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A canonical protein complex controls immune
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The calcium (Ca2+) sensor ROD1 (RESISTANCE OF RICE TO DISEASES1) is a master regulator of
immunity in rice. By screening suppressors of rod1 mutants, we show that ROD1 governs immune
homeostasis by surveilling the activation of a canonical immune pathway. Mutations in OsTIR (TIR-only
protein), OsEDS1 (enhanced disease susceptibility 1), OsPAD4 (phytoalexin deficient 4), and OsADR1
(activated disease resistance 1) all abolish enhanced disease resistance of rod1 plants. OsTIR catalyzes
the production of second messengers 2′-(5″-phosphoribosyl)-5′-adenosine monophosphate (pRib-AMP)
and diphosphate (pRib-ADP), which trigger formation of an OsEDS1-OsPAD4-OsADR1 (EPA) immune
complex. ROD1 interacts with OsTIR and inhibits its enzymatic activity, whereas mutation of ROD1 leads
to constitutive activation of the EPA complex. Thus, we unveil an immune network that fine-tunes
immune homeostasis and multipathogen resistance in rice.

P
lants have evolved elaborate immune
networks, which prioritize growth and
reproduction in the absence of patho-
gens while enabling rapid and robust
defense responses upon pathogen infec-

tion (1–4). The plant immune machinery is a
two-tiered system (5, 6). Cell surface–localized
pattern recognition receptors (PRRs) recognize
conserved pathogen-associated molecular pat-
terns (PAMPs) and induce pattern-triggered
immunity (PTI), whereas intracellular nucleotide-
binding leucine-rich repeat receptors (NLRs)
detect pathogen virulence effectors and acti-
vate effector-triggered immunity (ETI) (6–8).
PTI and ETI pathways interact with each other,
resulting in a coordinated and robust defense

against diverse pathogens (9–12). NLRs are
broadly grouped into three subclasses: Toll/
interleukin-1 receptor (TIR)NLRs (TNLs), coiled-
coil (CC) NLRs (CNLs), and RPW8-like CC do-
main NLRs (RNLs) (13–15). TNLs are part of a
broader familyofTIR-containingproteins,which
differs between dicots and monocots (16). Both
lineages possess TIR-NB-ARC-tetratricopeptide
repeat (TNP) andTIR-onlyproteins, butmonocots
lack TNLs (16, 17). Pathogen-activated TNLs and
inducedTIR-only proteins exhibit nicotinamide
adenine dinucleotide glycohydrolase (NADase)
activity (18–22). These TIR enzymes produce 2′-
(5″-phosphoribosyl)-5′-adenosine monophosphate/
5′-adenosine diphosphate (pRib-AMP/ADP)
and di-ADP ribose/ADP-ribosylated adeno-
sine triphosphate (di-ADPR/ADPr-ATP) sig-
nals that bind to and induce a conformational
change in their respective EDS1-PAD4 and
EDS1–senescence-associated gene 101 (SAG101)
heterodimer receptors (21, 22). The small
molecule–bound Arabidopsis EDS1-PAD4
and EDS1-SAG101 dimers recruit the down-
stream RNLs ADR1 and NRG1 to promote
immunity and host cell death, respectively
(21–23). Whether and how TIR-containing pro-
teins function in the control of monocot plant
immunity remains elusive.
The rice Ca2+ sensor ROD1 (RESISTANCEOF

RICE TO DISEASES1) was originally identified
as a suppressor of plant immunity,which acts by
scavenging reactive oxygen species (ROS) (24).
Upon pathogen infection, ROD1 is targeted by
E3 ubiquitin ligases RIP1 and APIP6 for deg-
radation, which relieves its brake on immunity
(24). The downstream pathways responsible
for the enhanced immunity of rod1 remain un-
known. In this work, we conducted extensive
genetic analysis of rod1 suppressors and estab-
lished that OsEDS1 (enhanced disease suscep-
tibility 1), OsPAD4 (phytoalexin deficient 4),

OsADR1 (activated disease resistance 1), and
OsTIR (TIR-only protein) function downstream
of ROD1. The NADase activity of TIR-only pro-
tein OsTIR is inhibited by ROD1. In the absence
of ROD1, OsTIR produces pRib-AMP and pRib-
ADP which promote formation of an OsEDS1-
OsPAD4-OsADR1 (EPA) immune complex. Our
study thus reveals an immunity brake and trig-
ger mechanism by which a TIR-only protein is
surveilled by ROD1 to modulate EPA activa-
tion in rice.

Results
Characterization of rod1 suppressors

The rod1 mutant exhibits an autoimmune phe-
notype and shows strong resistance to rice blast,
sheath blight, and bacterial blight (24). We
performed a genetic screen to identify sup-
pressors of rod1 (srd) by selecting nonstunted
plants from large populations of ethylmethane-
sulfonate (EMS)– and g-ray–mutagenized rod1
seeds (Fig. 1A). From the screen, we obtained 18
stable srd lines in which the enhanced disease
resistance and growth phenotypes of rod1 were
suppressed (Fig. 1B and table S1). Pathogen
infection assays showed that the srd mutant
lines displayed wild-type disease resistance
to rice blast Magnaporthe oryzae (M. oryzae),
bacterial blight Xanthomonas oryzae pv.
oryzae (Xoo), and sheath blight Rhizocto-
nia solani (R. solani) (Fig. 1, C to E). Also,
H2O2 accumulation and mRNA expression
of the defense marker gene PR1a were lower
in the mutants than in rod1 (Fig. 1, F and G).
These results suggested that ROD1-mediated
immune control is dependent on a set of key
downstream regulators whose functions are
perturbed in the srd mutants.

OsADR1, OsPAD4, and OsEDS1 operate
downstream of ROD1

To identify causal genes in the srdmutants, we
performedmap-based cloning.We first knocked
out (deleted) ROD1 in indica accession Kasalath
by CRISPR-Cas9 mutation [rod1-KOKasa, which
harbors a 303–base pair (bp) deletion]. The rod1-
KOKasa plants were crossed with individual srd
mutants to generate F2 mapping populations
in which only the srd mutations would segre-
gate (Fig. 1A). SRD3was located to theOsADR1
region (fig. S1A). A comparison of rod1 and srd3
DNAsequences revealed a single-nucleotide poly-
morphism (SNP) that changes OsADR1 Ala30

to Thr in srd3 (fig. S1B). The nature of the srd3
mutant was verified by genetic complementa-
tion andan independentCRISPR-Cas9knockout
of OsADR1 in rod1 (OsADR1-KO) (fig. S1, C to J).
By mapping combined with genome sequenc-
ing, we uncovered five additional Osadr1 mu-
tant alleles (srd1, srd2, srd5, srd11, and srd14)
(table S1). All theOsadr1mutants are dominant.
We speculated that the OsADR1 variants act as
a dominant-negative form to interfere with
the natural OsADR1.
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Map-based cloning also identified mutations
of OsEDS1 in srd9, srd10, and srd12 (Fig. 1A; fig.
S2, A and B; and table S1) and mutations of
OsPAD4 in srd4, srd8, and srd15 (Fig. 1A; fig. S3,
A and B; and table S1). The mutants were fur-
ther confirmed by generating CRISPR-Cas9
knockout lines in rod1 (figs. S2, C to I, and S3,
C to I). These comprehensive genetic experi-
ments demonstrate that OsEDS1, OsPAD4,
and OsADR1 are essential components of im-
munity downstream of ROD1 inhibition. We
speculated that removal of functional ROD1
releases a brake on immune activation medi-

ated by OsEDS1, OsPAD4, and OsADR1 in rice
plants.

OsEDS1, OsPAD4, and OsADR1 promote
pattern- and CNL-triggered immunity in rice

The EDS1-PAD4-ADR1 (EPA) node promotes
PTI in Arabidopsis (11, 12). To test whether
OsEDS1, OsPAD4, and OsADR1 function in PTI
in rice, we generated OsADR1, OsEDS1, and
OsPAD4 knockoutmutants (OsADR1-KO,OsEDS1-
KO, and OsPAD4-KO) in the japonica TP309
background (fig. S4A). Comparedwithwild-type
TP309 plants, ROS productionwas significant-

ly reduced in OsADR1-KO, OsEDS1-KO, and
OsPAD4-KOmutants upon chitin PAMP treat-
ment (Fig. 2A and fig. S4B). Moreover, either
chitin or the PAMP flg22 could induce expres-
sion of OsADR1 and OsPAD4 (Fig. 2B), similar
to their induction in response to infection with
the virulentM. oryzae strain TH12 (fig. S4C).
Whereas the OsADR1-KO, OsPAD4-KO, and
OsEDS1-KO mutants showed compromised
resistance to M. oryzae TH12, overexpression
lines of OsEDS1, OsPAD4, and OsADR1 led to
enhanced blast resistance compared with wild-
type TP309 plants (Fig. 2, C to F). These results

Fig. 1. Genetic reconstitution of the ROD1-EPA immune module in rice.
(A) An illustration of the genetic screening of srd mutants and the characterization
of the SRD genes. For OsEDS1, OsPAD4, and OsADR1 mutation in srd plants,
red represents a premature stop, orange represents a nonsynonymous
substitution, and blue represents a large fragment deletion. (B) Photos showing
the growth phenotypes of TP309, rod1, and representative srd mutants. Scale bar
is 10 cm. (C to E) Disease resistance of TP309, rod1, and representative srd
mutants to M. oryzae strain TH12 (C), Xoo strain PXO99A (D), and R. solani
isolate RH-9 (E). On the left are photos of inoculation phenotypes. In (C), fungal
growth is shown on the right (data are mean ± SD). In (D) and (E), lesion
length is shown on the right (n indicates the number of biologically independent

samples in the graphs; data are displayed as box and whisker plots with
individual data points, error bars represent maximum and minimum values,
the center line is the median, and box limits are the 25th and 75th percentiles).
Significant differences were determined by Duncan’s new multiple range test.
Lowercase letters indicate statistical significance (P < 0.05). Scale bars are 1 cm.
(F) 3,3′-Diaminobenzidine (DAB) staining in the leaves of TP309, rod1, and
representative srd mutants. Scale bar is 1 cm. (G) The expression of the
pathogenesis-related gene PR1a in TP309, rod1, and representative srd mutants.
Data are mean ± SD (n = 3 biologically independent samples). The rice gene
ACTIN1 served as an internal control. Data were analyzed by two-tailed Student’s
t test; *P < 0.05, and **P < 0.01.
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Fig. 2. OsEDS1, OsPAD4, and OsADR1 participate in rice immunity. (A) ROS
burst detected in wild-type, OsADR1-KO, OsEDS1-KO, and OsPAD4-KO lines in TP309
background treated with ddH2O, 1 mM chitin, or flg22. Data are mean ± SD
(n = 10 biologically independent samples). RLUs, relative light units. (B) Induction of
OsADR1, OsEDS1, and OsPAD4 in TP309 upon treatment with 1 mM chitin or flg22, with
water used as the control. Data are mean ± SD (n = 3 biologically independent
samples). The rice gene ACTIN1 served as an internal control. Significant differences
were determined by Duncan’s new multiple range test. Lowercase letters denote
statistical significance (P < 0.05). (C) Relative transcript accumulation of OsADR1,
OsEDS1, and OsPAD4 determined by quantitative reverse transcription polymerase
chain reaction (qRT-PCR) in TP309 and OE lines. The rice gene ACTIN1 served

as an internal control. Data are mean ± SD (n = 3 biologically independent samples).
(D to F) Disease resistance to M. oryzae TH12 was evaluated in wild-type and
OsADR1-OE/OsADR1-KO (D), OsEDS1-OE/OsEDS1-KO (E), and OsPAD4-OE/
OsPAD4-KO (F) in TP309 background. Shown on the left are photos of inoculation
phenotypes. Relative fungal growth is shown on the right. (G) Blast resistance of
Nipponbare (Pish) and representative OsADR1-KO, OsEDS1-KO, and OsPAD4-KO
lines in Nipponbare background at 7 days postinoculation with avirulent strain YN2.
Shown on the left are photos of inoculation phenotypes. Relative fungal growth
is shown on the right. For (D) to (G), data were analyzed using two-tailed Student’s
t test; *P < 0.05, **P < 0.01, and ***P < 0.001. Fungal growth data are mean ± SD
(n = 3 biologically independent samples). Scale bars are 1 cm.
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suggest that OsADR1, OsEDS1, and OsPAD4
contribute to rice PTI regulation.
In Arabidopsis, three genetically redundant

ADR1RNL isoforms (ADR1, ADR1-L1, andADR1-
L2) function as helper NLRs in TNL- and some
CNL-mediated immune responses (25–27). To
test whether OsADR1 functions similarly in rice,
we knocked out OsADR1 in the japonica rice
variety Nipponbare, which contains the CNL
gene Pish that recognizes M. oryzae strain YN2
(fig. S4D). OsADR1-KO mutant lines displayed
reduced Pish-mediated blast resistance to strain
YN2 compared with wild-type Nipponbare (Fig.
2G and fig. S4E). Moreover, OsEDS1-KO and
OsPAD4-KO mutants also displayed compro-
mised Pish-mediated blast resistance (Fig. 2G
and fig. S4D). These results suggest thatOsADR1
acts as a helper NLR downstream of certain
CNLs and that OsEDS1 and OsPAD4 are also
required for CNL-mediated ETI in rice.

OsTIR-generated pRib-AMP and pRib-ADP
promote EPA complex formation

Upon perception of pRib-AMP and pRib-ADP
produced by TNL or TIR-only proteins, the
Arabidopsis EDS1-PAD4 heterodimer asso-
ciates with ADR1 to form an activated immune
complex (21). OsEDS1 constitutively interacted
withOsPAD4 (fig. S5,A toD), butneitherOsEDS1
nor OsPAD4 interacted with OsADR1 in yeast-
two-hybrid (Y2H) and split luciferase comple-
mentation (SLC) assays (fig. S5, A and B). We
next performed transient coimmunoprecipita-
tion (Co-IP) assays in rice protoplasts and leaves
of aNicotiana benthamiana eds1a pad4 sag101a
sag101b quadruple (Nb epss) mutant (28). A
weak association between OsADR1 and OsEDS1
or OsPAD4 was detected and was much weak-
er than that between OsEDS1 and OsPAD4
(fig. S5, C and D), suggesting that assembly
of an EPA complex in rice likely involves the
TIR-catalyzed small molecules pRib-AMP or
pRib-ADP (21).
Although the rice genome does not encode

TNLs, it contains four TNP genes (OsTNP1-4,
LOC_Os01g55530, LOC_Os08g38970, LOC_
Os09g30380, and LOC_Os11g36760) and one
TIR-only gene (LOC_Os07g37950, hereafter
OsTIR) (Fig. 3A) (17). A systematic sequence
analysis of the five TIR gene regions in our
srdmutant populations revealed a Glu99-Asp
exchange mutation in OsTIR of srd18 that sup-
pressed the rod1 autoimmune phenotype (fig.
S6, A and C to E). Two independent OsTIR-KO/
rod1 mutants also restored rod1 disease resist-
ance to the samewild-type levels as srd18 (Fig. 3,
B to D, and fig. S6, B to E). The expression of
OsTIR was induced by pathogen infection (fig.
S6F), and the OsTIR-KO mutant generated in
wild-type TP309 had compromised resistance to
M. oryzae (fig. S6, G and H). Additionally, ROS
production was reduced in the OsTIR-KO mu-
tants upon chitin, but not flg22, treatment com-
pared with ROS production in wild-type plants

(fig. S6I). We generated knockout lines for two
OsTNP genes in rod1 (OsTNP1-KO andOsTNP3-
KO), but this did not affect the autoimmune
phenotype of rod1 (fig. S7). Together, these re-
sults establish a genetic link betweenOsTIR func-
tion and ROD1-mediated immune suppression.
Next, using insect cell reconstitution assays,

we investigated whether OsTIR induces the
OsEDS1-OsPAD4 interaction with OsADR1 to
form an EPA complex, as observed with the
ArabidopsisEPA (21). For this, we coexpressed
OsTIR with EPA and performed an OsADR1
pull-down assay. A stable EPA complex formed
in the presence of OsTIR but not the NADase
catalytic mutant OsTIRE133A (Glu133→Ala) (Fig.
3E). Consistentwith this finding,OsTIR-triggered
cell death inN. benthamiana transient expres-
sion assays also required its NADase catalytic
function (fig. S8A) (17). Overexpression of OsTIR
in Nb epss leaves also promoted EPA complex
formation (fig. S8B). To investigate whether
OsTIR could generate pRib-AMP and pRib-ADP
in insect cells, we performed liquid chromatog-
raphy coupledwith high-resolutionmass spec-
trometry (LC-HRMS) assays. Both molecules
were detected in OsTIR-EPA but not in apo-
OsEDS1-OsPAD4 (apo-EP) samples lacking
OsTIR (Fig. 3F and fig. S9). Furthermore, the
addition of synthesized pure pRib-AMP pro-
moted EPA complex formation inNb epss leaves
(Fig. 3G). Together, these results indicate that
OsTIR catalytically generates pRib-AMP and
pRib-ADP, which induce formation of a rice
EPA complex.

Structure of the OsEDS1-OsPAD4-OsADR1
immune complex

To understand the structural basis of pRib-
AMP/pRib-ADP–induced EPA complex assem-
bly, we coexpressed full-length OsTIR, OsEDS1,
OsPAD4, and Flag-tagged OsADR1 (D1-156) in
insect cells. Affinity purification with anti-Flag
resin followed by size-exclusion chromatography
yielded a stable EPA complex with a stoichio-
metric ratio of 1:1:1 (fig. S10A). We determined
the structure of the EPA complex at 3.0 Å using
a single-particle cryo–electronmicroscopy (cryo-
EM) method (fig. S10, B to E, and table S2). A
cryo-EM density map showed unambiguous
signals for the full-length OsEDS1-OsPAD4 het-
erodimer and the C-terminal region of OsADR1,
which contains its winged-helix domain (WHD,
residues 435 to 550) and C-terminal leucine-rich
repeats (LRRs, residues 551 to 859) (Fig. 4, A to
C). Notably, a strong map signal was observed
between OsEDS1 and OsPAD4 in the EPA com-
plex that fits well with the shape of pRib-ADP
(Fig. 4D), consistent with the LC-HRMS data
(Fig. 3F) and supporting the enzymatic role of
OsTIR in producing pRib-ADP.
pRib-ADP binds at a groove formed by the in-

terfaceofOsEDS1-OsPAD4,mirroring itsbinding
to the Arabidopsis EDS1-PAD4 heterodimer (fig.
S11A) (21). Also, pRib-ADP–interacting residues

of EDS1-PAD4 in the EPA structure are con-
served between monocots and dicots (fig. S11B),
consistent with pRib-ADP being an immune
second messenger in flowering plants (21). A
structural superimposition of the EPA complex
with the apo-AtEDS1-AtPAD4 heterodimer re-
vealed that pRib-ADP induces a similar 20°
rotation of the PAD4 C-terminal EP domain
(shared by EDS1 and PAD4), removing a steric
hindrance and exposing the surface for an-
choring OsADR1 (Fig. 4, E and F). In essence,
pRib-ADP binds at the same pocket and in-
duces the same conformational change of EDS1-
PAD4 in Arabidopsis and rice.
Interaction of OsADR1 with OsEDS1-OsPAD4

generates two major interfaces. At the first
interface [interface 1 (I1)], a short loop-helix
region at the C terminus of OsADR1 interacts
with the helix bundle of OsEDS1 and OsPAD4
(Fig. 4G). Residues E850, Y852,W856, andD859
of OsADR1 make H-bond interactions with
Q426, R429, K462, andK472 of OsPAD4 (E, Glu;
Y, Tyr; W, Trp; D, Asp; Q, Gln; R, Arg; K, Lys).
Additionally, van der Waals contacts between
OsEDS1 [residues V446 and F449 (V, Val; F,
Phe)] and OsADR1 (residues L854 and Y852;
L, Leu) appear to enhance their association
(Fig. 4G and fig. S12A). The second interface
[interface 2 (I2)] involves hydrophobic and
polar interactions between the EP domain of
OsPAD4 (residues R457, P460, K461, S464,
N467, M468, I471, K472, Q475) and the LRR
domain of OsADR1 (residues L679, H707, I709,
H733, D734, A755, P757, Q779, V781, N782, E803,
S805, R806) (P, Pro; S, Ser; N, Asn;M,Met; I, Ile;
H, His; A, Ala) (Fig. 4G and fig. S12B). Notably,
most residues at the two interfaces are occluded
from interaction with ADR1 in the apo-EDS1-
PAD4 structure, indicating that there is steric
hindrance in thepRib-AMPunboundEDS1-PAD4
dimer that prevents stable ADR1 association.
Sequence alignment of residues at these inter-
faces shows their conservation across different
plant species, particularly at theC-terminal short
helix of OsADR1 (Fig. 4H and fig. S12C), as ob-
served in theArabidopsisEPA complex (29). This
suggests that an EPA immune signaling mech-
anism is conserved across seed plant species
and is required for conferring TIR-triggered im-
munity. Collectively, the data show that OsADR1
contacts the exposed surface on OsEDS1 and
OsPAD4 induced by pRib-ADP binding.

ROD1 suppresses OsTIR signaling through
the inhibition of TIR NADase activity

To explore a possible molecular link between
ROD1 and OsTIR, we tested whether they in-
teract. Co-IP, in vitro pull-down, and SLC as-
says established that ROD1 interacts directly
with OsTIR (Fig. 5, A to C). In N. benthamiana
transient expression assays, OsTIR-GFP (GFP,
green fluorescent protein) mainly localized in the
nucleocytoplasm with puncta-like foci for-
mation and colocalized with ROD1 in the cell
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periphery (fig. S13), similar to results observed
for Arabidopsis TIR-domains (30). These data
point to OsTIR-ROD1 association in the cell
periphery. In N. benthamiana transient as-
says, OsTIR-mediated leaf cell death was sup-

pressed by ROD1 (Fig. 5D), consistent with
OsTIR-triggered immune responses being
inhibited by ROD1. In an in vitro enzymatic
assay, OsTIR NADase activity leading to nico-
tinamide adenine dinucleotide (NAD+) deple-

tion, and the accumulation of nicotinamide
(Nam), ADP ribose (ADPR), and 2′cyclic ADP
ribose (2′cADPR) products was compromised
in the presence of ROD1 but not the Ca2+-
binding mutant ROD1D-quad (24) (Fig. 5E).

Fig. 3. OsTIR induces OsEDS1-OsPAD4 interaction with OsADR1. (A) Schematic
presentation of OsTIR and OsTNP proteins in rice. (B to D) The disease phenotypes
(left) of TP309, rod1, srd18, and OsTIR-KO lines in rod1 were analyzed after
inoculation with M. oryzae TH12 (B), Xoo (C), and R. solani (D). Relative fungal
growth is shown on the right in (B) (data are mean ± SD; n = 3 biologically
independent samples), and lesion length is shown on the right in (C) and (D)
(n indicates the number of biologically independent samples in the graphs; data
are displayed as box and whisker plots with individual data points, error bars
represent maximum and minimum values, the center line is the median, and box
limits are the 25th and 75th percentiles). Lowercase letters denote statistical
significance (P < 0.05). Scale bars are 1 cm in (B) and (D). (E) OsTIR or OsTIRE133A

was coexpressed with OsADRl, OsEDSl, and OsPAD4 in insect cells. Proteins
purified by flag resins were analyzed by SDS–polyacrylamide gel electrophoresis
(SDS-PAGE). (F) Chromatograms of supernatant extracts from OsEDS1-OsPAD4-
OsADR1 coexpressed with OsTIR (OsTIR-EPA) with retention time 1.40 min,
synthesized standard pRib-AMP, and the denatured apo EDS1-PAD4 (top), and
chromatograms of supernatant extracts from OsEDS1-OsPAD4-OsADR1 coexpressed
with OsTIR (OsTIR-EPA) with retention time 1.00 min, synthesized standard
pRib-ADP, and the denatured apo EDS1-PAD4 (bottom). (G) Addition of pRib-AMP
promotes OsEDS1-OsPAD4 association with OsADR1 in Nb epss. Protein input
and IP fractions were analyzed by SDS-PAGE. In (E) and (G), experiments were
repeated three times with similar results.
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Fig. 4. The cryo-EM structure of the OsEDS1-OsPAD4-OsADR1 immune
module. (A) Schematic of OsEDS1, OsPAD4, and OsADR1. Gray indicates disordered
regions, and the dashed box indicates a truncated region. (B) The EPA complex’s
cryo-EM density map (DeepEMHanced density) in two view orientations. (C) The
structure model of the EPA complex in two view orientations. (D) The cryo-EM density
map of pRib-ADP in the structure of the EPA complex. (E) Structure superimposition of
the AtEDS1-AtPAD4 [Protein Data Bank (PDB) ID 7XDD; gray] (21) and the EPA

complex. (F) Structural modeling of OsADR1 onto the apo AtEDS1-AtPAD4 (PDB ID
7XDD) (21) suggests a severe steric clash between the PAD4-EP domain and
ADR1. The dashed box highlights steric clash. (G) The detailed interaction between
OsADR1 and the OsEDS1-OsPAD4 heterodimer. Blue dashed lines indicate hydrogen
bonds. (H) Sequence logos (36) showing the conservation of residues at the C
terminus of OsADR1 from different plant species. Residues involved in the interaction
with OsADR1 are marked within a red dashed box.
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Fig. 5. ROD1 interacts with OsTIR and inhibits its NADase activity. (A to
C) Interaction between ROD1 and OsTIR as detected by Co-IP (A), pull-
down (B), and SLC (C) assays. (D) Cell death phenotype in N. benthamiana
leaves. The numbers in parentheses indicate “number of necrotic infiltrated
spots/total number of infiltrated spots” (left). The expression of ROD1-
Myc, GUS-Myc, and OsTIR-FLAG proteins was confirmed by immunoblot,
with Ponceau staining of Rubisco used as a loading control (right). (E and

F) NAD+ consumption and production of Nam, ADPR, and cyclic ADPR isomer
2′cADPR, detected by LC-HRMS in both in vitro enzymatic assay (E) and
in Nb epss (F). For NAD+ consumption in (E), the right three groups refer
to the right y axis. Data were analyzed using two-tailed Student’s t test;
*P < 0.05, **P < 0.01, and ***P < 0.001. TF, trigger factor; GUS,
b-glucuronidase. In (A) to (D), experiments were repeated three times
with similar results.
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Similarly, coexpression of ROD1 with OsTIR
in Nb epss leaves suppressed OsTIR-induced
NAD+ depletion and the accumulation of
Nam, ADPR, and 2′cADPR (Fig. 5F). These
results suggest that ROD1 dampens immune
responses in rice in part by associating with
OsTIR and inhibiting its NADase activity,
thereby limiting the formation of a signaling-
active EPA complex.

Discussion

We present evidence for an immune homeo-
static mechanism in rice in which ROD1 nega-
tively regulates the OsTIR-EPA defense module
to hinder immunity misactivation in uninfected
plants. Disabling ROD1 by mutation or patho-
gen infection (24) relieves inhibition of OsTIR,
leading to increased OsTIR production of pRib-
AMP/pRib-ADP small molecules that direct-
ly activate EPA-mediated disease resistance
(fig. S14).
The coordinates of rice EDS1-PAD4 dimer

amino acids where pRib-AMP/pRib-ADP bind
(fig. S11) tally with those determined previ-
ously for Arabidopsis EDS1-PAD4 (21) and in
an accompanying structural characterization
of the TIR-induced Arabidopsis EPA defense
module (29). The pRib-ADP–bound rice and
Arabidopsis EDS1-PAD4 dimers display sim-
ilar PAD4 conformational rotations to expose
PAD4 surfaces required for stable interaction
with compatible ADR1 C-terminal domains
(Fig. 4E) (29). Hence, a fundamentally con-
served immune-triggering and signal trans-
duction system operates in dicot andmonocot
plants.
Purification here of TIR-induced stable EPA

(1:1:1 heterotrimeric) complexes suitable for
cryo-EManalysis required anN-terminally trun-
cated, signaling-inactive rice ADR1 variant (D1-
156). Other studies suggest that the ultimate
functional outcome of TIR- and EP-mediated
ADR1 activation in plants is the assembly of
oligomeric ADR1 Ca2+-permeable membrane
ion channels that would supplement Ca2+

channel activities of pathogen-activated CNL
oligomers (resistosomes) and thus strengthen
the immune response (31–33). The oligomeric
structures formed by EP-activated ADR1-
family RNLs, or related NRG1-family RNLs
in dicots that cofunction with EDS1-SAG101,
are not known.
How a single TIR-only protein is equipped

for rice immunity has been unclear. ROD1 is a
Ca2+ sensor and ROS scavenger (24). Because
ROD1 directly inhibited OsTIR NADase activ-
ity (Fig. 5, E and F), pathogen-induced deple-
tion of ROD1 likely releases OsTIR to respond
to ROS and Ca2+ stimuli generated by pathogen-
triggered PRRs and/or CNLs (23). Consistent
with this model, the OsTIR-EPA module con-
tributed to immune responses triggered by
chitin and flg22 PRR perception and by fungal
blast effector–recognizing CNL receptor Pish

(Fig. 2, B and G). A released OsTIR NADase en-
zyme could drive the observed transcriptional
up-regulation of OsTIR itself and EPA genes to
further potentiate antipathogen defense (figs.
S4C and S6F). Convergence of PRRs and CNL
signaling on the OsTIR-EPA module might be
especially important in monocot plants that
lack potent TNL NADases (16).
A further defense-amplifying feature of TIR-

only domains is their capacity, via an intrinsi-
cally disordered BB-loop, to form subcellular
condensates in response to NAD+ and ATP sub-
strate provision or a pathogen stimulus (30). We
noted that OsTIR formed cytoplasmic puncta
when transiently expressed in N. benthamiana
leaves (fig. S13A). It is possible these induced
OsTIR puncta increase enzymatic production
of pRib-ADP/pRib-AMP signals for EPA im-
mune propagation. We measured accumula-
tion of OsTIR-generated NADase nucleotide
products in the presence and absence of ROD1
inhibition in vitro and in vivo (Fig. 5, E and
F). Although we failed to detect pRib-ADP/
pRib-AMP, consistent with previous studies
(21, 29), we identified the TIR NADase me-
tabolite 2′cADPR, which can be hydrolyzed
to form bioactive EP-binding pRib-AMP, as
demonstrated by Yu et al. (29). Hence, the
availability and dynamics of OsTIR NADase
cyclic ADPRs also likely affect EPA defense
mobilization.
The capacity of rice ROD1 to sense Ca2+ and

restrict ROS signaling (24) and EPA-dependent
autoimmunity (Fig. 1) is reminiscent of lesion
simulatingdisease 1 (LSD1) inArabidopsis,which
keeps pathogen-induced ROS and EPA defense
propagation in check to prevent runaway im-
mune responses (25, 34, 35). Determining how
surveillance proteins such as Arabidopsis LSD1
and rice ROD1 integrate pathogen and host
signals for balanced TIR-EPA defense will open
pathways for improving crop disease resistance
and yields.
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