o
=
)
S
<
i
9
S
1]
v
el
)
2

‘ doi:10.1093/plphys/kiab445 PLANT PHYSIOLOGY 2021: 187: 2852-2864

Plant Physiology*

The OsSPK1-OsRac1-RAI1 defense signaling pathway
is shared by two distantly related NLR proteins in rice
blast resistance

Minxiang Yu ® ,"*** Zhuangzhi Zhou ® ,>** Xue Liu,”* Dedong Yin,>* Dayong Li,>* Xianfeng Zhao,’
Xiaobing Li,” Shengping Li," Renjie Chen,’ Ling Lu,' Dewei Yang,"> Dingzhong Tang ® "' and
Lihuang Zhu © >™*

1 State Key Laboratory of Ecological Control of Fujian-Taiwan Crop Pests, Key Laboratory of Ministry of Education for Genetics, Breeding and
Multiple Utilization of Crops, Plant Immunity Center, Fujian Agriculture and Forestry University, Fuzhou, Fujian 350002, China

2 State Key Laboratory of Plant Genomics and National Centre for Plant Gene Research (Beijing), Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences, Beijing 100101, China

3 Rice Research Institute, Fujian Academy of Agricultural Sciences, Fuzhou, Fujian 350019, China

4 National Engineering Research Center for Vegetables, Beijing Vegetable Research Center, Beijing Academy of Agriculture and Forestry Science,
Beijing 100097, China

*Author for communication: Ihzhu@genetics.ac.cn

*Senior authors.

*Present address: Reproductive Physiology Laboratory, National Research Institute for Family Planning, Beijing 100081, China

*These authors contributed equally (M.Y, Z.Z.).

LZ. and Z.Z. designed the study; M.Y. and Z.Z. performed the majority of the experiments with help from D.Yi, XLi, RC, and LL; D.L, XLi, S.L, and
D.Ya. provided parts of the experimental materials; X.Z. provided management of rice growing in paddy fields; LZ, ZZ, D.T, and M.Y. analyzed the
data; Z.Z. and M.Y. wrote the manuscript; and D.T. and L.Z. revised it.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) is Minxiang Yu (mxyu0037@163.com) or Zhuangzhi Zhou
(zhouzz@genetics.ac.cn).

Abstract

Resistance (R) proteins are important components of plant innate immunity. Most known R proteins are nucleotide-binding
site leucine-rich repeat (NLR) proteins. Although a number of signaling components downstream of NLRs have been identified,
we lack a general understanding of the signaling pathways. Here, we used the interaction between rice (Oryza sativa) and
Magnaporthe oryzae to study signaling of rice NLRs in response to blast infection. We found that in blast resistance mediated
by the NLR PIRICULARIA ORYZAE RESISTANCE IN DIGU 3 (PID3), the guanine nucleotide exchange factor OsSPK1 works down-
stream of PID3. OsSPK1 activates the small GTPase OsRac1, which in turn transduces the signal to the transcription factor RAC
IMMUNITY1 (RAI1). Further investigation revealed that the three signaling components also play important roles in disease re-
sistance mediated by the distantly related NLR protein Pi9, suggesting that the OsSPK1-OsRac1-RAI1 signaling pathway could
be conserved across rice NLR-induced blast resistance. In addition, we observed changes in RAI1 levels during blast infection,
which led to identification of OsRPT2a, a subunit of the 19S regulatory particle of the 26S proteasome. OsRPT2a seemed to be
responsible for RAI1 turnover in a 26S proteasome-dependent manner. Collectively, our results suggest a defense signaling route
that might be common to NLR proteins in response to blast infection.
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A conserved NLR protein signaling pathway

Introduction

In addition to physical and chemical barriers, plants rely on
their innate immune system to defend them from insects
and microbial pathogens. The plant innate immune system
can be divided into two layers, depending on the immune
receptors (Jones and Dangl, 2006; Dodds and Rathjen, 2010;
Wang et al, 2020). One layer is basal defense, defined by
pattern recognition receptors (PRRs) that perceive molecules
conserved across pathogen species (also termed pathogen-
associated molecular patterns). PRRs are located at the cell
surface, sense signals in the apoplast, and induce defense to
slow pathogens’ intracellular spread. The other immunity
layer is defined by Resistance (R) genes. R proteins are intra-
cellular receptors, recognizing strain-specific effectors (also
termed avirulence proteins, Avr) to trigger rapid and en-
hanced immune responses, including induction of defense-
related genes, a burst of reactive oxygen species (ROS), a
sustained increase in cytosolic Ca’*, and even local pro-
grammed cell death known as the hypersensitive response.
Defenses induced by R genes generally result in strong resis-
tance to invaders; hence, R genes are important genetic
resources for crop breeding (Dangl et al,, 2013).

In plants, nucleotide-binding site (NBS) leucine-rich repeat
(NLR) proteins are encoded by large gene families. For exam-
ple, about 160 NLR genes are annotated in Arabidopsis
(Arabidopsis thaliana), >500 genes in rice, and over 2,000
genes in bread wheat (Triticum aestivum; Gu et al, 2015; van
Wersch and Li, 2019). The NLR gene family includes the ma-
jority of R genes known in plants, indicating their close rela-
tionship to plant immunity. NLR proteins have a central NBS,
varying numbers of C-terminal leucine-rich repeats (LRRs),
and a variable N-terminal region (Maekawa et al, 2011).
Based on their N-terminal regions, NLRs can be roughly cate-
gorized as Toll/interleukin 1 receptor (TIR) or coiled-coil (CC)
NLRs. TIR-NLRs exist exclusively in dicots and CC-NLRs are
distributed widely in vascular plants (McHale et al., 2006).

Activation or inactivation of NLR proteins, in the presence
or absence of the cognate effectors, involves complex molec-
ular and intramolecular interactions (Qi and Innes, 2013).
The NBS domain serves as a molecular switch that deter-
mines the “on” or “off” state of a given NLR. In the “off’
state, the NBS is preferentially bound to adenosine diphos-
phate (ADP), and intramolecular interactions with the LRR
domain help to stabilize the “closed” structure. In the “on”
state, changes in the intramolecular interactions lead to the
release of ADP from the NBS domain and facilitate the bind-
ing of adenosine triphosphate (ATP), presenting an “open”
structure. The N-terminal regions, especially the CC
domains, are usually associated with defense signaling and
interact with defense signaling components (Shen et al,
2007; Zhu et al, 2010; Bernoux et al, 2017; Inoue et al,
2013; Wang et al, 2015, 2018).

Although a good number of components vital to NLR
functions have been identified since the first NLR gene was
cloned, the downstream signaling pathways are still obscure
(Qi and Innes, 2013; Monteiro and Nishimura, 2018; Sun et
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al., 2020). This problem is particularly pronounced in rice. For
this important cereal crop, more than 23 major NLR genes
have been cloned (Liu et al, 2014), in efforts to genetically
manage rice blast, a serious fungal disease caused by
Magnaporthe oryzae (Dean et al, 2005, 2012). Almost all of
these NLR genes encode CC-NLRs, and many occur in gene
clusters (http://www.ricedata.cn/gene/gene_pihtm). However,
work in the past decades has discovered only a few immedi-
ate downstream signaling components, and our understand-
ing of the signaling processes remains limited. We speculate
that NLRs may share a limited set of downstream signaling
components and reexamination of known signaling compo-
nents might yield insight into the signaling events induced by
rice NLRs.

To date, notable signaling components involved in rice
NLR-mediated blast resistance include PigmR-INTERACTING
AND BLAST RESISTANCE PROTEIN 1 (PIBP1), which is an
RNA recognition motif-containing transcription factor re-
quired for the disease resistance of NLR genes such as PigmR
and Piz-t from the Pi-z cluster (Deng et al, 2017; Zhai et al,
2019); OsWRKY45, a WRKY regulator required for the disease
resistance of Pb1, an atypical CC-NLR conferring panicle
blast resistance (Hayashi et al, 2010; Inoue et al, 2013);
OsRac1, a Rac/Rop GTPase required for Pit and Pi-a func-
tions (Kawasaki et al., 1999; Chen et al.,, 2010; Kawano et
al, 2010); and OsSPK1, which shows guanine nucleotide
exchange factor (GEF) activity toward OsRac1 and partici-
pates in Pit- and Pi-a-induced blast resistance (Wang et
al, 2018). Our earlier work also underscored the impor-
tance of OsRac1 in PIRICULARIA ORYZAE RESISTANCE IN
DIGU 3 (PID3)-mediated blast resistance (Zhou et al.,
2019). In the same study, we identified RAC IMMUNITY1
(RAI1), a key bHLH-type transcription factor working
downstream of OsRac1 (Zhou et al,, 2019). RAIT was ini-
tially found to be activated by OsRacl in the PRR
OsCERK1-induced basal defense (Kim et al.,, 2012), show-
ing its key roles in rice innate immunity. These discoveries
hint that OsRac1, acting as a molecular switch, might be
a conserved regulator of NLR immunity; thus, research
that builds on OsRac1 is warranted.

In this study, we reexamined roles of the known OsRac1-
related signaling components. Our results suggest that a sig-
naling pathway composed of OsSPK1, OsRac1, and RAI1 is
shared by two NLRs that are distantly related. We also char-
acterized OsRPT2a, a subunit of the 19S regulatory particle
required for RAIT turnover. Our work reveals some com-
monalities in the signaling events after NLR activation.

Results

OsSPK1 contributes to PID3-mediated blast
resistance

We previously described a signaling pathway for PID3-
mediated blast resistance, in which OsRac1 acts downstream
of PID3 and relays defense signals to RAI1 (Zhou et al, 2019).
To learn whether other components are involved in this signal-
ing pathway, we examined OsSPK1, which activates OsRac1
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(Wang et al, 2018). We generated OsSPK1 knockdown plants
using RNA interference (RNAI) in the background of a PID3
transgenic line (PID3-TL), designated OsSPK1-kd/PID3-TL.
Evaluation of OsSPK1 transcripts with reverse transcription-
quantitative PCR (RT-qPCR) showed that the target gene was
suppressed in several T, generation lines (Figure 1A). We then
used a M. oryzae isolate, RB-22, to perform blast resistance
tests. Though the Aur gene to PID3 (AvwrPID3 as a tentative
name) is unknown yet, PID3-TL plants show complete resis-
tance to RB-22 while cultivar TP309, the acceptor material
of PID3-TL, is susceptible with this fungus, indicating there
could be a AurPID3 gene in RB-22. The test results revealed
that RB-22 was incompatible with the PID3-TL plants (resis-
tant) while was compatible with three OsSPK1-kd/PID3-TL lines
(#7, #8, #14, susceptible), which all showed reduced OsSPK1
transcript levels (Figure 1, A and B). The results suggest that
OsSPK1 is important to PID3-mediated disease resistance. We
also examined the expression of defense-related genes in the
loss-of-function OsSPK1-kd/PID3-TL lines. Of them, three im-
portant genes controlled by RAI1, including OsLOX3, OsPRS,
and OsWRKY45 (Zhou et al, 2019), displayed lower transcript
levels in all the examined lines than in PID3-TL plants
(Figure 1C), indicating that OsSPK1 has an effect on immune
responses.
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Figure 1 OsSPK1 contributes to PID3-mediated blast resistance. A,
Determination of OsSPK1 transcripts in rice plants. B, Blast resistance
tests. The T, generation of the OsSPK1-kd/PID3-TL lines, growing in
greenhouses, was used for the assay with a spraying inoculation
method. TP309 was used as a susceptibility control. Pictures were
taken 5d after the inoculation. Scale bar, 1cm. C, Induction of de-
fense-related genes in rice plants. In A and C, Reverse transcription-
quantitative PCR (RT-qPCR) data are shown as means+sp (n = 3),
and the significance of differences was analyzed based on comparison
to PID3-TL. *P < 0.05; **P < 0.01 (Student’s t test).
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OsSPK1 works downstream of PID3 and affects
OsRac1 activity

OsSPK1 might be attracted by the NLR Pit to activate
plasma membrane-anchored OsRac1 (Wang et al, 2018). To
test this, we used a luciferase reporter system (Cesari et al,,
2014) to study the relationships between OsSPK1, OsRacT,
and PID3. Immune responses usually cause cell death, lead-
ing to a reduced luciferase activity which can be measured
by luciferase reporter system. Compared with enhanced
YELLOW FLUORESCENT PROTEIN (eYFP), expressing PID3
in rice protoplasts led to a reduction in luciferase activity
(Figure 2A, left; Supplemental Figure S1), indicating PID3-
induced immune responses.

ITX3 is a nontoxic inhibitor of GEF activity, which is used
to selectively block Rac1 activation (Bouquier et al, 2009).
ITX3 treatment could partly suppress the immune responses
induced by PID3 in comparison with treatment with the sol-
vent dimethyl sulphoxide (Figure 2A, left; Supplemental
Figure S1). The results, together with those of the blast resis-
tance tests (Figure 1), suggest that OsSPK1 works down-
stream of PID3. Expressing a constitutively active OsRacl
(CA-OsRac1) also caused immune responses, which exagger-
ated the immune responses induced by PID3, but additional
ITX3 treatment also suppressed the immune responses
(Figure 2A, right; Supplemental Figure S1). These data suggest
that OsRac1 is involved in PID3-induced immune responses
in an OsSPK1 (GEF)-dependent manner. Therefore, our results
suggest that OsSPK1 works between PID3 and OsRac1 and
may be recruited by PID3 to activate OsRac1.

Our preliminary evidence suggested that the CC domain
of PID3, rather than the NBS, shows a binding affinity for
OsSPK1"092718353 iy yeast  two-hybrid  (Y2H) assays
(Figure 2B). In a split-luciferase complementation (split-LUC)
assay performed in Nicotiana benthamiana, we also detected
an interaction between PID3(CC-NBS) and OsSPK170'~"83°
? (Figure 2G; Supplemental Figure S2). We conducted co-
immunoprecipitation (co-IP) assays by transiently expressing
PID3 (CC-NBS) and OsSPK17°"""%%> @ in N. benthamiana
leaves. When GREEN FLUORESCENT PROTEIN (GFP)-tagged
PID3(CC-NBS) was precipitated by anti-GFP antibody,
OsSPK179"""835 24| AG was co-precipitated as detected by
anti-FLAG (Figure 2D). These findings indicate an intimate as-
sociation between PID3 and OsSPK1. In addition, we observed
that the T, generation of OsSPK1-kd/PID3-TL plants was poor
in seed setting compared to PID3-TL plants, in spite of a com-
parable number of grains per plant (Supplemental Figure S3),
which resembles the phenotype when OsRac1 was suppressed
in PID3-TL (Zhou et al, 2019), implying that OsSPK1 and
OsRac1 may work in the same signaling pathway.

These results in combination with our earlier study sug-
gest that OsSPK1, OsRac1, and RAI1 constitute a signaling
pathway for PID3.

Both OsSPK1 and OsRac1 are important for blast
resistance induced by Pi9

Next, we asked whether the OsSPK1-OsRac1-RAI1 signaling
pathway discovered for PID3 is shared by other NLR
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Figure 2 OsSPK1 mediates OsRac1 activation by PID3. A, Cell death induction in rice protoplasts as detected with a luciferase reporter system.
Means + sp of relative luciferase activity values is shown (n > 4). *P < 0.05; **P < 0.01 (Student’s t test). ITX3, inhibitors of GEF activity. Dimethyl
sulphoxide was used as a negative control for ITX3. B, Yeast two-hybrid (Y2H) assay. OsSPK1 was fused to the carboxyl end of the GAL4 AD and
PID3 was fused to the carboxyl end of the GAL4 DNA BD. Full-length PID3 and its LRR domain could not be sufficiently detected by Western blot-
ting analysis, so the both were absent from this assay. C, Split-luciferase complementation (split-LUC) assays. Nicotiana benthamiana leaves were
co-infiltrated with Agrobacterium tumefaciens-containing construct combinations as indicated. The luminescence images were captured using a
CCD imaging apparatus. D, Co-immunoprecipitation (co-IP) assay. The OsSPK17°'~"%3% 22 and PID3(CC-NBS) proteins were transiently co-
expressed in N. benthamiana leaves and total proteins were extracted for analysis. PID3(CC-NBS) was immunoprecipitated by anti-GFP antibody,

followed by immunoblot analysis with anti-FLAG antibody to monitor the presence of OsSPK1

701-1835 33 in the precipitate. Arrow indicates the

expected position of GFP blots. kDa, kilo-Dalton. The experiments were repeated 3 times with similar results.

proteins. We chose to check Pi9, for this NLR gene is well
known for its broad-spectrum blast resistance (Qu et al,
2006). Pi9 and PID3 are distantly related (Supplemental
Figure S4A) and share low identity (~27%) in amino acid se-
quence (Supplemental Figure S4B).

We generated OsSPK1 knockdown plants in the back-
ground of a Pi9 transgenic line (Pi9-TL), named OsSPK1-kd/
Pi9-TL, and confirmed the suppression of OsSPKT in the T,
generation by RT-qPCR (Figure 3A). We used the isolate RB-
22 to perform blast resistance tests, as this isolate harbors the
Avr gene AvrPi9 (Supplemental Figure S5) and hence is theo-
retically avirulent to Pi9-TL plants (Wu et al, 2015). The inoc-
ulation results showed that Pi9-TL plants were completely
incompatible with RB-22 as expected, while the OsSPK1-kd/
Pi9-TL plants developed typical blast symptoms of susceptibil-
ity (Figure 3B). These observations suggest that OsSPK1 is re-
quired for Pi9-induced disease resistance. Similarly, we found
that those RAI1-regulated defense-related genes showed lower
transcript levels in the susceptible OsSPK1-kd/Pi9-TL plants
than in Pi9-TL plants (Figure 3C). Besides, OsSPK17%'~"#3> 2
associated with Pi9(CC-NBS) in N. benthamiana as detected
by split-LUC assays (Supplemental Figure S6).

In susceptible OsSPK1-kd/Pi9-TL plants, OsRac1 transcripts
were also decreased (Supplemental Figure S7), implying
OsRac1 might be involved in Pi9-induced immunity. To test,
we generated OsRacT knockdown lines in the background of
Pi9-TL and confirmed the suppression of OsRac1 in the T,
generation of the obtained plants, named OsRac1-kd/Pi9-TL
(Figure 4A). Blast inoculation tests with RB-22 showed
OsRac1-kd/Pi9-TL plants were susceptible to the fungal iso-
late, unlike Pi9-TL plants (Figure 4B). Again, those genes reg-
ulated by RAI1 showed lower transcript levels in all the
OsRac1-kd/Pi9-TL plants than in Pi9-TL plants (Figure 4C). In
addition, a strong in planta interaction was observed be-
tween OsRacl and Pi9 by split-LUC assays (Supplemental
Figure S8). The results suggest that OsRac1 is also required
for Pi9-induced blast resistance. Interestingly, suppression of
OsRac1 in the background of Pi9-TL also led to poor fertility,
reminiscent of the case in PID3-TL (Zhou et al,, 2019).

RAI1 acts as a positive regulator of Pi9-induced
disease resistance

Then we examined the roles of RAIT in Pi9-induced disease
resistance. RAIT knockdown lines in the Pi9-TL background
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Figure 3 OsSPK1 contributes to Pi9-induced blast resistance. A,
Determination of OsSPK1 transcripts in rice plants. B, Blast resistance
tests. The T, generation of the OsSPK1-kd/Pi9-TL lines, growing in
greenhouses, was used for the assay with a spraying method. TP309
was used as a susceptibility control. Pictures were taken 5d after the
inoculation. Scale bar, 1cm. C, Induction of defense-related genes in
rice plants. In (A) and (C), RT-gPCR data are shown as means=sp
(n =3), and the significance of differences was analyzed based on
comparison to Pi9-TL. **P < 0.01 (Student’s t test).

were generated and named RAIT-kd/Pi9-TL. As the basal
level of RAIT transcripts was low, we used a semi-
quantitative RT-PCR method to estimate RAIT transcript
levels and confirmed the suppression of RAIT in at least two
RAI1-kd/Pi9-TL homozygous lines (Figure 5A). Blast inocula-
tion tests with RB-22 revealed that the two RAI1-kd/Pi9-TL
lines were susceptible to the fungus, unlike Pi9-TL plants
(Figure 5B). RT-qPCR results showed that the defense-
related genes mentioned above were transcriptionally lower
in the knockdown lines than in Pi9-TL (Figure 5C).
Therefore, these results suggested that RAI1 is required for
Pi9-induced blast resistance.

Given that RAI1T may act as a transcription activator, we
additionally created a chimeric RAI1 repressor by fusing an
ERF-ASSOCIATED AMPHIPHILIC REPRESSION (EAR) motif
to the carboxyl end of RAI1. We introduced this plasmid
construct, driven by a constitutive promoter, into Pi9-TL
and generated chimeric RAIT repressor plants, named
RAIT:EAR/Pi9-TL. Semi-quantitative PCR showed a sharp in-
crease of RAIT transcripts in two of the homozygous trans-
genic lines (Figure 5A), indicating constitutive expression
of the chimeric gene. Blast inoculation tests showed
that RAIT:EAR/PI9-TL plants were susceptible to the isolate
RB-22, resembling those RAIT-kd/Pi9-TL plants (Figure 5B).
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Figure 4 OsRac1 knockdown compromises Pi9-induced blast resis-
tance. A, Determination of OsRac1 transcripts in rice plants. B, Blast
resistance tests. T, generation of the OsRac1-kd/Pi9-TL lines, at a tiller-
ing stage and growing in paddy fields, was used for the tests. TP309
was used as a susceptibility control. Pictures were taken 6 d after inoc-
ulation. Scale bar, 1cm. C, Induction of defense-related genes in rice
plants. In (A) and (C), the RT-qPCR data are shown as means=+sp
(n =3), and the significance of differences was analyzed based on
comparison to Pi9-TL. **P < 0.01 (Student’s t test).

Consistent with the loss of disease resistance, the expression
of those RAll-regulated defense-related genes was also
downregulated in the RAIT:EAR/PI9-TL lines (Figure 5C).
These results together with the above suggest that RAI1
could be a positive regulator for Pi9-induced blast resistance.

Functioning Pi9 affects RAI1 accumulation pattern

RAIT showed transactivation activity in yeast cells and in a
dual-luciferase reporter system (Supplemental Figures S9
and S10), implying that it might be recruited to regulate the
expression of defense-related genes. To test how RAIT varies
upon blast infection, we examined RAI1 levels in blast-
infected rice plants in a time course with developed antise-
rum of RAIT (anti-RAI1T) (Supplemental Figure S11). This
revealed that in RB-22-infected Pi9-TL plants, RAI1 level was
low at 6 h post-inoculation (hpi), then rapidly increased (12
hpi) and remained high until 24 hpi (Figure 6A). In contrast,
in infected TP309 plants (the background cultivar of Pi9-TL),
RAI1 levels remained low after the inoculation, especially be-
tween 6 hpi and 24 hpi (Figure 6A), an interval during
which early molecular interactions between blast fungi and
rice hosts are thought to occur (Li et al, 2006; Vergne et al,
2007). From 36 hpi on, RAI1 levels in TP309 plants were
comparable to those in Pi9-TL plants (except at 48 hpi).
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Figure 5 RAI1 acts as a positive regulator of Pi9-induced blast resis-
tance. A, Determination of RAIT transcripts in rice plants by semi-
quantitative RT-PCR. Numbers indicate RAIT transcripts normalized
to OsActinT using Image) software. B, Blast resistance tests. Four-week-
old homogeneous seedlings growing in greenhouses were subject to
the tests, with a spraying inoculation method. Pictures were taken 5d
after the inoculation. Scale bar, 1cm. C, Induction of defense-related
genes in rice plants, measured by RT-qPCR. Data are shown as
means=£sp (n = 3), and the significance of differences was analyzed
based on comparison to Pi9-TL. *P < 0.05; **P < 0.01 (Student’s t
test).

The results suggest that RAIT could be stabilized upon Pi9
activation in early M. oryzae—rice interactions.

We also observed that the CC domain of Pi9 possessed a
binding affinity for RAIT in Y2H and bimolecular fluores-
cence complementation (BiFC) assays (Figure 6, B and C).
Split-LUC  assays further confirmed the association of
Pi9(CC-NBS) with RAIT in N. benthamiana (Figure 6D;
Supplemental Figure S12).

OsRPT2a mediates RAI1 degradation in a 26S
proteasome-dependent manner

To see how RAI1 is regulated, we identified RAI1 interactors
by Y2H screening from a rice complementary DNA library
and this led to identification of OsRPT2a. OsRPT2a was
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initially recognized as an ATPase subunit of the 19S regulatory
particle of the 26S proteasome complex (Shibahara et al,
2002), but its biological function remains unknown. We con-
firmed that the carboxyl end of OsRPT2a (364-448 aa) deter-
mined its affinity with RAIT in yeast (Supplemental Figure
S13A), and split-LUC assays in N. benthamiana proved this as-
sociation (Supplemental Figure S13, B and C).

In rice protoplasts, the fluorescent signals for
OsRPT2a-eYFP fusion predominantly overlapped with
those for the tonoplast or endoplasmic reticulum
markers but were absent from the endomembrane or
nucleus (Figure 7A). OsRPT2a has ATP hydrolysis activ-
ity, related to a key residue (Lys240) in the Walker A
motif, as a Lys240-to-Ala (K240A) substitution impaired
the enzymatic activity (Figure 7B). We observed that the
K240A substitution seemed not to affect OsRPT2a’s sub-
cellular localization (Supplemental Figure S14A).

We next explored the significance of the RAI1-OsRPT2a
association. When RAI1 was co-expressed with OsRPT2a in
rice protoplasts, its accumulation was reduced in compari-
son with that when it was co-expressed with a control plas-
mid (empty), suggesting that OsRPT2a may promote RAI1
degradation (Figure 7C). Further, the ATP hydrolysis activity
of OsRPT2a seemed to be required for the degradation, be-
cause expression of the K240A variant led to an increased
RAI1 level (Figure 7C). Treatment with MG-132, an inhibitor
of the proteolytic activity of the 26S proteasome, greatly im-
proved RAI1 accumulation levels for the RAIT and OsRPT2a
combination (lane 9/10 versus lane 3/4, approximately four-
fold), in contrast to the combination of RAIT and an empty
control (lane 7/8 versus lane 1/2, approximately two-fold;
Figure 7C). These results suggest that RAIT degradation by
OsRPT2a is 26S proteasome-dependent. As supportive evi-
dence, we observed that the eYFP fusions of OsRPT2a or
the K240A variant had a striking overlap with Myc-RAI1-
mCherry in respect to their fluorescent signals, when both
were co-expressed in rice protoplasts (Supplemental Figure
S14, B and C), indicating subcellular localization of OsRPT2a
changes, supposed to be affected by the nucleus-localized
RAIT.

Discussion

In this study, we unraveled a downstream signaling pathway
consisting of a GEF (OsSPK1), a GTPase (OsRac1), and a
transcription factor (RAI1) for the NLR protein PID3.
Genetic functions of the three signaling components in blast
resistance were validated for another, distantly related NLR
protein. Although more evidence, especially biochemical, is
necessary to confirm that the OsSPK1-OsRac1-RAI1 cas-
cade is a common signaling route, this pathway seems rea-
sonable for various rice CC-NLRs.

Pivotal roles of the OsSPK1-OsRac1 cascade in
defense signaling

In the proposed working model (Figure 8), OsRac1 occupies
a central position. OsRac1 functions in rice immunity have
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long been known, including those for PRR- and NLR-
induced immunity (Kawano and Shimamoto, 2013; Kawano
et al, 2014). The importance of this GTPase is determined
by its role as a molecular switch, cycling between a GDP-
bound “off” and a GTP-bound “on” state. Moreover, OsRac1
enhances ROS production by activating NADPH oxidase ac-
tivity and suppressing a ROS scavenger (Wong et al, 2004,
2007). To date, OsRac1 has been reported to participate in
blast resistance induced by various NLRs such as Pit
(Kawano et al,, 2010), Pi-a (Chen et al,, 2010), PID3 (Zhou et
al, 2019), and Pi9 (this study). Additionally, OsRac1 shows
binding affinities for Pib, as well as Xal, a rice bacterial
blight-resistant NLR protein (Kawano et al, 2010). These
NLRs belong to different gene clusters (Supplemental Figure
S4). Given the functional similarities for clustered genes (i.e.
genes from the Pi-z locus [Pi9, Piz-t, PigmR] have a resistance
spectrum broader than other NLRs; Qu et al, 2006; Zhou et
al, 2006, Deng et al, 2017), it is supposed that OsRacl
might be recruited by other NLRs to transduce defense sig-
nals. Thus, OsRac1 most likely serves as a common signaling

component for rice NLRs. In this sense, it is conceivable that
pathogens would target OsRac1 during their coevolution
with rice hosts. Blast races harboring the effector AvrPiz-t
provide such an example. In the absence of Piz-t recogni-
tion, AvrPiz-t acts as a virulence factor by interacting with
OsRac1 to interfere with OsRac1-mediated ROS production,
thereby allowing intracellular growth of fungi (Park et al,
2012; Bai et al, 2019).

Because GEFs facilitate the release of GDP from GTPases
and promote the binding of GTP, they are viewed as activa-
tors of GTPases. In studying the mechanisms of Pit-induced
immunity, three types of GEFs were examined and only
OsSPK1, of the DOCK family of GEFs, showed a physical
affinity to the CC domain of Pit (Wang et al, 2018).
Importantly, OsSPK1 shows GEF activity toward OsRac1 and
is required for disease resistance induced by Pit and Pi-a as
well (Wang et al, 2018). OsRacGEF1, a PRONE-type GEF,
contributes to PRR OsCERK1-induced basal defense
(Akamatsu et al.,, 2013). Although OsRacGEF1 also shows
GEF activity toward OsRac1, it does not participate in
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Pit-induced immunity (Wang et al,, 2018). These observa-
tions lead to the hypothesis that GEFs have diverged be-
tween PRR- and NLR-induced signaling pathways.

We added evidence here that OsSPK1 is required for blast
resistance induced by PID3 and Pi9, besides Pit and Pi-a
mentioned above. The results imply that OsSPK1, as a mem-
ber of the OsSPK1-OsRac1 cascade, also serves as a com-
mon signaling component for rice NLRs. OsSPK1 localizes
mainly in the endomembranes but not in the plasma mem-
brane (Wang et al, 2018). And, OsRac1 is anchored in the
plasma membrane (Kawano et al, 2010). Therefore, NLR
proteins potentially serve as a platform for combining
OsSPK1 with OsRac1. In the case of Pit, the mutated CC do-
main impairs its binding affinity for OsSPK1, which in turn
reduces the GEF activity of OsSPK1 toward OsRac1 on the
plasma membrane (Wang et al., 2018). We previously ob-
served a stronger binding affinity of PID3 for OsRac1 via
the NBS domain (Zhou et al, 2019) and binding of the
CC domain of PID3 to OsSPK1 in yeast and in planta
(Figure 2, B-D, this study). These observations suggest
that PID3, resembling Pit, might form a multicomponent
complex by which OsSPK1 is recruited to activate OsRac1,
resulting in induction of disease resistance. The present
bottleneck in purifying sufficient PID3 or Pi9 is a hin-
drance to further biochemical experiments, however.

RAI1 might be a common signaling component
downstream of the OsSPK1-OsRac1 cascade

OsRac1 is involved in ROS accumulation, but it could also
enhance the amplitude of immune responses in other ways.
In PRR OsCERK1-induced basal defense, activated OsRac1
transduces signals through a mitogen-activated protein ki-
nase cascade to two transcription factors, RAI1T and
OsRap2.6, both of which control the expression of defense-
related genes (Kim et al, 2012; Wamaitha et al, 2012).
Therefore, the discovery of RAI1 as a signaling component
downstream of OsRac1 in NLR immunity does not seem un-
expected. RAIT has been suggested to participate in blast re-
sistance induced by PID3 (Zhou et al, 2019) and Pi9 (this
study). Interestingly, the CC domains of rice NLRs such as
Pi9, PID3, and Pit (Z. Zhou and L. Zhu, unpublished data) all
showed binding affinities for RAI1 at nuclei. These observa-
tions imply that RAI1 potentially works for various NLRs.
However, transcription factors other than RAI1 could also
play a major role in rice NLR immunity. Zhai et al. observed
that PigmR, Pi9, and Piz-t show binding affinities for PIBP1,
an RRM-containing transcription factor, and interestingly,
PID3 and Pish are exempted from the binding (Zhai et al,
2019). The WRKY regulator OsWRKY45 also interacts with
the CC domain of Pb1 (Inoue et al, 2013). Both PIBP1 and
OsWRKY45 are important for disease resistance induced by
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Figure 8 A working model for rice NLR protein-induced defense sig-
naling pathway. After perceiving cognate effectors from blast fungi,
rice NLR proteins, including PID3, Pi9, Pit, and Pi-a, transduce their sig-
nals to the downstream component OsSPK1, a GEF, by directly bind-
ing with it. OsSPK1 facilitates the conversion of the GTPase OsRac1 at
the plasma membrane from an inactive GDP-bound state to an active
GTP-bound one. Activated OsRac1 leads to the activation of the
transcription factor RAIT in the nucleus, which in turn drives
transcriptional reprogramming of defense-related genes. Whether
RAI1 participates in Pit- or Pi-a-induced blast resistance remains to be
answered (marked with a question mark). Both PID3 and Pi9 show af-
finity with RAI1 in the nucleus, presumed to protect RAI1 from the
degradation by 26S proteasome. Tonoplast/ER-localized component
OsRPT2a provides a solution to fine-tuning RAI1T accumulation
in vivo. By a yet unknown way, OsRPT2a translocates into the nucleus,
where it associates with RAI1, leading to reduced RAI1 accumulation
in a proteasome-dependent manner.

the NLRs with which they interact (except for Pi9). Further
studies are necessary to examine if the OsSPK1-OsRac1-
RAI1 cascade is also recruited by NLRs such as PigmR, Piz-t,
and Pb1. The answers will help to determine whether the
downstream transcription factors are NLR-specific, unique,
or multiple-choice.

Regulation of RAI1

Immune responses take energy away from plant growth and
thus must be finely governed (Tian et al, 2003; Denance et
al, 2013). In this study, we identified OsRPT2a as a RAI1
interactor (Supplemental Figure S13, A—C), which can pro-
mote RAI1 degradation in a 26S proteasome-dependent
manner (Figure 7C). Although future studies are necessary
to clarify how RAI1 is regulated by a subunit of the 19S reg-
ulatory particle of the 26S proteasome, the degradation pro-
moted by OsRPT2a seems to be a solution to fine
regulation of RAI1-regulated immune responses.

Yu et al.

In plants, 26S proteasome-dependent regulation partici-
pates in diverse aspects of development and stress
responses. OsWRKY45, one of the central regulators of the
salicylic acid signaling pathway in rice, is constantly degraded
by the 26S proteasome in the absence of pathogen signals
(Matsushita et al, 2013). Upon perception of blast fungus
signals, the NLR Pb1 protects OsWRKY45 from 26S protea-
some degradation, thus allowing OsWRKY45-regulated im-
mune responses (Inoue et al, 2013). In this study, we
observed in blast-infected rice leaves that RAIT displayed a
different accumulation pattern in the presence of a func-
tioning Pi9 (Figure 6A), possibly as a result of response to
the effector AvrPi9. As OsRPT2a promotes RAI1 turnover,
we hypothesize that part of activated PID3/Pi9 might mi-
grate into the nuclei where interactions with RAI1 occur
and stabilize RAI1 (Figure 8), especially in the early stages of
rice-M. oryzae interactions.

In summary, the present studies show that various rice
NLR proteins may follow a conserved defense signaling path-
way in response to blast infection. Once activated, the NLR
recruits a GEF molecule (OsSPK1) to activate the key
GTPase OsRac1, which then transduces the signals to down-
stream transcription factors such as RAI1 and/or others.

Materials and methods

Experimental materials and blast inoculation tests
The japonica rice (Oryza sativa) variety “TP309” and the
transgenic rice line PID3-TL are from Prof. Lihuang Zhu's lab
(Shang et al, 2009). The M. oryzae isolate RB-22 and seeds
of Pi9-TL are generous gifts from Prof. Guo-lLiang Wang
(Institute of Plant Protection, Chinese Academy of
Agricultural Sciences, Beijing, China). Transgenic rice lines
mentioned in this study were generated with construct-
containing Agrobacterium tumefaciens (strain GV3101) by
an Agrobacterium-mediated transformation method (Hiei et
al, 1994). All the rice plants were grown in greenhouses or
paddy fields in Beijing, China. An injection method was fol-
lowed to test blast resistance of plants grown in paddy fields
(Lv et al, 2013), and a spray method was used for seedlings
grown in greenhouses (Zhou et al, 2016).

Plasmid constructs and transformation
We targeted nucleotides 4,691-4,840 of OsSPK1 to design
the OsSPK1 RNAI construct. The sense-loop-antisense as-
sembly, flanked with Smal and Sall restriction sites, was
cloned into pCAMBIA2300 (CAMBIA, Canberra, Australia),
driven by a constitutive promoter. This construct was trans-
formed into calli derived from PID3-TL or Pi9-TL seeds, lead-
ing to the transgenic lines OsSPK17-kd/PID3-TL and OsSPK1-
kd/Pi9-TL. RNAi constructs for OsRac1 and RAIT and the
RAIT:EAR construct were constructed by Zhou et al. (2019)
and used to generate transgenic rice lines OsRac1-kd/Pi9-TL,
RAI1-kd/Pi9-TL, and RAIT:EAR/Pi9-TL.

Transient expression constructs for CA-OsRac1 and RAI1
were described previously (Zhou et al, 2019). Each of them
contains a C-terminal hemagglutinin (HA) tag. The coding
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sequence for PID3 was amplified, with Xbal and BamHI
sites appended to both the ends, and then cloned into
the modified binary plasmid vector, pZh01-GFP, to estab-
lish the PID3-GFP fusion construct. Two adenosine resi-
dues at positions 718 and 719 of OsRPT2a were replaced
with a guanosine and a cytidine, respectively, using a
Gene Site-directed Mutagenesis kit (Biomed Biotech Co.,
Ltd, Beijing, China), to produce the K240A variant, which,
together with those for OsRPT2a and eYFP, was each
cloned into the vector pUC19-355-FLAG-RBS at the Sacl
and Kpnl sites, as described (Li et al, 2005), to generate
constructs for FLAG fusions. These constructs, together
with those described below, were created based on a ho-
mologous DNA recombination method, using the HiFi
DNA Assembly Master Mix (New England Biolabs, Beijing,
China). Plasmids were produced using HiPure Plasmid
Filter Midiprep Kit (Thermo Fisher Scientific Baltics UAB,
V.A. Graiciuno, Vilnius, Lithuania), according to the man-
ufacturer’'s methods. These plasmids were transiently
transformed into rice protoplasts for cell death induction,
or in vivo protein degradation assays.

Rice protoplasts were prepared with 7-d-old yellowish seed-
lings grown in darkness, and unless otherwise indicated, we
used seeds of the variety “TP309” for growing these seedlings.
We followed previously described procedures (Bart et al,
2006).

BiFC assay and microscopy

For BiFC assays, sequences of interest were amplified, then
cloned into the vectors CD3-1102 and CD3-1111 at the EcoRI
and BamHI sites, to generate the C-terminal half of YFP (Yc)
and the N-terminal half of YFP (Yn) fusion constructs, respec-
tively. For subcellular microscopic examination, the sequences
for OsRPT2a and K240A were cloned into the vector CD3-
1104, at the EcoRl and BamHl sites, to generate the OsRPT2a-
eYFP and K240A-eYFP fusion constructs. The sequence for
Myc-RAIT was cloned from the pGBKT7 recombinant plasmid
(see below) and then inserted into a modified CD3-1104, on
which eYFP was replaced with mCherry, to generate the Myc-
RAIT-mCherry fusion construct. The CD3 series vectors were
purchased from the Arabidopsis Biological Resource Center at
Ohio State University (Columbus, OH, USA).

After rice protoplasts transformation, live cell imaging was
conducted with an Axiolmager M2 fluorescence microscope
(Carl Zeiss, Germany), with 514 nm of excitation wavelength
and 549 nm of emission wavelength for YFP and, 561 nm of
excitation wavelength, 637 nm of emission wavelength for
mCherry.

RT-qPCR
Methods for total RNA isolation and procedures for RT-qPCR
were as described (Zhou et al,, 2019).

Co-IP assay and immunoblotting

For co-IP assay, the CC-NBS region of PID3 was amplified
and cloned into the modified vector pZh01-GFP at the Xbal
and BamHI sites, and the nucleotides 2,101-5,505 of OsSPK1
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was cloned into the modified vector pZh01-FLAG also at
the Xbal and BamHl sites, to generate fusion constructs. We
performed the agroinfiltration procedures according to
Zhou et al. (2019), to co-express PID3(CC-NBS)-GFP and
OsSPK170""83% 2 F AG in N. benthamiana leaves. After 3d,
total proteins were extracted with native extraction buffer 1
as described previously (Liu et al, 2010). We used GFP-Trap
Agarose (ChromoTek GmbH, Planegg-Martinsried, Germany)
to conduct co-IP assay. Details refer to the previous descrip-
tion by Gao et al. (2021).

Total proteins from rice leaves or protoplasts were
extracted with lysis buffer (10mM Tris [pH 7.5], 150 mM
NaCl, 0.5 mM EDTA, 0.5% [v/v] NP-40, 2 X protease inhibitor
cockeail). We followed the Western blotting procedures as de-
scribed previously (Zhou et al, 2019). Commercial antibodies
used in this study included anti-B-Actin, anti-HA, anti-FLAG,
horseradish peroxidase (HRP)-conjugated goat-anti-mouse im-
munoglobulin G (IgG), and HRP-conjugated goat-anti-rabbit
IgG, all purchased from CoWin Biotech Co, Ltd (Jiangsu,
China). Anti-GFP and anti-Myc were purchased from Abmart
Shanghai Co,, Ltd (Shanghai, China). Anti-RAIT serum was de-
veloped in rabbits with Escherichia coli-expressed RAI1 as the
antigen, done by Protein Innovation Co,, Ltd (Beijing, China).
To visualize the immunoblots, ECL Western Blotting
Substrate (Smart-Lifesciences, Jiangsu, China) was used.

Split-LUC assay

Split-LUC assays were performed as described (Zhou et al.
2018). Briefly, pairs of A. tumefaciens (strain GV3101)-
containing desired constructs were co-infiltrated into N. ben-
thamiana leaves at 0.1 of ODggo concentration. After 3d, the
leaves were sprayed with 1mM D-luciferin (Promega
Corporation, WI, USA) and then kept in the dark for 6 min.
Luminescence images were captured using a cooled CCD im-
aging system, LB 985 NightSHADE (Berthold Technologies,
Bad Wildbad, Germany).

Yeast-related assays

Coding sequences for PID3, Pi9, RAI1, and OsRPT2a and
their mutants were each amplified and then inserted into
the bait plasmid pGBKT7 at the EcoRI and BamHI sites, to
generate GAL4-DNA binding domain (BD)-fused constructs.
Full-length sequence of RAIT and nucleotides 3,004-5,505 of
OsSPK1 were each amplified and then inserted into the prey
plasmid pGADT?7 at the EcoRl and BamHI sites, to generate
GAL4 activation domain (AD)-fused constructs. The result-
ing constructs were used for Y2H or transactivation activity
assays. Related yeast strains, plasmids, and procedures were
from Clontech Laboratories Inc. (Mountain View, CA, USA).

Dual-luciferase reporter assay

Plasmids used for this assay were kindly provided by Prof.
Shou-Yi Chen (Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Beijing, China). The
sequence for RAIT was fused to the 3'-end of the GAL4BD
element in the vector pGAL4DBD, as previously described
(Wu et al, 2017).
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ATPase activity assays

The coding sequences for OsRPT2a and OsRPT2a"*“** were
each fused to the glutathione S-transferase (GST) tag in the
vector pGEX-KG (GenBank accession LT986714.1) at the
EcoRl and Hindlll sites, to produce the constructs for GST
fusions. The constructs were transformed into E. coli strain
BL21 competent cells and the target proteins were induced
by isopropyl-B-b-thiogalactoside at a concentration of
0.3mM. The fusion targets were purified through affinity
chromatography using Glutathione Sepharose 4B (GE
Healthcare, NJ, USA). Details for ATPase activity assays are
described in the technical bulletin for MAK113 of Sigma-
Aldrich Co. LLC. (St Louis, MO, USA).

Phylogenetic analysis

For phylogenetic analysis, involved sequences were obtained
from National Center for Biotechnology Information data-
bases (https://www.ncbi.nlm.nih.gov/genbank/) by accession
numbers listed in ACCESSION NUMBERS. ClustalW in
MEGAG6 software was used to perform the sequence align-
ment (Gap Opening Penalty, 10; Gap Extension Penalty, 0.2).
The phylogenetic tree was generated by MEGA6 using a
neighbor-joining method, with 1,000 bootstrap replicates.

Accession numbers

Sequence data for genes mentioned in this study can mostly
be found in NCBI databases with the following accession
numbers: PID3 (FJ745364), Pi9 (DQ454158), Pb1 (AB570371),
Pi1-5/6 (HQ606329), Pi2 (DQ352453), Pi5-1/2 (EU869185/
EU869186), Pi7--1/2 (KY225903/KY225902), Pi25 (ADOT
7324.1), Pi35 (FW369328), Pi36 (GU169396), Pi37 (DQ923494),
Pi50 (AKS24976.1), Pi63 (BAO79824), Pi-a (AK066950), Pib
(AB013449), Pid4 (MG839283), PigmR (KU904633), Pik-1/2
(ADZ48537.1/ADZ48538.1), Pikh  (AY914077), Pikm1-TS
(AB462324), Pikm2-TS (AB462325), Pikp-1/2 (HM035360),
Piks-1 (HQ662329), Pish (AP008207), Pish-] (KY225901), Pit
(AB379815), Pi-ta (AF207842), Pizt (DQ352040), and Xaf
(AB002266); OsRac1 (AK071126), OsRPT2a (P46466), OsSPK1
(XM_015775852), and RAIT (AK067834); OsLOX3 (AY208920),
OsPR5  (X68197), OsWRKY45 (AK103959), OsACTIN1
(Q10DV7), UBIQUITIN (Ubg; POCH34) and AvrPi9
(KM004023). We checked the reference (Liu et al, 2013) for
the sequence of Pi56(t) and the reference (Ma et al, 2015) for
that of Pi64. Primers used in this study can be found in
Supplemental Table S1.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Detection of the expressed pro-
teins in Figure 2A.

Supplemental Figure S2. Detection of the expressed pro-
teins in Figure 2C.

Supplemental Figure S3. Comparison of grain numbers
and seed-setting rate between PID3-TL and OsSPK1-kd/PID3-
TL plants (T, generation).
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Supplemental Figure S4. Evolutionary relationships of Pi9
with other NLR proteins.

Supplemental Figure S5 Sequence for the AuwrPi9 locus
identified in the rice blast isolate RB-22.

Supplemental Figure S6. Pi9 interacts with OsSPK1 as
detected by LUC assay.

Supplemental Figure S7. OsSPK1 knockdown affects
OsRac1 transcripts in rice plants.

Supplemental Figure S8. Pi9 interacts with OsRac1 as
detected by LUC assay.

Supplemental Figure S9. Determination of RAIT transac-
tivation activity in yeast cells.

Supplemental Figure $10. Determination of RAIT trans-
activation activity with a dual-luciferase reporter system.

Supplemental Figure S11. Performance of anti-RAI1 in
Western blotting analysis.

Supplemental Figure S12. Detection of the expressed
proteins in Figure 6D.

Supplemental Figure S13. OsRPT2a associates with RAI1.

Supplemental Figure S14. OsRPT2a"**** has little effect
on its subcellular distribution or co-localization with RAI1.

Supplemental Table S1. Primers used in this study.
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