreted from

M. oryzae forms multimers (di- or trimers). (d) AVR-

Pii interacts with OsExo70-F3 and alters the latter

molecule. This change in OsExo70-F3 triggers ETI

by Pii.

Right: Helper model. (e) AVR-Pii requires interac-

tions with OsExo70-F3 to be functional (via e.g.

folding, localization and modification). This alter-

ation of AVR-Pii is required for Pii to recognize

AVR-Pii.
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NADPH oxidase and PR proteins. Based on these reports,

there is a possibility that OsExo70-F2/F3 participate in

rice PTI, and that AVR-Pii alters their functions, leading

to down-regulation of PTI. Alternatively, it is also possi-

ble that M. oryzae manipulates OsExo70-F2/F3 via the

AVR-Pii interaction for successful infection (e.g. uptake of

nutrients). However, in this study, we did not detect any

effects of OsExo70-F2/F3 knockdown in rice on the viru-

lence of compatible isolates of M. oryzae. Similarly, AVR-

Pii expression had no detectable effects on the virulence

of compatible M. oryzae. However, we cannot exclude

the possibility that the contributions of OsExo70-F2/F3

and AVR-Pii in M. oryzae virulence are small and below

the limit of detection under the current experimental con-

ditions. This may occur when there are many rice genes

that have redundant function with OsExo70-F2/F3 or mul-

tiple M. oryzae genes that have redundant function with

AVR-Pii. The latter possibility is in line with our previous

observation that knockout of the majority of effector can-

didate genes did not result in a change in the virulence

of M. oryzae (Saitoh et al., 2012).

The role of OsExo70-F2/F3 in Pii-dependent resistance

In contrast, Pii-dependent resistance was drastically altered

by OsExo70-F2/F3 knockdown (Figure 5). Knockdown levels

of OsExo70-F3 but not OsExo70-F2 correlated with a reduc-

tion in Pii-dependent resistance (Figure 6). OsExo70-F2/F3

knockdown did not affect resistance mediated by the other

rice NLR genes, Pia and Pik (Figure 6), suggesting that

OsExo70-F3 is an essential and specific component of the

Pii-dependent resistance mechanism. Thus, a series of

experiments using compatible and incompatible isolates of

M. oryzae indicated that OsExo70-F3 has major function in

rice ETI rather than PTI. In a recent report, Zhao et al. (2015)

reported that loss-of-function of an Arabidopsis Exo70

gene, EXO70B1, resulted in activated defense responses,

and that these activated defense responses require an atyp-

ical intracellular immune receptor-like protein (TN2) lacking

leucine-rich repeats. Their report proposes that EXO70B1 is

guarded by the immune receptor TN2 and is involved in

ETI. Although the ways that Exo70 proteins are involved in

ETI are different, our findings and those of Zhao et al.

(2015) demonstrate that Exo70 proteins participate in intra-

cellular immune receptor-mediated signaling.

So far, we have not observed direct interactions between

AVR-Pii and Pii by either Y2H or co-IP (Tables S1 and S2).

This is in contrast to Pik/AVR-Pik and Pia/AVR-Pia interac-

tions (Kanzaki et al., 2012; Cesari et al., 2013), and implies

the existence of an indirect recognition mechanism of

AVR-Pii in Pii-dependent ETI, in which host accessory pro-

teins mediate recognition of AVRs by NLRs. Considering

the specific involvement of OsExo70-F3 in Pii-dependent

resistance, and the specific interaction between AVR-Pii

and OsExo70-F3, it is likely that OsExo70-F3 functions as

the accessory protein required for AVR-Pii recognition by

Pii (Figure 8).

Currently, such accessory proteins involved in NLR–AVR
interactions are categorized as ‘guardee’ (Dangl and Jones,

2001), ‘decoy’ (van der Hoorn and Kamoun, 2008) or

‘helper’ (Win et al., 2012) proteins. Guardees are operative

targets of virulence effectors, while decoys are effector tar-

gets with no function in susceptibility to compatible patho-

gens. In this respect, OsExo70-F3 seems to be better

categorized as a decoy rather than guardee, as OsExo70-F3

knockdown did not have detectable effects on the virulence

of compatible M. oryzae. In the decoy scenario, OsExo70-

F3 may have evolved to trap AVR-Pii. Pii monitors

OsExo70-F3, and AVR-Pii interaction with OsExo70-F3

leads to a change in the status of OsExo70-F3, resulting in

the activation of ETI. A Y2H assay to verify the interactions

between Pii and OsExo70-F3 revealed that the LRR domain

of Pii-2 weakly interacts with OsExo70-F3 (Table S1 and

Figure S15), suggesting that Pii is potentially capable of

monitoring OsExo70-F3 via physical interactions. However,

this interaction was weak and was not observed when bait

and prey were swapped (Table S1). In addition, this inter-

action was not confirmed by co-IP (Table S2), and thus, at

present, we cannot draw conclusions regarding the interac-

tion between Pii and OsExo70-F3.

In another scenario, it may be hypothesized that

OsExo70-F2/F3 is a helper protein that is required by AVR-

Pii to exert its functions as a virulence as well as an aviru-

lence effector (Win et al., 2012). In this case, OsExo70-F2/

F3 may alter the status of AVR-Pii (e.g. conformation, local-

ization and modification). This alteration is necessary for

Pii to interact with AVR-Pii to exert resistance (Figure 8).

This situation is in contrast to the guardee/decoy models

in which AVR-Pii alters the status of OsExo70-F2/F3. There-

fore, it is important to know whether AVR-Pii alters OsEx-

o70-F2/F3 or vice versa. So far, we have not detected any

alteration of the subcellular localization and patterns of gel

filtration chromatography of OsExo70-F2/F3 in the pres-

ence/absence of AVR-Pii (Figures S7A and S8C), or of AVR-

Pii properties in the presence/absence of OsExo70-F2/F3.

Precise analyses to verify the status of AVR-Pii and OsEx-

o70-F2/F3 proteins, including localization and post-transla-

tional modifications, are necessary to clarify the role

played by OsExo70-F2/F3 in the interaction between AVR-

Pii and Pii.

EXPERIMENTAL PROCEDURES

Plasmids, plants and pathogens

The method of construction of plasmid vectors used in this study
is described in Methods S1, which includes the references of
some plasmid vectors, pAHC (Christensen and Quail, 1996),
pTA7001-c-myc-NbMKK1 (Takahashi et al., 2007), pBAGFP (Kimura
et al., 2001) and pANDA (Miki and Shimamoto, 2004), and primers
used for construction are listed in Table S3. To prepare transgenic
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Sasanishiki plants expressing SH-AVR-Pii-ns (Sas-SH-AVR-Pii-ns),
pCAMBIA-SH-AVR-Pii-ns was introduced into Agrobacterium
tumefaciens, and transformed into Sasanishiki by Agrobacterium-
mediated transformation. As a control, Sasanishiki was also trans-
formed with pCAMBIA1300S to establish Sas-empty lines. For
knockdown of OsExo70-F2 and OsExo70-F3 in the Hitomebore cul-
tivar (lines Hit-F2A/F3A, Hit-F2B/F3B, Hit-F2B/F3C, Hit-F2D and Hit-
F3D), the respective constructs were introduced into A. tumefa-
ciens and transformed into Hitomebore. Similarly, OsExo70-F2/F3
double knockdown Sasanishiki and Kanto51 lines Sas-F2A/F3A
and K51-F2A/F3A, respectively, were established by transforma-
tion with pANDA-F2A/F3A into Sasanishiki and Kanto51, respec-
tively.

Wild-type M. oryzae isolate Sasa2 is stored at Iwate Biotech-
nology Research Center, Japan, and the transgenic M. oryzae
strains Sasa2-AVR-Pii-s, Sasa2-AVR-Pik-D-s and Ina86-137-AVR-
Pia-s were previously established as Sasa2(+22p:pex33), Sasa2
(+22p:pex31) and Ina86-137(+22p:pex22), respectively (Yoshida
et al., 2009).

B. glumae strain MAFF106619 was obtained from the National
Institute of Agrobiological Sciences (Tsukuba, Ibaraki, Japan). A
spontaneous rifampicin-resistant mutant, T7174R, derived from
X. oryzae pv. oryzae T7174 (MAFF311018), was obtained from
Seiji Tsuge (Graduate School of Life and Environmental Science,
Kyoto Prefectural University, Japan). C. orbiculare 104T was
obtained from Yoshitaka Takano (Graduate School of Agriculture,
Kyoto University, Japan).

Preparation of recombinant protein and antibodies

His-AVR-Pii-ns was expressed in pNCMO2-His-AVR-Pii-ns-trans-
formed Bacillus choshinensis (Takara, http://www.takara-bio.
co.jp/), and purified as described previously (Takeda et al., 2010).

Aprotinin, cytochrome c, carbonic anhydrase, conalbumin,
aldrase and ferritin were purchased from GE Healthcare (http://
www3.gehealthcare.co.jp/). BSA was purchased from New Eng-
land Biolabs (http://www.nebj.jp/).

To produce OsExo70-F2- and OsExo70-F3-specific antisera, pep-
tide mixtures (SLGSMDDLDTSSEFD and FEGAPGPANHSRRRT for
OsExo70-F2 antibody; TPHSLEGGPDTARS and DHSDTHRGGDD
EEEY for OsExo70-F3 antibody) were used as antigens. The prepa-
ration of rabbit OsExo70-F2- and OsExo70-F3-specific antiserum
was performed by Scrum Inc. (Tokyo, Japan, http://www.scrum-
net.co.jp/index.html). Rabbit anti-CEBiP (Chitin Elicitor-Binding
Protein) antiserum was kindly provided by Hanae Kaku (Meiji
University, Japan). For detection of FLAG-, SH-, Myc- and
histidine-tagged proteins, horseradish peroxidase-conjugated
anti-FLAG M2 (Sigma, http://www.sigmaaldrich.com/japan.html/),
anti-HA 3F10 (Roche, http://www.roche-diagnostics.jp/), anti-c-Myc
(Sigma) and anti-pentahistidine antibodies (Qiagen, https://
www.qiagen.com/us/) were used.

Transient expression in rice protoplasts

Transient assays of cell death induced by FL-AVR-Pii-ns, AVR-Pii-
ns-FL (FLAG tag was fused to N-terminal or C-terminal of AVR-Pii-
ns, respectively), SH-AVR-Pii-ns and AVR-Pii-ns-SH (SH tag was
fused to N-terminal or C-terminal of AVR-Pii-ns, respectively) in
rice protoplasts (Figure S1) were performed as described previ-
ously (Yoshida et al., 2009). For transient expression of FL-AVR-
Pii-ns used for fractionation and immunoprecipitation, a Sasan-
ishiki suspension cell culture was incubated in cellulose solution
comprising 1% cellulase R10 (Yakult, http://www.yakult.co.jp/ypi/
en/product.html), 0.1% macerozyme R10 (Yakult), 0.6 M mannitol,
5 mM MES (pH 5.7), at 28°C for 2–3 h. The solution was filtered

through cheesecloth, and the filtrate was centrifuged at 140 g to
collect protoplasts. Protoplasts were washed with MMg solution
(0.4 M mannitol, 15 mM MgCl2 and 4 mM MES, pH 5.7), and
then 10 lg pAHC-FL-AVR-Pii-ns (1 mg ml�1) or control vectors
(empty pAHC vector (Christensen and Quail, 1996) and pAHC-FL-
AVR-Pik-ns) and 400 ll of poly(ethylene glycol) solution [40%
PEG4000 (Fluka, http://www.sigmaaldrich.com/catalog/product/
aldrich/81240?lang=ja&region=JP), 0.2 M mannitol and 100 mM

CaCl2] were mixed with 200 ll of protoplast solution (1.0 9 106

protoplasts ml�1 in MMg solution), with gentle swirling. Proto-
plasts were washed twice with MMg in 15 ml tube at room tem-
perature, and incubated in 0.5 ml B5G solution (Kanzaki et al.,
2014) at 28°C for 16–20 h. To obtain a substantial amount of proto-
plasts, the transfection was repeated 30–60 times. After incuba-
tion, all protoplasts were gathered, collected by centrifugation at
140 g, and homogenized with the same volume of GTN+DC buffer
comprising 10% glycerol, 25 mM Tris/HCl (pH 7.5), 150 mM NaCl,
1 mM DTT and one tablet of complete EDTA-free protease inhibitor
(Roche), using a tight-fitting Dounce homogenizer. The homoge-
nates were used as total lysates for biochemical analysis.

Fractionation, purification and identification of proteins

The total lysates from protoplasts were centrifuged at 1000 g, and
the precipitates were used as the P1 fraction. The resulting super-
natant (S1) was centrifuged at 30 000 g, and the precipitates and
supernatant were used as the membrane (P30) and soluble (S30)
fractions of rice cell lysates. Precipitates were resuspended with
GTN+DC buffer (same volume as the S30 fraction), and all P1, P30
and S30 fractions were analyzed for protein detection. To prepare
S20 and P20 fractions, total cell lysates were centrifuged at
20 000 g, and resulting supernatant and precipitates were used as
S20 and P20 fractions, respectively. Resuspension of the precipi-
tates was performed as described in the preparation of P30 frac-
tion, and both S20 and P20 fraction samples were subjected to
western blot analysis. For gel filtration chromatography, a 0.75 ml
aliquot of the S30 soluble fraction of rice cell lysates (protein con-
centration 1–2 mg ml�1) was loaded onto a Superdex 75 10/300
GL column (molecular weight range 3000–70 000) or a Superdex
200 10/300 GL column (molecular weight range 10 000–600 000)
(GE Healthcare) equilibrated with PN buffer (50 mM phosphate
buffer, pH 7.0. 100 mM NaCl). Aliquots (0.8 ml) of the fractionated
samples were collected and analyzed for protein detection. For
heat treatment, a 0.75 ml aliquot of the S30 fraction of rice proto-
plast lysates in GTN+C buffer (10% glycerol, 25 mM Tris pH 7.5,
150 mM NaCl, and one tablet of complete EDTA-free protease inhi-
bitor) was incubated at 50°C for 10 min. For DTT and EDTA treat-
ment, a 0.75 ml aliquot of the S30 fraction of rice protoplast
lysates in GTN+C buffer was incubated at 50°C for 5 min. After
incubation, DTT or EDTA was added (final concentrations: 100 mM

DTT or 50 mM EDTA), and the lysates were incubated at 50°C for
5 min more. Then the lysates were subjected to centrifugation at
20 000 g to remove aggregated proteins, and the supernatants
were used for gel filtration chromatography. Heat-, DTT- and
EDTA-treated lysates were analyzed by gel filtration chromatogra-
phy using a Superdex 75 10/300 GL column in PN buffer, PN
buffer + 10 mM DTT and PN buffer + 10 mM EDTA, respectively.

For purification of AVR-Pii-ns interactors, a transgenic Sasan-
ishiki suspension cell culture expressing SH-AVR-Pii-ns was
ground with two volumes of GTN+DC buffer, and filtered through
a metal filter (pore size 10 lm). For purification of SH-AVR-Pii-ns,
a 10 ml aliquot of the S30 fraction was incubated with 50 ll of
monoclonal anti-HA-agarose (Sigma) and 0.1% Nonidet P-40
(NP-40) at 4°C for 2 h with rotating. After incubation, the agarose
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beads were collected by centrifugation at 200 g using a Micro Bio-
Spin chromatography column (Bio-Rad, http://www.bio-rad.com/),
and washed six times with GTN+DC buffer containing 0.1% NP-40.
Then, proteins were eluted with 150 ll GTN+DC buffer containing
0.1% NP-40 and 0.25 mg ml�1 HA peptide (Roche). To purify SH-
AVR-Pii-ns and its interactors from form I fractions of gel filtration
chromatography (fractions 12 and 13), gel filtration chromatogra-
phy was performed six times, and form I fractions were pooled
(total 9.6 ml). Purification of form I of SH-AVR-Pii-ns was also per-
formed. Purified proteins were analyzed by SDS–PAGE and silver
staining. Protein bands were excised, treated with trypsin, and
analyzed by mass spectrometry using an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, http://www.thermofisher.
co.jp/) as described previously (Takahashi et al., 2013).

Membrane flotation analysis of total cell lysates from rice sus-
pension cells was performed as described previously (Hagiwara
et al., 2003).

Assays for protein–protein interactions

Co-IP experiments of transiently expressed proteins inN. benthami-
ana were performed as described previously (Kanzaki et al., 2012).
For co-IP of FLAG- and Myc-tagged proteins, ANTI-FLAGM2 affinity
gel (Sigma) and anti-c-Myc-agarose affinity gel (Sigma), respec-
tively, were used, and proteins were eluted using 0.25 mg ml�1

3 9 FLAG peptide (Sigma) andMyc peptide (Sigma), respectively.

For in vitro assembly of OsExo70–AVR-Pii complexes, FL-OsEx-
o70 proteins and SH-AVR-Pii-ns were separately expressed in
N. benthamiana leaves. S20 fractions of the leaf homogenates in
GTN+DC buffer were mixed and incubated at 4°C for 1 h with rota-
tion. The resulting mixtures were used for FLAG-IP.

The Y2H assay was performed as described previously (Kanzaki
et al., 2012), except for use of basal medium lacking Trp, Leu, Ade
and His but containing 5-bromo-4-chloro-3-indolyl-a-D-galactopy-
ranoside (Clontech, https://www.clontech.com/) and 10 mM 3-
amino-1,2,4-triazole (Sigma) to detect interactions.

Assays for fungal pathogenicity, gene expression and

defense responses

Rice leaf blade spot inoculation with a conidial suspension
(5 9 105 conidia ml�1) was performed as described previously
(Kanzaki et al., 2012). Disease lesions were photographed 10 days
after inoculation, and vertical length was measured. To obtain leaf
samples for RNA analysis, conidial suspension (5 9 105 conidia
ml�1) containing 0.01% Tween-20 was sprayed onto rice seed-
lings, and leaves were harvested at 1 and 2 days post-inoculation
(dpi) or before inoculation (0 dpi).

Quantitative RT-PCR was performed as described previously
(Tamiru et al., 2014). The primer sets used in semi-quantitative
RT-PCR and quantitative RT-PCR are listed in Tables S4 and S5.

A rice leaf sheath inoculation test using conidial suspension
(5 9 104 conidia ml�1) was performed as described previously (Sai-
toh et al., 2012). Conidial suspensions of C. orbiculare (5 9 104

conidia ml�1) were also used for leaf sheath inoculation, and cal-
lose deposition induced by C. orbiculare invasion was visualized
by aniline blue staining as described previously (Adam and Somer-
ville, 1996). The growth of B. glumae and X. oryzae in rice leaf
sheaths was verified as described previously (Sharma et al., 2013).
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Figure S1. Cell death activity of FLAG- or StrepII-HA-tagged AVR-
Pii in rice protoplasts.

Figure S2. Detection of forms I and II of FL-AVR-Pii transiently
expressed in rice protoplasts and SH-AVR-Pii constitutively
expressed in stable rice transformants.

Figure S3. Detection of intrinsic OsExo70-F2 and OsExo70-F3 in
Hitomebore suspension cell cultures.

Figure S4. Confirmation of interactions between AVR-Pii and
OsExo70-F2/F3 by the Y2H assay.

Figure S5. Co-IP experiments for AVR-Pii–OsExo70-F2/F3 associa-
tion and mapping of the OsExo70 region required for AVR-Pii
association.

Figure S6. Expression of OsExo70-F2 and OsExo70-F3 in rice
leaves during compatible and incompatible interactions with Mag-
naporthe oryzae.

Figure S7. Association of OsExo70-F2, OsExo70-F3 and AVR-Pii
with rice membranes.

Figure S8. Quantified fractionation patterns of OsExo70-F2, OsEx-
o70-F3 and AVR-Pii in gel filtration analysis.

Figure S9. OsExo70–OsExo70 interactions.

Figure S10. OsExo70-F2/F3 double knockdown induced by use of
various regions of OsExo70-F2 and OsExo70-F3.

Figure S11. Expression of Pii and OsExo70 genes in OsExo70-F2/
F3 double knockdown Hitomebore lines.

Figure S12. Effect of AVR-Pii expression on pathogenicity and fun-
gal growth of Magnaporthe oryzae.

Figure S13. Effect of AVR-Pii expression on the growth of X. ory-
zae and B. glumae in rice leaf sheaths.

Figure S14. Effect of AVR-Pii expression on rice defense
responses.

Figure S15. Y2H assay results between OsExo70-F2/F3 and Pii.

Table S1. Bait / Prey combinations to verify Pii–AVR–Pii and Pii–
Exo70 interactions by Y2H.

Table S2. Summary of co-IP assay to verify Pii–AVR–Pii and Pii–
Exo70 interactions.

Table S3. Primer list used for construction.

Table S4. Primer list used for semi-quantitative RT-PCR.
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Table S5. Primer list used for qRT-PCR.

Methods S1. Plasmid construction
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