L T

/

1\

=y

Check for
updates

NLR network mediates immunity to diverse

plant pathogens

Chih-Hang Wu?, Ahmed Abd-El-Haliem®, Tolga O. Bozkurt™‘, Khaoula Belhaj?, Ryohei Terauchi®¢, Jack H. Vossen®,

and Sophien Kamoun®"

®The Sainsbury Laboratory, Norwich Research Park, Norwich NR4 7UH, United Kingdom; PPlant Breeding, Wageningen University and Research,
Wageningen 6708 PB, The Netherlands; “Department of Life Sciences, Imperial College London, London SW7 2AZ, United Kingdom; “Division of Genomics
and Breeding, lwate Biotechnology Research Center, Iwate 024-0003, Japan; and ®Laboratory of Crop Evolution, Graduate School of Agriculture, Kyoto

University, Kyoto 606-8501, Japan

Edited by Jeff L. Dangl, University of North Carolina at Chapel Hill, Chapel Hill, NC, and approved June 19, 2017 (received for review February 13, 2017)

Both plants and animals rely on nucleotide-binding domain and
leucine-rich repeat-containing (NLR) proteins to respond to invading
pathogens and activate immune responses. An emerging concept of
NLR function is that “sensor” NLR proteins are paired with “helper”
NLRs to mediate immune signaling. However, our fundamental knowl-
edge of sensor/helper NLRs in plants remains limited. In this study, we
discovered a complex NLR immune network in which helper NLRs in
the NRC (NLR required for cell death) family are functionally redundant
but display distinct specificities toward different sensor NLRs that con-
fer immunity to oomycetes, bacteria, viruses, nematodes, and in-
sects. The helper NLR NRC4 is required for the function of several
sensor NLRs, including Rpi-blb2, Mi-1.2, and R1, whereas NRC2 and
NRC3 are required for the function of the sensor NLR Prf. Interest-
ingly, NRC2, NRC3, and NRC4 redundantly contribute to the immu-
nity mediated by other sensor NLRs, including Rx, Bs2, R8, and Sw5.
NRC family and NRC-dependent NLRs are phylogenetically related
and cluster into a well-supported superclade. Using extensive phy-
logenetic analysis, we discovered that the NRC superclade probably
emerged over 100 Mya from an NLR pair that diversified to consti-
tute up to one-half of the NLRs of asterids. These findings reveal a
complex genetic network of NLRs and point to a link between evo-
lutionary history and the mechanism of immune signaling. We pro-
pose that this NLR network increases the robustness of immune
signaling to counteract rapidly evolving plant pathogens.

immunity | host-microbe interactions | evolution

lants and animals rely on nucleotide-binding domain and
leucine-rich repeat-containing (NLR) proteins to activate
immune responses to invading pathogens (1-3). NLRs are
among the most diverse and rapidly evolving protein families in
plants (4, 5). They are modular proteins that broadly fall into two
classes based on their N-terminal domain, which is either a Toll-
interleukin 1 receptor or a coiled coil (CC) domain (6). Most plant
disease resistance genes encode NLR receptors that detect effector
proteins secreted by pathogens by either directly binding them or
indirectly binding them via effector-targeted host proteins (3, 7).
An emerging model is that “sensor” NLRs dedicated to detecting
pathogen effectors require “helper” NLRs to initiate immune sig-
naling, resulting in a hypersensitive cell death response that re-
stricts pathogen invasion (8-11). Although paired NLRs have been
described across flowering plants, the degree to which plant NLRs
have evolved to form higher order networks is poorly known.
Solanaceae form one of the most species-rich plant families
that include major agricultural crops, such as potato, tomato, and
pepper (12). The extensive breeding efforts for improving dis-
ease resistance within this family have led to the identification of
many NLR-type disease resistance genes from wild relatives (13,
14). To date, over 20 NLR-type disease resistance genes have
been identified from different solanaceous species, which confer
resistance to infection by diverse and destructive pathogens and
pests, including the oomycete Phytophthora infestans, tomato
spotted wilt virus (TSWV), and potato cyst and root-knot nem-
atodes (13, 14). Several of these solanaceous NLR-type disease
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resistance genes have been deployed in agriculture through
traditional breeding, cisgenesis, or transgenesis (14, 15). For exam-
ple, Rpi-blb2 has been introgressed into potato cultivars to confer
broad-spectrum resistance to isolates of P. infestans (16). Mi-1.2, an
ortholog of Rpi-blb2, confers resistance to root-knot nematodes,
aphids, and whiteflies in cultivars of tomato (17-19). Expression of
the pepper gene Bs2 in tomato confers resistance to the bacterial
spot pathogen Xanthomonas campestris pv. vesicatoria (20). Sw5b, a
gene from the wild tomato species Solanum peruvianum, mediates
resistance against TSWV in tomato (21). Furthermore, introgression
of Rx and Gpa2 into potato confers resistance to potato virus X
(PVX) and potato cyst nematode, respectively (22, 23).

In addition to their agricultural importance, the Solanaceae and
their NLRs are a great experimental model system for understanding
plant immunity. Many of the cloned solanaceous NLR genes re-
capitulate their effector recognition and disease resistance pheno-
types when expressed into the model plant Nicotiana benthamiana.
Classic examples of mechanistic studies of solanaceous NLRs in N.
benthamiana include the Prf/Pto complex which mediates resistance
to Pseudomonas syringae through association with the effectors
AvrPto and AvrPtoB (24-26), and the Rx/RanGAP2 complex, which
confers resistance to PVX by recognizing the coat protein (23, 27—
29). These studies contributed to our understanding of NLR func-
tion, particularly the role of effector-associated proteins in activating
immunity.

Genome-wide annotation and cross-species comparison
revealed that NLR genes are often dramatically expanded in the
genomes of flowering plants, reaching hundreds of genes in di-
verse species like rice, soybean, grapevine, and potato (30).
Across different plant species, NLR genes belonging to different
phylogenetic clades may show distinct expansion and gene loss
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patterns, indicating that NLR evolution exhibits dynamic pat-
terns of birth and death (4, 6, 30-32). Strong selection caused by
pathogens is thought to drive functional diversification of NLR
genes, which tend to be clustered in dynamic regions of plant
genomes (32-34). However, despite the extensive knowledge
generated through comparative genomics, the degree to which
phylogeny correlates with mechanisms of NLR activation and
signaling remains unclear.

In a previous study, we reported that the helper NLR proteins
NLR required for cell death 2 (NRC2) and NRC3 are functionally
redundant and are required for the function of the Prf/Pto complex
in N. benthamiana (11). However, whether NRC2, NRC3, and other
NRCHike genes function with other sensor NLRs remained un-
known. Here, we describe another helper NLR, termed NRCA4,
which belongs to the NRC family. NRC4 is required for immunity
triggered by Rpi-blb2, an NLR that provides resistance to
P. infestans but is not required for Prf-mediated immunity. Surpris-
ingly, NRC2, NRC3, and NRC4 turned out to be functionally re-
dundant and essential for the activity of at least seven other NLRs
that confer immunity to oomycetes, bacteria, viruses, nematodes,
and insects. Remarkably, the NRC family and NRC-dependent
NLRs fall into a well-supported phylogenetic superclade. Using ex-
tensive phylogenetic analyses of plant NLR sequences, we revealed
that the NRC superclade probably evolved from a common ancestral
NLR pair over 100 Mya. We conclude that NRCs and their mates
form a complex genetic network that confers resistance to diverse
pathogens and pests. We propose that this complex NLR network
increased the evolvability and robustness of immune signaling to
counteract rapidly evolving plant pathogens.

Results and Discussion

NRC4 Is Required for Rpi-blb2-Mediated Immunity. As part of a study
performed in N. benthamiana to identify genetic components re-
quired for resistance to P. infestans conferred by the potato NLR-type
gene Rpi-blb2 (35, 36), we discovered that another NLR protein,
NRC4, is required for Rpi-blb2 function (Fig. 1). Silencing of NRC4
compromised Rpi-blb2 resistance to P. infestans (Fig. 14) and hy-
persensitive cell death to the P. infestans effector AVRDbIb2 (36) (Fig.
1B). This phenotype was rescued by a silencing-resilient synthetic
NRC4 gene (Fig. 1 C and D and SI Appendix, Fig. S1 A and B),
confirming that the observed phenotype was indeed caused by NRC4
silencing. Silencing of NRC4 did not affect Rpi-blb2 protein ac-
cumulation (SI Appendix, Fig. S1C).

Previous studies of NLR pairs reported contrasting findings on
the role of the ATP-binding p-loop motif in immune signaling. In
some cases, only one NLR in the complex requires the p-loop
motif (37, 38), whereas the ADR1 helper NLR from Arabidopsis
thaliana displays p-loop-independent immune activity (8). We
tested the role of the p-loop in Rpi-blb2 and NRC4 functions.
Mutations in either Rpi-blb2 or NRC4 p-loops abolished the
hypersensitive cell death response (SI Appendix, Fig. S2). Thus,
the classic sensor/helper NLR model is not sufficient to explain
how the Rpi-blb2/NRC4 mediates immunity.

NRC4 defines a distinct clade within the NRC family (SI Appendix,
Fig. S34). Of the nine NRC genes in N. benthamiana, four were
expressed to significant levels in leaves, but only NRC4 transcript
levels were reduced in NRC4-silenced plants (SI Appendix, Figs. S1D
and S3B). Among the expressed genes, NRC2 and NRC3 are re-
quired for bacterial resistance mediated by the NLR protein Prf in
N. benthamiana (11, 24) but were not essential for Rpi-blb2 functions
in our silencing experiments (Fig. 1.4 and B). In contrast, NRC4 was
not essential for Prf-mediated cell death and resistance to the bac-
terial pathogen P. syringae (Fig. 1B and SI Appendix, Fig. S4).

NRC Clade and Its Sister Clades Form a Signaling Network. Phylogenetic
analyses of the complete repertoire of CNL (NLR with an
N-terminal CC domain) proteins from the solanaceous plants to-
mato, potato, and pepper and N. benthamiana revealed that the NRC
family groups with the Rpi-blb2 and Prf clades in a well-supported
superclade (SI Appendix, Fig. S5). Interestingly, this superclade
includes additional well-known NLRs, such as Rx (23, 27), Bs2
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(20), R8 (39), Swsb (21), R1 (40), and Mi-1.2 (17), which confer
resistance to diverse plant pathogens and pests (SI Appendix, Fig.
S5 and Table S1). This finding prompted us to test the extent to
which NRC proteins are involved in immune responses mediated
by these phylogenetically related disease resistance proteins.

Silencing of NRC2 and NRC3 affected Prf and moderately re-
duced the hypersensitive cell death triggered by the potato late
blight resistance gene R8, but did not alter the response mediated
by 12 other NLR proteins (Fig. 2). In contrast, silencing of NRC4
compromised the hypersensitive cell death mediated by Mi-1.2, an
Rpi-blb2 ortholog that provides resistance to nematodes and in-
sects; CNL-11990P*"#V| an autoactive mutant of a CNL of unknown
function; and R1, an NLR that confers resistance to P. infestans
(Fig. 2 and SI Appendix, Fig. S6A4). Furthermore, NRC#4 silencing
abolished R1-mediated disease resistance to P. infestans, and the
phenotype was rescued by a silencing-resilient synthetic NRC4 gene
(ST Appendix, Fig. S6 B-D).

Given that the three expressed NRC proteins share exten-
sive sequence similarity (SI Appendix, Fig. S7), we hypothesized
that NRC2, NRC3, and NRC4 are functionally redundant for
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Fig. 1. NR(4 is required for Rpi-blb2-mediated immunity. (A) Silencing of NRC4
compromises Rpi-blb2-mediated resistance. P. infestans strain 88069 (Pi 88069) was
inoculated on Rpi-blb2 transgenic N. benthamiana preinfected with tobacco rattle
virus (TRV) to silence NRC2/3 or NRC4. Wild-type (WT) plant with TRV empty vector
(TRV-EV) was used as a susceptible control. Experiments were repeated three times
with 24 inoculation sites each time. The numbers on the right bottom of the
photographs indicate the sum of spreading lesions/total inoculation sites from the
three replicates. Images were taken under UV light at 4 d postinoculation (dpi). (B)
Silencing of NRC4 compromises Rpi-blb2- but not Prf-mediated hypersensitive cell
death. Rpi-blb2/AVRblb2 or Pto/AvrPto (cell death mediated by Prf) was coex-
pressed in NRC2/3- or NRC4-silenced plants by agroinfiltration. HR, hypersensitive
response. (C) Expression of silencing-resilient synthetic NRC4 (NRC4™") rescues Rpi-
blb2-mediated resistance in NRC4-silenced plants. Experiments were repeated
three times with 24 inoculation sites each time. The numbers on the right bottom
of the photographs indicate the sum of spreading lesion/total inoculation sites
from the three replicates. Images were taken under UV light at 5 dpi. (D) Ex-
pression of silencing-resilient NRC4”" rescues Rpi-blb2-mediated cell death in
NRC4-silenced plants. HRs in B and D were scored at 7 d after agroinfiltration. Bars
represent mean + SD of 24 infiltration sites. Statistical differences among the
samples were analyzed with ANOVA and Tukey's honest significance difference
(HSD) test (P < 0.001).
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Fig.2. NRC clade and its sister clades form a complex signaling network. (Left) Phylogenetic tree of CNL proteins identified from genomes of solanaceous
plants, simplified from S/ Appendix, Fig. S5. (Center) List of pathogens and AVR effectors sensed by the corresponding NLR immune receptors. Ps.,
Pseudomonas; X., Xanthomonas. (Right) Different NLR and AVR effector combinations were expressed in control (EV) and NRC2/3-, NRC4-, NRC2/3/4-, and
SGT1-silenced plants by agroinfiltration. The plus symbol (+) indicates that the cell death phenotype was observed, and the minus symbol (-) indicates
that the cell death phenotype was compromised. Bars represent mean + SD of 24 infiltration sites. Statistical differences among the samples were an-
alyzed with ANOVA and Tukey’s HSD test (P < 0.001). ®The autoactive mutant Mi-1.27575 was used here. PCoexpression of Pto and AvrPto was used for
testing Prf-mediated cell death. “The autoactive mutant CNL-11990°#’%V was used here. Silencing of SGT7 was used as a control that compromises cell

death mediated by all of the NLRs tested here.

additional NLRs in the “NRC superclade” (Fig. 2). To test our
hypothesis, we simultaneously silenced the three NRC genes and
discovered that triple silencing of NRC2/3/4 compromised the
hypersensitive cell death mediated by Sw5b, RS, Rx, and Bs2 in
addition to the five NLRs mentioned above (Fig. 2 and SI Ap-
pendix, Figs. S8 and S9). In contrast, triple silencing of NRC did
not affect the hypersensitive cell death mediated by the five
tested NLRs that map outside the NRC superclade (Fig. 2) and
did not abolish resistance to P. infestans conferred by two of
these NLR proteins (S Appendix, Fig. S10).

We validated NRC2, NRC3, and NRC4 redundancy by com-
plementation in the triple silencing background with silencing-
resilient synthetic NRC (SI Appendix, Fig. S11). These results
confirmed that the three NRC proteins display specificity to Rpi-
blb2 and Prf but have redundant functions in Rx-, Bs2-, R8-, and
SwSb-mediated hypersensitive cell death (SI Appendix, Fig. S11).

The p-Loop Is Essential for the Activity of NRC4 in All of the Tested
Combinations. We further tested whether the p-loop is essential for
the activity of NRC homologs in different helper-sensor NLR
combinations. The lysine (K) to arginine (R) mutation in the
p-loops of NRC2 and NRC3 dramatically compromised steady-
state protein accumulation (SI Appendix, Fig. S124), prompting us
to focus on NRC4 in subsequent experiments. The p-loop mutants
of NRCH4 failed to rescue cell death mediated by any of the sensor
NLRs we tested (S Appendix, Fig. S12 B and C), indicating that
the p-loop is essential for NRC4-mediated immunity. These results
challenge our understanding of helper NLR activation, in which
proteins such as ADR1-L2 display p-loop-independent activity in
NLR-triggered immunity (8). Phylogenetically, the ADR1/NRG1
family belongs to the RPW8 clade that is distantly related to the
NRC family (CNL-14) (41, 42). This observation indicates that
ADRI1/NRG1 and the NRC families have independently evolved
as helper NLRs, and may have acquired different mechanisms to
activate immune signaling. Interestingly, activation of DM1/DM2d,
an NLR complex that contributes to hybrid necrosis, was recently

Wu et al.

reported to require the p-loops of both NLRs (43), suggesting that
not all genetic or physical NLR complexes are regulated through the
same mechanism.

NRC2, NRC3, and NRC4 Redundantly Contribute to Rx-Mediated
Resistance to PVX. To validate further that NRC2, NRC3, and
NRC4 redundantly contribute to immunity, we examined the re-
sistance mediated by Rx to PVX (23, 27) in plants silenced for
single, double, or triple combinations of NRC genes. Rx-mediated
resistance to PVX was only abolished in the triple silencing back-
ground, resulting in systemic spread of necrotic lesions (Fig. 3 and

WT plant Rx plants
TRV- NRC4

NRC2/3  NRC2/3/4

")
°

3
o

al

]
@
>
@
<
8
=%
a
=]

Inoculated leaves
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Fig. 3. Triple silencing of NRC2, NRC3, and NRC4 compromised Rx-mediated
extreme resistance to PVX. NRC2, NRC3, or NRC4 was silenced individually or
in combination in Rx transgenic plants by TRV. SGT7 silencing, which com-
promises Rx-mediated resistance, was used as a control. The circles on the
inoculated leaves indicate the area of PVX inoculation by agroinfection.
Photographs were taken 2 wk after PVX inoculation.
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SI Appendix, Fig. S13). This phenotype, known as trailing necrosis,
reflects spread of the virus when Rx-mediated extreme resistance is
compromised (27). We further validated systemic spread of the
virus by detecting accumulation of GFP driven by the subgenomic
promoter of PVX (SI Appendix, Fig. S14). Indeed, silencing-resilient
NRC2, NRC3, and NRC4 individually complemented the loss of
resistance to PVX in triple NRC-silenced plants confirming their
functional redundancy in disease resistance (S Appendix, Fig. S15).
This and previous results indicate that the three NRC proteins
display varying degrees of redundancy and specificity toward the
nine NLRs, revealing a complex immune signaling network (S
Appendix, Fig. S16).

Tomato NRCs Rescue NRC-Dependent Cell Death in N. benthamiana.
Most of the sensor NLRs in the NRC network we tested here
originate from wild Solanum species, and yet confer disease re-
sistance when introduced into tomato (Solanum lycopersicum), po-
tato (Solanum tuberosum), and N. benthamiana (SI Appendix, Table
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blue, and the NRC-H gene is marked in red. (D) Phys-
ical map of NRC superclade genes on tomato chro-
mosomes. The NRC-S paralogs are marked in blue, and
the NRC-H paralogs are marked in red. Detailed in-
formation of the physical map is available in S/ Ap-
pendix, Fig. S23.

S1). This observation prompted us to test whether NRCs from
tomato display the same sensor NLR spectrum as their N. ben-
thamiana orthologs. Largely consistent with the network we pro-
posed, expression of tomato NRCs rescued cell death when their
orthologous N. benthamiana NRCs were silenced (SI Appendix,
Figs. S16 and S17). However, tomato NRC3 rescued Rpi-blb2/Mi—
mediated cell death in NRC4-silenced N. benthamiana, unlike
N. benthamiana NRC3 (SI Appendix, Figs. S11 and S17A4). In ad-
dition, tomato NRC2 only weakly rescued Prf-mediated cell death
in NRC2/3-silenced N. benthamiana (SI Appendix, Fig. S17B), and
tomato NRC4 only weakly rescued Sw5-mediated cell death in
NRC2/3/4-silenced N. benthamiana (SI Appendix, Fig. S17C). We
conclude that the NRC network structure may have evolved dif-
ferently in the various Solanaceae species since divergence from
their last common ancestor. Further studies on sequence polymor-
phisms and the sensor NLR spectrum of different NRC homologs
should help reveal how helper-sensor specificity is determined in
an NLR signaling network.
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Fig. 5. Constraints and plasticity in plant NLR evolution. (A) NLR evolution
must be constrained by its mode of action. Some NLR pairs are known to
operate by negative regulation with the helper NLR exhibiting autoimmunity
(NLR*) and the sensor NLR acting as a helper inhibitor. In such cases, expansion
of the pair will be constrained throughout evolution due to the genetic load
caused by autoimmunity. In contrast, NLRs that function through a different
mechanism (e.g., positive regulation of the NLR helper by the sensor) will be
less constrained to evolve into networks beyond genetically linked pairs of
NLRs. (B) Model of the expansion of the NRC superclade from an ancestral pair
of NLRs. The NRC-helper clade has expanded to create genetic redundancy,
and thus flexibility for the sensor NLR to evolve rapidly. However, due to the
constraints for mediating conserved downstream signaling, the diversification
of the helper clade is likely to remain limited. In contrast, the NRC-sensor
homologs have evolved into several diversified clades to detect proteins
from a diversity of pathogens. This network system with redundant helper NLR
may provide a framework for rapid evolution of plant NLR-triggered immunity
to counteract fast-evolving pathogens.

The NRC Superclade Emerged from an NLR Pair Over 100 Mya. Our
observation that NRC proteins and their NLR mates are related
in the phylogeny of solanaceous CNL proteins (SI Appendix, Fig.
S5) prompted us to reconstruct the evolutionary history of the
NRC superclade. Higher order phylogenetic analyses of com-
plete CNL repertoires from representative plant taxa revealed
that the NRC superclade is missing in rosids but present in the
examined representatives of caryophyllales (sugar beet) and
asterids (kiwifruit, coffee, monkey flower, ash tree, and Sol-
anaceae species) (Fig. 4 A and B and SI Appendix, Figs. S18—
$22). Interestingly, sugar beet and kiwifruit, the early branching
species, have only a single protein that groups with the NRC
family (referred to as NRC-H), along with two and four NLRs,
respectively, that cluster with the NRC-dependent NLRs (re-
ferred to as NRC-S) (Fig. 4 A and B and SI Appendix, Fig. S22).
The dramatic expansion of the NRC superclade started before
the divergence of Gentianales (coffee) from other asterids
around 100 Mya to account for over one-half of all NLRs in
some of the species (44) (Fig. 4B). We postulate that the NRC
superclade has probably evolved from an ancestral pair of ge-
netically linked NLR genes, as in sugar beet, to duplicate and
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expand throughout the genomes of asterid species into a com-
plex genetic network that confers immunity to a diversity of plant
pathogens (Fig. 4 C and D and SI Appendix, Fig. S23).

What Forces Drive the Evolution of an NLR Pair into a Network? NRC
family members appear to be a convergent signaling point for a large
repertoire of NLRs. The observation that sugar beet (caryophyllales)
has only three closely linked NLR genes belonging to the NRC
superclade supports the hypothesis that NRC and its mates evolved
from a genetically linked NLR pair. Models of NLR evolution
suggest that once an NLR gene translocates to an unlinked locus, it
becomes more likely to diversify into a new function than when it
remains in a gene cluster (34). Thus, expansion of the NRC super-
clade from a genetically linked pair to a genetically unlinked network
may have been a key evolutionary step that accelerated functional
diversification to confer immunity to multiple pathogens and pests.
However, NLR evolution must be constrained by its mode of action.
Recent studies on genetically linked NLR pairs, such as RPS4/
RRS1 and RGA4/RGAS, suggested that the encoded proteins ac-
tivate immune signaling through release of negative regulation (37,
38). The selective pressures shaping the evolution of NLR pairs that
operate by negative regulation can be expected to limit their ex-
pansion due to the genetic load caused by autoimmunity (Fig. 54).
Autoactive NLR helpers and their negative regulators are expected
to function as a single unit (supergene) and are likely to remain
genetically linked over evolution. In contrast, NRC and NRC-
dependent NLR proteins appear to function through a mechanism
that accommodates evolutionary plasticity beyond genetically linked
pairs of NLR proteins. We propose that NRC and NRC-dependent
NLR proteins act through positive regulation rather than suppres-
sion of autoactivity (Fig. 54). Such a mode of action would have
enabled massive duplication and functional diversification without
accumulation of deleterious effects. Interestingly, recent studies have
shown that mismatched NLRs, which probably operate through
positive regulation, trigger autoimmunity leading to hybrid necrosis,
adding another layer of complexity in NLR evolution (43, 45). Fu-
ture studies on how NRC and NRC-dependent NLR proteins
function should shed light on the mechanistic detail of how this NRC
network mediates immune responses and disease resistance. Of
particular interest, it would be important to determine how the ge-
netically defined sensor and helper activities of NRCs and their
mates translate into biochemical models and the extent to which
these proteins associate into a signaling complex.

NLR Networks Increase Robustness of the Plant Immune System.
Genetic redundancy is known to enhance robustness and evolv-
ability of biological systems (46-48). The emergence of genetic
redundancy ultimately leads to a network architecture, a general
feature of many complex biological processes (49). Traits under
strong natural selection, such as immunity, should benefit from the
increase in evolutionary plasticity and tolerance to environmental
disturbance conferred by gene duplications (50, 51). Redundant
helper NLRs may therefore provide a stepping stone for rapid
expansion and functional diversification of their matching sensor
NLRs to counteract rapidly evolving pathogens (Fig. 5B). In-
terestingly, a recent analysis of NLR evolutionary patterns in
Solanaceae revealed that the NRC clade [termed CNL-G8 by Seo
et al. (31)] stands out as having only a few recent duplications that
occurred after speciation of pepper, tomato, and potato. This
finding is consistent with the view that, unlike their NLR mates,
NRCs may not be directly involved in detecting pathogens and are
diversifying at a slower pace. NRCs may also be constrained by
their central function in immune signaling as nodes in a signaling
network with a bow-tie architecture (i.e., diversity of inputs con-
verging on a few core elements). Similar bow-tie network archi-
tectures have also been described in immunity in other systems,
such as animal Toll-like receptors, in which diversified receptors
sense a wide variety of microbial molecules with a few core ele-
ments playing signaling roles in mediating downstream output
(52). We propose that the NRC network is a powerful system to
study robustness, redundancy, and specificity of an NLR immune
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signaling network within a solid evolutionary framework. Har-
nessing the processes that underpin NLR network structure and
function would open up new approaches for developing disease-
resistant crops.

Materials and Methods

Hypersensitive Cell Death Assays. Hypersensitive cell death assays were per-
formed using Agrobacterium-mediated transient gene expression. Detailed
procedures and information on constructs used in this study are provided in
SI Appendix, SI Materials and Methods.

Disease Resistance Assays. Rpi-blb2, Rpi-blb1, R3a, Pto/Prf, and Rx transgenic
N. benthamiana plants were used for disease resistance assays. R1 was
transiently expressed on leaves of N. benthamiana for disease resistance
assays. Detailed procedures on disease resistance assays to P. infestans,
P. syringae, and PVX are provided in S/ Appendix, S| Materials and Methods.

Virus-Induced Gene Silencing and Complementation. Virus-induced gene si-
lencing (VIGS) was performed in N. benthamiana as described in S/ Appendix,
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SI Materials and Methods. For complementation, silencing-resilient NRC
variants were generated by introducing synonymous substitutions into the
targeted codons. Detail procedures for VIGS, construction of VIGS vectors,
RT-PCR, and design of complementation are described in S/ Appendix, SI
Materials and Methods.

Phylogenetic Analysis. Sequences of NLR were aligned using Clustal OMEGA or
MAFFT, and then manually edited in MEGA7. The sequences of the nucle-
otide-binding (NB) domains were used for generating a maximum-likelihood
tree in MEGA7. NLR-parser was used to identify the NLR sequences from the
databases of different plant species. Detail procedures are provided in S/
Appendix, S| Materials and Methods.
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Supporting Information

SI Materials and Methods

Growth condition of Nicotiana benthamiana lines. Wild type and transgenic N.
benthamiana lines were grown in a controlled growth chamber with temperature 22-
25°C, humidity 45-65% and 16/8-h light/dark cycle. Details of transgenic N.

benthamiana lines expressing different NLR genes are listed in Table S2.

Cloning of NRC2, NRC3 and NRC4. Cloning of NRC2 (NRC2a and NRC2b, simplified
as NRC2) and NRC3 were described previously (1). NRC2a and NRC2b shares around
98% sequence identity and are functionally equivalent in Prf-mediated responses (1).
Thus, only sequence of NRC2a was used in comparisons performed in Fig. S7.
Sequences of primers used in cloning of NRC4 variants are listed in Table S3. NRC4 was
amplified from N. benthamiana cDNA and cloned into pENTR/D-TOPO (Invitrogen).
This plasmid was then used for further subcloning of NRC4 into pCR8/GW/D-TOPO
(Invitrogen) as a level 0 module for follow-up Golden Gate cloning (2). GFP:NRC4 was
generated by Golden Gate assembly with pICSL12008 (35S promoter, The Sainsbury
Laboratory (TSL) SynBio), pICSL30006 (GFP, TSL SynBio), pCR8-NRC4, pICH41432
(OCS terminator) into binary vector pICH86966 (2, 3). To make a level 0 module for
NRC4 C-terminal tagging, the stop codon was removed in pCR8-NRC4 to generate
pCR8-NRC4-ns. NRC4:myc was generated by assembling pCR8-NRC4-ns with
pICSL50010 (4xmyc, TSL SynBio) in pICH86988. The synthetic fragment (1-272bp) of
NRC4 was designed manually to introduce synonymous substitution in every codon
possible. The fragment was synthesized by GENEWIZ (South Plainfield, NJ, USA) and
then subcloned into binary vector pICH86988 together with the remaining part of NRC4
(273-2646bp) by Golden Gate cloning to generate a full-length NRC4 variant. To
confirm the accumulation of proteins in the wild type or NRC4-silenced plant
background, a GFP tag was fused to the N-terminal of NRC4 and cloned into
pICH86966. Three days after agroinfiltration in control or NRC4-silenced leaves, total
plant proteins were extracted, and analyzed using western blot analyses. Anti-GFP

(A11122, Invitrogen) and anti-rabbit antibody conjugated to horseradish peroxidase

1



(Sigma-Aldrich) were used as primary and secondary antibodies. Confirmation of
accumulation of synthetic NRC2 and NRC3 were described previously (1). Fusion of
GFP to the N-terminus of NRCs impair the activities of NRCs. Thus, GFP:NRC variants
were used only for confirming protein accumulation as indicated. Functional analyses of
NRCs were performed with untagged variants, while C-terminally myc tagged variants

display consistent results as untagged variants in the complementation assays.

DNA sequences and accession numbers of NRC homologs. Sequences of NRC
homologs used in this study can be found in the Solanaceae Genomics Network (SGN) or
GenBank/EMBL databases with the following accession numbers: NANRC2
(NbS00018282/KT936525, NbS00026706/KT936526), NbLNRC3 (NbS00011087),
NBNRC4 (NbS00002971, NbS00016103), SINRC2 (Solyc10g047320), SINRC3
(XP_004238948.1, Solyc05g009630), SINRC4 (Solyc04g007070).

Site-directed mutagenesis of Rpi-blb2 and NRC4. To determine whether an intact p-
loop is essential for the function of Rpi-blb2 and NRC4, a lysine (K) to arginine (R)
mutation was introduced into the p-loops of both proteins independently. Primers listed in
Table S4 were used for introducing the mutations by inverse PCR with Phusion High-
Fidelity DNA Polymerase (Thermo). The mutated variants were verified by sequencing,
and then subcloned into pK7WGF2 (for GFP:Rpi-blb2) or pICH86966 (for NRC4:myc).
To confirm the accumulation of the encoded proteins, wild type and mutated GFP:Rpi-
blb2 or NRC4:myc were independently transiently expressed in N. benthamiana leaves.
Samples were collected 3 days after infiltration for immunoblot analysis with anti-GFP

(A11122, Invitrogen), or anti-myc (A-14, Santa Cruz Biotechnology) antibodies.

Virus induced gene silencing (VIGS) of NRC homologs. VIGS was performed in N.
benthamiana as described by Liu et al (2002). Suspensions of Agrobacterium
tumefaciens strain GV3101 harboring TRV RNA1 (pYL155) and TRV RNA2 (pYL279)
(4), with corresponding fragments from indicated genes, were mixed in a 2:1 ratio in

infiltration buffer (10mM MES, 10mM MgCl,, and 150uM acetosyringone, pH5.6) to a



final ODgop of 0.3. Two-week-old N. benthamiana plants were infiltrated with A.
tumefaciens for VIGS assays, upper leaves were used two to three weeks later for further
agroinfiltrations. To silence NRC4, a 395bp fragment from 5’UTR (-123) to coding
region (+272) was cloned into pYL279. For NRC2/3/4 triple silencing, fragments of
NRC4 (1-272), NRC3 (1-29s) and NRC2a (1-285) were synthesized as one unit by
GENEWIZ and subcloned into pYL279. The silencing constructs for NRC2, NRC3 and
SGTI were described previously (1, 5).

PCR and RT-PCR of NRC homologs. DNeasy Plant Mini Kit (Qiagen) was used for
extracting genomic DNA from N. benthamiana leaves according to manufacturer’s
instruction. To test PCR primer pairs for amplification of NRC family members, 5ng of
genomic DNA was used in a 20uL reaction. Plant total RNA was extracted using RNeasy
Mini Kit (Qiagen). DNA contamination in the RNA sample was removed by on-column
digestion with RNase-Free DNase Set (Qiagen). Subsequently, 2ug of each RNA sample
was subject to first strand cDNA synthesis using Ominiscript RT Kit (Qiagen). PCR and
semi-quantitative RT-PCR were performed using DreamTaq (Thermo Scientific) with 25

to 35 amplification cycles followed by electrophoresis with 2% agarose gel stained with

ethidium bromide. The primers used in the RT-PCR and PCR are listed in Table S4.

Rpi-blb2-mediated resistance. Assays of disease resistance to P. infestans were
performed by applying droplets of zoospore suspension on detached leaves as described
previously (6). NRC homologs were silenced by VIGS in Rpi-blb2 transgenic N.
benthamiana lines as described above. Three weeks after TRV inoculation, mature leaves
were detached and used for disease resistance assays. The P. infestans 88069 zoospore
suspension was prepared according to the methods reported by Song et al. (2009) and
adjusted to 100 zoospores/uL. To inoculate P. infestans on detached leaves, 10uL drops
of zoospore were applied to the abaxial side of the leaves. The inoculated leaves were
kept in a moist chamber at room temperature (21-24°C) for 4 days, and imaged under UV
light for visualization of the lesions. For each biological replicate, 4 leaves from 2
independent VIGSed plants were used and 6 spots on each leaf were inoculated with the

pathogen. Experiments were repeated 3 times. For the complementation assay,



suspensions of A. tumefaciens containing empty vector or expression construct of
synthetic NRC4 (untagged) were adjusted to ODggo of 0.6 and infiltrated into the leaves
one day before pathogen inoculation. We observed that agroinfiltration delayed the
progress of P. infestans infection lesion development. Hence, the leaves were imaged 5
days after inoculation. To check the accumulation of Rpi-blb2 in NRC4-silenced plants,
RFP:Rpi-blb2 was transiently expressed in control and NRC4-silenced leaves by
agroinfiltration. Leaf samples were collected three days after infiltration for immunoblot

with anti-GFP antibody (A11122, Invitrogen).

RI1-mediated resistance. For analysis of Rl-mediated resistance, suspensions of A.
tumefaciens containing empty vector or R1 expression construct (untagged) were
adjusted to ODgpo of 0.5 and then infiltrated into NRC4-silenced or control N.
benthamiana. Half of each leaf was infiltrated with 4. tumefaciens containing empty
vector plasmid, whereas the other half of the leaf was infiltrated with A. tumefaciens
containing R1 expression vector. Experiments were repeated four times with 21
inoculation sites per condition in each biological replicate. P. infestans T30-4 was used
for R1-mediated resistance assay. The zoospore suspension was prepared as described
above and adjusted to 200 zoospores/uL. For the complementation assay, R1 was co-
expressed with empty vector or synthetic NRC4 in NR(C4-silenced or control N.

benthamiana on day before pathogen inoculation.

Rpi-blb1 and R3a-mediated resistance. NRC homologs were silenced using VIGS as
described above in Rpi-blbl and R3a transgenic N. benthamiana. Rpi-blb2 transgenic
plants were used in parallel as controls for silencing and successful pathogen inoculation.
SGTI-silencing was used as an additional control for this experiment as SGT/ was
demonstrated to be essential for the responses mediated by R3a and Rpi-blbl in
hypersensitive cell death assays. Three weeks after TRV inoculation, mature leaves of the
plants were used for disease resistance assay according to the description above. Rpi-blb2
and Rpi-blbl transgenic plants were inoculated with P. infestans 88069. However, P.
infestans 88069 is homozygous for AVR3a™, which avoids R3a-medaited detection (7,
8). Therefore, P. infestans NL00228, which is homozygous for AVR3a"' and is not

4



virulent on R3a plants, was used for inoculation on R3a transgenic N. benthamiana (7, 8).
The experiments were repeated three times with 24 inoculation sites per condition in each
biological replicate. Pictures were taken 4 days after pathogen inoculation for the analysis
with P. infestans 88069 and 5 days after inoculation for the analysis with P. infestans
NL00228.

Rx-mediated resistance. NRC homologs or SGT1 were silenced by VIGS as described
above in Rx transgenic N. benthamiana. Three weeks after TRV infection, Potato virus X
(PVX, pGR106) was inoculated on the leaves through agroinfection as described
previously (9). To generate PVX-GFP, a DNA fragment of GFP was amplified from
pK7WGF2 and cloned into pGR106. Suspensions of A. tumefaciens carrying the PVX
vector pGR106 or pGR106-GFP were adjusted to ODggo of 0.005 and then infiltrated into
mature leaves of Rx N. benthamiana. This concentration of A. tumefaciens only causes
infection of few cells in the infiltrated area and thus no visible necrotic lesion could be
observed when the resistance response is strong and rapid, i.e. extreme resistance. The
infiltrated area was then circled with a marker pen. Trailing necrotic lesions, as a sign of
compromised resistance (9, 10), were observed at inoculated leaves of the NRC2/3/4-
silenced Rx plants starting from 10 days after inoculation, and the necrotic lesion spread
gradually to the upper leaves and apical buds. Photos were taken at 15 days after
inoculation under daylight or UV light. Samples from the upper leaves were collected at
15 days after inoculation and analyzed by immunoblot to detect GFP accumulation. To
check the accumulation of Rx in NRC2/3/4 or SGTI silenced N. benthamiana, leaf
samples were collected at three weeks after TRV inoculation and anti-HA antibody
(3F10, Roche) was used as primary antibody for immunoblot analysis. For
complementation assays with synthetic NRC variants, we took advantage of the toothpick
inoculation method (11), which allowed us to examine the spread of trailing necrotic
lesions from the inoculated spots. One day before PVX toothpick inoculation, synthetic
NRC variants (untagged) were expressed by agroinfiltration on leaves of Rx plants
silenced with NRC2/3/4. Toothpicks were dipped into the culture of A. tumefaciens
harboring PVX-GFP vector and then used to pierce small holes in the leaves of N.

benthamiana. Photos were taken at 10 days after PVX inoculation, and the size of the



lesions were measured in ImageJ. Scatterplot of the lesion size was generated with R,
using ggplot2 package and script published previously (12). A cork borer (0.9 cm®) was

used to collect leaf discs from the inoculation sites for immunoblot analysis.

Prf/Pto-mediated resistance. VIGS was used to silence NRC2, NRC3 and NRC4 in both
wild type and Pto/Prf transgenic (R411B) N. benthamiana plants (13). Bacteria growth
assays were performed as previously described with minor modifications (13). The
Pseudomonas syringae pv. tomato DC3000 AhopQ1-1 culture (14) was adjusted to ODggo
of 0.2 and then diluted 10,000-fold with 10mM MgCl,. Five-week-old N. benthamiana
with VIGS control or NRC-silencing were inoculated with the bacterial culture using
needleless syringe. Four replicate plants were sampled using 0.33cm? cork borer at each
time point. The samples were independently homogenized in 10 mM MgCl, for serial

dilution and plating. Experiments were repeated three times with similar results.

Expression constructs used in cell death assays. NLR immune receptor R/ was
amplified from genomic DNA of Solanum demissum with primers listed in Table S5, and
then cloned into pK7WG2 using Gateway cloning kit (Invitrogen). 4VRI was amplified
from genomic DNA of P. infestans T30-4 with primers listed in Table S5 and then cloned
into pK7WGF2 by using Gateway cloning kit (Invitrogen). Sw5b (NCBI_AAG31014.1)
(15, 16) and NSm (NCBI_S58512.1) of TSWV (Tomato spotted wilt virus) (17, 18) were
synthesized by GENEWIZ as Golden Gate level 0 modules and then subcloned into
binary vector pICSL86977 (TSL SynBio). Tomato NLR CNL-11990 was amplified from
tomato (cv. Moneymaker) cDNA with the primers listed in Table S5 and then cloned into
pICH86988 by Golden Gate cloning (2). Information of other constructs used for the cell

death assays were summarized in Table S6.

Cell death assay in NRC-silenced N. benthamiana. Transient expression of NLR
immune receptors and cognate effectors (or other proteins that induce cell death) were

performed according to methods described previously (19). Briefly, four to five-week-old



N. benthamiana plants (i.e. two to three weeks after virus inoculation) were infiltrated
with A. tumefaciens strains carrying the expression vector of different proteins indicated.
A. tumefaciens suspensions were adjusted in infiltration buffer (10mM MES, 10mM
MgCl,, and 150uM acetosyringone, pH5.6) to the density indicated in Table S7. The
hypersensitive cell death (HR) phenotype was scored at 7 dpi, according to a previously
described scale, which was modified as from 0 (no necrosis observed) to 7 (confluent

necrosis) (20).

Complementation assay of cell death. For the complementation assay of cell death in
the NRC-silenced background (Fig. 1B, Fig. S6C, Fig. S11, Fig. S12, Fig. S17),
suspensions of A. tumefaciens containing empty vector or expression construct of NRC2,
NRC3, or NRC4 variants (untagged) were adjusted to ODggo of 0.6 and co-infiltrated with
the A. tumefaciens strains carrying the expression constructs indicated. Expression of
original or synthetic NRC2, NRC3 and NRC4 without R’/AVR combinations did not cause
cell death (Fig. 1B) (1). The hypersensitive cell death (HR) was scored at 7 days after

infiltration.

Phylogenetic analysis of the NRC family. Protein sequences of N. benthamiana NRC2,
NRC3 and NRC4 were used to identify the homologs from predicted protein databases
(N. benthamiana Genome v0.4.4 predicted protein, Tomato proteins ITAG release 2.40,
and Potato ITAG release 1 predicted proteins) on the Solanaceae Genomics Network
(SGN). The BLAST search results were compared to the previously published phylogeny
(21), which revealed that the top hits of our BLASTP search results are all in the CNL-14
in the phylogenetic tree of solanaceous NLRs. We thus referred to this clade as the NRC
family and combined all the candidate sequences in this clade for generating the
phylogenetic tree. The protein sequences of the NRC family members were aligned using
Clustal Omega and then manually edited in MEGA7 (22). The gaps in the alignment
were deleted and only the NB-ARC domains were used for producing phylogenetic tree.
The maximum-likelihood phylogenetic tree of NRC family was built using MEGA7 with



Jones-Taylor-Thornton (JTT) substitution model and bootstrap values based on 1000

iterations.

Phylogenetic analysis of solanaceous NLRs. NLR-parser (23) was used to identify the
NLR sequences from the predicted protein databases of tomato, potato, N. benthamiana,
and pepper downloaded from SGN (Tomato ITAG release 2.40, Potato PGSC DM v3.4,
N. benthamiana Genome v0.4.4, Pepper cv CM334 v.1.55). The predicted NLR
sequences, from NLR-parser, were classified into TNL and CNL, with complete or
partial NLR features. Only CNL sequences with complete NLR features were used for
further phylogenetic analysis. Sequences of characterized solanaceous NLR-type
resistance proteins were included as reference for the clades described in literature (21).
The sequences were aligned using MAFFT and then manually edited in MEGA7 (22, 24).
The gaps in the alignment were deleted manually and only the NB-ARC domains were
used for generating the phylogenetic tree. The maximum-likelihood tree of NRC family
was produced using MEGA7 with JTT model and bootstrap values based on 100
iterations (Fig. S5). The resulting tree was then visualized using FigTree v1.2.4
(http://tree.bio.ed.ac.uk/software/figtree/). To simplify the phylogenetic tree, some
branches were collapsed together into the same clade according to the bootstrap supports

of the nodes.

Phylogenetic analysis of NLRs from rosids, asterids and caryophyllales. The protein
databases of Arabidopsis thaliana, soybean (Glycine max), strawberry (Fragaria vesca),
cassava (Manihot esculenta), grape (Vitis vinifera) and monkey flower (Erythranthe
guttata, synonym: Mimulus guttatus) were downloaded from Phytozome v10 genomes
(https://phytozome.jgi.doe.gov/pz/portal.html). Protein database of tomato was
downloaded from SGN as indicated above. The databases of other species, which were
not included in the Phytozome website, were downloaded from the sources indicated

below: kiwifruit (http://bioinfo.bti.cornell.edu/cgi-bin/kiwi/home.cgi) (25), coffee

(http://coffee-genome.org) (26), ash tree (http://www.ashgenome.org/home) (27) and

sugar beet (http://bvseq.molgen.mpg.de/index.shtml, RefBeet-1.2) (28). NLR-parser was




used to identify the NLR sequences from the databases of different plant species. Only
CNL sequences with complete NLR features were used for further phylogenetic analysis.
The sequences were aligned by using MAFFT and manually edited in MEGA7 (22, 24).
The gaps were removed and only the NB-ARC domains were used for phylogenetic
analysis. To further confirm that the kiwifruit and sugar beet genomes contain only few
sequences in the NRC-superclade compared to other asterid species, the sequences of
these two species were further examined manually with BLASTP search and
phylogenetic analyses. Consequently, two more sequences from sugar beet and one
sequence from kiwifruit were added into the phylogenetic analysis with other asterids and
caryophyllales species. The maximum-likelihood phylogenetic trees were generated
using MEGA7 (22) with JTT model and bootstrap values based on 100 iterations (Fig.
4A, Fig. S18-22). The resulting tree was visualized using FigTree v1.2.4. Due to the
numbers and complexity of NLRs identified from difference species, the phylogenetic
analyses were first performed with comparing tomato (asterids) to rosids (Fig. S18, Fig.
S19-20), and then comparing asterids to caryophyllales (Fig. 4A, Fig S21-22). The
number of NLR homologs of the NRC family (NRC-H) and NRC-dependent NLR (NRC-
S) were summarized in Fig 4B. Phylogeny of the plant species analyzed here was

constructed using PhyloT (http://phylot.biobyte.de) based on NCBI taxonomy.
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Fig. S1. Design of virus-induced gene silencing (VIGS) and complementation of
NRC4

(A) Schematic representation of VIGS and complementation design. The region from -
123bp to +272bp of NRC4 was cloned into VIGS vector for silencing. Synonymous
substitutions were introduced into synthetic NRC4 (NRC4”") without changing the
protein sequence. The nucleotide and protein sequence alignments indicate the
synonymous changes in the synthetic variant. (B) Protein accumulation of NRC4 variants
in VIGS control (EV) and NRC4-silenced plants. N-terminal GFP-tagged NRC4 variants
were transiently expressed in VIGS control and NRC4-silenced N. benthamiana. Samples
were collected at 3 dpi for immunoblot analysis. (C) Accumulation of Rpi-blb2 in NRC4-
silenced N. benthamiana. RFP:Rpi-blb2 was transiently expressed in VIGS control and
NRC4-silenced N. benthamiana. Samples were collected at 3 dpi for immunoblot
analysis. (D) Semi-quantitative RT-PCR of members in the NRC family. Leaves were
collected three weeks after virus inoculation. The expression of NRC2, NRC3, NRC4 and
NRC4L-4611 (NbS00004611g0006) were analyzed. Elongation factor -1a (EF1a) was
used as an internal control.
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Fig. S2. Activities of both Rpi-blb2 and NRC4 are p-loop dependent

(A)  P-loop is essential for the activity of Rpi-blb2. Wild type Rpi-blb2 and the p-loop
mutant (K566R) were co-expressed with AVRDbIb2 in N. benthamiana. Images were
taken 7 days after agroinfiltration. (B) Accumulation of Rpi-blb2 and Rpi-blb2 p-loop
mutant. GFP:Rpi-blb2 variants were expressed in N. benthamiana by agroinfiltration.
Samples were collected at 3 dpi for immunoblot analysis. (C) P-loop is essential for
activity of NRC4. A lysine to arginine mutation was introduced into the p-loop of
synthetic NRC4, and then the activity was examined by co-expression with Rpi-blb2 and
AVRDIb2 in NRC4-silenced plants. Hypersensitive cell death (HR) was scored at 7 days
after agroinfiltration. Bars represent mean + SD of 24 infiltration sites. Statistical
differences among the samples were analyzed with ANOVA and Tukey’s HSD test (p-
value < 0.001). (D) Accumulation of NRC4 and NRC4 p-loop mutant. NRC4:myc
variants were expressed in N. benthamiana by agroinfiltration. Samples were collected at
3 dpi for immunoblot analysis.
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Fig. S3. Phylogeny and PCR analysis of NRC family members

(A) Maximum-likelihood phylogenetic tree of NRC family members. Protein sequences
of NRC family members identified from N. benthamiana (NbS-), tomato (Solyc-), and
potato (Sotub-) were aligned by using Clustal Omega, and then the NB-ARC domains
were used for the further analysis. Phylogenetic tree was constructed in MEGA7 with
Jones-Taylor-Thornton (JTT) substitution model and 1000 bootstrap iterations. Branches
with bootstrap support higher than 70 are indicated. NRC1, NRC2, NRC3, NRC4 and
NRC4-like clades were marked with red, green, yellow, blue and grey, respectively. The
scale bar indicates the evolutionary distance in amino acid substitution per site. (B) PCR
and RT-PCR analysis of NRC family members. Primer pairs were designed based on
cDNA sequences identified from N. benthamiana genome database. PCR with M.
benthamiana genomic DNA (gDNA) was used to confirm the amplification with the
primers. RT-PCR was used for checking the expression of the corresponding genes.
Genes in the NRC4-like clades are labeled with the digital numbers from the accession

numbers in (A).
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Fig. S4. NRC4 is not required for Prf-mediated resistance

Bacterial growth assay of Pseudomonas syringae pv. tomato DC3000 AhopQ1-1 in NRC-
silenced Pto/Prf transgenic N. benthamiana. NRC2/3 or NRC4 were silenced in wild type
or Pto/Prf transgenic N. benthamiana by VIGS. Ps. syringae pv. tomato DC3000
AhopQ1-1 was infiltrated into N. benthamiana by using a needleless syringe and samples
were collected at 0, 3, and 6 days post inoculation (dpi). The bars represent mean +
standard deviation (SD) of population from four technical replicates in one representative
biological replicate. The different letters at the top of the columns indicate statistically
significant differences based on ANOVA and Tukey’s HSD test (p-value < 0.05).
Experiments were performed three times with similar results.

13



o528

:
3 @ﬁe@
L

PN
op, SEE2TH

£ s £ f

O, s
A8, %000/53’%% ﬁ’é S
4, ﬁv”@r
Sfo"%gf 3
SOZUJ e f!

og,
P

P §9"’y‘3"¢ii &
AaSCasE
h

400355
A
s
lgg
i

v

7
4
s/
4
¥
i

0
Pcsgg(?,?gbﬁg
Pcscgg%%?%gos 5

i

NbS00026AE
Solye g0
FaSCRRR et

066,
bSO

e P Mi-1.2
SRS Rpi-blb2

s
3

0018133
WeSH000%5
Wbg0000Ea

00030}

o
9GSO 1
N

W
1
i
203

nag o
s
S
W
%‘Jg@v
20 B

90€v¥000Yd!
KL
£9¢
Pty
00t
121299

868
66¢!

0.2

Fig. S5. Phylogenetic analysis of solanaceous CNL proteins

CNL proteins identified by NLR-parser from N. benthamiana (NbS-), tomato (Solyc-),
potato (PGSC-) and pepper (CA-) were analyzed by MEGA7 to generate maximum-
likelihood phylogenetic tree. Only the NB-ARC domains of the sequences were used in
the analysis. Sequences of several solanaceous CNL-type resistance proteins (marked in
blue) were included as reference for different clades. Accession numbers of N.
benthamiana NRC homologs are marked in orange. The scale bar indicates the

evolutionary distance in amino acid substitution per site. Branches with bootstrap support
higher than 0.7 are indicated.
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Fig. S6. Silencing of NRC4 abolished R1-mediated immunity

(A) Silencing of NRC4 abolished R1-mediated cell death. R1/AVR1 or Pto/AvrPto were
expressed in NRC2/3 or NRC4-silenced plants. Hypersensitive cell death (HR) was
scored at 7 days after agroinfiltration. Bars represent mean + SD from 24 infiltration
sites. Statistical differences among the samples were analyzed with ANOVA and Tukey’s
HSD test (p-value < 0.001). (B) Silencing of NRC4 abolished R1-mediated resistance. R1
or empty vector control was transiently expressed in NRC4-silenced or control M.
benthamiana one day before pathogen inoculation. The leaves were inoculated with
droplets of 10uL zoospore suspension (200 zoospores/ulL) from P. infestans T30-4.
Experiments were repeated 4 times with 21 inoculation sites each time. The numbers on
the right bottom are the sum of spreading lesion/total inoculation sites from the four
replicates. Images were taken under UV light at 5 days post inoculation (dpi). (C)
Expression of synthetic NRC4 rescued R1-mediated cell death in NRC4-silenced plants.
R1/AVRI1 were co-expressed with synthetic NRC4 or empty vector control in NRC4-
silenced or control plants through agroinfiltration. Hypersensitive response (HR) was
scored at 7 days after agroinfiltration. Bars represent mean + SD of 24 infiltration sites.
Statistical differences among the samples were analyzed with ANOVA and Tukey’s HSD
test (p-value < 0.001). (D) Expression of synthetic NRC4 rescued R1-mediated resistance
in NRC4-silenced plants. Synthetic NRC4 or empty vector were co-expressed with R1
into NRC4-silenced or control plants one day before P. infestans inoculation.
Experiments were repeated 4 times with 24 inoculation sites each time. The numbers on
the right bottom are the sum of spreading lesion/total inoculation sites from the four
biological replicates. Images were taken under UV light at 5 days post inoculation (dpi).
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Fig. S7. Sequence alignment and pairwise comparisons of NRC2/3/4

(A) Protein sequences of NRC2/3/4 were aligned with Clustal Omega and analyzed by
BoxShade. Identical amino acids are highlighted in black and conserved amino acids are
highlighted in grey. (B) Pairwise comparisons of identity/similarity of NRC2/3/4 protein
sequences. Pairwise sequence comparisons were performed by aligning two sequences
using BLASTP on NCBI website.
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PTRV2 (pYL279) — NRC4_1-272 NRC3_1-295 NRC2a_1-285 —

TRV-
EV NRC2/3/4

NRC4

NRC2a/b

NRC3

EF1a

Fig. S8. NRC2/3/4 triple silencing in N. benthamiana

(A) Schematic representation of design for NRC2/3/4 triple silencing. Fragments from
NRC2/3/4 as indicated were combined together as one fragment and then cloned into
TRV2 vector for silencing. (B) Semi-quantitative RT-PCR of NRC2/3/4 triple silencing.
Leaf samples were collected three weeks after virus inoculation. The expression of
NRC2, NRC3, and NRC4 were analyzed. Elongation factor 1o (EFla) was used as an
internal control.
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Fig. S9. Silencing of NRC homologs does not affect growth of V. benthamiana

NRC homologs or SGT1 were silenced in N. benthamiana, and the plants were left in the
greenhouse without any further treatment. Photos were taken at 3 weeks and 5 weeks
after TRV inoculation, corresponding to 5 weeks and 7 weeks after sowing.
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TRV-NRC2/3 TRV-NRC4 TRV-NRC2/3/4 TRV-SGT1

PiNL00228

Fig. S10. Silencing of NRC2/3/4 does not affect resistance mediated by R3a and Rpi-

blb1

NRC2/3/4 were silenced individually or in combinations in Rpi-blb2, R3a, and Rpi-blbl
transgenic plants. SGT/ silencing was used as a control. P. infestans 88069 or NL00228
were inoculated on the leaves, and photos were taken under UV light at 4 days post
inoculation (Pi 88069) or 5 days post inoculation (Pi NL00228). The numbers on the
right bottom are the sum of spreading lesion/ total inoculation sites from one
representative biological replicate.
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TRV-NRC2/3/4

Fig. S11. NRC2/3/4 display specificity and redundancy to different sensor NLRs
from the NRC-superclade

Rpi-blb2, Pto (Prf), Rx, Bs2, R8, and Sw5b were co-expressed with the corresponding
AVR proteins and synthetic NRC2, NRC3 or NRC4 in NRC2/3/4-silenced N.
benthamiana. Hypersensitive cell death (HR) was scored at 7 days after agroinfiltration.
Bars represent mean + SD of 24 infiltration sites. Statistical differences among the
samples were analyzed with ANOVA and Tukey’s HSD test (p-value < 0.001).
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Fig. S12. P-loop is essential for NRC4 function in all the tested helper-sensor
combinations

(A) Accumulation of wild type and p-loop mutants of NRC2, NRC3. NRC2 and NRC3 variants were
expressed in N. benthamiana by agroinfiltration. Samples were collected at 3 dpi for immunoblot analysis.
(B) and (C) P-loop of is required for activity of NRC4 in all the tested helper-sensor NLR combinations.
Wild type NRC4 and the p-loop mutant (K190R) were co-expressed with different NLRs with
corresponding AVR or autoactive NLRs in NRC4-silenced (B) or NRC2/3/4-silenced (C) N. benthamiana
leaves. Hypersensitive cell death (HR) was scored at 6 days after agroinfiltration. Bars represent mean +
SD of 24 infiltration sites. Statistical differences among the samples were analyzed with ANOVA and
Tukey’s HSD test (p-value < 0.001).
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WT Rx plants
TRV- EV EV  NRC2/3/4 SGT1

Fig. S13. Systemic spread of trailing necrosis induced by PVX in NRC2/3/4-silenced
Rx plant

Control (EV) and NRC2/3/4-silenced Rx plants in Fig. 3 were left in growth chamber
until 5 weeks post PVX inoculation (wpi). The susceptible wild type (WT) plant and
resistant Rx plant showed normal senescence and/or viral symptoms, whereas the
NRC2/3/4- and SGTI-silenced plants displayed trailing necrotic lesions throughout the
whole plant.
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WT plant Rx plants

TRV- EV EV NRC2 NRC3 NRC4 NRC2/3  NRC2/3/4 SGT1

3

virus: PVX-GFP
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95

virus: PVX-GFP

Fig. S14. NRC2/3/4 triple silencing compromised Rx-mediated extreme resistance to
PVX

(A) Triple silencing of NRC2/3/4 compromised Rx-mediated resistance to PVX-GFP.
Experiments were performed in the same way as Fig. 3, but inoculated with PVX-GFP
(pGR106-GFP). The pictures were taken under daylight and UV light at 2 weeks after
PVX inoculation. (B) Immunoblot analysis of GFP accumulation with upper leaves
collected from (A). (C) Silencing of NRC2/3/4 did not affect accumulation of Rx. NRC2,
NRC3 or NRC4 were silenced individually or in combinations in Rx transgenic plants
(Rx:4HA). SGTI silencing, which compromises Rx protein accumulation and Rx-
mediated resistance (29), was used as a control for the experiments. Leaf samples were
collected three weeks after TRV inoculation for immunoblot analysis.
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Fig. S15. Validation of NRC2/3/4 redundancy in Rx-mediated resistance

(A) Expression of synthetic NRC2, NRC3 or NRC4 rescued Rx-mediated resistance in
NRC2/3/4-silenced plants. NRC2/3/4 were silenced together in Rx transgenic M.
benthamiana and then synthetic NRC2, NRC3, or NRC4 were expressed on the leaves one
day before PVX inoculation. PVX-GFP was inoculated on the leaves by using toothpick
inoculation method. Pictures were taken at 10 days after PVX inoculation and the size of
necrotic lesions were measured by using Image J. Data acquired from different biological
replicates (REP) were presented with different colors. Statistical differences among the
samples were analyzed with ANOVA and Tukey’s HSD test (p-value < 0.01). (B)
Immunoblot analysis of GFP accumulation in leaf discs collected from (A). “Comp-*,
complementation.
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bacteria virus bacteria oomycete  virus oomycete  oomycete nematode

unknown  x“compestris  PVX Ps. syringae P infestans TSWV P infestans P infestans M. incognita diverse
pathogen AvrBs2 CP AvrPto/AvrPtoB  AVR1 NSm AVR8 AVRbIb2 unknown protein th
| | o o PRI

CNL-11990 Bs2 Rx Prf R1 Swbb R8 Rpi- bIb2 Mi- 1 2

// sensor NLR
® ‘® \ helper NLR
NRC2 NRC3 NRC4

' convergent
Hypersensitive cell death and disease resistance downstream

Fig. S16. A NRC-dependent NLR immune signaling network provides resistance to
diverse pathogens

A schematic view of the NRC-dependent NLR immune signaling network based on the
analysis in N. benthamiana. Several NLRs that confer resistance to diverse pathogens,
including virus, bacteria, oomycete, nematodes and insects converge on the three NRC
proteins. These three NRC proteins are functionally redundant but also display specificity
toward some of the sensor NLRs. Similar to other plant NLRs, the downstream signaling
remains largely unknown.
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Fig. S17. Expression of tomato NRC homologs rescue NRC-dependent cell death in
N. benthamiana

Tomato NRC homologs (SINRC2, SINRC3, SINRC4) were co-expressed with different NLRs with
corresponding AVR or autoactive NLRs in NRC4-silenced (A) or NRC2/3/4-silenced (B) N. benthamiana
leaves. Hypersensitive cell death (HR) was scored at 6 days after agroinfiltration. Bars represent mean +

SD of 24 infiltration sites. Statistical differences among the samples were analyzed with ANOVA and
Tukey’s HSD test (p-value < 0.001).
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Fig. S18. The NRC-superclade emerged after the divergence of rosids and asterids

Phylogeny of CNL identified from rosids (grape, arabidopsis, cassava, soybean, and
strawberry) and asterids (tomato). CNL identified from indicated species were aligned by
using MAFFT and analyzed in MEGA7 to generate maximum-likelihood phylogenetic
tree. Only the NB-ARC domains of the sequences were used in the analysis. Sequences
identified from different species were presented with different colors as indicated. The
bootstrap supports of the major nodes are indicated. The phylogenetic trees at the right
panel, which include only the sequences from the indicated lineages in the left panel,
indicated that NRC helper/sensor sequences form a well-supported superclade that
existed in asterids but not rosids. The scale bars indicate the evolutionary distance in
amino acid substitution per site. Details of the full phylogenetic tree can be found in Fig.
S19-20.
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Fig. S19. Phylogenetic tree of CNL identified from rosids and asterids I

Polar tree layout of phylogeny presented in the left panel of Fig. S18. Branches with
bootstrap support higher than 0.7 are indicated.
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Fig. S21. Phylogenetic tree of CNL identified from asterids and caryophyllales I

Polar tree layout of phylogeny presented in the left panel of Fig. 4A. Branches with
bootstrap support higher than 0.7 are indicated.
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Fig. S22. Phylogenetic tree of CNL identified from asterids and caryophyllales II

Polar tree layout of phylogeny presented in the right panel of Fig. 4A. Branches with
bootstrap support higher than 0.7 are indicated.
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Fig. S23. Chromosomal locations of NRC-H/S homologs in tomato

Locations of tomato NRC-H/S homologs on the chromosomal map modified from
Andolfo et al. (2014). NRC-H homologs are marked in red, and NRC-S homologs are
marked in blue.
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Table S1. List of characterized CNLs from solanaceous plants

Clade in Clade in In NRC- NRC-
Gene Pathogen and protein  Andolfo et.  Seo et. al. superclade  dependent
name Origin species recognized al. (2014) (2016) (Yes/No) (Yes/No) Reference
Rpi-blpz  Solanum P. infestans, AVRbIb2 ~ CNL-1 CNL-G1 Y Y (30)
bulbocastanum
Meloidogyne spp.
. Solanum Macrosiphum
Mi-1.2 . . CNL-1 CNL-G1 Y Y (€20
peruvianum euphorbiae
Bemisia tabaci
Pvr9 Capsicum Pepper mottle virus, CNL-1 CNL-G1 v nd. (32)
annuum NIb
Solanum Globodera
Hero impinellifolium rostochiensis CNL-9 CNL-G1 Y n.d. (33)
pimp Globodera pallida
Sw-5b Solamttm Tf)mato spotted wilt CNL-10 CNL-G6 v v (s)
peruvianum virus, NSm
RS Solanum P. infestans, AVRS CNL-10 CNL-G6 Y Y (34)
demissum
R1 MO P. infestans, AVR1 CNL-11 CNL-G3 Y Y (35)
demissum
Solanum Ps. syringae,
Pri pimpinellifolium  AvrPto/AvrPtoB CNL-11 CNL-G3 Y Y (36)
Rx1 MO Potato virus X, CP CNL-2 CNL-GI2 Y Y 37
andigena
Rx2 Solanum acaule  Potato virus X, CP CNL-2 CNL-G12 Y n.d. (38)
Solanum Globodera pallida,
Gpa2 Y| CNL-2 CNL-G12 Y n.d. 39)
Bs2 Capsicum Xanthomt.)nas CNL-12 CNL-G2 v v (40)
chacoense campestris, AvrBs2
Rpi- MO P. infestans CNL-13 CNL-G9 Y n.d. (1)
amr3 americanum
Rpiovnel  Selamm P. infestans, Avivatl  CNL-4 CNL-GI1 N N (42, 43)
venturii
Tomato mosaic virus,
Tm2 R MP o CNL-4 CNL-GI1 N n.d. (44)
peruvianum Tobacco mosaic virus,
MP
Rpi- Solantum P. infestans CNL-4 CNL-GI1 N n.d. (45)
meql mochiquense
R9a MO P. infestans CNL-4 CNL-GI1 N n.d. (46)
demissum
Solanum .
Ph3 pimpinellifolium P. infestans CNL-4 CNL-G11 N n.d. (47)
R2 MO P. infestans, AVR2 CNL-5 CNL-G5 N N (48)
demissum
. Solanum .
Rpi-blb3 bulbocastanum P. infestans CNL-5 CNL-G5 N n.d. (49)
Rpi-chel  Solanum P. infestans CNL-7/16  CNL-GI3 N n.d. (50)
chacoense
. Solanum .
Rpi-blb1 bulbocastanum P. infestans, AVRblb1 CNL-6 CNL-G7 N N (51
Solanum Fusarium oxysporum,
2 impinellfolium  AVR2 CNL-8 CNL-G4 N n.d. (52)
R3a Solanum P. infestans, AVR3a  CNL-8 CNL-G4 N N (53)
demissum
R3b MO P. infestans, AVR3b ~ CNL-8 CNL-G4 N n.d. (54)
demissum
L'-L* Capsicum spp. Tobamovirus spp. CP CNL-8 CNL-G4 N n.d. (55)

n.d., not determined experimentally.
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Table S2. List of transgenic N. benthamiana lines used in this study

NLR expressed Pathogen recognized Effector Reference

/avirulence factor

Prf:5myc Pseudomonas  syringae pv. AvrPto, AvrPtoB R411B
(with Pro) tomato DC3000 (13)
Rpi-blb2 Phytophthora infestans AVRbIb2 (56)
Rx:4HA Potato virus X Coat protein (57)
R3a Phytophthora infestans AVR3a (58)

Rpi-blb1 Phytophthora infestans AVRbIb1 (59)




Table S3. List of primers used for NRC4 and Rpi-blb2 cloning

Primer name Sequence (5°-3°) Usage in this Reference
study
NRC4_CACC_F CACCATGGCAGATGCAGTAGTGAATTTTCT Gateway cloning of This study
NRC4
NRC4_R TCAGAAAACATGAGTAGCACCATATCCATG Gateway cloning of  This study
NRC4 (3°'UTR)
GG_NRC4_F AATTGGTCTCTAATGGCAGATGCAGTAGTGAATTTTC  NRCH4 cloning GG This study
TGGTG
GG_NRC4 R ATTGGTCTCGAAGCTTACTGTGTGGCCTTGGATCCA NRC4 cloning GG This study
GCTTIC
GG_NRC4_ns_R ATTGGTCTCTCGAATACTGTGTGGCCTTGGATCCAG  NRCA4 cloning GG This study
CTTCA C-tag
Rpiblb2_K566R_R /5-PHOS/ Rpi-blb2 p-loop This study
TCGACCTAAACCCGGCATACCAATGATCGA mutant
Rpiblb2_K566R_F /5-Phos/ ACTACTTTGGCGTACAAAGTATACAATGAT Rpi-blb2 p-loop This study
mutant
NRC4_K190R_R /5-Phos/ TCTTCCAAGTCCCGGCATACCCACCACCGG  NRC4 p-loop This study
mutant
NRC4_K190R_F /5-Phos/ ACCACACTAGCAAGAAAAATCTACAAGGAT NRC4 p-loop This study
mutant
SINRC4A_ CACC CACCATGGCAGATGCAGTGGTGAATTTTC Gateway cloning of  This study
tomato NRC4
SINRC4A R TTAATTTTCAGGTGGGTATATGCTT Gateway cloning of This study
tomato NRC4
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Table S4. List of primers used for PCR and RT-PCR of N6bNRC homologs

Primer name Sequence (5°-3°) Usage in this study Reference

NRC4 RT F AAACAAATCTGCGGGTTGAC PCR/RT-PCR of NRC4 This study

NRC4_RT R GGATGGCATTGAAGTCACCT PCR/RT-PCR of NRC4 This study

NRC4L-4611_F AGCTGCTGATGAGGGTCTTT PCR/RT-PCR of NRC4- This study
like 4611

NRC4L-4611_R AGGCTACGTACATCAGCCAA PCR/RT-PCR of NRC4- This study
like 4611

NRC4L-20047_F AAAATGCAGCGGATTACCAC PCR/RT-PCR of NRC4- This study
like 20047

NRC4L-20047_R GGCGAAGCAATACAAGAAGC PCR/RT-PCR of NRC4- This study
like 20047

NRC4L-11331_F GTGATCGAGCGTCTTGTTGA PCR/RT-PCR of NRC4- This study
like 11331

NRC4L-11331_R CTCTTCAATGCGTTTCGTGA PCR/RT-PCR of NRC4- This study
like 11331

NRC4L-04466_F CACCATGGATCGAGCGGTGGCTATG  PCR/RT-PCR of NRC4- This study
like 04466

NRC4L-04466_R TGGCGAATTTCTCGCAATTCITTG PCR/RT-PCR of NRC4- This study
like 04466

NRC3 RT F CCTCGAAAAGCTGAAGTTGG PCR/RT-PCR of NRC3 (1)

NRC3 RT R TGTCCCCTAAACGCATTTTC PCR/RT-PCR of NRC3 (1)

NRC2a/b_RT_F AGTGGATGAGAGTGTGGGTG PCR/RT-PCR of NRC2a/b (1)

NRC2a/b_RT_R AAGCAGGGATCTCAAAGCCT PCR/RT-PCR of NRC2a/b (1)

NRC2c¢_RT F TCAAAACATGCCGTGTTCAT PCR/RT-PCR of NRC2¢ (1)

NRC2c¢_RT R CCTGCGGGTTTTGTACTGAT PCR/RT-PCR of NRC2¢ (1)

NRCL-30243 F CCAAGTGCATCAATCTGTGG PCR/RT-PCR of NRC- This study
like 30243

NRCL-30243 R ATGGCCTTTGTTCTGGAATG PCR/RT-PCR of NRC- This study
like 30243

NbEF1e_F AAGGTCCAGTATGCCTGGGTGCTTG  PCR/RT-PCR of EFla (60)

AC
NbEF1lo_R AAGAATTCACAGGGACAGTTCCAATA  PCR/RT-PCR of EFla (60)

CCAC
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Table SS. List of primers used for NLR and AVR cloning

Primer name Sequence (5°-3°) Usage in this Reference
study
R1_F CACC CACCATGAATTTCAACAATGAATTGTCTGATCTG Cloning of R1 This study
R1_dHMA_R2 CTATCTTATTTCTGCAAGAATATTTTTTAC Cloning of R1 This study
Avrl_Pentry F CACCGTGTCGAAATTGCCGTCG Cloning of AVR1 This study
Avrl_Pentry_ R TTAAAATGGTACCACAACATGTCCACC Cloning of AVR1 This study
CNL11990_GG_F AATTGGTCTCTAATGGCAGCTTATAGTGCTGTAA Cloning of This study
TTTC CNL11990
CNL11990_GG_R AATTGGTCTCTAAGCTTAGTTCCTGTAATTATAGA  Cloning of This study
TGTCGAC CNL11990
CNL11990_D474V_G AATTGGTCTCTAACATGTATTCCACATGCTTTTAT  Mutagenesis of This study
G R CcTC CNL11990
CNL11990_D474V_G AATTGGTCTCATGTTATACTGCGCGAGTTCTGTT Mutagenesis of This study
G F TGATT CNL11990

37



Table S6. List of NLR and corresponding AVR used in the cell death assays

Protein name Tag Density Reference
(ODgno)
Rpi-blb2 N-terminal GFP 0.2 (56)
AVRbIb2 N-terminal Flag 0.1 (56, 59)
Mi-1.275578 N-terminal TAP 0.8 (61)
Sw5b Untagged 0.6 (16)
NSm Untagged 0.6 17)
RS Untagged 0.1 (34)
AVRS8 Untagged 0.05 (34)
R1 Untagged 0.2 (35)
AVR1 N-terminal GFP 0.1 (62)
Pto C-terminal GFP 0.6 (63, 64)
AvrPto C-terminal Flag 0.1 (63, 64)
Rx C-terminal HA 0.1 9,57)
CP C-terminal csBP 0.05 ©)
Bs2 C-terminal Flag 0.2 (40)
AvrBs2 C-terminal HA 0.1 (40)
CNL-11990P4Y Untagged 0.4 This study
Rpi-vntl Untagged 0.1 (42, 43)
AVRvntl Untagged 0.05 (65)
R2 Untagged 0.3 (48)
AVR2 N-terminal GFP 0.2 (66)
Rpi-blb1 Untagged 0.6 (51, 67)
AVRbIb1 N-terminal GFP 0.6 (67)
R3a Untagged 0.3 (19)
AVR3aX! Untagged 0.2 (19)
BS4 C-terminal Myc 0.4 (68)
AvrBs3 Untagged 0.4 (68)
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