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ABSTRACT

Plant nucleotide-binding leucine-rich repeat (NLR) receptors mediate immune responses by directly or

indirectly sensing pathogen-derived effectors. Despite significant advances in the understanding of

NLR-mediated immunity, themechanisms bywhich pathogens evolve to suppress NLR activation triggered

by cognate effectors and gain virulence remain largely unknown. The agronomically important immune re-

ceptor RB recognizes the ubiquitous and highly conserved IPI-O RXLR family members (e.g., IPI-O1) from

Phytophthora infestans, and this process is suppressed by the rarely present and homologous effector IPI-

O4. Here, we report that self-association of RB via the coiled-coil (CC) domain is required for RB activation

and is differentially affected by avirulence and virulence effectors. IPI-O1 moderately reduces the self-as-

sociation of RB CC, potentially leading to changes in the conformation and equilibrium of RB, whereas IPI-

O4 dramatically impairs CC self-association to prevent RB activation. We also found that IPI-O1 associates

with itself, whereas IPI-O4 does not. Notably, IPI-O4 interacts with IPI-O1 and disrupts its self-association,

therefore probably blocking its avirulence function. Furthermore, IPI-O4 enhances the interaction between

RB CC and IPI-O1, possibly sequestering RB and IPI-O1 and subsequently blocking their interactions

with signaling components. Taken together, these findings considerably extend our understanding of

the underlyingmechanisms bywhich emerging virulent pathogens suppress theNLR-mediated recognition

of cognate effectors.
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INTRODUCTION

Plants are constantly exposed to a wide range of microbial

pathogens and have developed effective and sophisticated

defensemechanisms tocopewithpathogenattacks. Thefirst layer

of plant defense is mediated by cell-surface-localized pattern-

recognition receptors (PRRs) that recognize highly conserved

pathogen-associated molecular patterns (PAMPs) to induce

PAMP-triggered immunity (PTI) (Jones and Dangl, 2006).

Microbial pathogens have evolved virulence proteins known as

effectors that interfere with host immune responses.

Correspondingly, plants have developed intracellular nucleotide-

binding leucine-rich repeat (NLR) receptors that detect their

cognate avirulence effectors and induce the second layer of plant

defense, termed effector-triggered immunity (ETI). This rapid and

robust activation of defense signaling pathways shows
Plant Commu
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significant overlap with PTI. ETI is often associated with localized

programmed cell death, known as the hypersensitive response

(HR) that restricts pathogen growth (Jones and Dangl, 2006;

Jones et al., 2016). Two recent studies suggest that PTI and ETI

mutually potentiate each other to mount stronger immune

responses against invading pathogens (Ngou et al., 2021; Yuan

et al., 2021).

The presence of Toll/interleukin-1 receptor (TIR), coiled-coil (CC),

or RPW8-like CC-type motifs in the N-terminal domains of plant

NLR proteins defines three major subfamilies, the TNLs, CNLs,
nications 2, 100236, November 08 2021 ª 2021 The Authors.
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Subcellular localizations of RB, IPI-
O1, and IPI-O4.
Microscopy analysis shows that both RB and IPI-

O1 are localized in the cytoplasm and the nucleus,

whereas IPI-O4 is primarily localized in the cyto-

plasm. RB, IPI-O1, or IPI-O4 fused to GFP at the C

terminus was expressed in N. benthamiana.

Confocal images were taken at 48 h post infiltration

(hpi) (left). DAPI staining depicts nuclei in blue

(middle). An overlay of GFP and DAPI fluorescence

signals is shown on the right. Scale bars corre-

spond to 50 mm. The experiments were repeated

three times with similar results.
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and RNLs (Shao et al., 2016). The N-terminal CC domains have

been implicated in the recognition of cofactors and cognate

effectors (Rairdan et al., 2008; Chen et al., 2012; Lewis et al.,

2013) or the mediation of downstream signaling (Rairdan et al.,

2008; Maekawa et al., 2011; Wang et al., 2015), leading to the

activation of immune responses. The CC domains alone of

several NLRs are sufficient to induce cell death; these include

NRG1 from Nicotiana benthamiana (Qi et al., 2018), ADR1 from

Arabidopsis (Collier et al., 2011), Rx from tomato (Rairdan et al.,

2008), Rp1-D21 from maize (Wang et al., 2015), Sr33 and Sr35

from wheat (Casey et al., 2016), and MLA10 from barley

(Maekawa et al., 2011). Plant NLRs contain a central, highly

conserved nucleotide-binding adaptor shared by APAF-1, certain

R gene products, and the CED-4 (NB-ARC) domain, which acts

as a molecular switch that defines the activation state of NLRs

(Tameling et al., 2002; Leipe et al., 2004; Williams et al., 2014).

The NB-ARC domain has been proposed to participate in the initi-

ation of downstream signaling to activate immunity (Ade et al.,

2007; Rairdan et al., 2008; De Oliveira et al., 2016; Hu et al.,

2017). The C-terminal LRR domain determines effector

recognition specificity for several NLRs (Dodds et al., 2001;

Ravensdale et al., 2012), and in some cases, it mediates effector

binding (Jia et al., 2000; Krasileva et al., 2010). Dimerization or

higher-order oligomerization through N-terminal CC or TIR

domains has been reported in a number of NLRs and was

proposed to be a common signaling event that activates down-

stream defense responses (Mestre and Baulcombe, 2006;
2 Plant Communications 2, 100236, November 08 2021 ª 2021 The Authors.
Ade et al., 2007; Gutierrez et al., 2010;

Maekawa et al., 2011; Chen et al., 2012;

Magnan and Baldi, 2014). The recently

solved structures of ZAR1, RPP1, and ROQ1

reveal that plant NLRs form tetrameric or

pentameric resistosome complexes to

trigger NLR activation. These findings have

substantially advanced our understanding of

the biochemical mechanism that underlies

NLR activation and signaling (Wang et al.,

2019a, 2019b; Ma et al., 2020; Martin et al.,

2020).

Phytophthora infestans, the causal agent of

the devastating late blight disease, secretes

a diverse array of effector proteins to manip-

ulate host defense responses and facilitate

colonization. All oomycete avirulence effec-

tors identified to date belong to the RXLR
family with the N-terminal Arg-X-Leu-Arg motif, which is required

for translocation into plant cells (Whisson et al., 2007; Win et al.,

2007; Jiang et al., 2008). The late blight resistance gene RB (also

known as Rpi-blb1), cloned from the wild potato species

Solanum bulbocastanum, encodes a CNL and confers broad-

spectrum resistance to a wide range of P. infestans strains

(Song et al., 2003; Van Der Vossen et al., 2003; Bhaskar et al.,

2008). The majority of the in planta-induced O (IPI-O) type of

RXLR effectors are recognized by RB and its orthologs in wild

potato species, such as S. stoloniferum and S. papita, thereby

triggering immune responses (Vleeshouwers et al., 2008; Wang

et al., 2008; Champouret et al., 2009; Xie et al., 2015). The IPI-

O family effectors are highly diverse and are grouped into three

classes based on their amino acid sequences (Pieterse et al.,

1994; Champouret et al., 2009; Halterman et al., 2010). Two

closely related class I effectors, IPI-O1 and IPI-O2, and the class

II member IPI-O3 all induce HR when co-expressed with RB in

potato and N. benthamiana plants, whereas the class III effector

IPI-O4 is not recognized by RB and instead suppresses the RB-

mediated HR induced by IPI-O1 (Champouret et al., 2009;

Halterman et al., 2010; Chen and Halterman, 2011; Chen et al.,

2012). A survey of a large number of P. infestans isolates

collected from Central America, Southeast Asia, and the United

States found that IPI-O1 and IPI-O2 were present in all isolates,

with the exception of US1, which lacks IPI-O2, whereas IPI-O4

was much rarer and was detected in only 6 of 41 isolates

(Champouret et al., 2009; Halterman et al., 2010).



Figure 2. Cytoplasmic localization of RB and IPI-O1 is required
for their functions.
(A) Cytoplasmic localization of RB is required for IPI-O1-triggered HR. RB

fused at the C terminus to GFP together with WT or mutated nuclear

localization or export signals (NLS/nls or NES/nes) was co-expressedwith

either Myc-IPI-O1 or Myc-IPI-O4 in N. benthamiana.

(B)Cytoplasmic localization of IPI-O1 is required for RB-mediated HR. IPI-

O1 or IPI-O4 fused at the C terminus to GFP together with WT or mutated

NLS/nls or NES/nes was expressed in RB transgenic N. benthamiana

plants.

(C and D) Cytoplasmic localization of both RB and IPI-O1 is required

for their HR activities. RB and IPI-O1 fusion constructs from (A and B),

respectively, were co-expressed in the indicated pairwise combina-

tions in N. benthamiana plants. Myc-IPI-O1 was included as a control

for the HR assays. Cell death induced at 48 hpi was visualized before

(left) and after ethanol destaining (right). The infiltrated area is shown
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Although the exact function of IPI-O1 is unknown, its ubiquitous

presence suggests that it is essential for pathogen fitness and

plays a major role in pathogenesis (van West et al., 1998; Chen

and Halterman, 2017). This reinforces the possibility that RB

may remain effective against P. infestans during its widespread

deployment in cultivated varieties. Furthermore, transgenic

plants carrying RB exhibit a limited level of susceptibility to

P. infestans, which can sporulate to a small degree. A field test

of these stable RB potato lines showed markedly increased

resistance against late blight in Toluca Valley, Mexico, the

center of origin and diversity of P. infestans (Lozoya-Saldana

et al., 2005; Bhaskar et al., 2008). The so-called partial or rate-

limiting resistance conferred by RB exerts less selection pressure

that may not elicit rapid pathogen adaptation and may thus

contribute to more extended durability (Joseph et al., 2007;

Halterman et al., 2008; Chen and Halterman, 2011; Halterman

and Middleton, 2012). RB and its homologs from wild potato

species constitute a wealth of resources for late blight

resistance breeding (Tiwari et al., 2015) and have been widely

used for marker-assisted selection of late blight resistance in po-

tato (Colton et al., 2006; Pankin et al., 2011; Sokolova et al., 2011;

Tiwari et al., 2013). A transgenic approach combined with

conventional breeding has been shown to effectively enhance

and broaden resistance against P. infestans with little or no

yield cost (Shandil et al., 2017; Mambetova et al., 2018).

Several recent studies show that cisgenic transformation of

RB or stacking of RB with multiple late blight resistance

genes, such as Rpi-blb2, Rpi-blb3, and Rpi-vnt1.1, provided

significantly improved or even complete resistance against late

blight (Jo et al., 2014; Haesaert et al., 2015; Ghislain et al.,

2019; Rakosy-Tican et al., 2020).

Although significant progress has been made in understanding

NLR-mediated recognition of cognate effectors and activation

of immune responses, the underlying mechanisms by which

these processes are overcome by pathogens are largely un-

known. The present RB/IPI-O1/IPI-O4 system provides an ideal

and unique model with which to investigate how ETI is inhibited

by a virulence effector. It was previously shown that the RB CC

domain associates with itself and with the two effectors IPI-O1

and IPI-O4. Even in the presence of IPI-O1, RB-mediated resis-

tance continues to be suppressed by IPI-O4 (Chen et al., 2012).

However, it remains unclear how IPI-O4 blocks RB-mediated

recognition of IPI-O1. In this study, we reveal a previously unrec-

ognized mechanism in which the virulence effector IPI-O4 sup-

presses NLR RB-mediated recognition of its cognate effector

IPI-O1 by impairing the self-association of both RB CC and IPI-

O1, which probably prevents the formation of interaction inter-

faces required for the assembly of the resistosome complex.

We found that, despite their high homology, IPI-O1 and IPI-O4

exhibit striking differences in subcellular localization, self-

association status, and effects on RB self-association. Further-

more, RB, IPI-O1, and IPI-O4 associate with each other, and

IPI-O4 promotes the interaction between RB CC and IPI-O1.

Our results highlight how an evolved virulence effector over-

comes NLR-mediated recognition of its cognate effector.
with a black circle and HR with a red circle. Scale bars correspond to

1 cm. All the experiments were repeated at least six times with similar

results.
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Figure 3. Mutations in the heptad repeats of RB abolish its
function and disrupt self-association of the RB CC domain
(A) RB and its variants carrying mutations in the heptad repeats from the

second a helix were each co-expressed with Myc-IPI-O1 or Myc-IPI-O4 in

N. benthamiana.

(B) RB and the F31E/L34E/I41E triple mutant (EEE) were each co-

expressed with Myc-IPI-O1 or Myc-IPI-O4 in N. benthamiana.

(C) Cell death-inducing activity of the RB variants carrying the autoactive

D475Vmutation in theMHDmotif incombinationwithmutations in theheptad

repeatsofRBCC.Celldeath inducedat 48hpiwasvisualizedbefore (left) and

after ethanol destaining (right). The infiltrated area is shownwith a black circle

andHRwith a red circle. Scale bars correspond to 1 cm. The experiments in

(A, B, and C) were repeated at least six times with similar results.

(D) The RB CC domain associates with itself in vivo. Total proteins were

extracted from N. benthamiana plants expressing RB CC-33FLAG and

RB CC-43Myc. Immunoprecipitation was performed with an anti-Myc

antibody, and immunoblots were probed with anti-Myc or anti-FLAG

antibodies.
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RESULTS

RB, IPI-O1, and IPI-O4 function in distinct subcellular
compartments

To determine the subcellular localization of RB, its cognate

avirulence effector IPI-O1, and the virulence effector IPI-O4,

we constructed C-terminal GFP-tagged RB, IPI-O1, and IPI-

O4 and expressed them in N. benthamiana. Fluorescence

microscopy showed that RB was primarily localized in the cyto-

plasm and the nucleus. Similarly, its cognate effector IPI-O1

was also detected in both the cytoplasm and the nucleus. By

contrast, unlike RB and IPI-O1, the virulence effector IPI-O4 ap-

pears to be exclusively localized in the cytoplasm (Figure 1),

suggesting that IPI-O1 and IPI-O4 may function in different sub-

cellular compartments.

To investigate the impacts of subcellular localization of RB and

IPI-O1 on their functions, RB was fused to GFP, followed by a

nuclear localization sequence (NLS) from the large T antigen

of the SV40 virus or a mutated nonfunctional NLS (nls) that

served as a negative control. Expression of RB-GFP-NLS or

RB-GFP-nls in N. benthamiana revealed that the fluorescence

signal of RB-GFP-NLS was exclusively localized in the nucleus,

whereas that of RB-GFP-nls was localized in both the cyto-

plasm and the nucleus (Supplemental Figure 1). When co-

expressed with IPI-O1, RB-GFP-NLS was unable to trigger

HR, but RB-GFP-nls retained HR-inducing activity (Figure 2A).

Next, we fused RB to a nuclear export signal sequence (NES)

derived from a human immunodeficiency virus-1 Rev protein

or to a mutated NES (nes) in which critical leucine residues

were substituted with alanines. As expected, RB-GFP-NES

was excluded from the nucleus and detected only in the cyto-

plasm, whereas RB-GFP-nes was localized in both the nucleus

and the cytoplasm (Supplemental Figure 1). In the presence of

IPI-O1, RB-GFP was able to elicit HR when fused to either the

intact NES or the nonfunctional nes (Figure 2A). These data

indicate that the cytoplasmic pool of RB alone is sufficient for

HR elicitation.

To determine the role of the subcellular location of IPI-O effectors

in RB-mediated HR, IPI-O1 and IPI-O4 were fused to GFP

together with functional or nonfunctional NLS/NES signal

peptides and transiently expressed in RB transgenic

N. benthamiana plants. Similar to the RB fusions, exclusively

nuclear-localized IPI-O1-GFP-NLS failed to induce HR, but IPI-

O1-nls retained HR-inducing activity (Figure 2B and

Supplemental Figure 2). When IPI-O1-GFP was fused to NES, it

localized predominantly to the cytoplasm and still triggered HR.

Consistently, IPI-O1 tagged with the mutated nes showed the

same localization as RB-GFP and induced HR (Figure 2B and

Supplemental Figure 2). By contrast, IPI-O4was unable to induce

RB-mediated HR, regardless of whether it was fused to functional

or nonfunctional NLS/NES (Figure 2B). These results suggest that
(E) The CC domain carrying the triple F31E/L34E/I41E mutation (CCEEE) is

unable to self-associate in vivo. Total proteins were extracted from

N. benthamiana plants expressing CCEEE-33FLAG and CCEEE-43Myc.

Immunoprecipitation was performed with an anti-Myc antibody, and im-

munoblots were probed with anti-Myc or anti-FLAG antibodies. Ponceau

S staining of immunoblots served as a loading control. The experiments in

(D and E) were repeated three times with similar results.

Authors.



Figure 4. IPI-O1 and IPI-O4 differentially affect self-association
of the RB CC domain.
Total proteins were extracted from N. benthamiana plants expressing RB

CC-33FLAG and RB CC-43Myc together with 33HA-IPI-O1 or 33HA-

IPI-O4. Immunoprecipitation was performed with an anti-Myc antibody,

and immunoblots were probed with anti-FLAG, anti-Myc, or anti-HA an-

tibodies. Ponceau S staining of immunoblots served as a loading control.

The experiments were repeated three times with similar results.
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cytoplasmic localization is essential for the elicitation activity of

IPI-O1.

To further demonstrate that cytoplasmic localization of both RB

and IPI-O1 is required to trigger HR, different combinations of

RB and IPI-O1 fusion proteins with NLS or NES were co-

expressed in plants. Consistently, the HR occurred only when

RB and IPI-O1 were both targeted to the cytoplasm (Figure 2C

and 2D). In addition, we fused RB and IPI-O1 to the hormone-

binding domain of the mammalian glucocorticoid receptor (GR)

that can sequester fusion proteins predominantly in the cytoplasm

(Dittmar et al., 1997; Garcı́a et al., 2010; Bai et al., 2012; Xu et al.,

2014). The RB-GFP-GR fusion mediated a clear HR phenotype in

the presence of IPI-O1 (Supplemental Figure 4A). Similar to the

RB-GFP-GR fusion, IPI-O1 fused to GR was capable of mounting

RB-mediated HR in the RB transgenic N. benthamiana plants

(Supplemental Figure 4B). Immunoblotting showed that all RB

and IPI-O1 fusion proteins accumulated to detectable levels

(Supplemental Figure 4C and 4D). These results again confirmed

that the cytoplasmic localization of RB and IPI-O1 is sufficient to

induce RB-mediated HR.
Plant Commu
Targeting RB or IPI-O1 to the plasma membrane
compromises their HR-inducing activities

IPI-O effectors have been proposed to disrupt the cell wall–

plasma membrane (PM) association in plants via the RGD motif

to promote infection (Bouwmeester et al., 2011; Gouget et al.,

2006; Liu et al., 2015; Senchou et al., 2004). A co-localization

analysis using the mCherry-tagged PM-localized marker

NbHir3.1 (Li et al., 2019) indicated that IPI-O1 and IPI-O4, but

not RB, are partially localized to the PM (Supplemental

Figure 5). These findings, together with evidence that RB

associates with IPI-O1 and IPI-O4 (Chen et al., 2012), prompted

us to investigate whether RB, IPI-O1, and IPI-O4 have any PM-

associated functions. To examine the impact of exclusive PM

localization on RB function, we fused RB to the PM association

domain of Rop10 to restrict RB to the PM. The C-terminal domain

of Rop10, a member of the ROP small GTPases in Arabidopsis, is

sufficient for association with the PM via S-acylation. A substitu-

tion of the non-polar residues LSNIL with the charged residues

REDER blocks an S-acylation-dependent membrane association

(Lavy and Yalovsky, 2006; Chen et al., 2017).When co-expressed

with IPI-O1, RB fused to the Rop10 tag did not induce significant

HR cell death compared with the unfused RB-GFP control,

whereas RB fused to the mutated Rop10 tag (mRop10) triggered

normal HR cell death (Supplemental Figure 6A).

Next, we targeted IPI-O1 to the PM by fusing it to the Rop10 tag

and expressed the fusion in RB transgenic N. benthamiana

plants. The PM-targeted IPI-O1-GFP-Rop10 failed to induce

HR. By contrast, IPI-O1 fused to an mRop10 tag retained HR-

inducing activity (Supplemental Figure 6B). Immunoblotting

showed that all RB and IPI-O1 fusion proteins accumulated to

detectable levels (Supplemental Figure 6C and 6D). These

results indicate that the forced PM association of RB or IPI-O1

significantly disrupts their HR activities.
The heptad repeats of the RB CC domain are required
for self-association and HR induction

The RB CC domain associates with itself but not with other do-

mains of RB (Chen et al., 2012). The CC domains are

characterized by heptad repeats of hydrophobic residues that

form binding surfaces for a helices and secondary structures

involved in helix–helix associations (Chambers et al., 1990;

Maekawa et al., 2011; Mason and Arndt, 2004; Wróblewski

et al., 2018). Secondary and 3D structure modeling of the CC

domains from RB and other NLRs containing EDVID motifs,

including MLA10, Sr33, Rx, and ZAR1, with well-defined patterns

obtained by crystallization, NMR, or cryoelectron microscopy

structural analysis, predicted the presence of four a helices con-

sisting of heptad repeats of hydrophobic amino acids

(Supplemental Figures 7 and 8) (Bentham et al., 2018; Casey

et al., 2016; Hao et al., 2013; Maekawa et al., 2011; Wang

et al., 2019a, 2019b). The structure and pattern of the heptad

repeats are essential for the a-helical arrangement and CC self-

association, and substitution of their amino acids with hydrophilic

amino acids may thermodynamically destabilize the potential for

self-association (Bai et al., 2012; Bentham et al., 2018; Maekawa

et al., 2011; Wróblewski et al., 2018). To examine whether the

a-helical conformation and self-association are essential for RB

function, we replaced the hydrophobic residues with hydrophilic

glutamic acids in the first (L10E, L13E, L17E, L21E, and L24E),
nications 2, 100236, November 08 2021 ª 2021 The Authors. 5



Figure 5. IPI-O1 interacts with itself and IPI-
O4 in planta.
Total proteins were extracted from N. benthamiana

plants expressing 43Myc-tagged IPI-O1 or IPI-O4

together with 33FLAG-tagged IPI-O1 or IPI-O4.

Immunoprecipitation was performed with an anti-

Myc antibody, and immunoblots were probed with

anti-FLAG or anti-Myc antibodies. Ponceau S

staining of immunoblots served as a loading control.

Asterisks indicate nonspecific bands. The experi-

ments were repeated twice with similar results.
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second (F27E, F31E, L34E, F38E, I41E, and L45E), third (L62E,

L65E, and V72E), or fourth a helix (V98E, F101E, L116E, L119E,

and F126E) of the RB CC domain (Figure 3A and Supplemental

Figure 9). Most RB variants, except for L34E and F101E,

diminished or completely abrogated HR induction when co-

expressed with IPI-O1, whereas none of the RB variants induced

HR in the presence of IPI-O4 (Figure 3A and Supplemental

Figure 9). In the second a helix, F31, L34, and I41 are

conserved hydrophobic residues of the CC domain and are

reported to be essential for the function and self-association of

RPM1 (El Kasmi et al., 2017). We therefore tested the HR-

inducing activity of the RB variant that carried the F31E/L34E/

I41E (EEE) triple mutation in the a2 helix. As expected, the triple

mutant failed to activate HR in the presence of IPI-O1 or IPI-O4

(Figure 3B). These data suggest that the heptad repeats are

required for RB-mediated HR.

To further examine the requirement for the heptad repeats in the

RB-mediated immune response, we used an RB autoactivation

variant produced by MHD D475V mutation. Transient expression

assays revealed that the D475V variant autoactivated in the

absence of IPI-O1 (Supplemental Figure 10A) and even in the

presence of IPI-O4 (Supplemental Figure 10B). We next

introduced the D475V mutation into the context of the heptad

repeat variants, including F31E, L34E, F38E, and I41E, and we

monitored their cell death-inducing activities. All four heptad

repeat variants suppressed effector-independent autoactivation

mediated by the RB variant D475V (Figure 3C). Immunoblotting

showed that the D475V variant accumulated to a detectable

level (Supplemental Figure 11). These findings indicate that the

autoimmunity induced by RB D475V is dependent on the

formation of a proper structure of a helices maintained by

heptad repeats within the CC domain.

Dimerization or higher-order oligomerization through N-terminal

CCdomainshasbeenreported foranumberofNLRsand is thought

to be a signaling event that activates downstream defense re-

sponses (Mestre and Baulcombe, 2006; Ade et al., 2007;

Gutierrez et al., 2010; Maekawa et al., 2011; Chen et al., 2012;

Wang et al., 2020). To investigate whether substitutions of

hydrophobic residues in the heptad repeats perturb RB CC self-
6 Plant Communications 2, 100236, November 08 2021 ª 2021 The Authors.
association, co-immunoprecipitation (co-IP)

assays were performed using RB CC and

its F31E/L34E/I41E (CCEEE) variant in

N. benthamiana. As shown in Figure 3D, RB

CC-FLAG was only immunoprecipitated by

RB CC-Myc but not by the vector alone. By

contrast, the CCEEE variant was unable to
self-associate, indicating that the triple mutation in the heptad re-

peats abolished the self-association ability of the RB CC domain

(Figure 3E). Collectively, these data suggest that substitutions of

hydrophobic residues in the heptad repeats of the CC domain

can disrupt CC self-association, probably by destabilizing the

a-helical structure, thereby leading to a compromised immune

response.

IPI-O1 and IPI-O4 differentially affect RB self-
association

Although the RB CC domain was shown to interact with IPI-O1

and IPI-O4 (Chen et al., 2012), how the two functionally distinct

effectors affect RB function remains to be elucidated. Because

RB CC self-association is essential for RB activation, we exam-

ined the effects of the two IPI-O effectors on the self-

association status of RB using co-IP assays. As shown in

Figure 4, CC self-association was moderately reduced by IPI-

O1 but was nearly completely blocked by IPI-O4. These results

suggest that the avirulence effector IPI-O1 may largely maintain

the self-association status of the RB CC domain while probably

opening the closed and inactive conformation. By contrast,

the virulence effector IPI-O4 greatly compromises CC self-

association, thus leading to the suppression of RB activation.

To further examine the effects of IPI-O4 on CC self-association,

we monitored CC self-association status with increasing

amounts of IPI-O4. Our results showed that the disruptive effect

of IPI-O4 on CC self-association was positively correlated with

IPI-O4 expression level (Supplemental Figure 12).

IPI-O1 interacts with itself and IPI-O4

Some Phytophthora RXLR effectors, such as PexRD2 and Avr3a

from P. infestans and PsAvh240 from P. sojae, have been shown

to form dimers or oligomers (Boutemy et al., 2011; Guo et al.,

2019; Wawra et al., 2012). To investigate whether the two IPI-O

effectors self-associate, we performed co-IP assays in

N. benthamiana. As shown in Figure 5, Myc-tagged IPI-O1 immu-

noprecipitated FLAG-tagged IPI-O1, but no detectable self-

association was observed for IPI-O4, suggesting that IPI-O1

and IPI-O4 differ not only in subcellular localization but also in

self-association status. The class III IPI-O effector IPI-O4 is



Figure 6. IPI-O4 perturbs the self-associa-
tion of IPI-O1 but enhances the association
of RB CC with IPI-O1.
(A) IPI-O4 perturbs the self-association of IPI-O1

in planta. Total proteins were extracted from

N. benthamiana plants expressing 43Myc-IPI-O1

and 33FLAG-IPI-O1 together with 33HA-tagged

IPI-O1 or IPI-O4. Immunoprecipitation was per-

formed with an anti-Myc antibody, and immuno-

blots were probed with anti-FLAG, anti-Myc, or

anti-HA antibodies.

(B) IPI-O4 enhances the association of RB CC with

IPI-O1 in vivo. Total proteins were extracted from

N. benthamiana plants expressing RB CC-43Myc

and 33FLAG-IPI-O1 together with 33HA-tagged

IPI-O1 or IPI-O4. Immunoprecipitation was per-

formed with an anti-Myc antibody, and immuno-

blots were probed with anti-FLAG, anti-Myc, or

anti-HA antibodies. Ponceau S staining of immu-

noblots served as a loading control. The experi-

ments were repeated three times with similar

results.
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relatively rare in the P. infestans population and often coexists

with prevalent class I IPI-O effectors, including IPI-O1

(Champouret et al., 2009; Halterman et al., 2010). We therefore

also tested whether the two coexisting IPI-O effectors interact

with each other. Indeed, our co-IP assay showed that IPI-O1

associated with IPI-O4. The reciprocal co-IP assay also

confirmed that IPI-O1 was found in the IPI-O4 precipitate

(Figure 5). These data indicate that IPI-O1, but not IPI-O4, asso-

ciates with itself and that IPI-O1 also interacts with IPI-O4.
IPI-O4 disrupts IPI-O1 self-association but enhances the
RB CC-IPI-O1 interaction

Multiple lines of evidence suggest that dimerization is required for

the virulence function of effectors from Phytophthora pathogens

(Boutemy et al., 2011; Wawra et al., 2012; King et al., 2014; Guo

et al., 2019). Given that IPI-O1 but not IPI-O4 associates with itself

and that IPI-O1 also interacts with IPI-O4, we propose that IPI-O4

may interfere with the avirulence function of IPI-O1 by perturbing

IPI-O1 self-association. Therefore, we monitored the IPI-O1 self-

association status in the presence or absence of IPI-O4. In a

control competition assay, Myc-tagged IPI-O1 was shown to

associate with FLAG-tagged IPI-O1, and this association could

be reduced to some extent by the addition of HA-tagged IPI-

O1. Notably, IPI-O4 significantly impaired IPI-O1 self-

association (Figure 6A). Reciprocal co-IP further confirmed that

IPI-O4 severely abolished IPI-O1 self-association in planta

(Supplemental Figure 13). These results suggest that the

virulence effector IPI-O4 perturbs the self-association of not

only NLR RB but also its cognate effector IPI-O1.

The virulence effector IPI-O4 not only eludes recognition byRBbut

also suppresses the RB-mediated resistance elicited by IPI-O1

(Halterman et al., 2010; Chen and Halterman, 2011; Chen et al.,

2012). Having discovered that IPI-O4 can perturb the self-

association of both RB and its cognate effector IPI-O1, we next

sought to explore whether IPI-O4 influences RB CC-IPI-O1 recog-
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nition to suppress RB-mediated immunity.We examined the asso-

ciation between RB CC and IPI-O1 in the presence or absence of

IPI-O4. As shown in Figure 6B, the interaction between Myc-

taggedRBCCand FLAG-tagged IPI-O1was reduced by competi-

tion from IPI-O1 fused to a different epitope tag (HA-IPI-O1). To our

surprise, we observed increased interaction between RB CC and

IPI-O1 in the presence of IPI-O4, indicating that IPI-O4 enhances

rather than suppresses the CC-IPI-O1 interaction (Figure 6B).
DISCUSSION

Plants and their pathogens are perpetually engaged in a contin-

uous coevolutionary race for survival. Host plants must adapt to

combat newly emerging pathogens, while pathogens constantly

evolve to overcome plant innate immunity. An overall understand-

ing of the mechanism that underlies the suppression of NLR-

mediated avirulence effector recognition by rapidly evolving path-

ogens is essential to developing new recognition specificities and

implementing durable resistance. Here, we revealed amechanism

by which pathogens evolve to gain new virulence and circumvent

NLR-mediated recognition of an avirulence effector. We show that

the avirulence effector IPI-O1 and the virulence effector IPI-O4

differ in subcellular localization, self-association status, and, in

particular, effects on RB self-association mediated by the CC

domain. We demonstrate that IPI-O4 disturbs the self-

association of both RB CC and IPI-O1 to block RB activation. In

addition, IPI-O4 enhances the interaction between RB CC and

IPI-O1 and may thus sequester RB and IPI-O1 to prevent their

interaction with downstream components. Ultimately, these

events probably prevent the formation of interaction interfaces

that are required for the assembly of a resistosome complex.
Cytoplasmic localization of both RB and IPI-O1 is
required for cell death induction

Nucleocytoplasmic distribution is of particular importance for the

recognition and downstream signaling pathways of a number of
nications 2, 100236, November 08 2021 ª 2021 The Authors. 7



Figure 7. A working model of NLR receptor RB-mediated recognition of its cognate effector IPI-O1 and its suppression by the
virulence effector IPI-O4.
(A) In the resting state, RB self-associates via the CCdomain, adopting a closed and inactive conformation. When IPI-O1 is present, it is recognized byRB

via the CC domain, probably through an unidentified host factor, and RB adopts an open conformation, potentially leading to the recruitment of signaling

components to assemble an active resistosome complex.

(B)When IPI-O4 is present, it perturbs the self-association of both RB and IPI-O1 and enhances the RB/IPI-O1 interaction, thereby probably preventing

the formation of interaction interfaces that are required for recruitment of signaling components and assembly of the resistosome.
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plant NLRs (Slootweg et al., 2010). Several NLRs can be activated

in only the nuclear or cytoplasmic compartment (Elmore et al.,

2011; Du et al., 2015). Others show dual localization in both the

nucleus and the cytoplasm, and their localization can change

upon recognition of their cognate effectors (Shen et al., 2007;

Wirthmueller et al., 2007).

Our subcellular localization studies revealed that both RB and its

cognate effector IPI-O1 are localized in the nucleus and cyto-

plasm, exhibiting similar nucleocytoplasmic distribution patterns.

By contrast, the virulence effector IPI-O4was localized exclusively

in the cytoplasm (Figure 1). Furthermore, we found that RB fused

to an NES was predominantly localized in the cytoplasm and able

to trigger HR (Figure 2A), suggesting that RB possesses HR-

inducing ability in the cytoplasm. The nucleocytoplasmic

distribution and requirement for cytoplasmic localization of RB

and IPI-O1 to induce cell death suggest that RB may recognize

IPI-O1 primarily in the cytoplasm (Figure 2C and 2D). This differs

from the finding that the race-specific NLR protein R1

recognizes its cognate effector AVR1 in the nucleus (Du et al.,

2015). Additional analysis of RB and IPI-O1 proteins fused to GR

or Rop10 tags provided further evidence that proper cytoplasmic

distribution is essential for RB-mediated recognition of IPI-O1 to

trigger immune responses (Supplemental Figures 4 and 6).
Self-association of RB is essential for the activation of
immune responses

Similar to their vertebrate analogs, plant NLRs can oligomerize

via homomeric or heteromeric interactions upon activation
8 Plant Communications 2, 100236, November 08 2021 ª 2021 The
(Maekawa et al., 2011; Césari et al., 2014; Wróblewski et al.,

2018). Self-association of the CC domain is required for CNL pro-

teins to form homo- and heterodimers and activate defense re-

sponses (Maekawa et al., 2011; Casey et al., 2016; El Kasmi

et al., 2017). The CC domains of several CNLs with solved

structures form helical bundle structures and are maintained by

heptad repeats of hydrophobic residues that mediate self-

association (Maekawa et al., 2011; Hao et al., 2013; Casey

et al., 2016; Wang et al., 2019a, 2019b).

Homology-based structural modeling of the CC domains of RB

and other NLRs identified four a helices consisting of conserved

heptad repeats of hydrophobic amino acids (Supplemental

Figures 7 and 8), which are essential for the formation of self-

associated complexes (Chambers et al., 1990; Mason and

Arndt, 2004; Maekawa et al., 2011; Wróblewski et al., 2018).

Structure-guided mutagenesis of the heptad repeats in the RB

CC domain with thermodynamically unfavorable alanine destabi-

lized the a-helical structure. HR assays using RB variants with

single amino acid substitutions revealed that the majority of mu-

tations in the heptad repeats abolished HR-inducing activity. The

exceptions were the L34E and F101E derivatives, which still re-

tained a wild-type (WT) level of HR-inducing activity (Figure 3A

and Supplemental Figure 9). Overall, these results suggested

that the heptad repeats have an essential role in maintaining

self-association of the RB CC domain.

The D475V substitution in the MHD motif autoactivates immunity

even in the absence of the IPI-O1 effector. We introduced the au-

toactive D475V mutation into several heptad repeat variants,
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including F31E, L34E, F38E, and I41E, to test the combined

effects of double mutations on HR elicitation (Figure 3B). All the

amino acid substitutions in the heptad repeats suppressed the

autoimmune response caused by the D475V mutation.

Although the L34E mutation did not alter IPI-O1-induced HR, it

still blocked the autoactivated HR conferred by the D475V muta-

tion (Figure 3A and 3C and Supplemental Figure 10).

Furthermore, we found that the CC domain of the triple loss-of-

function RB F31E/L34E/I41E mutant was no longer able to

interact with itself (Figure 3E), confirming the essential role of

heptad repeats in the maintenance of CC self-association (El

Kasmi et al., 2017). These data suggest that the structure and

integrity of the heptad repeats are essential for RB activation.
IPI-O1 and IPI-O4 differentially affect self-association of
the RB CC domain

An increasing number of studies have shown that self-association

is important for the activation of plant NLRs. For example, several

CNLs, such asMLA10, Sr33, Sr35, RPS5, Rx, andRPP7, can self-

associate to form dimers or higher-order oligomers (Moffett et al.,

2002; Ade et al., 2007; Maekawa et al., 2011; Casey et al., 2016;

Cesari et al., 2016; Li et al., 2020). Similarly, the TNLs N, SNC1,

RPP7, L6, and RPS4 dimerize or form higher-order complexes

either before or after activation (Mestre and Baulcombe, 2006;

Bernoux et al., 2011; Xu et al., 2014; Schreiber et al., 2016;

Zhang et al., 2017). Structural and functional studies of the CNL

ZAR1 showed that, in the resting state, ZAR1 interacts with the

adaptor protein RKS1, and the ZAR1-RKS1 complex recognizes

the uridylated decoy protein PBL2 (PBL2UMP) to form a tertiary

complex at an intermediate state. Upon activation, the ZAR1-

RKS1-PBL2UMP complex forms a wheel-like pentameric resisto-

some. The ZAR1 CC domain undergoes fold switching to form an

a-helical barrel that interacts with the ZAR1 LRR and winged-

helix domains and contributes to resistosome pentamerization

(Wang et al., 2019a, 2019b). The ZAR1 resistosome has

recently been shown to form calcium-permeable channels,

enabling the calcium influx that activates downstream immune

responses and cell death (Bi et al., 2021). Our 3D structural

modeling of the RB CC domain based on its structural

alignment with ZAR1 indicates that the RB CC domain may

also form a pentameric complex (Supplemental Figure 8). It

remains to be determined whether the effector IPI-O1 or other

components contribute to the formation of the higher-order RB

structure andwhether the RB resistosome exhibits calcium chan-

nel activities to trigger immune signaling and cell death.

Despite significant progress in our understanding of NLR func-

tion, the underlying mechanisms by which effectors, particularly

virulence effectors, modulate NLR self-association to trigger or

suppress NLR-mediated resistance are largely unknown. The

present RB/IPI-O1/IPI-O4 system is unique in that the virulence

effector IPI-O4 not only blocks RB-mediated recognition of its

cognate effector IPI-O1 but also interacts with the RB CC domain

(Chen et al., 2012). The autonomous cell death induced by the

D475V mutation in the MHD domain of RB could not be

suppressed by IPI-O4 (Supplemental Figure 10B). This result

indicates that suppression may occur during the recognition

process rather than in the downstream signaling pathway. With

the availability of both avirulence and virulence effectors that

are closely related and differ only in 20 amino acids
Plant Commu
(Champouret et al., 2009; Chen et al., 2012; Win et al., 2007),

we were able to determine their differential effects on the status

of RB self-association mediated by the CC domain. It appears

that the avirulence effector IPI-O1 can change the conformational

equilibrium of CC self-association, which may allow the recruit-

ment of signaling proteins to trigger immunity. By contrast, the

virulence effector IPI-O4 largely impairs CC self-association

and consequently suppresses RB activation (Figure 4).

Rearrangement of the NLR CC domains has been shown to be

a key event during oligomerization that is required for NLR-

mediated resistance (Maekawa et al., 2011; Wang et al., 2019a,

2019b). Disruption of RB CC self-association may result in a

dimer or oligomer adopting an unfavorable conformation, thereby

preventing it from interacting with signaling components for

assembly of the active resistosome.
Virulence effector IPI-O4 suppresses RB-mediated
recognition of IPI-O1 probably by disrupting IPI-O1 self-
association

Multiple lines of evidence suggest that self-association of

PhytophthoraRXLR effectors is important for their virulence func-

tions. The P. infestans effector Avr3a dimerizes, and the N-termi-

nal RXLR leader region facilitates its dimerization. Mutations that

prevent dimer formation fail to promote pathogen growth (Wawra

et al., 2012, 2017). Recently, a crystallographic study of the RXLR

effector PsAvh240 from the soybean pathogen P. sojae revealed

that PsAvh240 forms a WY domain-mediated handshake-like

dimer that is required for its virulence function (Guo et al.,

2019). The WY domain of the P. infestans effector PexRD2

displays a core a-helical fold that supports its self-association.

Bioinformatics analysis suggests that the WY domain is highly

conserved and has been identified in 44% of the annotated Phy-

tophthora RXLR effectors, either as a single copy or as tandem

repeats (Boutemy et al., 2011). Notably, the avirulent effector

IPI-O1 but not the virulent effector IPI-O4 exhibits self-associa-

tion (Figure 5). Given that the Y motif was not predicted in IPI-

O1, we propose that IPI-O1 self-association is likely to be medi-

ated by the W motif. Sequence alignment indicated that 7 out of

20 polymorphic amino acids between IPI-O1 and IPI-O4 reside in

the Wmotif, which is consistent with the finding that the C-termi-

nal domain of the RXLR effector family is under positive selection

(Win et al., 2007; Champouret et al., 2009). Furthermore, the two

residues at positions 129 and 135, which determine the

recognition specificity of IPI-O1 and IPI-O4, are either within or

right next to the W motif (Chen et al., 2012).

A structural analysis of the P. infestans PexRD2 effector revealed

that this effector exists as a homodimer in vitro and oligomerizes

in planta (Boutemy et al., 2011). It remains to be determined

whether IPI-O1 adopts an oligomeric state inside plant cells

and whether IPI-O1 associates with RB as a dimer or a higher-or-

der oligomer. Having demonstrated that IPI-O1 and IPI-O4 differ

in subcellular localization (Figure 1) and self-association status

(Figure 5), we provide biochemical evidence that IPI-O4 interacts

with IPI-O1 and abolishes IPI-O1 self-association in planta

(Figure 6A and Supplemental Figure 13). Our findings suggest

that perturbation of the self-association ability of avirulent effec-

tors by newly evolved effectors is likely to be an evolutionary

strategy by which pathogens adapt to suppress the recognition

of avirulent effectors mediated by their corresponding NLRs.
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Furthermore, in the presence of IPI-O4, the interaction between

RB CC and IPI-O1 was surprisingly enhanced (Figure 6B). A

possible explanation is that IPI-O4 may suppress the function

of IPI-O1 and RB by tightly sequestering or inactivating IPI-O1

and RB to prevent their interaction with signaling components,

leading to inhibition of RB-mediated immunity.

Collectively, our results indicate that the suppression of RB-

mediated recognition of IPI-O1 and downstream immune

signaling by the virulence effector IPI-O4 is likely to be achieved

by perturbing the self-association of RB CC and IPI-O1, thereby

potentially preventing the formation of interaction surfaces

required for recruiting signaling components to assemble an

active resistosome complex. We propose that, in the resting

state, RB associates with itself via the CC domain, stabilizing

RB in a closed and inactive conformation. Upon P. infestans

infection, the effector IPI-O1 is delivered into the cytoplasm and

recognized by RB via the CC domain. Interaction with IPI-O1

changes the self-association status of RB, probably leading to

an open and active conformation that enables the recruitment

of yet-to-be-identified signaling components and triggers im-

mune responses (Figure 7A). In the presence of IPI-O4, self-asso-

ciation of both RB CC and IPI-O1 is largely prevented, thereby

blocking the formation of interaction interfaces that are required

for recruiting signaling components for the assembly of the RB re-

sistosome complex (Figure 7B). Because IPI-O4 enhances the

interaction of RB CC with IPI-O1 (Figure 6B), it is also plausible

to speculate that IPI-O4 may sequester RB and IPI-O1 to prevent

their association with signaling molecules, ultimately leading to

suppression of RB-mediated immunity triggered by IPI-O1. How-

ever, these results do not favor the model that IPI-O4 blocks

RB-mediated recognition of IPI-O1 by out-competing IPI-O1 for

interaction with the RB CC domain. Because the cytoplasmic

localization of both RB and IPI-O1 is required for RB activation

in response to IPI-O1, and IPI-O4 is localized exclusively in the

cytoplasm, it appears that RB-mediated recognition of IPI-O1

and suppression of this process by IPI-O4 occur mainly in the

cytoplasm.

Future work will be focused on determining the nature and dy-

namic changes of self-association of IPI-O1 and RB upon

activation, identifying host targets of the IPI-Os, and

elucidating their roles in recognition of IPI-O1, activation of

RB-mediated resistance, and downstream signaling. Results

from these studies will provide fundamental guidance for the

rational engineering of durable and broad-spectrum late blight

resistance in potato.

METHODS

Plant materials

WT N. benthamiana plants and transgenic N. benthamiana plants ex-

pressing RB (Halterman et al., 2010; Chen et al., 2012) were grown in

growth rooms at 22�C under a 16 h light/8 h dark cycle and a light

intensity of 120 mmol m�2 s�1.

Site-directed mutagenesis

Mutants of RB, IPI-O1, or IPI-O4 were generated by circular PCR using

pDONR207 constructs harboring RB, IPI-O1, or IPI-O4 as templates.

Primers containing the desired nucleotide substitutions were designed

using the QuikChange Primer Design program (Agilent Technologies),

and primer pairs complementary to the opposite strands of the target
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sequences were extended during temperature cycling using KAPA HiFi

DNA Polymerase (KAPA Biosystems). After thermal cycling, the PCR

products were treated with DpnI at 37�C for 1 h to digest the methylated

plasmid DNA template, followed by transformation into E. coli. All the

constructs were verified by sequencing. Primers used for site-directed

mutagenesis are listed in Supplemental Table 1.

Plasmid construction

To generate C-terminal GFP fusion constructs, RB, IPI-O1, and IPI-O4

were amplified by PCR and cloned into pDONR207. After sequencing

confirmation, the resulting constructs were cloned into the binary destina-

tion vector pJG186 by LR reactions. pJG186 was constructed by inserting

a Gateway cloning cassette and a C-terminal GFP tag into the binary vec-

tor pCAMBIA1300 containing a rubisco small subunit gene (RbCS)

terminator.

To generate C-terminal Myc-tagged and FLAG-tagged fusion constructs,

the RB CC domain harboring the first 165 amino acid sequence of RB was

amplified by PCR and cloned into pDONR207. After sequencing confirma-

tion, the resulting constructs were cloned into the binary destination vec-

tors pJG100 and pJP603 by LR reactions. pJG100 was constructed by in-

serting a Gateway cloning cassette and a C-terminal 43Myc tag into the

binary vector pCAMBIA1300 containing an RbCS terminator. pJP603 was

constructed by inserting a Gateway cloning cassette and a C-terminal

33FLAG tag into the binary vector pCAMBIA1300 containing an RbCS

terminator.

To generate N-terminal HA-tagged, Myc-tagged, and FLAG-tagged

fusion constructs, the RXLR effectors IPI-O1 and IPI-O4 were amplified

by PCR and cloned into pDONR207. After sequencing confirmation, the

resulting constructs were cloned into the binary destination vectors

pJG99, pJP638, and pJP601 by LR reactions. pJG99 was constructed

by inserting a Gateway cloning cassette and an N-terminal 33HA tag

into the binary vector pCAMBIA1300 containing an RbCS terminator.

pJP638 was constructed by inserting a Gateway cloning cassette and

an N-terminal 43Myc tag into the binary vector pCAMBIA1300 containing

an RbCS terminator. pJP601 was constructed by inserting a Gateway

cloning cassette and an N-terminal 33FLAG tag into the binary vector

pCAMBIA1300 containing an RbCS terminator.

For the nuclear and cytoplasmic localization analysis, the SV40 T-Ag NLS

(QPKKKRKVGG) motif and the PK1 NES (NELALKLAGLDINK) motif, as

well as the mutated nls (QPKKTRKVGG) and nes (NELALKAAGADANK)

motifs, were fused to the GFP tag at the C terminus to construct the

pCAMBIA1300-based Gateway-compatible binary destination vectors

pJP757 (GFP-NLS), pJP758 (GFP-nls), pJP759 (GFP-NES), and pJP760

(GFP-nes), respectively. The RB, IPI-O1, and IPI-O4 genes in pDONR207

were cloned into these binary destination vectors by LR reactions for

subcellular localization analysis.

To make GR fusion constructs, the hormone-binding domain of the rat GR

was cloned from pMPGWB114 (Ishizaki et al., 2015) and fused together

with a Gateway cassette to the C terminus of GFP in pCAMBIA1300 to

generate the Gateway-compatible binary destination vector pJP771

(GFP-GR). The RB and IPI-O1 genes were cloned into pJP771 by LR reac-

tions to obtain RB-GFP-GR and IPI-O1-GFP-GR.

For membrane association analysis, the Rop10 tag and a mutant form of

the Rop10 tag (mRop10) in which the five non-polar residues LSNIL in the

GC-CCG box were replaced by REDER were amplified by PCR and fused

together with a Gateway cassette to the C terminus of GFP in pCAM-

BIA1300 to generate the Gateway-compatible binary destination vectors

pJP763c (GFP-Rop10) and pJP766b (GFP-mRop10). The RB and IPI-

O1 coding sequences in pDONR207 were cloned into pJP763c and

pJP766b by LR reactions to obtain RB-GFP-Rop10, RB-GFP-mRop10,

IPI-O1-GFP-Rop10, and IPI-O1-GFP-mRop10.
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To generate the Hir3.1-mCherry fusion construct, the NbHir3.1 gene was

amplified by PCR and cloned into pDONR207. After sequencing confirma-

tion, the resulting construct was cloned into the binary destination vector

pJG185 by an LR reaction. pJG185 was constructed by inserting a

Gateway cloning cassette and a C-terminal mCherry tag into the binary

vector pCAMBIA1300 containing an RbCS terminator. Primers used for

plasmid construction are listed in Supplemental Table 1.

Confocal microscopy

Tissues from agroinfiltrated N. benthamiana leaves were collected,

mounted with water on glass slides, and analyzed with a 203 air objective

(UPLSAPO 203) using a laser-scanning Olympus SD-OSR Spinning Disk

Confocal Microscope with super resolution (Olympus). PM co-localization

was analyzed with a silicone oil objective (UPLSAPO 1003S) using the

Olympus SD-OSR Spinning Disk Confocal Microscope. mCherry-tagged

NbHir3.1 was used as a PM-localized marker for co-localization analysis

in N. benthamiana. For nuclear staining, tissues were treated with 10

mg/ml of DAPI solution containing 0.1% Triton X-100. The laser excitation

wavelengths were 561 nm for mCherry, 488 nm for GFP, and 405 nm for

DAPI. Fluorescence intensity profiles were analyzed with Fiji software

(Schindelin et al., 2012) and plotted with Microsoft Excel.

HR induction assays in N. benthamiana plants

For HR cell death assays, 43Myc-IPI-O1, 43Myc-IPI-O4, or its variants

were transiently expressed in 4- to 6-week-old RB transgenic

N. benthamiana plants (Halterman et al., 2010; Chen et al., 2012) or co-

expressed with RB or its derivatives in WT N. benthamiana plants. Cell

death was monitored at 48 hpi.

Protein extraction, Western blotting, and co-IP

For protein expression analysis, total proteins were extracted from

N. benthamiana tissues with buffer containing 150 mM Tris–HCl, 50 mM

NaCl, 1 mM EDTA, 2 mM CaCl2, 5 mMMgCl2, 0.15% NP-40, 0.1% Triton

X-100 (pH 7.5), 10mMdithiothreitol, 1mMphenylmethanesulfonyl fluoride

(PMSF), plant protease inhibitor cocktail (VWR), and 20 mM MG132.

Protein samples were separated on 10% Bis-Tris PAGE gels, transferred

electrophoretically to 0.45-mm Amersham Protran Premium nitrocellulose

membranes (GE Healthcare), and detected with anti-GFP (Takara), anti-

HA, anti-FLAG, or anti-Myc (BioLegend) antibodies.

For co-IP assays, protein extracts were incubated with an anti-Myc anti-

body (1:2000, Sigma-Aldrich) at 4�C for 16 h followed by incubation at

4�C for 4 h with protein A/G magnetic beads (VWR) equilibrated with the

extraction buffer. The beads were washed six times with 1ml of extraction

buffer, and immunoprecipitated samples were analyzed by western

blotting with anti-HA, anti-FLAG, or anti-Myc (BioLegend) antibodies.

Bioinformatic analysis and homology-based structural
modeling

Protein sequences of the CC domains of RB and other CNLs, including

MLA10, Sr33, Rx, and ZAR1, were aligned with ClustalW2 (Larkin et al.,

2007) and refined using the predicted secondary structure of the RB CC

domain and the 3D structures of the above-mentioned reference

proteins. To predict the secondary structure of the RB CC domain, the

first 185 amino acid sequence of RB (Chen et al., 2012) was subjected

to several methods of structural analysis, including CCHMM_PROF

(Bartoli et al., 2009), SCRATCH (Magnan and Baldi, 2014), RaptorX

(Wang et al., 2016), JPred4 (Drozdetskiy et al., 2015), and

PSIPRED (Buchan et al., 2013), to generate the secondary structure,

and the consensus was used to increase the prediction reliability as

described previously (Wróblewski et al., 2018). Homology-based 3D

models of the monomeric, dimeric, and pentameric RB CC structures

were built using Modeller version 9.25 (Fiser et al., 2000; Webb and Sali,

2016) with optimized alignments of the first 120 amino acids of RB to

the reference PDB structures of Sr33 (PDB: 2NCG), MLA10 (PDB:

3QFL), and ZAR1 (PDB: 6J5T). Insertion loops were generated for the
Plant Commu
missing amino acids in the template, and non-missing residues were

kept stable. The global models were evaluated with the DOPE module

and then visualized using PyMOL version 2.3 (PyMOL Molecular

Graphics System, Schr€odinger).
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Supplemental Figure 1. Microscopic Analysis of Subcellular Localization of RB Fusion18

Proteins.19

Microscopic analysis of subcellular localization of RB fusion proteins. RB constructs carrying a20

C-terminal GFP tag together with WT or mutated nuclear localization signal (NLS/nls) or21

nuclear export signal (NES/nes) were expressed in N. benthamiana, and subcellular localization22

was determined at 48 hpi (left). DAPI staining depicts nuclei in blue (middle). An overlay of23



3

GFP and DAPI fluorescence signals is shown on the right. Scale bars represent 50 μm. The24

experiments were repeated three times with similar results.25
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26

Supplemental Figure 2. Microscopic Analysis of Subcellular Localization of IPI-O1 Fusion27

Proteins.28

Microscopic analysis of subcellular localization of IPI-O1 fusion proteins. IPI-O1 constructs29

carrying a C-terminal GFP tag and WT or mutated NLS/nls or NES/nes were expressed in N.30

benthamiana, and subcellular localization was determined at 48 hpi (left). DAPI staining depicts31

nuclei in blue (middle). An overlay of GFP and DAPI fluorescence signals is shown on the right.32

Scale bars represent 50 µm. The experiments were repeated three times with similar results.33
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35

Supplemental Figure 3. Western Blot Detection of the RB and IPI-O1 Fusion Proteins with36

a WT or Mutated Nuclear Localization Signal (NLS/nls) or Nuclear Export Signal37

(NES/nes).38

The fusion proteins were extracted from leaves collected at 36 hpi and detected by Western39

blotting with an anti-GFP antibody. Ponceau S staining of immunoblots served as loading40

controls.41

42

43

44
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45

Supplemental Figure 4. RB and IPI-O1 Trigger Cell Death in the Cytoplasm.46

(A) Cell death mediated by RB-GFP-GR in the presence of Myc-IPI-O1. The indicated47

constructs were co-expressed with IPI-O1 in N. benthamiana. (B) Cell death induced by IPI-O1-48

GFP-GR or IPI-O4-GFP-GR. The indicated constructs were each expressed in the RB transgenic49

N. benthamiana. Cell death induced at 48 hpi was visualized before (left) and after ethanol50

destaining (right). Infiltrated area is shown by a black circle and HR by a red circle. Scale bars51

represent 1 cm. The experiments were repeated six times with similar results. (C, D) Western52

blot detection of the RB (C) and IPI-O1 (D) fusion proteins with a GR tag. The fusion proteins53

were extracted from leaves collected at 36 hpi and detected by Western blotting with an anti-54

GFP antibody. Ponceau S staining of immunoblots served as loading controls.55

56
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57

Supplemental Figure 5. IPI-O1 and IPI-O4 but not RB Are Partially Localized to the58

Plasma Membrane.59

RB, IPI-O1, or IPI-O4 fused to GFP at the C-terminus was each co-expressed with the plasma60

membrane-localized Hir3.1-mCherry in N. benthamiana. Confocal images were taken at 48 hpi61

(left). The mCherry depicts plasma membrane in red (middle). An overlay of GFP and mCherry62

fluorescence signals is shown on the right. Scale bars represent 10 µm. Fluorescence intensity63

profiles of the GFP and mCherry channels along the direction of the arrows are shown in the64

plots. The experiments were repeated three times with similar results.65

66

67
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68

Supplemental Figure 6. Membrane-Associated RB and IPI-O1 Are Unable to Induce Cell69

Death.70

(A) Membrane-associated RB failed to mediate cell death in the presence of IPI-O1. RB-GFP71

fused to Rop10 or mRop10, or RB-GFP alone was co-expressed in N. benthamiana with Myc-72

IPI-O1 or Myc-IPI-O4. (B) Membrane-associated IPI-O1 failed to induce cell death in RB73

transgenic N. benthamiana plants. IPI-O1 or IPI-O4 fused to Rop10 or mRop10 were each74

expressed in the RB transgenic N. benthamiana plants. Cell death induced at 48 hpi was75

visualized before and after ethanol destaining. Infiltrated area is shown by a black circle and HR76

by a red circle. Scale bars represent 1 cm. The experiments were repeated six times with similar77

results. (C, D) Western blot detection of RB (C) and IPI-O1 (D) fused to a Rop10 or mRop10 tag.78

The fusion proteins were extracted from leaves collected at 36 hpi and detected by Western79

blotting with an anti-GFP antibody. Ponceau S staining of immunoblots served as loading80

controls.81

82

83
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Supplemental Figure 7. Sequence and Secondary Structure Alignment of the CC Domains122

from RB and Other NLRs Proteins.123

The amino acid sequences of the CC domains from RB and other NLRs, MLA10, Sr33, Rx, and124

ZAR1, are aligned. The heptad repeats of hydrophobic amino acids within CC domains are125

highlighted in yellow, the EDVID motifs in pink, and other conserved amino acids in light grey126

to dark corresponding to the levels of identity. The predicted α-helices of the CC domains are127

shown as colored cylinders.128

129

1 2

3

4
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130

Supplemental Figure 8. Ribbon Diagrams of the Predicted Monomeric, Dimeric, and131

Pentameric Structures for RB CC Domain.132

The predicted structures of RB CC monomer (A), dimer (B), and pentamer (C) are represented as133

ribbons. The four hydrophobic residues (F31, L34, F38, and I41) of the heptad repeats in the α2134

helix are highlighted in magenta. The conserved EDVID (DDILD in RB) motif is highlighted in135

purple. In the dimeric structure, the two monomers are shown in green and cyan. The four136

hydrophobic residues (F31, L34, F38, and I41) are located on the same side of the RB CC dimer.137

138

139

140
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141

Supplemental Figure 9. Mutations in the Heptad Repeats of RB Abolish Its Function.142

RB and its variants carrying mutations in the heptad repeats from the predicted α1, α3, and α4143

helices were each co-expressed with IPI-O1 or IPI-O4 in N. benthamiana. Cell death induced at144

48 hpi was visualized before (left) and after ethanol destaining (right). Infiltrated area is shown145

by a black circle and HR by a red circle. Scale bars represent 1 cm. The experiments were146

repeated six times with similar results.147



13

148

Supplemental Figure 10. Cell Death-Inducing Activities of RB MHDMutants.149

(A) Cell death mediated by the RB MHD mutants in the absence of effectors. The indicated RB150

MHD variants were each expressed in N. benthamiana. (B) Cell death mediated by the RB MHD151

mutants in the presence of effectors. RB variants harboring mutations in the MHD motif were152

co-expressed with Myc-IPI-O1 or Myc-IPI-O4 in N. benthamiana. Cell death induced at 48 hpi153

was visualized before (left) and after ethanol destaining (right). Infiltrated area is shown by a154

black circle and HR by a red circle. Scale bars represent 1 cm. The experiments were repeated155

six times with similar results.156
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Supplemental Figure 11. Western Blot Detection of the RB Variant Fusion Proteins.158

The GFP-tagged RB variants carrying mutations in the heptad repeats from the second α-helix159

(A), the F31E/L34E/I41E triple mutant (RB EEE) (B), or the autoactive D475V mutation in the160

MHD motif in combination with mutations in the heptad repeats of RB CC (C) were each161

expressed in N. benthamiana. The RB variant fusion proteins were extracted from leaves162

collected at 36 hpi and detected by Western blotting with an anti-GFP antibody. Ponceau S163

staining of immunoblots served as loading controls.164

165

166

167

168
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169

Supplemental Figure 12. Disruptive Effect of IPI-O4 on the RB CC Self-Association170

Positively Correlated with the IPI-O4 Expression Level.171

Total proteins were extracted from N. benthamiana plants expressing RB CC-3FLAG and RB172

CC-4  Myc together with 3  HA-tagged IPI-O4 at an OD600 of 0.001, 0.01, or 0.1.173

Immunoprecipitation was carried out with an anti-Myc antibody, and immunoblots were probed174

with anti-Myc, anti-FLAG, or anti-HA antibodies. Ponceau S staining of immunoblots served as175

loading controls. The experiments were repeated twice with similar results.176

177

178

179
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180

Supplemental Figure 13. Self-Association of IPI-O1 Is Perturbed by IPI-O4 In Planta.181

Total proteins were extracted from N. benthamiana plants expressing 3  FLAG-IPI-O1 and182

4Myc-IPI-O1 together with 3HA-tagged IPI-O1 or IPI-O4. Immunoprecipitation was carried183

out with anti-FLAG M2 magnetic beads, and immunoblots were probed with anti-Myc, anti-184

FLAG, or anti-HA antibodies. Ponceau S staining of immunoblots served as loading controls.185

The experiments were repeated twice with similar results.186

187

188
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Supplemental Table 1. Oligonucleotide Sequences for Site-Directed Mutagenesis and189

Plasmid Construction.190

Supplemental Table 1 was submitted in an Excel file.191
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