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SUMMARY

Emerging evidence suggests a beneficial role of rhizobacteria in ameliorating plant disease resistance in an
environment-friendly way. In this study, we characterize a rhizobacterium, Bacillus cereus NJO1, that en-
hances bacterial pathogen resistance in rice and Arabidopsis. Transcriptome analyses show that root inoc-
ulation of NJO1 induces the expression of salicylic acid (SA)- and abscisic acid (ABA)-related genes in Ara-
bidopsis leaves. Genetic evidence showed that EDS1, PAD4, and WRKY18 are required for B. cereus
NJO1-induced bacterial resistance. An EDS1-PAD4 complex interacts with WRKY18 and enhances its DNA
binding activity. WRKY18 directly binds to the W box in the promoter region of the SA biosynthesis gene
ICS1 and ABA biosynthesis genes NCED3 and NCED5 and contributes to the NJO1-induced bacterial resis-
tance. Taken together, our findings indicate a role of the EDS1/PAD4-WRKY18 complex in rhizobacteria-

induced disease resistance.

INTRODUCTION

The plant microbiome is known to have multiple beneficial ef-
fects on plants, such as shaping the immune system, improving
abiotic stress tolerance, and facilitating nutrient uptake.'™
Research in the past few decades has led to identification of
various root-associated microbes that have protective effects
on plants against a broad range of pathogens, a phenomenon
that is widely termed induced systemic resistance (ISR).*®
These root-associated beneficial microbes are known to induce
pathogen resistance without directly activating costly defenses
and, thus, are believed to be one of the most promising long-
term solutions for sustainable agriculture.5’7 However, different
beneficial microbes are known to enhance disease resistance
through different molecular mechanisms, depending on the
host plant and environmental conditions.'™ For instance, Pseu-
domonas simiae-mediated ISR requires jasmonic acid (JA) and
ethylene components but is independent of salicylic acid (SA)
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accumulation and pathogenesis-related (PR) gene expression.®
In contrast, Bacillus subtilis FB17 enhances resistance against
Pseudomonas syringae pv. tomato DC3000 (Pst) in Arabidopsis
by inducing closure of stomata to suppress the entry of path-
ogen in an SA- and abscisic acid (ABA)-dependent manner.®
Similarly, both SA and ABA signaling are required for Bacillus
amyloliquefaciens FZB42-mediated resistance against Phy-
tophthora nicotianae in tobacco.'® How SA- and ABA-mediated
signaling contributes to microbes-induced disease resistance
is still unclear.

Recent research has revealed that ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1) as a heterodimer with PHYTOALEXIN-
DEFICIENT 4 (PAD4) or SENESCENCE-ASSOCIATED GENE 101
(SAG101) is required for plant resistance against host-adapted
biotrophic pathogens.'"'? Also, an EDS1-PAD4 pool is associated
with plasma membrane-localized pattern recognition receptors
and required for pathogen-associated molecular pattern
(PAMPs)-triggered immunity (PTI)."> Further studies show that
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EDS1-PAD4-ADR1 and EDS1-SAG101-NRG1 modules are essen-
tial for Toll/interleukin-1 receptor nucleotide-binding leucine-rich-
repeat (TNL)-mediated effector-triggered immunity (ETI) and also
potentiate defenses downstream of coiled-coil nucleotide-binding
leucine-rich-repeat (CNL) receptors in ETI.'® These findings illus-
trate the key role of EDS1 in the regulation of both PTI and ETl re-
sponses. However, the downstream executing genes and path-
ways associated with EDS1-mediated immunity remain obscure.

ABA is well known for its stomatal closure-inducing activity
during abiotic stress conditions.’* ABA is synthesized by the
sequential activities of zeaxanthin epoxidase (ZEP), 9-cis-epoxy
carotenoid dioxygenase (NCED), short-chain alcohol dehydro-
genase/reductase (SDR/ABA2), and aldehyde oxidase (AAO).
Among these, NCED, in particular, limits the biosynthesis of
ABA in leaves to regulate stomatal closure.'® In response to
PTI and Pst infection, Arabidopsis triggers stomatal closure to
rapidly prevent the entry of pathogens through stomata in a short
time."® Subsequent genetic evidence showed that this PAMP-
and Pst-triggered stomatal closure is mainly induced by the SA
signaling pathway.'® NPR1, a key downstream component of
SA signaling, is also known to function upstream of ABA biosyn-
thesis and is required for PAMP-triggered stomatal closure, sug-
gesting a possible connection between SA and ABA signaling in
the regulation of stomatal immunity.'” Nonetheless, an antago-
nistic effect of ABA and SA in bacterial resistance has been re-
ported in Arabidopsis thaliana and Arabidopsis lyrata.'® PBS3,
an SA signaling component, was associated with ABA-mediated
SA immune suppression.'® These findings illustrate distinct
yet coordinated roles of ABA and SA in the regulation of
stomatal and innate immunity in Arabidopsis.'® How SA- and
ABA-mediated signaling are coordinated during beneficial
microbe-induced disease resistance in plants still needs to be
investigated.

WRKY transcription factors (TFs) are involved in both biotic
and abiotic stress responses.”®?' Among 74 WRKYs identified
in Arabidopsis, WRKY18, WRKY40, and WRKY®60, which belong
to group lla WRKY TFs, function redundantly for basal immunity
modulation.?” Genetic evidence has shown that WRKY18/40/60
exhibit a positive role in JA-mediated immunity but contribute
negatively to SA-mediated immunity and Pst resistance.””
Notably, WRKY18 and WRKYG60 act as positive regulators, while
WRKY40 contributes negatively to ABA and abiotic stress re-
sponses.”® However, the role of these pivotal TFs in stomatal
regulation is still unclear.

Here, we show that priming of root-associated Bacillus cereus
NJO1 (hereafter NJO1) promotes bacterial resistance in rice (Or-
yzae sativa) and Arabidopsis. The immune core regulator EDS1,
together with PAD4, but not SAG101, is required for the NJO1-
induced disease resistance. EDS1 directly interacts with
WRKY18 and enhances its W box binding activity for down-
stream gene activation. The SA biosynthesis gene ICS7 and
ABA biosynthesis genes NCED3/NCED5 function immediately
downstream of the EDS1-WRKY18 module and are required
for NJO1-induced disease resistance. Taken together, our find-
ings uncover a role of an EDS1-PAD4-WRKY18 transcriptional
module in NJO1-induced disease resistance, which benefits
our understanding of interactions between host and beneficial
rhizosphere microbes.
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RESULTS

A root-associated B. cereus induces disease resistance
in plants

Beneficial microbes play critical roles in the plant’s adaption to
biotic stress. To understand how these microbes increase plant
immunity, we isolated 423 root-associated microbes from
3-month-old healthy rice (O. sativa L. Nipponbare) roots from
the paddy field. Of these, we randomly selected 29 microbes
belonging to Bacillus, Chryseobacterium, Heyndrickxia, Stenor-
tophomonas, Pseudomonas, Rossellomorea, Paenibacillus,
and Priestia for further characterization. These microbes were
individually inoculated these microbes into the pots of 10-day-
old rice seedlings by root irrigation. Plants were inoculated
with Xanthomonas oryzae pv. oryzae (Xoo) 24 h post root irriga-
tion. Of these 29 selected microbes, 25 improved rice resistance
to Xoo (Figure S1; Table S1). Of these, we further selected NJO1
for detailed characterization by analyzing its efficacy against
another pathogenic bacterium, Xanthomonas oryzae pv. Oryzi-
cola (Xoc). Consistent with Xoo data, NJO1 also exhibited
a strong plant-protecting activity against Xoc infection
(Figures 1A and 1B) and induced expression of the defense-
related genes OsPR1, OsPR5, and OsPR10a 48 and 72 h post
inoculation (hpi) (Figure 1C).

Arabidopsis plant roots inoculated with NJO1 also exhibited
improved resistance to Pst infection both after infiltration
and spray inoculation (Figures 1D and 1E). However, a more sub-
stantial effect of NJO1 on resistance to Pst disease was observed
upon the spray inoculation compared with infiltration (Figures 1D
and 1E), suggesting that NJO1 enhances apoplastic immunity
possibly by inhibition of Pst-mediated stomatal reopening in Ara-
bidopsis. Notably, NJO1 did not show direct growth inhibition
properties against Pst and Xoc in vitro (Figure S2). These results
suggest that NJO1 enhances pathogen resistance by activating
plant immunity.

Pst infection causes the closing of stomata at 1 hpi and their
reopening at 3 hpi via secretion of coronatine, the functional
mimetic compound of the plant hormone jasmonate isoleu-
cine.'® We therefore analyzed Arabidopsis stomatal dynamics
at 3 hpi under mock (H»O root inoculated + H>O spray), NJO1
(NJO1 root inoculated + HoO spray), Pst (H2O root inoculated +
Pst spray), and NJO1+Pst (NJO1 root inoculated + Pst spray) con-
ditions (the same setting as in the following experiments).
We found that NJO1 induces stomatal closure and inhibits
Pst-induced stomatal reopening at 3 hpi (Figures 1F and 1G).
Furthermore, the NJO1-mediated disease resistance and stoma-
tal closure were still detected at 5 days post NJO1 root inocula-
tion (Figure S3), suggesting that NJO1 has a relatively long-last-
ing protective effect on plants.

To understand the molecular mechanism underlying NJO1-
mediated disease resistance, a transcriptome analysis was per-
formed, using leaves of NJO1 root-inoculated Arabidopsis at
3 hpi. A total of 5,803 and 5,377 genes were found to be signifi-
cantly (|logs(fold change)| > 1.0, false discovery rate [FDR]-
adjusted p < 0.05) up- and downregulated, respectively
(Figure S4A; Table S2). Gene Ontology enrichment analysis sug-
gested that those differentially expressed genes (DEGs) were
related to defense response, the mitogen-activated protein
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Figure 1. The root-associated B. cereus induces an immune response in plants

(A and B) Disease symptoms (A) and bacterial titers (B) of wild-type rice infected with Xoc. Ten-day-old seedlings were root inoculated with H,O (mock) and NJO1
(optical density 600 [ODgoo] = 0.5) and spray inoculated with Xoc (ODgoo = 0.5). Disease symptoms were photographed, and bacterial titers were measured at
7 days post inoculation (dpi).

(C) Expression of OsPR1a, OsPR5, and OsPR10 at 48 and 72 hpi with NJO1. Bars represent mean and standard error of the log, expression levels relative to
OsUbi, calculated from three independent experiments, each with three biological replicates.

(D and E) Disease symptoms (D) and bacterial titers (E) of Col-0 plants infected with Pst. Four-week-old Arabidopsis plants were root inoculated with H,O (mock)
or NJO1 (ODggo = 0.5) and spray inoculated with Pst (ODgqoo = 0.2) or infiltration inoculated with Pst (ODggo = 0.001). Disease symptoms were photographed at 5
dpi, and bacterial titers were measured at 3 dpi. Red arrows indicate the Pst-infiltrated leaves.

(F and G) Stomatal morphology (F) and stomatal aperture (G) in leaves of Col-0 plants monitored at 3 hpi. Four-week-old Arabidopsis plants were root inoculated
with H>O (mock) or NJO1 (ODgoo = 0.5) and spray-inoculated with Pst (ODggo = 0.1). The results are shown as mean + SEM (n = 60 stomata). Different letters
indicate significant differences at p < 0.05, as determined by one-way ANOVA with Tukey’s multiple-comparisons test. Uppercase letters indicate comparisons of
NJO1-induced resistance between different treatments. The experiment was performed three times with similar results. Scale bars, 5 um.

kinase (MAPK) cascade, ISR, systemic acquired resistance, and
stomatal closure (Figure S4B). These results are consistent with
our finding that NJO1 enhances plant defense through the activa-
tion of stomatal and apoplastic immunity (Figures 1D and 1E). A
heatmap was generated based on the transcriptional changes of
DEGs, which illustrated that genes involved in plant immunity
(EDS1, PAD4, and SAG107) and SA biosynthesis and signaling
(EDS5, ICS1, SARD1, and PBS3) and WRKY TFs (WRKY18,
WRKY33, WRKY40, and WRKY60) were significantly upregu-

lated, whereas the JA signaling components MYC3 and MYC4
were downregulated during the activation of NJO1-mediated
resistance (Figure S4C). Additionally, genes associated with
ABA biosynthesis (AAO3, NCED3, and NCEDS5), perception
(PYL1, PYL4, PYL5, PYL6, and PYL7), and signaling (MYB2)
were also upregulated, while genes encoding for the ABA-de-
grading enzymes (CYP707A1, CYP707A2, and CYP707A3)
were suppressed (Figure S3C), suggesting the involvement of
SA and ABA signaling in NJO1-induced disease resistance.
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EDS1 and PAD4 are required for NJO1-induced disease
resistance

EDST1 is a key component of plant immune responses; therefore,
we further validated its enhanced expression at the RNA and
protein levels upon NJO1 root inoculation. As shown in
Figures 2A and 2B, the transcript and protein levels of EDS1
were significantly increased after NJO1 root inoculation, consis-
tent with its possible role in NJO1-induced disease resistance.
Notably, an Arabidopsis eds1 loss-of-function mutant (eds7-
12) did not exhibit NJO1-mediated Pst resistance or stomatal
closure (Figures 2C-2F). Additionally, the rice OsSEDS1 knockout
mutant (Oseds7), generated in the Zhonghua 11 (ZH11) back-
ground, also lacked NJO1-induced Xoc resistance (Figures 2G
and 2H) and failed to induce OsPR1a, OsPR5, or OsPR10
expression (Figure 2I). Taken together, these findings confirm
that EDS1 is required for NJO1-induced disease resistance in
Arabidopsis and rice plants.

EDS1 functions in plant immunity by forming complexes with
PAD4 and SAG101." Transcriptome analysis showed that
PAD4 and SAG101 were also induced upon NJO1 treatment (Fig-
ure 2). We therefore also tested whether PAD4 and SAG101 are
also required for NJO1-induced disease resistance in Arabidop-
sis. Similar to the eds7 the NJO1-induced disease resistance was
also abolished in pad4, pad4 sag101, and eds1 pad4 sag101 but
not in sag701 mutants (Figures 3A and 3B), suggesting that both
EDS1 and PAD4, but not SAG101, are necessary for NJO1-
induced disease resistance. The LLIF motif within an exposed
EDS1 hydrophobic helix is necessary for EDS1-PAD4 hetero-
dimer formation and EDS1-mediated ETI and PTI in Arabidop-
sis.'>?* Therefore, we further tested whether EDS1 heterodimer
formation is required for its function in NJO1-induced disease
resistance by using the EDS1"F complementation lines. Bacte-
rial growth assays indicated that the genomic DNA of EDS1
(gEDS1-YFP) could complement EDS7-mediated Pst resistance
upon NJO1 root inoculation, whereas EDS1-“F-YFP failed to
exhibit this protective response (Figures 3C and 3D). Similarly,
NJO1-mediated stomatal closure, which was abolished in the
eds1 mutant, was complemented by gEDS1-YFP but not by
gEDS1"YF_YFP (Figures 3E and 3F). These data suggest that
the EDS1-PAD4 complex contributes to the induction of NJO1-
induced disease resistance in Arabidopsis.
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WRKY18/40/60 is required for NJO1-induced disease
resistance
WRKY18, WRKY40, and WRKY60 were reported to function
redundantly in SA-mediated immunity against bacterial pathogens
in Arabidopsis.?? A recent study indicated that WRKY18 is required
for flg22-induced defense gene expression and ETI suppression
independently of WRKY40 and WRKY60.?° Therefore, the
wrky18 and wrky18/40/60 triple mutants were used to dissect roles
of these WRKY TFs in NJO1-induced disease resistance. Notably,
NJO1-mediated Pst resistance and stomatal closure were signifi-
cantly reduced in both the wrky18 and wrky18/40/60 mutants
compared with Col-0 (Figures 4A-4D). Interestingly, the wrky18
single mutant alone had a significant effect on NJO1-induced dis-
ease resistance (Figures 4A-4D), suggesting that WRKY18 can op-
erate independently of and potentially coordinates with WRKY40
and WRKY®60 in NJO1-induced disease resistance in Arabidopsis.
Since EDS1 and WRKY18/40/60 exhibited positive roles in
NJO1-induced disease resistance, we investigated the EDS1-
regulated genes are also targeted by WRKY18 and WRKY40.
We re-analyzed previously published transcriptome data that re-
ported DEGs in Col-0 and eds? at 0, 8, and 24 h post Pst AvrRps4
infection, which triggers a PTI+ETI response (Table S3),°°
and compared them with the chromatin immunoprecipitation
sequencing (ChlIP-seq) results of WRKY18 and WKRY40 under
the flg22-induced PTI response (Table S4).” Although these tran-
scriptome and ChIP-seq analyses were not performed under the
same condition, this comparison may illustrate the possible rela-
tionship between EDS1- and WRKY18-regulated genes upon im-
mune activation. Interestingly, 27 of 64 (42.2%), 2,568 of 5,829
(44.1%), and 2,951 of 7,373 (40.0%) EDS1-regulated genes
were directly targeted by WRKY18 at 0, 8, and 24 hpi, respectively
(Figure 4E). Moreover, 14.1%, 16.9%, and 16.4% of EDS1-regu-
lated genes were directly regulated by WRKY40 (Figure 4F), and
most of these were also targeted by WRKY18 (Figure 4F). These
data suggest that WRKY18 plays a major role in EDS1-mediated
transcriptional reprogramming upon pathogen infection.

EDS1 interacts with WRKY18 and affects its DNA
binding activity

To investigate the relationship among EDS1, PAD4, SAG101,
and WRKY18, yeast two-hybrid (Y2H) assays were performed.

Figure 2. EDS1 is required for NJO1-mediated immunity

(A) EDS1 expression in Col-0 plants with NJO1 root inoculation. Four-week-old Arabidopsis plants were root inoculated with HoO (mock) or NJO1 (ODggg = 0.5).
Expression of EDS1 was detected by RT-qPCR at 3 h post NJO1 root inoculation. Bars represent mean and standard error of the log, expression levels relative to
ACTIN2, calculated from three independent experiments, each with three biological replicates.

(B) EDS1 protein level changes after NJO1 infection in Col-0 plants, detected at 3 h post NJO1 treatment. Three independent experiments were performed with
similar results.

(C and D) Disease symptoms (C) and bacterial titers (D) in Col-0 and eds?. Four-week-old Arabidopsis Col-0 and eds? plants were root inoculated with H,O or
NJO1 (ODggo = 0.5) and spray-inoculated with Pst (ODggo = 0.2). Disease symptoms (C) were photographed at 5 dpi, and bacterial titers (D) were measured at 3 dpi.
(E and F) Stomatal morphology (E) and stomatal aperture (F) in leaves of Col-0 and eds7 root inoculated with NJO1 (ODgqo = 0.5) and/or spray-inoculated with Pst
(ODegoo = 0.1). Stomatal images were taken at 3 h post inoculation (hpi). The results are shown as mean + SEM (n = 60 stomata). Scale bars, 5 um.

(G and H) Disease symptoms (G) and bacterial titers (H) of wild-type rice infected with Xoc. Ten-day-old seedlings were root inoculated with H,O and NJO1
(ODeoo = 0.5) and spray inoculated with Xoc (ODggo = 0.5). Disease symptoms were photographed, and bacterial titers were measured at 7 dpi.

(I) Expression of OsPR1, OsPR5, and OsPR10a in wild-type (ZH11) and Oseds1 plants was detected by RT-gPCR at 48 hpi. Ten-day-old seedlings were root
inoculated with H,O (mock) and NJO1 (ODggo = 0.5). Bars represent mean and standard error of the log, expression levels relative to OsUbi, calculated from three
independent experiments, each with three biological replicates. Different letters indicate significant differences at p < 0.05, as determined by one-way ANOVA
with Tukey’s multiple-comparisons test. Uppercase letters indicate comparisons between genotypes for disease resistance. The experiment was performed
three times with similar results.
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Figure 3. PAD4, but not SAG101, is required for NJO1-mediated immunity

(A and B) Disease symptoms (A) and bacterial titers (B) in Col-0, eds7, pad4, sag101, pad4 sag101, and eds1 pad4 sag101.

(C and D) Disease symptoms (C) and bacterial titers (D) in Col-0, eds?, Pepg1::gEDST-YFP eds1, and Peps1::gEDS1-HF-YFP eds1. Four-week-old Arabidopsis
plants were root inoculated with H,O or NJO1 (ODggo = 0.5) and spray inoculated with Pst (ODggo = 0.2).

(A-D) Disease symptoms (A and C) were photographed at 5 dpi, and bacterial titers (B and D) were measured at 3 dpi.

(E and F) Stomatal morphology (E) and stomatal aperture (F) in leaves of Col-0, eds?, Pgpg1::gEDS1-YFP eds1, and Pgpg1::gEDS1-HF-YFP eds1. Four-week-old
plants were root inoculated with NJO1 (ODggo = 0.5) and/or spray-inoculated with Pst (ODgqgo = 0.1). Stomatal images were taken at 3 hpi. The results are shown as
mean + SEM (n = 60 stomata). Different letters indicate significant differences at p < 0.05, as determined by one-way ANOVA with Tukey’s multiple-comparisons
test. Uppercase letters indicate comparisons between genotypes for disease resistance. The experiment was performed three times with similar results. Scale
bars, 5 um.
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The Y2H results indicated a direct interaction of EDS1 with
WRKY18, while PAD4 and SAG101 did not show such interac-
tion (Figure 5A). Subsequent bimolecular fluorescence comple-
mentation (BiFC) analysis, however, indicated that both EDS1
and PAD4 interact with WRKY18 in the nucleus (Figure 5B). A
co-immunoprecipitation (colP) analysis was further performed
by using Pyrky1s::WRKY18-HA wrky18 plants. As shown in Fig-
ure 5C, EDS1 and PAD4, but not SAG101, could be co-precipi-
tated by WRKY18 in plants, suggesting that EDS1-PAD4 may
form a complex with WRKY18 through the direct interaction be-
tween EDS1-PAD4 and EDS1-WRKY18. These results are
consistent with the genetic evidence showing that EDST,
PAD4, and WRKY18, but not SAG101, are required for NJO1-
induced disease resistance.

The EDS1-PAD4 heterodimer inhibited the DNA binding activ-
ity of MYC2 in plants,®® suggesting that the EDS1-PAD4 complex
may regulate the biochemical functions of certain TFs. We there-
fore analyzed whether the interaction of EDS1 with WRKY18 af-
fects WRKY18 DNA binding activity. Microscale thermophoresis
(MST) analysis showed that WRKY18 directly binds to the W box
sequence of NCED5 (K4 = 86.26 uM) (Figure 5D) but not the
mutated W box (Figure S5A). In the presence of EDS1, the
DNA binding activity of WRKY18 was increased to Ky =
17.93 uM (Figure 5D). These findings were further validated by
an electrophoretic mobility shift assay (EMSA). Recombinant
WRKY18 bound to the NCED5 promoter containing a W box
(Figures 5E; Figure S5B). This binding was significantly
enhanced by EDS1-glutathione S-transferase (GST) recombi-
nant protein compared with GST alone (Figure 5E). These results
suggest that EDS1 enhances the DNA binding affinity of
WRKY18.

EDS1-WRKY18 directly regulates NJO1-mediated SA
and ABA biosynthesis

SA signaling plays a major role in plant immunity. A previous
ChIP-seq analysis showed that WRKY18 directly targets the
W box in the isochorismate synthase 1 (/ICS7) promoter
region upon flg22 treatment of Arabidopsis,”’ suggesting that
WRKY18 may regulate SA biosynthesis through ICS71. We
observed that NJO1 induces the expression of ICS7, which is
partially reduced in eds? and wrky18/40/60 mutants (Figure 6A).
gEDS1-YFP but not gEDS1-F-YPF partially rescued the NJO1-
triggered ICS1 expression (Figure 6A). Moreover, a direct bind-
ing of WRKY18 to the promoter region of ICS7 was observed
(Figure 6B). Accordingly, the NJO1-triggered SA accumulation
was reduced in eds? and wrky18/40/60 (Figure 6C), while the
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NJO1-induced Pst resistance and stomatal closure were partially
abolished in an ics1 (sid2) mutant (Figures 6D-6G).

Promoter analysis indicated that a W box is present at —2,621-
bp and —1,706-bp positions in the promoter regions of NCED3
and NCEDS, respectively which suggested that NCED3/5 may
be direct targets of WRKY18/40/60 and function downstream
of EDS1. Indeed, NJO1-induced expression of NCED3 and
NCED5 was significantly reduced in eds? and wrky18/40/60
compared with that of Col-0 (Figures 7A and 7B). The reduced
expression of NCED3 and NCEDS5 in eds1 was fully comple-
mented by gEDS1-YFP and partially by geDS1--F-YFP, sug-
gesting that the LLIF domain, and thus EDS1 association with
PAD4, contributes to EDS1-mediated NCED3/5 expression
(Figures 7A and 7B). Our results further showed that WRKY18
directly binds to the promoter region of NCED3 and NCED5
(Figures 7C and 7D). Additionally, the eds? and wrky18/40/60
mutants displayed reduced ABA content after mock treatment,
and NJO1 treatment failed to compensate the reduced basal
ABA level in these mutants (Figure 7E). Upon NJO1 inoculation,
ABA accumulation was even lower in eds? and wrky18/40/60
compared with Col-0 (Figure 7E). The NJO1-induced Pst resis-
tance and stomatal closure were also partially compromised in
an nced3/5 double mutant (Figures 7F-71). Taken together, our
data show that an EDS1-WRKY18 module contributes to both
SA- and ABA-mediated immunity during NJO1-induced disease
resistance.

DISCUSSION

Root-associated microbes exhibit protective effects on plants
against a broad range of pathogens.'™ However, knowledge
of the regulatory networks associated with beneficial microbe-
induced disease resistance is fragmentary. In the present study,
we demonstrate that EDS1 is an important component of the Ba-
cillus-induced disease resistance in both rice and Arabidopsis.
Further genetic and biochemical evidence in Arabidopsis illus-
trates that WRKY18 functions downstream of EDS1-PAD4 di-
mers and contributes to the induction of SA- and ABA-mediated
immunity in NJO1-induced disease resistance (Figure S6).
Previous reports have shown that EDS1 physically interacts
with PAD4 or SAG101 and is required for PTI, ETI, and systemic
acquired resistance (SAR) in plants.?**' EDS1 participates in
SA-dependent as well as SA-independent pathways in defense
gene expression and pathogen resistance.?®*'*> However, the
molecular mechanism underlying EDS1-mediated downstream
transcriptional reprogramming remained unclear. WRKY TFs
are required for large-scale transcriptional reprogramming in

Figure 4. WRKY18/40/60 is required for NJO1-mediated plant immunity

(A and B) Disease symptoms (A) and bacterial titers (B) of Col-0, wrky18, and wrky18/40/60 plants root inoculated with H,O or NJO1 (ODggo = 0.5) and spray
inoculated with Pst (ODgoo = 0.2). Disease symptoms were photographed at 5 dpi, and bacterial titers were measured at 3 dpi.

(C and D) Stomatal morphology (C) and stomatal aperture (D) in leaves of Col-0, wrky 18, and wrky18/40/60 plants root inoculated with NJO1 (ODggo = 0.5) and/or
spray-inoculated with Pst (ODggp = 0.1). Stomatal images were taken at 3 hpi. The results are shown as mean + SEM (n = 60 stomata). Different letters indicate
significant differences at p < 0.05, as determined by one-way ANOVA with Tukey’s multiple-comparisons test. Uppercase letters indicate comparisons between
genotypes for disease resistance. The experiment was performed three times with similar results. Scale bars, 5 um.

(E and F) Bioinformatics analysis of gene regulation of EDS1 with WRKY18 (E) and WRKY40 (F). DEGs in Col-0 and eds? at 0, 8, and 24 h post Pst AvrRps4
infection from a previous publication (Bhandari et al.,”® yellow) were compared with the ChIP-seq results of WRKY18 and WRKY40 upon flg22 treatment (Bir-
kenbihl et al.,?” blue). Co-regulated gene numbers are indicated. The percentage indicates the ratio of DEGs in eds? directly regulated by WRKY TFs.

8 Cell Reports 43, 113985, April 23, 2024



Cell Reports ¢? CellPress

OPEN ACCESS

A -Leu-Trp -Leu-Trp-His EDS1-cYFP/  PAD4-cYFP/ SAG101-cYFP/ EDS1-cYFP/ PAD4-cYFP/ SAG101-cYFP/  cYFP/
1 107 102 1 10" 102 WRKY 18-nYFP WRKY18-nYFP WRKY18-nYFP nYFP nYFP nYFP WRKY18-nYFP
( |: E & +T7-53/T7-T
0 00 | [oun—"
C Input anti-HA IP D 15 S—— Probe ..AGCGGAATTGACTTCCTACC...
+
s N L1 0] Kd=86.26+12.91uM Vifzbox
R A 5 1.0
Qg:\ X Qg:k X 3 WRKY18 - + + -
WE @ 05 | EDS1 - -+ o+
anti-EDS1|-—‘ |— r70 2 00 GST - + - -
70 2 Probe  + + + o+
anti-PAD4|—-‘ ’ -
50 -0.5 - T : T
70 -8 -7 -6 -5 -4 -3
anti-SAG101 - - Ligand Concentration [M]
22 1.5 H - bound
- - — EDS1-GST+WRKY18
anti-HA = 40 ] Kd=17.93¢9.34uM
- - E r-n ~
— o
- - 8 05 . - free
CBB ) ¢ d <
§ 00
w

-8 -7 -6 -5 -4 -3
Ligand Concentration [M]

Figure 5. EDS1 interacts with WRKY18 and affects its DNA-binding activity

(A) Y2H assay of interaction between EDS1, PAD4, SAG101, and WRKY18. BD-WRKY18 plasmids were co-transformed with AD-EDS1, AD-PAD4, or AD-
SAG101 into yeast cells and screened on synthetic dextrose medium lacking leucine and tryptophan (—Leu—Trp) or lacking leucine, tryptophan, and histidine
(—Leu—Trp—His). pGADT7-T + pGBKT7-53 was used as a positive control. pGADT7 + pGBKT7-lam was used as a negative control.

(B) BiIFC assay of EDS1, PAD4, SAG101, and WRKY18. EDS1, PAD4, or SAG101 was fused to the C-terminal portion of YFP, and WRKY18 was fused to the
N-terminal portion of YFP, and they were co-expressed in N. benthamiana leaves. Images were obtained using a confocal laser-scanning microscope at 3 dpi.
Scale bars, 10 pm.

(C) ColP of WRKY18 with EDS1, PAD4, and SAG101 in Arabidopsis. Plants expressing Pwrky1s:WRKY18-HA were immunoprecipitated with an anti-hemag-
glutinin (HA) monoclonal antibody. Accumulation of EDS1, PAD4, and SAG101 was detected using anti-EDS1, anti-PAD4, and anti-SAG101 antibodies,
respectively. Plants expressing Psss:YFP-HA were used as a negative control. Equal sample loading on the blot was estimated with Ponceau S staining.

(D and E) EDS1 enhances WRKY18 transcriptional activity to bind to the W box (5'-CATTCGTAGCGGAATTGACTTCCTACCGATCTT-3') in microscale ther-
mophoresis (MST) assays (D) and (5'-AGCGGAATTGACTTCCTACCGATCTT-3') in the EMSA (E). The dissociation curve was fit to the data to calculate the K4
values.

plants during pathogen infection.®® Here, we provide evidence
for a link between immune core regulator EDS1 and defense-
related TF WRKY 18 during the mobilization of NJO1-induced dis-
ease resistance. Our data show that EDS1 and PAD4 form a
complex with WRKY18 and affect its function in immune activa-
tion (Figure 4). The EDS1-PAD4-ADR1 node has been shown
to be required for receptor-like protein 23 (RLP23)-mediated
ethylene production, reactive oxygen species (ROS) burst, cal-
lose deposition, and Pst resistance.'® Furthermore, protein
pool of the EDS1-PAD4-ADR1 node has been shown to be
spatially close to the plasma membrane-localized RLP23-
SOBIR1 complex.'? Here, we show that both EDS7 and PAD4

are required for the NJO1-induced disease resistance, while
SAG101, which is required for EDS1-mediated ETI activation,
is not associated with the NJO1-induced disease resistance.
Although WRKY18 did not show direct interaction in Y2H anal-
ysis with PAD4, it is possible that the EDS1-PAD4 complex,
but not PAD4 alone, interacts with and influences WRKY18 func-
tions in the nucleus for defense transcription reprogramming in
Arabidopsis.

A previous report has shown an antagonistic effect of ABA
and SA on bacterial resistance in Arabidopsis.'® However, those
results were observed after inoculation of Pst by infiltration,
which bypasses engagement of stomatal immunity. Our
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Figure 6. ICS1 is directly regulated by EDS1-WRKY18 and required for full NJO1-mediated plant immunity
(A) Expression of ICS1 in leaves of Col-0, eds?, gEDS1-YFP eds1, geDS1--F-YFP eds1, and wrky18/40/60 plants at 3 hpi post root-irrigation of H,O (mock) or
NJO1 (ODggo = 0.5). Bars represent mean and standard error of the log, expression levels relative to ACTIN2, calculated from three independent experiments
each, with three biological replicates.
(B) ChIP-gPCR analysis of binding of WRKY18-HA to the W box motif of the SA biosynthesis gene ICS7. Two-week-old Pyyry1s::WRKY18-HA wrky18 seedlings
were pretreated with H,O (mock) or NJO1 for 3 h.
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results showed that both SA and ABA are required for the NJO1-
mediated immunity. This is consistent with a previous report
showing that the SA signaling component NPR1 functions up-
stream of ABA signaling and is required for the PAMP-triggered
stomatal closure.'” More recently, it has been shown that the
EDS1-PAD4 complex is required for flg22-triggered stomatal im-
munity by inducing SA and ABA biosynthesis via operating of
NbWRKY40e.** Therefore, it is likely that SA and ABA exhibit
antagonistic effects on the apoplast or mesophyll cells in path-
ogen resistance and synergistic effects on regulating stomatal
closure.

WRKY18, WRKY40, and WRKY®60 are functionally redundant
and contribute negatively to basal immunity in Arabidopsis.**
However, WRKY18 was also required for Pst resistance under
BTH- and PAMP-mediated priming conditions®>*° and posi-
tively contributed to SAR in Arabidopsis.*® Moreover, WRKY18
and WRKY60 are known to positively regulate the ABA and
abiotic stress responses in plants, while WRKY40 negatively reg-
ulates these responses negatively.”>***” Here, we report that
WRKY18, WRKY40, and WRKY60 have coordinated activities
for SA and ABA biosynthesis in Arabidopsis upon NJO1 treat-
ment, in line with NbWRKY40e being required for pathogen-
induced SA and ABA biosynthesis in Nicotiana benthamiana.®*
These results indicate that the regulatory roles of WRKY18,
WRKY40, and WRKY60 are more intricate and varied in plants
in response to different stresses.

Systemic resistance emerges as an important mechanism for
enhanced defense against a broad range of pathogens and in-
sect herbivores.® However, compared with ETl and basal immu-
nity, the molecular mechanism underlying systemic resistance is
still elusive and needs to be further dissected. Previous studies
have shown that the absence of NPR1, the main positive regu-
lator of SA-mediated immunity, leads to the loss of ISR in Arabi-
dopsis,? which points to the importance of SA in ISR in plants.
TFs such as WRKY8, WRKY33, WRKY11, WRKY70, MYC2,
and MYB72 have been reported to be required for systemic
resistance in Arabidopsis.”'***° Notably, most of these are
associated with the JA-mediated signaling pathway and iron ho-
meostasis, and only WRKY70 has been linked to SA-mediated
signaling pathways. Both SA and ABA were required for Bacil-
lus-induced stomatal closure and pathogen resistance in Arabi-
dopsis.”'° However, the underlying regulatory signaling network
is still unclear. Consistent with the previous findings, we discov-
ered that both SA and ABA are also required for NJO1-induced
disease resistance. Genetic and phytohormone profiling evi-
dence demonstrated that the EDS1-WRKY18 module promotes
increases in SA and ABA accumulation through direct activation
of their biosynthetic genes ICS7 and NCED3/5, respectively (Fig-

¢ CellP’ress

ures 6, 7, and S6). The fact that the NJO1-induced disease resis-
tance is totally abolished in eds7 but partially compromised in
the sid2 and nced3/5 mutants suggests that both SA and ABA
are downstream executors of EDS1 for coordinating NJO1-
induced disease resistance downstrwam of EDS1. Interestingly,
it was reported that both NPR1 and WRKY 18 are required for the
activation of SA-mediated SAR in Arabidopsis.*® Therefore, it is
more likely that NJO1 employs the SAR pathway to enhance
pathogen resistance. Taken together, our findings provide the
missing link of how SA and ABA are regulated and coordinated
in shaping the systemic resistance in plants.

Limitations of the study

In this study, we have uncovered a protective role of root-asso-
ciated beneficial microbe B. cereus NJO1 in plants against path-
ogen infection. However, it is essential to highlight certain limita-
tions in our analysis. First, a field test is lacking to understand
whether NJO1 activity is relevant in nature where it would likely
exist in a microbial community. Second, as sid2 and nced3
ncedb mutants partially reduce the NJO1-induced disease resis-
tance, experiments utilizing a triple mutant of sid2 nced3 nced5
might clarify whether SA and ABA are coordinated for NJO1-
induced disease resistance in Arabidopsis.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT
DETAILS
O Plant materials and growth conditions
e METHOD DETAILS
O Bacterial strains, infection and bacterial growth anal-
ysis
RNA extraction and gPCR analysis
Stomatal apartural analysis
Transcriptome and data analysis
RNA-seq and ChlIP-seq re-analysis processing
Protein extraction and immunoblot analysis
Bimolecular fluorescence complementation (BiFC)
assay
O Co-immunoprecipitation (Co-IP)

O OO0OO0OO0O0

(C) SA contents in Col-0, eds?, and wrky18/40/60 root inoculated with H,O and NJO1 (ODgqo = 0.5) at 3 hpi. Different letters indicate significant differences at
p < 0.05, as determined by one-way ANOVA with Tukey’s multiple-comparisons test. Bars represent the mean and standard error of four independent biological

replicates.

(D and E) Disease symptoms (D) and bacterial titers (E) in Col-0 and sid2. Four-week-old Arabidopsis Col-0 and sid2 plants were root inoculated with H,O or NJO1
(ODggo = 0.5) and spray inoculated with Pst (ODggo = 0.2). Disease symptoms (D) were photographed at 5 dpi, and bacterial titers (E) were measured at 3 dpi.
(F and G) Stomatal aperture in leaves of Col-0 and sid2 root inoculated with NJO1 (ODggo = 0.5) and/or spray inoculated with Pst (ODgoo = 0.1). Stomatal images
were taken at 3 hpi. The results are shown as mean + SEM (n = 60 stomata). Different letters indicate significant differences at p < 0.05, as determined by one-way
ANOVA with Tukey’s multiple-comparisons test. Uppercase letters indicate comparisons between genotypes. The experiment was performed three times with

similar results. Scale bars, 5 um.
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Figure 7. NCED3/NCEDS5 are directly regulated by EDS1-WRKY18 and are required for full NJO1-mediated immunity

(A and B) Expression of NCED3 and NCEDS5 in leaves of Col-0, eds1, gEDS1-YFP eds1, gEDS1--F-YFP eds1, and wrky18/40/60 plants at 3 hpi post root-irrigation
of HoO (mock) or NJO1 (ODgqo = 0.5). Bars represent mean and standard error of the log, expression levels relative to ACTIN2, calculated from three independent
experiments, each with three biological replicates.

(C and D) ChIP-gPCR analysis of binding of WRKY18-HA to the W-box motif from the ABA biosynthetic genes NCED3 and NCED5. Two-week-old
Pwrky1s::WRKY18-HA wrky18 seedlings were pretreated with H,O (mock) or NJO1 for 3 h.

(E) ABA contents in Col-0, eds 7, and wrky18/40/60 root inoculated with H,O and NJO1 (ODggo = 0.5) at 3 hpi. Bars represent the mean and standard error of four
independent biological replicates.

(F and G) Disease symptoms (F) were photographed and bacterial titers (G) of Col-0 and nced3 nced5 plants root inoculated with HoO or NJO1 (ODggo = 0.5) and
spray inoculated with Pst (ODggo = 0.2). Disease symptoms were photographed at 5 dpi, and bacterial titers were measured at 3 dpi.

(H and ) Stomatal aperture in leaves of Col-0 and nced3 nced5 plants root inoculated with NJO1 (ODggo = 0.5) and/or spray inoculated with Pst (ODggo = 0.1).
Stomatal images were taken at 3 hpi. The results are shown as mean + SEM (n = 60 stomata). Different letters indicate significant differences at p < 0.05, as
determined by one-way ANOVA with Tukey’s multiple-comparisons test. Uppercase letters indicate comparisons between genotypes. The experiment was
performed three times with similar results. Scale bars, 5 um.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EDS1 Rabbit Antibody AgriSera Cat# AS13 2751; RRID: AB_3076639
PAD4 Rabbit Antibody Phytoab Cat# PHY1539S; RRID: AB_3083005
SAG101 Rabbit Antibody Phytoab Cat# PHY1539S; RRID: AB_3083006
HA Mouse Antibody Sigma-Aldrich Cat# H9658; RRID: AB_260092

GST Mouse Antibody Sangon Biotech Cat# D190101; RRID: AB_2940945

His Rabbit Antibody
Goat anti Rabbit IgG
Goat anti Mouse IgG

Sangon Biotech
Sangon Biotech
Sangon Biotech

Cat# D191001; RRID: AB_2940946
Cat# D110058; RRID: AB_2940954
Cat# D110087; RRID:AB_2940948

Bacterial and virus strains

Escherichia coli strain DH5a
Agrobacterium tumefaciens strain GV3101
Pseudomonas syringae pv. tomato DC3000
Xanthomonas oryzae pv. oryzicola (Xoc)
Xanthomonas oryzae pv. oryzae (Xoo)
Bacillus cereus strain NJO1

Wang lab stock
Wang lab stock
Wang lab stock
Wang lab stock
Wang lab stock
Wang lab stock

N/A
N/A
N/A
N/A
N/A
N/A

Chemicals, peptides, and recombinant proteins

TRIzol

Bovine Serum Albumin (BSA)
Protease Inhibitor Cocktail
DTT

PMSF

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cat# 15596026
Cat# A8806
Cat# S8830
Cat# 3483-12-3
Cat# 329-98-6

Critical commercial assays

EMSA assay kit
RevertAid RT Reverse Transcription Kit

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 20148
Cat# K1691

AceQ Universal SYBR gPCR Master Mix Vazyme Cat# Q511-02
Deposited data

RNA sequencing data This paper PRJCA023793
RNA sequencing data Bhandari et al.?® GSE116269
CHIP sequencing data Birkenbihl et al.?” GSE85922
Experimental models: Organisms/strains

Arabidopsis thaliana: Col-0 Arabidopsis Biological Resource Center N/A
Arabidopsis thaliana: eds1 Lapin et al.*! N/A
Arabidopsis thaliana: pad4 Lapin et al.*! N/A
Arabidopsis thaliana: sag101 Lapin et al.*! N/A
Arabidopsis thaliana: pad4 sag101 Lapin et al.*’ N/A
Arabidopsis thaliana: eds1 pad4 sag101 Lapin et al.*! N/A
Arabidopsis thaliana:Peps;::gEDS1-YFP eds1 Wagner et al.** N/A
Arabidopsis thaliana: Wagner et al.”* N/A
Pepsi:gEDST-HF_YFP eds1

Arabidopsis thaliana: wrky18 Xu et al.*” N/A
Arabidopsis thaliana: wrky18/40/60 Xu et al.*? N/A
Arabidopsis thaliana: Pygky1s::WRKY18-HA wrky18 Birkenbihl et al.”” N/A
Arabidopsis thaliana: P3ss:YFP-HA Wang et al.?® N/A
Arabidopsis thaliana: ics1/sid2 Wildermuth et al.*? N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis thaliana: nced3/5 Liu et al.®’ N/A

Oryza sativa L. Zhonghuai1 China Rice Data Center N/A

Oryza sativa L. eds1 This paper N/A

Oligonucleotides

All primers are listed in Table S5 This paper N/A

Software and algorithms

GraphPad Prism version 9.0 GraphPad Software https://www.graphpad.com/
Imaged National Institutes of Health https://imagej.nih.gov/ij/
SPSS version 25.0 IBM https://www.ibm.com/analytics/

spss-statistics-software

Nikon NIS-Elements Viewer Nikon https://www.microscope.healthcare.
nikon.com/products/software/
nis-elements/viewer

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yiming
Wang (ymwang@njau.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
The transcriptome result has been uploaded to the National Center for Biotechnology Information (NCBI) and are publicly available as
of the date of publication. Accession numbers are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Plant materials and growth conditions
Arabidopsis thaliana accession Col-0 was used as the wild type. Mutants of eds7-2, pad4, sag101, pad4 sag101, and eds1 pad4
5ag101,*" Peps1::gEDS1-YFP eds1-2,%* Pepg:::EDS1*F-YFP eds1-2,2* wrky18, wrky18/40/60, ics1/sid2,** nced3 nced5,*” and
Puaky1s::WRKY18-HA wrky18>" were described previously. Arabidopsis was grown in a growth chamber at 22°C under a 8-h-
light period with 65% relative humidity. Four-week-old plants were used for bacterial infection and stomatal measurements.

Rice plants were grown in a growth chamber at 28°C under a 16-h-light period with 65% relative humidity. Oseds? mutant was
generated in Oryza sativa pv. oryzae cv. Zhonghua 11 (ZH11) background (Figure S7).

METHOD DETAILS

Bacterial strains, infection and bacterial growth analysis

B. subtilis strain NJO1 was cultured at 28°C for 24 h on Luria-Bertani (LB) plate. A single colony from a freshly streaked plate was
picked and inoculated into LB broth and incubated at 28°C for 16 h. Bacterial cells were subsequently collected by centrifugation,
washed twice with sterile water, and re-suspended in sterile water to a final density of ~0.5 ODgqo. Root inoculation of NJO1 was done
by pipetting 10 mL of ~0.5 ODggg aqueous bacterial suspension to Arabidopsis and rice. Pseudomonas syringae pv. tomato DC3000
(Pst) was cultivated as described previously (Tsuda et al., 2013). Bacterial cells were washed with water, diluted to the appropriate
density in 10 mM MgCl,, and sprayed (ODgoo = 0.2) or infiltrated (ODggo = 0.001) into Arabidopsis leaves. Bacterial titer was measured
as described previously (Wang et al., 2018). Xanthomonas oryzae pv. oryzae (Xoo) inoculation was applied leaf clipping method.
Briefly, dip scissor tips into the Xoo suspension (ODggg = 0.5) and cut the leaf tip (approximately 2-3 cm) away from the leaf. Infection
phenotype was detected at 14 days post inoculation (dpi). Xanthomonas oryzae pv. oryzicola (Xoc) suspensions (ODgog = 0.5) were
sprayed on the leaves of two-week-old rice seedlings. Infection phenotype was detected at 5 days post inoculation (dpi).
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RNA extraction and qPCR analysis

Total RNA from Arabidopsis and rice leaves were extracted and gRT-PCR analysis were performed as described previously.
brief, RNA was extracted by TRIzol solution (Therom Fisher Scientific), and then treated with DNase, and 1 mg of total RNA was
reverse transcribed using SuperScript |l first-strand synthesis system (Therom Fisher Scientific) with an oligo(dT,g) primer. Real-
time DNA amplification was monitored using Bio-Rad iQ5 optical system software (Bio-Rad). Primers used for qRT-PCR was listed
in Table S5.

43 In

Stomatal apartural analysis

Leaves of four-week-old Arabidopsis plants were used for the stomatal measurement. The abaxial epidermis was obtained by
epidermal peeling. To maintain the accuracy of the experiments, the images of the stoma at indicated times were taken quickly using
a Nikon camera (Nikon C2+) with DAPI and light channels as described before.** The stomatal aperture was measured using ImageJ.

Transcriptome and data analysis

Soil-grown 4-week-old plants were root-inoculated either with 10 mL of ~0.5 ODggg aqueous bacterial suspension for 3 h or with
sterile water as negative control. Individual leaves from plants were harvested and total RNA was extracted by TRIzol solution
(Thermo Fisher Scientific) followed by DNase treatment. The RNA sequencing library of the two treatments was constructed and
the transcriptome sequencing was processed by Beijing Genomics Institute (BGl), China, using the HiSeqTM 2500 platform. The re-
sults have been uploaded to the National Genomics Data Center BioProject database (https://ngdc.cncb.ac.cn/) in FASTQ format
(BioProject accessions: PRJCA023793; BioSample accessions: SAMC3400684, SAMC3400685, SAMC3400686, SAMC3400687,
SAMC3400688, SAMC3400689). The clean reads were acquired by lllumina Pipeline Software, and the adaptors and low-quality
reads (Q < 20) were removed using Perl scripts. De novo assembly of the transcripts was performed by the Trinity method.*® For
assembled genes, the longest contigs were filtered, clustered into the non-redundant transcripts, and were defined as unigenes. Un-
igenes were then produced by mapping the data back to the contigs of the clean reads. Unigenes with significant expression were
searched against the non-redundant protein sequence database using the NCBI BlastX (E-value <1075). The blast result was map-
ped to UniProt, from which GO terms were extracted. Unigenes were further searched against several databases, such as the Swiss-
Prot, the KEGG pathway database, and the GO database to acquire their putative functions (Table S2).

RNA-seq and ChlIP-seq re-analysis processing

The RNA-seq data of Col-0 and eds? were retrieved from Bhandari et al.,”® while ChIP-seq data of WRKY18 and WRKY40 were
downloaded from Birkenbihl et al.?” Low-quality reads from RNA-seq and ChIP-seq were removed with TrimGalore (version
0.6.6). The clean reads were mapped to TAIR10 using Hisat2 (version 2.2.1) and Bowite2 (version 2.3.5.1), respectively and the
uniquely mapped reads were used for subsequent analysis. For RNA-seq, differentially expressed genes were evaluated using
the DESeq2 package in R with an adjusted p value <0.05. For ChlP-seq, PCR duplicates were filtered using SAMTools (version
1.14), and the unique reads of high quality were used to call peak with MACS2.

Protein extraction and immunoblot analysis

Four-week-old plants were used for protein extraction. Total protein was extracted from leaf tissue after grinding in liquid nitrogen
with protein extraction buffer (50 mM Tris-Cl pH 7.6, 5 mM EDTA, 5 mM EGTA, 2 mM DTT with protein phosphatase inhibitor and
protease inhibitor cocktail). Protein accumulation of EDS1 was detected by anti-EDS1 antibody (Agrisera, 1:10000). Signals were
detected using a SuperSignal West Femto Trial Kit (Thermo Flsher Scienctific). Ponceau S staining of the membrane served as a
loading control.

Bimolecular fluorescence complementation (BiFC) assay

For BiFC assay, the coding sequences of EDS1, PAD4, SAG101 and WRKY18 were cloned into pUb-nYFP and pUb-cYFP vector,
respectively. The constructions were transformed into Agrobacterium tumefaciens strain GV3101. The transformed
A. tumefaciens were infiltrated into Nicotiana benthamiana leaves at ODggg = 0.8. Images were taken under a confocal laser-scanning
microscope (Nikon C2+) at 48 hpi.

Co-immunoprecipitation (Co-IP)

Co-IP assay was performed in 35S:GFP-HA and 35S:WRKY18-HA plants. Two g leaf samples were ground in liquid nitrogen and
total proteins were extracted following the methods described above and then incubated with Pierce Anti-HA Magnetic Beads
(Thermo Flsher Scienctific) overnight. The beads were collected by Magnetic frame (Thermo FIsher Scienctific) and then washed
five times with cold 1xPBS (containing 0.01% Tween 20). Proteins were released from the beads by incubating at 100°C for 10 min
with 60 pL 1xPBS. Immune precipitates were separated by SDS-PAGE gels and detected by immunoblotting with with anti-EDS1
(Agrisera, 1:2000), anti-PAD4 (PhytoAB, 1:1000), anti-SAG101 (PhytoAB, 1:1000) and anti-HA (Sigma, 1:5000) antibodies,
respectively.
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Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed as described before.*® Briefly, Four-week-old plant was root-inoculated with NJO1, and leaf samples
were collected at 3 h post inoculation. Five g of seedling tissue was harvested and cross-linked with 1% (v/v) formaldehyde solution
in 1x PBS under a vacuum for 12 min. Remove formaldehyde and add 10 mL 0.125 M glycine solution (quenches the cross-linker)
under a vacuum for 3 min and ground in liquid nitrogen. Subsequently, the chromatin isolation were sonicated, and immunoprecip-
itated with monoclonal anti-HA antibodies (Sigma). The ChIP DNA and input DNA were purified using a PCR purification kit (Qiagen)
for gRT-PCR analysis. Primers used for gPCR were listed in Table S5.

Yeast-two-hybride assay

The coding sequences of full length WRKY18 was cloned into the pGBKT7 vector (Clontech) to fuse with the GAL4 DNA binding
domain (BD). The EDS1, PAD4 and SAG101 coding sequences were cloned into pGADT7 vector individually to fuse with the
GAL4 activation domain (AD). The yeast strain Y2H gold (Clontech) was transformed with different combinations of the bait and
prey constructs. The yeast transformants were selected on the synthetic defined (SD) yeast leucin and tryptophan dropout medium
(SD/-L-T) for 3 days at 30°C. Weak and strong interactions were determined through plating the yeast transformants selected from
SD/-L-T medium onto the leucine, tryptophan and histidine dropout medium (SD/-L-T-H), and allowed by 3-4 days growth at 30°C.

Microscale thermophoresis (MST) analysis

MST assays were performed using Monolith NT.115 (NanoTemper Technologies, Germany) as described previously.*” Briefly, target
DNA was fluorescently labeled with Cy3 (NanoTemper Technologies) via amine conjugation. For detecting the binding affinity, 10 uM
of fluorescently labeled protein in label buffer (130 mM NaHCO3;, 50 mM NaCl) was titrated against increasing concentrations of un-
labeled ligand. The samples were loaded into MST premium-coated capillaries (Monolith NT.115 MO-K005, Germany) and measured
at 25°C with 80% MST power and 20% LED power. Data were analyzed using Nano Temper Analysis Software (NanoTemper Tech-
nologies, Germany).

Electrophoresis mobility shift assay (EMSA)

EMSA was performed as described before.*® Briefly, 1ng WRKY18-His protein and 1ug EDS1-GST or GST protein were incubated
with 1 pmol biotin-labeled probe DNA and 1 pg Poly (dl-dC) (Thermo Fisher) in binding buffer (50 mM Tris HCl at pH 7.5, 2 mM MgCl,,
50 mM NaCl, 10 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 0.01% NP-40). After 20 min incubation at room temperature, the
mixtures were loaded onto a 6% native acrylamide gel in 0.5 X TBE buffer and electrophoresed at 4°C. After electrophoresis, crosslink
the samples by irradiating the membrane 120 mJ/cm? using a commercial UV-light crosslinking instrument equipped with 254 nm
bulbs. And then detect Biotin-labeled DNA by Chemiluminescence.

Determination of phytohormone levels

Quantifications of SA and ABA levels in the leaves of four-week-old plants were carried out through liquid chromatography-tandem
mass spectrometry by the Guo Cang Jian service center (Targetcrop). In brief, the fresh plant materials were freeze-dried in liquid
nitrogen and stored at —80°C until use. The dried plant materials were powdered in a mill. For the quantification of SA and ABA levels,
100 mg of dried leaf powders was homogenized in 1.5 mL mixed methanol:H,O (80:20, v/v) solution. The resulting extract was vor-
texed and ultrasound for 30 min, and then placed under 4°C for 12 h. Supernatants were collected from different samples after centri-
fugation, and the residues were re-extracted in 1 mL methanol through ultrasound for 30 min followed by precipitation via centrifu-
gation. The resulting supernatants were mixed, dried through evaporation under nitrogen gas stream, and reconstituted in methanol.
The solution was then filtered through a 0.22-um filter. The samples were analyzed using a Triple Quadrupole 4500 LC/MS/MS Sys-
tem (AB Sciex) equipped with an ESI ion source and a Hypersil Gold C18 column (3 um, 2.1 mm X 100 mm).

Accession numbers
EDS1, AT3G48090; PAD4, AT3G52430; SAG101, AT5G14930; WRKY18, AT4G31800; WRKY40, AT1G80840; WRKY60,
AT2G25000; ICS1, AT1G74710; NCED3, AT3G14440; NCED5, AT1G30100; OseDS1, LOC_0s09g22450.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with Graphpad Prism 9.0 software (https://www.graphpad.com/). For stomatal apartural anal-
ysis, the results are shown as means + SEMs (n = 60 stomata). Different letters indicate significant differences at p < 0.01, as deter-
mined by one-way ANOVA with Tukey’s multiple comparisons test. For other data, the results are presented as mean + SD, and ‘n’
represents number of samples from at least 3 replicates. One-way ANOVA with Tukey’s test was used for multiple comparisons. Two
tailed Student’s t test was used to compare means for two groups. Differences were considered statistically significant when
p < 0.05. Details about the statistical analyses are described in the figure legends.
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