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SUMMARY

The root endophytic fungus Serendipita indica establishes beneficial symbioses with a broad spectrum of
plants and enhances host resilience against biotic and abiotic stresses. However, little is known about the
mechanisms underlying S. indica-mediated plant protection. Here, we report S. indica effector (SIE) 141
and its host target CDSP32, a conserved thioredoxin-like protein, and underlying mechanisms for enhancing
pathogen resistance and abiotic salt tolerance in Arabidopsis thaliana. SIE141 binding interfered with canon-
ical targeting of CDSP32 to chloroplasts, leading to its re-location into the plant nucleus. This nuclear
translocation is essential for both their interaction and resistance function. Furthermore, SIE141 enhanced
oxidoreductase activity of CDSP32, leading to CDSP32-mediated monomerization and activation of NON-
EXPRESSOR OF PATHOGENESIS-RELATED 1 (NPR1), a key regulator of systemic resistance. Our findings
provide functional insights on how S. indica transfers well-known beneficial effects to host plants and indi-

cate CDSP32 as a genetic resource to improve plant resilience to abiotic and biotic stresses.

INTRODUCTION

Beneficial microorganisms are frequently utilized by organic
farming systems as bio-fertilizers or bio-fungicides to replace
chemical pesticides and fertilizers in conventional farming
systems." Serendipita indica is a beneficial root endophyte
that belongs to the order Sebacinales (Basidiomycota) and
was initially isolated from the Indian Thar desert.> Similar
to other filamentous fungi, S. indica releases numerous small
secreted proteins (SSPs, <300 amino acids [aa)), called effec-
tors, that specifically interact with and modify plant proteins
during host colonization.>® Putative S. indica effectors (SIEs)
show some host-specific expression profiles, suggesting
that S. indica may use distinct effectors for host-specific colo-
nization.” Recently, a systematic analysis of 106 SIEs revealed
their targets in Arabidopsis thaliana (A. thaliana) and identified
SIEs in changing plant hormone pathways regulating benefi-
cial plant effects.®

Enhanced resilience against biotic and abiotic stresses is
among the various benefits S. indica transfers to host
plants.®°~"" In addition to local root resistance, S. indica induces
systemic resistance in leaves and protects plants against various
families of phytopathogens.'®'? Among these, Phytophthora
species are especially devastating oomycete pathogens'®'*
that include P. infestans, as the causal agent of the Irish potato

famine, the soybean root rot pathogen P. sojae, and the species
complex P. parasitica with an extremely broad host range."® The
bioprotective potential of S. indica encouraged investigation of
the role of SIEs in triggering resistance to Phytophthora
pathogens.

Systemic resistance defines a process in which local microbe
attacks result in systemic protection of the whole plant.'® It in-
volves the accumulation of salicylic acid (SA) to launch the
monomerization of NON-EXPRESSOR OF PATHOGENESIS-
RELATED 1 (NPR1) as a prerequisite for the activation of defense
responses, including the induction of Pathogenesis-related (PR)
genes. A recent study on the crystal structure of NPR1 reveals
that it is a bird-shaped homodimer.'” The unique zinc-finger
motif in the BTB domain of NPR1 mediates its oligomerization.'”
Additionally, NPR1 interacts with multiple transcription factors
(TFs) as a transcriptional cofactor.'®

Inactive NPR1 forms oligomers based on disulfide bridges.
Some thioredoxins participate in the NPR1 monomerization. At
least 17 types of thioredoxins and thioredoxin-like proteins
were identified in A. thaliana.'® These proteins have oxidoreduc-
tase activity and are involved in the regulation of cell redox
states.” Two cysteinyl residues in the conserved catalytic site
WCI[G/P]PC at the C terminus function in the reduction of disul-
fide bonds.?® The thioredoxin-like protein CDSP32 was recently
identified as a positive regulator of plant non-host resistance and
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Figure 1. SIE141 is nuclear localized and triggers plant resistance to Phytophthora parasitica and salt stress
(A-D) Expression of SIE141, but not SIE141CNES (with nuclear exclusion signal at C terminus), enhanced A. thaliana root immunity to P. parasitica (A). RT-qPCR
assay to quantify relative SIE141 transcript levels (n = 3) (Student’s t test) (B). Infected roots expressing SIE141 showed an increased survival rate (n > 10, one-way

(legend continued on next page)
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thermotolerance.”’ In terms of systemic acquired resistance
(SAR), h-type thioredoxins TRXh3 (ATH3) and TRXh5 (ATH5)
interact with and monomerize NPR1.'®

In this study, we report on the immune function of SIE141 that
we previously found to affect SA signaling in Arabidopsis thali-
ana.® We show that SIE141 specifically targeted CDSP32 and
promoted its oxidoreductase activity. SIE141-binding interfered
with the chloroplast-transit peptide (CTP) function of CDSP32
and rendered it relocated to the nucleus. We observed an accu-
mulation of chloroplasts around nuclei in SIE141-expressing
cells. Furthermore, nuclear-localized CDSP32 led to enhanced
disease resistance and salt tolerance, comparable to the levels
observed in SIE141-overexpression (OE) gain-of-function trans-
formants. The nuclear translocation was essential for both their
interaction and plant resilience function. SIE141-triggered resis-
tance activation was CDSP32-dependent and accompanied by
SA accumulation in the roots. Meanwhile, SIE141-binding
enhanced CDSP32 oxidoreductase activity and enabled
CDSP32-mediated monomerization and activation of NPR1,
which subsequently contributes to systemic resistance. These
results suggest a mechanistic model in which the beneficial
endophytic fungus S. indica triggered plant resilience to both bi-
otic and abiotic stresses that critically depends on re-localization
of CDSP32 into plant nuclei.

RESULTS

SIE SIE141 endows plants with P. parasitica resistance
and salt tolerance

Our systematic analysis of 106 SIEs identified SIE141
(PIIN_10643) as an effector that changes SA signaling.® SIE141
is a secreted protein with 198 aa and contains a predicted 18
aa signal peptide at the N terminus, a nuclear-localization signal
at residues 74-85 (NLStradamus, posterior = 0.6), and repeated
domains at residues 110-130 and 178-198 (GenBank:
CAFZ01000892.1). The predicted secretion of the effector was
confirmed in a signal peptide assay®>*® (Figure S1A). GFP-fused
recombinant SIE141 protein was prepared and directly applied
to A. thaliana seedling roots or infiltrated into N. benthamiana
leaves to examine its cell entry. DAPI (4’,6-diamidino-2-phenylin-
dole) staining and confocal microscopy observation showed that
the intensity peaks of green fluorescence merged with DAPI sig-
nals overlapped in nuclei (Figures S1B and S1C), indicating cell
uptake of SIE141. Plasmolysis of leaf cells confirmed intercellular
localization of SIE141 and cell viability (Figure S1C).

¢ CellP’ress

The effect of SIE141 on SA suggested a function in plant im-
munity. We prepared two independent OE lines in A. thaliana
with substantial SIET141 transcript levels (Figures 1A and 1B).
All transformants showed normal growth phenotypes compared
with wild-type Col-0 (Figure S1D), except for reduced lateral root
density (Figure S1E). Infection assays with P. parasitica zoo-
spores showed that the survival rates of OESIE7141 seedlings
were significantly higher compared with Col-0 at 10 days post
inoculation (dpi) (Figures 1A and 1C). Consistently, less
P. parasitica biomass was detected in infected SIE141 trans-
formants (Figure 1D), indicating that SIET47 OE enhanced root
resistance to P. parasitica. Infection assays in detached leaves
demonstrated decreased disease severity in SIE141-transform-
ants compared with Col-0 at 48 h-post inoculation (hpi)
(Figures 1E and 1F), indicating that SIE141 also enhanced
P. parasitica resistance in A. thaliana leaves.

To test if the immune role of SIE141 is conserved across a
distant plant species, we transiently expressed SIE141-FLAG
and FLAG-GFP in N. benthamiana via agroinfiltration, followed
by inoculation with P. infestans and P. parasitica zoospores on
detached leaves. The results showed that SIE7471 expression
limited pathogen infection (Figures S1F and S1G). The expres-
sion and integrity of SIE141-FLAG and FGFP were confirmed
by western blot (Figure S1H). We further tested the immune func-
tion of SIE141 against the necrotrophic pathogens Rhizoctonia
solani and Botrytis cinerea that are sensitive to JA but not
SA-triggered immunity. No significant disease resistance was
observed in SIE141-transformants compared with Col-0 (Fig-
ure S1l), suggesting that SIE141-triggered immunity is not active
against necrotrophic pathogens.

Since S. indica enhances biotic and abiotic stress resilience in
different host plants, we tested SIE141 effects on salt tolerance.
SIE141-overexpressing transformants showed higher germina-
tion rates and fresh weights, larger leaf areas, and a higher chlo-
rophyll a/b ratio than Col-0 plants after salt treatment (Figures 1G
and S1J-S1L), demonstrating that SIE141-expression conferred
abiotic stress tolerance in addition to biotic stress resistance.

Nuclear localization of SIE141 is required for triggering
plant immunity to Phytophthora pathogens

To identify the subcellular localization of SIE141, we co-ex-
pressed SIE141-GFP with cytoplasmic marker AtUGPT-
mCherry>* and applied DAPI as nuclear dye in N. benthamiana
leaves. Confocal microscopy observation showed that SIE141-
GFP fluorescence signals overlapped with AtUGP1-mCherry

ANOVA, Brown-Forsythe and Welch test) (C) and decreased relative pathogen biomass (n = 3, one-way ANOVA, Fisher’s LSD test) (D). Arrows indicate surviving
seedlings. Lowercase letters indicate statistical significance between multiple groups by one-way ANOVA at p < 0.05.
(E) Expression of SIE141, but not SIE141CNES (nuclear-localization mutant), triggered A. thaliana leaf immunity to P. parasitica. Scale bars, 1 cm.

(F) Infected leaves expressing SIE141 showed decreased disease severity. Disease degrees: 0, no infection; 1, slight infection; 2, mild infection; 3, moderate
infection; and 4, severe infection (Mann-Whitney-Wilcoxon test). *“o < 0.01, ns, no significant differences.

(G) SIE141, but not SIE141CNES, positively regulates plant salt tolerance. Representative images of SIE7141-overexpression and SIE141CNES-overexpression
lines at 6 days (n > 8) post sown on normal growth medium with or without 150 mM NaCl. A. thaliana lines overexpressing SIE141 but not SIE141CNES remained
significant increase in salt tolerance, as indicated by germination rate. Fresh weight was measured at 10 days after germination under 150 mM NaCl treatment.
Statistical analysis was performed with one-way ANOVA (Brown-Forsythe and Welch test). Lowercase letters indicate statistical significance between multiple
groups at p < 0.05. Error bars give the standard error of mean in graphs (B), (C), (D), and (G).

(H-J) SIE141 localization in the nucleus and cytosol. DAPI staining of N. benthamiana leaves transiently expressed SIE141-GFP (H) and SIE141CNES-GFP (l). The
SIE141-GFP signal merged with that of cytoplasmic AtUGP1-mCherry (J). The gray value plots show the relative fluorescence along the line in the images. Scale
bars, 20 pm.

See also Figure S1.
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and DAPI signals, indicating nuclear and cytoplasmic accumula-
tion of SIE141 (Figures 1H, 1J, S1M, and S1P).

To examine whether nuclear localization is required for
SIE141-mediated plant immune activation, we created SIE141
mutants deficient in nuclear localization, according to NLStrad-
mus prediction, by truncating the nuclear-localization signal or
mutating its critical residues (SIE1412NS or SIE14157-69%) (Fig-
ure STN). However, neither of them rendered SIE141 absent
from the whole nucleus, and subsequently, we fused NES (nu-
clear-export signal) to the C terminus of SIE141 to form
SIE141CNES-GFP mutants (Figures S1N and S10), which
were no longer detectable in the nucleus of plant leaf and root
cells (Figures 11 and S1M). SIE141CNES-GFP A. thaliana trans-
formants were prepared and challenged with P. parasitica zoo-
spores. The growth, development, and susceptibility of
SIE141CNES-overexpressing plants were comparable to Col-0
(Figures 1A-1F and S1D). This was also observed in
N. benthamiana detached leaf assays (Figures S1F and S1G).
Similar results were observed in salt treatment assays,
SIE141CNES-OE transformants lost salt tolerance, as indicated
by phenotyping germination rates, fresh weights, and leaf areas
(Figures 1G, S1J, and S1K).

SIE141 targets CDSP32, a highly conserved thioredoxin-
like plant protein
To further analyze the mechanism by which SIE141 functions in
plant immunity, we employed a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) approach to identify target pro-
teins in host plants. The C-terminal GFP-tagged SIE141 (with 18
aa signal peptide and C-terminal repeat excluded) was transiently
expressed in N. benthamiana leaves followed by immunoprecip-
itation (IP). The immuno-purified proteins were then analyzed by
LC-MS/MS, which led to the identification of the 32 kDa thiore-
doxin-like protein NbCDSP32 (Niben101Scf00539_764277-
768892) (Table S1). Its interaction with SIE141 was confirmed
by split luciferase and yeast two-hybrid assays (Figures 2A and
2B). CDSP32 is highly conserved across different plant families
(Figure S2A; Table S2), and co-immunoprecipitation (colP) as-
says with NbCDSP32, AtCDSP32 (AT1G76080), and the Solanum
tuberosum ortholog StCDSP32 (NCBI: #JX576287) confirmed
that SIE141 interacted with all of them (Figure 2C). NbPsbr (Ni-
ben101Scf01116g01004.1), a photosystem Il 10 kDa polypep-
tide, was used as the negative control for the yeast two-hybrid
assay, while ATHM2 (AT4G03520), an m-type thioredoxin, was
used as the negative control for colP assay. Since the nuclear
localization of SIE141 is required for its immune function
(Figures 1A-1F and S1F-S1H), we further tested the interaction
of AtCDSP32, NbCDSP32, and StCDSP32 with SIE141 nuclear-
localization mutants (SIE141CNES-GFP) via colP assay. These
analyses revealed that SIE141CNES strongly reduced its interac-
tion with NbCDSP32 and StCDSP32 (Figure 2D). This failure in
interaction was not readily apparent in the case of AtCDSP32,
which could potentially be attributed to a higher abundance
of AtCDSP32 in the input fraction (Figure 2D). Unlike
SIE141CNES, neither SIE141576944 nor SIE1412N-S revealed
elimination in interactions with CDSP32s (Figure 2D).
Furthermore, we examined the expression profile of
AtCDSP32 in Col-0 and SIE7141-OE transformants during
P. parasitica infection. In Col-0 leaves, AtCDSP32 was generally
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not induced (Figure S2B), while in Col-0 roots, the expression
peaked at 3 hpi before returning to a basic level. In SIE1471-OE
lines, AtCDSP32 was upregulated at all time points in leaves,
while its expression especially increased at 24 hpi in roots
(Figure S2B).

Blast search against the TAIR database resulted in 42 thiore-
doxins that share high sequence similarities with AtCDSP32 pro-
tein sequence in A. thaliana. These thioredoxins could be classi-
fied into 8 types.'® Most of them neither showed obvious
transcriptional changes between SIE141-transformants and
Col-0 nor between 0 hpi or 12 hpi with P. parasitica (Figure S2C;
Table S3). Furthermore, a representative set of the thioredoxins
did not interact with SIE141 (Figure S2D), suggesting specific
SIE141 targeting of CDSP32.

SIE141-binding mediates nuclear localization of
CDSP32

To investigate the co-localization of SIE141 and CDSP32,
SIE141-GFP was co-expressed with AtCDSP32-mCherry or
NbCDSP32-mCherry, respectively. Confocal microscopy indi-
cated that CDSP32 co-localized with SIE141 at the nucleus
(Figures S2E and S2F). We further performed transient co-
expression of AtCDSP32-GFP, NbCDSP32-GFP, and StCD
SP32-GFP in N. benthamiana, respectively, with SIE141-Flag.
PcAvr3a12-Flag®® was used as the negative control. In addition
to chloroplast localization, all three CDSP32 proteins consis-
tently accumulated in nuclei in the presence of SIE141-Flag
but not PcAvr3ai2 (Figures 3A, 3B, S3A, and S3B). The corre-
sponding protein expression levels in separated cytoplasmic
and nuclear fractions confirmed nuclear accumulation of
AtCDSP32, NoCDSP32, and, to a weaker extent, StCDSP32 in
the presence of SIE141 (Figures 3C, S3C, and S3D).

Mature CDSP32 lacking the CTP has been reported to localize
in the chloroplast stroma.?®?” This implied that the cytosol-local-
ized effector SIE141 might target the native (full-length) CDSP32
before CTP is cleaved. Bimolecular fluorescence complementa-
tion (BiFC) assays indicated that the SIE141-NbCDSP32 com-
plexes appeared to be localized in the cytosol first as predicted,
with Pi23014, a nuclear-localized P. infestans effector as the
negative control*® (Figure 2E). Immunoblot analyses were subse-
quently conducted with StCDSP32-4MYC and StCDSP324CTP-
4MYC (lacking CTP) to examine the relevance of the CTP in
SIE141-CDSP32 interaction in the nucleus or cytoplasm. IP
detection was less sensitive for AtCDSP32 and NbCDSP32.
The results showed that both mature (smaller band without
CTP indicated with triangle in Figure 3D) and native StCDSP32
(larger band with CTP, arrow) could be detected in the cyto-
plasmic fraction. Only native StCDSP32 could be detected in
the nuclear fraction in the presence of SIE141 (see asterisk in
Figure 3D). We therefore proposed that SIE141 interacts with
CDSP32 before CTP cleavage. In accordance with confocal mi-
croscopy results (Figures 3A and S3A), SIE141-bound native
CDSP32 was thus localized to and accumulated in the nucleus.

ColP assays indicated a reduced interaction of SIE141 with
CTP-truncated mutant AtCDSP322C™ (Figures 4A and 4B).
Respective yeast-two-hybrid assay revealed that SIE141 did
not interact with AtCDSP322°™ and NbCDSP32*°™ (chloro-
plast-transit-peptide-truncated CDSP32 mutants) (Figure S4A).
This indicated that SIE141 might target the CTP of CDSP32 to
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Figure 2. SIE141 specifically interacts with the highly conserved thioredoxin-like protein CDSP32

(A) A luciferase assay to detect interactions between SIE141 and NbCDSP32. Cluc-SIE141 and Nluc-NbCDSP32 were co-expressed via agroinfiltration.

(B) The yeast strain AH109 co-expressing SIE141 and NbCDSP32 on SD/-Leu-Trp-His medium showed «-galactosidase activity. AH109 cells co-expressing
SIE141 with NbPSBR (a photosystem Il 10 kDa polypeptide, the negative control) showed no a-galactosidase activity.

(C) Co-immunoprecipitation (colP) assays with GFP-Trap for GFP-fused SIE141, MYC-fused A. thaliana AtCDSP32, N. benthamiana NbCDSP32, and Solanum
tuberosum StCDSP32 were detected by the MYC-specific antibody. ATHM2-4MYC (an m-type thioredoxin) was used as the negative control. Protein markers
indicate size in kDa.

(D) ColP assays to detect interactions of NbCDSP32, StCDSP32, and AtCDSP32 with SIE141, mutants SIE1412NS and SIE14157-59%A and the nuclear-
localization mutant SIE141CNES. Asterisks indicate strongly reduced interactions.

(E) BiFC (bimolecular fluorescence complementation) assay to detect interactions between SIE141 and NbCDSP32 in N. benthamiana. C terminus YFP-tagged
NbCDSP32 was co-expressed via agroinfiltration with N terminus YFP-tagged SIE141. NbCDSP32-CYFP was co-expressed with Pi23014-NYFP (N terminus of
YFP-tagged Pi23014, a nuclear-localized P. infestans effector) worked as a negative control. The cytoplasmic AtUGP1-mCherry was co-expressed with SIE141-
NYFP+NbCDSP32-CYFP or Pi23014-NYFP+NbCDSP32-CYFP to indicate cytoplasmic localization. The gray value plots show the relative fluorescence along
the line in the images. Scale bars, 20 pm.

See also Figures S1 and S2 and Tables S1 and S3.
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interrupt its chloroplast localization. Furthermore, different from
NbCDSP32, neither C-terminal NES-fused NbCDSP32 (NbCDS
P32CNES) nor NbCDSP324°™ (NbCDSP32“°"PCNES) mutant
proteins were able to interact with SIE141 (Figure 4C). Taken
together, the reduced interaction of the mutant SIE141CNES
with CDSP32 (Figure 2D), the nuclear location of SIE141 is
crucial for its stable interaction with CDSP32 in the nucleus,
and the interaction might be stabilized by the CTP. In addition,
the interaction of SIE141 with AtCDSP3245¢PS  where the thiore-
doxin active site (CGPC) of CDSP32 was mutagenized into an
inactive site (SGPS, two cysteines changed into two serines),
was not abolished (Figure 4B).

CDSP32 positively regulates P. parasitica resistance
and salt tolerance in A. thaliana

To investigate the function of CDSP32 in plant defenses against
Phytophthora pathogens, we generated A. thaliana AtCDSP32-
OE and RNA interference (RNAIi) knockdown transformants. All
of them showed normal plant developments as Col-0 (Figure S5A).
The two independent AtCDSP32-OE lines had higher survival
rates, less P. parasitica colonization, and decreased disease
severity, while the AtCDSP32-knockdown lines were as suscepti-
ble as Col-0 to P. parasitica infection (Figures 4D-4H). No signifi-
cant differences were detected between either OEAtCDSP32 or
RNAIA{CDSP32 transformants and Col-0 in pathogen assays
with B. cinerea and R. solani (Figure S5B). Western blot analyses
showed that the mature AtCDSP32 could only be detected in the
cytoplasmic fraction but not in the nuclear fraction (Figure S5J).

We also tested resistance mediated by CDSP32s in
N. benthamiana leaves, with infection assays of P. parasitica
and P. infestans. Regions expressing NbCDSP32 showed signif-
icantly smaller lesions compared with FLAG-GFP, as indicated
by trypan blue staining (Figures S5C and S5D), suggesting
NbCDSP32-promoted plant resistance. Consistent with this,
heterologous expression of AtCDSP32 or StCDSP32 also
enhanced plant resistance to Phytophthora (Figures S5C and
S5D). Expression and integrity of fusion proteins were confirmed
via western blot (Figure S5E).

A virus-induced gene silencing (VIGS) assay was conducted to
knockdown NbCDSP32 in N. benthamiana plants (Figure S5F).
CDSP32-silencing (TRV-CDSP32) did not affect N. benthamiana
development but resulted in chlorotic leaf spots as previously re-
ported®’ (Figure S5G). The lesion diameters of detached leaves
from TRV-CDSP32 plants were larger than TRV-GFP plants
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infected with P. parasitica and P. infestans, and less pathogen
colonization was detected in TRV-GFP than in TRV-CDSP32
leaves (Figures S5H and S5I).

Since SIE141 enhanced salt tolerance in A. thaliana, we con-
ducted such assays with CDSP32-OE plants. CDSP32 also
enhanced salt tolerance in A. thaliana, as demonstrated by
higher germination rates and fresh weights, larger leaf areas,
and higher chlorophyll contents (except for line OEAtCDSP#3)
of the OE transformants (Figures 41 and S5K-S5M). In contrast,
lower germination rates and fresh weights were observed in
the CDSP32-knockdown plants under salt stress (Figure 4l).
Taken together, our analyses showed that CDSP32 positively
regulated plant resilience to both biotic Phytophthora pathogens
and abiotic salt stress.

Nuclear localization and oxidoreductase activity are
important for CDSP32-mediated immune activation

A shift to nuclear localization was observed in plant cells express-
ing AtCDSP324C™P-GFP (Figure 5A). We thus wondered whether
nuclear localization and enzymatic activity of CDSP32 directly
affected its immune function. We therefore generated A. thaliana
lines overexpressing AtCDSP324C™ or AtCDSP3245GFS  |nfec-
tion assays with P. parasitica showed reduced pathogen coloniza-
tion and higher survival rates for AtCDSP324C™"-overexpressing
transformants compared with Col-0 (Figures 5B-5D). In contrast,
the OEAtCDSP3245%PS |ines showed P. parasitica biomass and
survival rates comparable to Col-0 (Figures 5B-5D). These results
indicated that both the nuclear localization and oxidoreductase
activity of CDSP32 are important for its immune function. Salt
tolerance assays showed that OE of both AtCDSP324C™ and
AtCDSP3245GPS increased A. thaliana salt tolerance (Figures 4l
and S5K-S5M).

Furthermore, OE of NbCDSP32CNLS (C terminus fused nu-
clear-localization signal) in N. benthamiana led to increased im-
munity to P. parasitica, while OE of NbCDSP32CNES (C terminus
fused nuclear-export signal) made plants susceptible to the con-
trol FGFP expression (Figure S4B). The corresponding protein
expression levels in separated cytoplasmic and nuclear fractions
were confirmed by western blots (Figure S4C).

CDSP32 is required for SIE141-mediated resistance to
P. parasitica

SIE141 relocates native CDSP32 to the nucleus (Figure 3)—
we therefore asked if SIE141-activated immunity is relevant

Figure 3. SIE141-binding mediates nuclear localization of CDSP32

(A) SIE141-FLAG, but not the negative control PcAvr3a12-FLAG, relocates GFP-fused AtCDSP32 into nucleus. DAPI staining was used to visualize the nucleus.
Yellow arrows indicate nuclear-localized CDSP32. The gray value plots show the relative fluorescence along the line in the images. Enlarged images of dash
boxes were placed at the left-top of GFP or Merge channel images. Scale bars, 20 um.

(B) Quantification of the frequency of nuclear CDSP32. “Detectable” indicates the GFP signal observed in the nucleus; “undetectable” indicates no GFP signal
detected in the nucleus. n > 80 individual cells per group. ****, p = 0.0001 (Fisher’s exact test).

(C) Immunoblot analysis for the abundance of AtCDSP32, SIE141-FLAG, and PcAvr3a12-FLAG in nuclear and cytoplasmic extracts from N. benthamiana leaf
samples that were subjected to confocal microscopy observation in (A). Histone H3, actin, and rubisco were used as controls for the nuclear and cytoplasmic
fractions.

(D) Both mature and native StCDSP32 were detected in the cytoplasm fraction, whereas only native StCDSP32 was detected in the nuclear fraction under SIE141
presence. Immunoblot analysis for StCDSP32-4MYC and StCDSP324CTP-4MYC abundance in nuclear and cytoplasmic extracts from N. benthamiana leaves.
Mature StCDSP32 (without chloroplast-transit peptide) was marked with triangles, while native StCDSP32 (with chloroplast-transit peptide) was marked with
arrows. Native StCDSP32 detected in the nuclear fraction under SIE141 presence was marked with an asterisk. Immunoblot analyses to detect mCherry and
SIE141-FLAG with mCherry and FLAG antibodies, respectively.

See also Figure S3.
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to CDSP32. Two independent A. thaliana transformant lines
that overexpressed SIE141 in the AtCDSP32-knockdown
background (RNAIAtCDSPOESIE141#9 and RNAiIAtCDSPOE-
SIE141#10) showed similar survival rates as CDSP32-knock-
down seedlings (RNAIAtCDSP#14) but had lower survival rates
than SIE141 transformants (OESIE141#3) as well as higher in-
fected root ratios and P. parasitica biomass compared with
SIE141-transformants (Figures S6A-S6D). We also transiently
overexpressed SIE141 and FGFP (control) in TRV-NbCDSP32
and TRV-GFP N. benthamiana plants followed by P. parasitica
or P. infestans infection. The results were consistent with those
in A. thaliana (Figures S6E and S6F).

Although SIE141 and CDSP32 activate plant salt tolerance,
respectively (Figures 1G and 4l), RNAIAtCDSPOESIE141#9
and RNAIAtCDSPOESIE141#10 lines showed higher germina-
tion rates than Col-0 and CDSP32 knockdown line
RNAIAtCDSP#2 under salt stress (Figure 41). RNAIAtCDSPOE-
SIE141#9 showed significantly higher leaf area, fresh weight,
and chlorophyll a/b ratio as compared with Col-0 (Figures
S5K-S5M), suggesting that SIE141-triggered salt tolerance is
not entirely dependent on the target protein CDSP32. Taken
together, these results confirmed that the SIE141 immune-acti-
vation function for Phytophthora pathogens, but not the salt
tolerance function, was dependent on CDSP32.

SIE141 promotes CDSP32 oxidoreductase activity and
NPR1 depolymerization

The thioredoxin-like protein CDSP32 has a predicted function in
redox signaling.?® Its conserved CXXC active sites at the C termi-
nus are critical for oxidoreductase activity.”'**° To determine
whether SIE141 affected CDSP32 enzymatic activity, we iso-
lated recombinant AtCDSP32, NbCDSP32, StCDSP32, and
SIE141 from Escherichia coli (Figure S6J). The dithiol-disulfide
oxidoreductase activity of each purified protein was tested using
an insulin assay,*° with ATH5 serving as the positive control. All
three recombinant CDSP32 proteins had oxidoreductase
activity (Figure 6A). Co-incubation of SIE141 and AtCDSP32/
NbCDSP32/StCDSP32 for insulin assay tests showed that
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SIE141 enhanced CDSP32 oxidoreductase activities (Figures
S6G-S6l). The negative control, PiAvr3a,'* was unable to
enhance the enzymatic activity of any CDSP32.

To further investigate a systemic resistance-related function
of SIE141, we focused on the oxidoreductase activity of the
SIE141 target CDSP32 in NPR1 depolymerization. Since
ATH3 and ATHS5 were previously reported to directly target
and participate in the monomerization of NPR1,'® we hypothe-
sized that CDSP32 may play a similar role. ColP and luciferase-
complementation assays confirmed the interaction of CDSP32
with NPR1 in both A. thaliana and N. benthamiana (Figures 6B—
6D). However, in contrast to ATH5, neither AtCDSP32 nor
NbCDSP32 showed capability to depolymerize AtNPR1 (Fig-
ure 6E). Since SIE141 promoted the oxidoreductase activity
of AtCDSP32 (Figure S6G), we therefore co-incubated
AtCDSP32 or ATH5 with varying concentrations of recombinant
SIE141 before the thioredoxins were mixed with AtNPR1.
AtCDSP32 could reduce AtNPR1 oligomerization in the pres-
ence of SIE141, and higher concentrations of SIE141 corre-
sponded to increased production of AtNPR1 monomers (Fig-
ure 6E). In turn, SIE141 alone could not depolymerize AtNPR1
(Figure S6K).

SA was increased in SIE141-expressing plants, and SIE141 af-
fects SA signaling in plants.® Since SIE141-triggered plant resis-
tance to the hemibiotrophic pathogens P. parasitica and
P. infestans, we therefore quantified SA content in SIE141-trans-
formants and Col-0 plants with high-performance LC (HPLC)-
MS/MS. SA contents were higher in the roots but not the leaves
of two independent SIE7147-OE lines compared with Col-0
(Figure S7A).

Next, we employed RNA sequencing and identified 244 upregu-
lated and 214 downregulated genes in SIE141-overexpressing
A. thaliana transformants compared with Col-0 (Tables S4 and
S5). Principal component analyses (PCA) of the resulting
datasets of each species demonstrated a clear separation of sam-
ples, revealing highly transcriptional changes between SIE141-OE
transformants and Col-0 (Figure S7B). Subsequent gene ontology
(GO) enrichment analysis identified 19 upregulated genes

Figure 4. CDSP32 positively regulates plant resistance to P. parasitica and salt tolerance, and chloroplast-transit peptide of CDSP32 is

required for SIE141 interaction
(A) Schematic diagrams showing mutations in CDSP32.

(B) ColP assay to examine interactions of MYC-fused AtCDSP32 mutants with GFP-fused SIE141. Mutations in CTP, marked with an asterisk, but not the thi-
oredoxin active sites, attenuated the interaction.

(C) SIE141 does not interact with NbCDSP32CNES (C terminus fused nuclear-export signal) and NbCDSP322CTPCNES (chloroplast-transit peptide-truncated
mutant with C terminus fused nuclear-export signal). ColP assay conducted with GFP-Trap for the GFP-fused SIE141, no NbCDSP32CNES-4MYC and
NbCDSP322°TPCNES-4MYC were detected by MYC-specific antibody. ATHM2, the negative control.

(D-H) Infection assays on AtCDSP32-overexpression A. thaliana transformant seedlings (D). Survival rates were scored relative to wild-type Col-0 at 5 dpi (n > 10,
one-way ANOVA, Brown-Forsythe, and Welch test) (E). Enhanced resistance to P. parasitica in independent AtCDSP32-overexpression but not AtCDSP32-
knockdown lines (F). Pathogen biomass was quantified with gPCR at 48 hpi. n = 3, one-way ANOVA, Fisher’s LSD test. RT-qPCR assay to quantify AtCDSP32
transcripts (G). Data were analyzed with Student’s t test. Detached leaf assays revealed enhanced P. parasitica resistance in independent AtCDSP32 over-
expression but not AtCDSP32-knockdown lines (H). Lesion development was scored and conducted with Mann-Whitney-Wilcoxon test. Disease degrees: 0, no
infection; 1, slight infection; 2, mild infection; 3, moderate infection; and 4, severe infection. Scale bars, 1 cm. *p < 0.05, *p < 0.01, **p < 0.001. Lowercase
letters indicate statistical significance between multiple groups by one-way ANOVA at p < 0.05.

() CDSP32 positively regulates plant salt tolerance. Representative images of A. thaliana seedlings at 6 days post sown on normal growth medium with or without
150 mM NaCl. A. thaliana seeds were sown (n > 4), and each bio-repeat contains 6 seeds. Overexpression of AtCDSP32 or its chloroplast-transit peptide mutants
independently enhanced salt tolerance. Knockdown of AtCDSP32 or overexpression of thioredoxin active-site mutants showed decreased tolerance to salt
stress. Fortwo independent A. thaliana lines overexpressing SIE141 with CDSP32 knockdown, there was a significant increase in salt tolerance. Fresh weight was
observed at 10 days after sown under 150 mM NaCl treatment. Lowercase letters indicate statistical analysis significance with one-way ANOVA at p < 0.05
(Brown-Forsythe and Welch test). Error bars give the standard error of mean in graphs (E), (F), (G), and (l).

See also Figures S4 and S5.
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Figure 5. Localization and oxidoreductase activity are crucial for CDSP32 immune function
(A) Co-localization of DAPI with chloroplast-transit peptide-mutated AtCDSP32-GFP. The mutant construct AtCDSP324C"P-GFP was transiently expressed in
N. benthamiana via agroinfiltration. Cells were observed at 2 dpi after DAPI staining for 15 min. The graph of gray value shows DAPI, GFP, and chloroplasts

fluorescence intensity.

(B-D) Infection assays on 10-day-old A. thaliana seedlings revealed enhanced P. parasitica resistance in independent chloroplast-transit peptide mutants and
enhanced susceptibility in thioredoxin active-site mutants at 5 dpi (B). Quantification of relative pathogen biomass (C) and seedling survival rates after infection
with P. parasitica (D). Three independent replicates with at least 15 seedlings were tested, one-way ANOVA at p < 0.05, Fisher’s LSD test. Seedling survival rates
were determined at 5 dpi with P. parasitica (n > 10, one-way ANOVA at p < 0.05, Brown-Forsythe and Welch test). Lowercase letters indicate statistical sig-
nificance tested between multiple groups. Error bars give the standard error of mean.

See also Figure S4.

involved in SAR pathway with some of them directly involved
in plant defense responses against oomycete pathogens,®'*?
e.g., AT2G14560 (LURP1, LATE UPREGULATED IN RESPONSE
TO HYALOPERONOSPORA PARASITICAT1), AT4G10500
(DLO1, DMR6-LIKE OXYGENASET), and AT4G11890 (ARCK1,
ABA-AND OSMOTIC-STRESS-INDUCIBLE RECEPTOR-LIKE
CYTOSOLIC KINASET) (Figures S7C and S7D). As anticipated,
the NPR1-dependent gene PR1, but not NPR1 itself, was signifi-
cantly upregulated in the SIE141-OE lines at 0 and 6 hpi with
P. parasitica inoculation (Figure S7E). CBP60g, a TF contributing
to SA biosynthesis,®® was upregulated at 0 hpi in the SIE141-
transformants. Furthermore, LURP1 and ARCK1, which are
related to SAR, were significantly upregulated in SIE7417-trans-
formants. However, DLO71, a suppressor of immunity in
A. thaliana,®* was downregulated (Figure S7E).

Taken together, the analyses demonstrated that SIE141 tar-
geted CDSP32 and promoted its oxidoreductase activity
resulting in the monomerization of NPR1. Additionally, SIE141-
transformants showed SA accumulation in the roots and upregu-
lation of 19 SAR-related genes. These results suggest that
SIE141-mediated activation of plant resistance involves NPR1-
mediated systemic resistance.
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DISCUSSION

Sustainable agriculture practices have become increasingly
important for biological control approaches and integrated dis-
ease management. S. indica, a beneficial fungal endophyte,
reportedly enhances plant resilience to various biotic and abiotic
stresses.®” S. indica secretes a series of effectors™’ that have
been known to modify the plant immune system and promote
fungal colonization.*~%¢

In this study, we determined the mechanism by which SIE
SIE141 assists in plant immunity against phytopathogens.
SIE141, which we previously found to affect SA signaling in Ara-
bidopsis,® was shown to enhance resistance to Phytophthora
pathogens (Figure 1) and to enhance the oxidoreductase activity
of its target CDSP32, a positive regulator of plant immunity
(Figures 2A-2C, 4D-4H, and S6G).

We utilized recombinant GFP-fused SIE141 protein to deter-
mine its cell-entry activity. Recombinant fungal and oomycete
effector proteins are well-documented to enter host plant cells,
though the underlying cell-entry mechanisms are not very clear.
Endocytosis and external PI3P were found to be involved in
effector cell entry, while host receptor proteins have not been
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Figure 6. CDSP32 monomerizes NPR1 in a SIE141-dependent manner

(A) Thioredoxin oxidoreductase activities of AtCDSP32, NoCDSP32, and StCDSP32 were measured with insulin as the substrate. Recombinant ATH5 served as a
positive control. DTT group served as the negative control.

(B) CDSP32 interacts with NPR1. Proteins were extracted from N. benthamiana leaves co-expressing AtCDSP32-GFP+AtNPR1-4MYC or NbCDSP32-GFP+
NbNPR1-4MYC using a GFP-Trap. AtCDSP32 and NbCDSP32 were detected with GFP antibody. AtNPR1 and NbNPR1 were detected with MYC antibody.
SIE141-GFP+ATHM2-4MYC worked as the negative control, while SIE141-GFP+NbCDSP32-4MYC worked as the positive control.

(C and D) Luciferase-complementation assays to detect interactions between AtNPR1 and AtCDSP32 (C) and NbNPR1 and NbCDSP32 (D). Cluc-AtCDSP32 and
Nluc-AtNPR1 or Cluc-NbCDSP32 and Nluc-NbNPR1 were co-expressed, respectively, via agroinfiltration. Luminescence signals were recorded in
N. benthamiana leaves at 48 hpi.

(E) SIE141 enables a dose-dependent manner of CDSP32 to reduce AtNPR1-FLAG dimer complexes (D) to monomers (M) in vitro. NPR1 reduction to monomers
by recombinant ATH5 was not enhanced by SIE141. Ponceau S was used to verify equal protein loading.

See also Figures S6 and S7.

identified yet.*“*° The purified SIE141 was determined to be bio-
logically active as shown in the co-incubation with its target
CDSP32 in enhancing oxidoreductase activity. The documented
applications of purified GFP-fused effector protein to plant tis-
sues/protoplasts for determining the cell entry of effectors are re-
ported.®>*" Therefore, all A. thaliana transgenic lines that ex-
press individual SIE effectors were based on their intracellular
localization/functions.®

Our analyses showed that SIE141-NbCDSP32 complex local-
izes in both the cytosol and nucleus (Figures 2E, S2E, and S2F).
CDSP32 is a chloroplast-targeting protein, and SIE141-binding
of full-length CDSP32 abolished its chloroplast-targeting function,

which suggests that initial SIE141-CDSP32 complex formation
takes place in the cytosol. CDSP32 might carry unknown
nuclear-localization signals that lead to the SIE141-CDSP32 com-
plex entering the nucleus. This nuclear localization is crucial for the
observed resistance phenotype, as evidenced by the enhanced
immunity of plants overexpressing NbCDSP32CNLS (Figure S4B).
However, since both chloroplast-targeting and nuclear localization
of CDSP32 are important for enhanced disease resistance, its
forced expression in the cytoplasm by fusion with a nuclear-export
signal (NES) successfully abolished its nuclear localization and
significantly decreased its chloroplast-targeting (Figure S4C),
leading to plant susceptibility (Figure S4B).
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Figure 7. Schematic model for the S. indica effector SIE141-triggered plant resistance to pathogens and salt stress

SIE141 interrupts chloroplast-transit peptide function of CDSP32. SIE141-binding of the full-length CDSP32 in the cytoplasm abolishes its chloroplast-targeting
and leads to re-localization to the host nucleus. SIE141 also enables CDSP32 in the cytosol to depolymerize NPR1 and promotes NPR1-dependent defense
responses. Nuclear-localized SIE141 and CDSP32 trigger enhanced plant resistance to Phytophthora pathogens. CDSP32 and SIE141 independently trigger
enhanced salt tolerance, and SIE141 might bind unknown target(s) (the question mark) through unknown mechanisms (dotted lines) to enhance salt tolerance.

On the other hand, CDSP32 directly interacted with NPR1, and
SIE141-binding rendered CDSP32-mediated NPR1 depolymer-
ization, a critical step for its immune function. This is highly inter-
esting, as S. indica was known to depend on NPR1 for its ability
to activate induced systemic resistance (ISR).*? ISR is defined to
be activated by root-colonizing plant growth-promoting
bacteria\fungi and, in contrast to SAR, was always thought to
act independently of SA. Recent reports, however, suggest a
less clear separation of ISR and SAR signaling.”® Consistent
with this, NPR1 is known to participate in both ISR and SAR.*
This study revealed SIE141 as a potentially helpful tool to provide
more details about the regulation of systemic resistance in
plants. In this respect, it will be interesting to uncover in the future
if the observed nuclear SIE141-CDSP32 interaction triggers nu-
clear entry of NPR1 and its function as a transcriptional co-regu-
lator of systemic resistance mediated by S. indica.'”

SA stabilizes NPR1, while SA signals are known to repress LR
development.*® The observed reduced LR density in SIE141
transformants might be the result of SA accumulation in
SIE141-transformant roots (Figure S1E). Because LRs are po-
tential pathogen entry and colonization sites,*® SIE141 could
shape plant root morphology via SA accumulation to restrain
local root infections.

Both OESIE7141 and OECDSP32 lines exhibit physiological
and morphological traits that are indicative of enhanced salt
tolerance (Figures 1G and 4l). However, A. thaliana lines ex-
pressing RNAICDSP320ESIE141 remained salt-tolerant (Fig-
ure 4l). This indicated that CDSP32 knockdown was insufficient
to block SIE141 function in triggering salt tolerance. On the one
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hand, our study revealed that CDSP32 functions as a thioredoxin
and thus participates in the redox signaling pathway to regulate
ROS homeostasis required for increased salt tolerance.*®*” On
the other hand, SIE141 most likely has other targets in addition
to CDSP32 to regulate different pathways involved in SIE141-
mediated functions (Figure 7). For instance, as described in
this study (Figure S7A) and a previous report,® SIE141 modulates
SA signaling in A. thaliana. Since SA interplays with other phyto-
hormones (e.g., auxins, brassinosteroids, ethylene, and abscisic
acid) and signaling molecules during salt stress,*® SIE141 is
more likely to participate in the metabolic network of plant hor-
mones that regulate salt tolerance.

In conclusion, we found that SIE141 triggered plant resistance
by interfering with the plastid import of CDSP32, leading to its
redirection to the nucleus and monomerization of NPR1 (Fig-
ure 7). SIE141 also increased salt tolerance in A. thaliana, indi-
cating a direct role of an effector in activating beneficial functions
well-known to be mediated by S. indica.
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STARXxMETHODS

KEY RESOURCES TABLE

Current Biology

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FLAG antibody ABclonal Cat# AE005; RRID: AB_2770401
GFP antibody Abmart Cat# M20004; RRID: AB_2619674
MYC antibody ABclonal Cat# AE010; RRID: AB_2770408
H3 antibody ABclonal Cat# A2348; RRID: AB_2631273
Actin antibody Abmart Cat# #M20009; RRID: AB_2936239
RuBisCo antibody Abmart Cat# M20043

Goat anti-mouse HRP Abmart Cat# M21001; RRID: AB_2713950
Goat anti-rabbit HRP ABclonal Cat# AS014; RRID: AB_2769854

Bacterial and virus strains

Escherichia coli DH50. competent cells Our laboratory collection N/A
Escherichia coli BL21 (DE3) competent cells Our laboratory collection N/A
Agrobacterium tumefaciens GV3101 Our laboratory collection N/A
electrocompetent cells

Biological samples

Phytophthora parasitica strain Pp1121 Our laboratory collection N/A

(with GFP expressed strain Pp016)

Phytophthora infestans strain Pi88069 Our laboratory collection N/A
Botrytis cinerea strain BcO01 Our laboratory collection N/A
Rhizoctonia solani Strain HBZJ-5X Gifted by Dr. Wu N/A
Arabidopsis thaliana ecotype Col-0 Our laboratory collection N/A
Nicotiana benthamiana (wild type) Our laboratory collection N/A
Saccharomyces cerevisiae strain AH109 Our laboratory collection N/A
Saccharomyces cerevisiae strain YTK12 Our laboratory collection N/A
Chemicals, peptides, and recombinant proteins

2-Mercaptoethanol Sigma M3148
PMSF Sigma P7626
Trixtonx-100 BioFroxx 1139m100
NaCl GHTECH N/A
MgCl, GHTECH N/A
Sucrose GHTECH N/A

MES hydrate Sigma M2933
Glycerol Sigma G5516
Imidazole Sigma 15513

T4 DNA Ligase Thermo Fisher Scientific ELOO11
FastPfu DNA Polymerase Transgen AP221-01
Tris-HCI VWR Life-Science 22F2956685
EDTA-2Na VWR Life-Science 3397C237
NP-40 Sigma 492018
PVPP Sigma P6755
Protease inhibitor cocktail Sellechchem B14001
MG132 Shanghai Yuanye S42096
HEPES BioFroxx 1112GR025
2% TTC stain Solution Coolaber SL7140-100mL
UltraSYBR Mixture CWBIO CWO0957S
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Protein sample loading buffer Epizyme LT101S

Western Blot rapid transfer buffer (10X) Epizyme PS201S

Western Blot fast stripping buffer Epizyme PS107S

Benzonase Nuclease SMART LIFESCIENCES SLP00800

Isopropyl B-d-1-thiogalactopyranoside (IPTG) Sigma 15502

Lysozyme Solarbio L8120

Insulin (bovine pancreas) Shanghai Yuanye S12033-100mg
DL-Dithiothreitol (DTT) Sigma D0632

PAGERuler Protein Ladder Thermo Fish Scientific 26617

Anti-GFP Magarose Beads SMART LIFESCIENCES SA070001

Yeast Nitrogen Base Becton 2124288

DO Supplement-His/-Leu/-Trp/-Ura TAKARA 630425

X-o-gal Coolaber CX11922

1/2 MS media Hopebio HB8469-12

Plant Agar Solarbio A8190

Yeast agar (Bacto™ Agar) Becton 0063472

Spel Promega R6591

Ndel Promega R6801

Pstl Promega R6111

Xhol Promega R6161

EcoRl Promega R6011

Hindlll Promega R6041

Kpnl Promega R6341

Smal Promega R6121

Ncol Promega R6513

Xbal Promega R6181

Notl Promega R6431

Trypan Blue Sigma T6416

PEG/LIAC Mixture Coolaber YT0006

Carrier DNA Coolaber YT0003

Non-fat milk powder BioFroxx 1172GR500

Critical commercial assays

Plasmid Miniprep Kit TIANGEN DP103

TIANquick DNA Purification Kit TIANGEN DP203

RNA easy fast plant tissue kit TIANGEN DP452

PrimeScript™ RT regent Kit with gDNA Eraser TAKARA #RR0O47A

ClonExpress Il One Step Cloning Kit Vazyme C112-01

One-step Color PAGE Gel Rapid Preparation Kit ~ Epizyme PG212

Deposited data

RNA sequencing data CKOh R1 This paper [SRA]: [PRIJNA1087523]
RNA sequencing data CKOh R2 This paper [SRA]: [PRUNA1088257]
RNA sequencing data CKOh R3 This paper [SRA]: [PRJNA1088286]
RNA sequencing data SIEOh R1 This paper [SRA]: [PRUNA1088951]
RNA sequencing data SIEOh R2 This paper [SRA]: [PRJNA1090408]
RNA sequencing data SIEOh R3 This paper [SRA]: [PRUNA1091039]
Oligonucleotides

Primers for all constructs generations This study Table S6

Primers for reference genes This study Table S6

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pSUC2-PIIN_10643 This study N/A
pSUC2-Avrib This study N/A
pART27-PKAN-SIE141-GFP This study N/A
pART27-PKAN-SIE141CNES-GFP This study N/A
pART27-PKAN-AtCDSP32-mCherry This study N/A
pART27-PKAN-NbCDSP32-mCherry This study N/A
pART27-PKAN-AtUGP1-mCherry This study N/A
pART27-PKAN-SIE141-Flag This study N/A
pART27-PKAN-SIE141CNES-Flag This study N/A
pART27-PKAN-PcAvr3al12-Flag Fan et al.® N/A
pART27-PKAN-AtCDSP32-4myc This study N/A
pART27-PKAN-NbCDSP32-4myc This study N/A
pART27-PKAN-StCDSP32-4myc This study N/A
pART27-PKAN-AtCDSP324C™P-4myc This study N/A
pART27-PKAN-StCDSP324¢™-4myc This study N/A
pART27-PKAN-AtCDSP3245CPS_4myc This study N/A
pART27-PKAN-NbCDSP32CNES-4myc This study N/A
pART27-PKAN-NbCDSP324CTPCNES-4myc This study N/A
pPART27-PKAN-ATHM2-4myc This study N/A
PART27-PKAN-AtNPR1-4myc This study N/A
pART27-PKAN-NbNPR1-4myc This study N/A
pART27-PKAN- AtCDSP32-GFP This study N/A
pART27-PKAN- NbCDSP32-GFP This study N/A
pART27-PKAN- StCDSP32-GFP This study N/A
pMDC32-AtNPR1-Flag This study N/A
pKANNIBEL-RNAIi-AtCDSP32 This study N/A
pGBKT7-SIE141 This study N/A
pGADT7-NbCDSP32 This study N/A
pGADT7-PSBR This study N/A
pGADT7-NbCDSP32 This study N/A
pGADT7-AtCDSP324¢TP This study N/A
pGADT7-NbCDSP324¢™P This study N/A
pGADT7-ATF2 This study N/A
Cluc-SIE141 This study N/A
Nluc-NbCDSP32 This study N/A
Cluc-AtCDSP32 This study N/A
Cluc-NbCDSP32 This study N/A
Nluc-AtNPR1 This study N/A
Nluc-NbNPR1 This study N/A
TRV2-NbCDSP32 This study N/A
pDEST-VYNE(R)GW-SIE141 This study N/A
pDEST-VYNE(R)GW-Pi23014 Li et al.?® N/A
pDEST-GWVYCE-NbCDSP32 This study N/A
pET32a-SIE141 This study N/A
pET32a-AtCDSP32 This study N/A
pET32a-NbCDSP32 This study N/A
pET32a-StCDSP32 This study N/A
pET32a-ATH5 This study N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms
Imaged (1.49v) https://imagej.nih.gov/ij/ N/A
GraphPad Prism 8.0 Prism N/A
Mega X https://www.megasoftware.net/dload_win_gui N/A
iTOL https://itol.embl.de/ N/A
NLStradamus http://www.moseslab.csb.utoronto.ca/NLStradamus/  N/A
SignalP https://services.healthtech.dtu.dk/services/ N/A
SignalP-6.0/
Clustal Omega https://www.ebi.ac.uk/jdispatcher/msa/clustalo N/A
Other
NanoDrop™ One Thermo Fisher Scientific N/A
Eporator Electroporator Bio-Rad N/A
Plantview 100 BLT Photon Technology N/A
Ultra-High Resolution LC-MS Thermo Fisher Scientific Fusion Lumos
LC-MS-MS QTRAP5500 AB Sciex N/A
Lecia TCS SP8 MP Multiphoton Microscope LECIA N/A
LightCycler® 480 Instrument Roche N/A
Ultrasonic Homogenizer SCIENTZ N/A
Varioskan LUX Thermo Fisher Scientific N/A
ChemiDocMP Bio-Rad N/A
Olympus FV3000 Olympus N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed and will be fulfilled by the lead contact, Weixing Shan
(wxshan@nwafu.edu.cn).

Materials availability
Unigue materials generated in this study are available from the lead contact without restriction.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request. The RNA-seq raw data are available in the SRA
database at NCBI. Detailed BioProject 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 work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant growth conditions and surface sterilization steps

All plants generated for this study were created on the A. thaliana ecotype Col-0 background. Plants were grown at 23°C under a 13/
11 h light/dark cycle in growth chambers. For in vitro seedlings, A. thaliana seeds were surface sterilized with 75% ethanol for 30 s,
rinsed with sterilized MiliQ water once, subsequently sterilized with 1% NaCIO for 8 min, and rinsed with sterilized MiliQ water for four
times, dried on sterilized paper before beling planted on %2 MS media (with sucrose and agar), vernalized in 4°C in the dark for 2 d and
then moved into the growth chamber.

Bacteria, yeasts, Phytophthora and fungal pathogens, and their growth conditions

Transient expression assays, A. thaliana transformations, and VIGS assays were performed with Agrobacterium tumefaciens
GV3101.
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Saccharomyces cerevisiae strains AH109 and YTK12 were used for yeast transformations (and mating) and signal peptide secre-
tion experiments. All yeast strains were cultured at 30°C on 2x YPDA media.

Pathogen inoculation assays used P. parasitica strain Pp1121 (with stable GFP expression) and P. infestans strain Pi88069.
P. parasitica was cultured in carrot juice (CA) medium at 23°C*° in dark and P. infestans was cultured in rye sucrose agar (RSA) me-
dium at 16°C°° in dark. Botrytis cinerea (strain Bc001) was cultured on potato dextrose agar (PDA) at 16°C in dark and the conidia was
collected for infection with PDB (Potato dextrose broth) until black sclerotia grown. Rhizoctonia solani (strain HBZJ-5X) was cultured
on PDA at 23°C in dark.

METHOD DETAILS

Plasmid construction

The open reading frame of PIIN_10643 (without the repeat domain at the C-terminus and excluding the signal peptide) (SIE141) was
inserted into pART27 at the Xhol-EcoRl sites'* with a Flag and a GFP tag. The target genes AtCDSP32, NbCDSP32, and StCDSP32
were amplified from A. thaliana, N. benthamiana, and S. tuberosum, respectively. Each gene was then fused with a 4 xMyc tag and
inserted into pART27 at the Xhol-Hindlll sites. The resulting plant expression vectors were used for A. thaliana transformant prepa-
ration or co-IP or transient expression assays. The new GATEWAY vectors were used for BiFC assays. For Y2H assays, SIE141 was
cloned into pGBKT7 at the Ndel-Pstl sites. Target genes were amplified from N. benthamiana cDNA and cloned into pGADT?7 at the
Ndel-Xhol sites. To generate VIGS constructs, a 300-bp fragment of NbCDSP32 was amplified from N. benthamiana cDNA and
cloned into the binary vector pTRV2 at the Kpnl-Smal sites. TRV2::GFP was constructed as a control. To generate the vectors
used for signal peptide functional analyses, PIIN_10643 signal peptides were synthesized and inserted into the EcoRI-Xhol restriction
sites of pSUC2?? using a ClonExpress Il One Step Cloning Kit (Vazyme). A 300-bp fragment was selected from AtCDSP32 for RNA
silencing to minimize off-target effects. The fragment was amplified and cloned into the pKannibal vector between the Xhol-EcoRlI
sites in sense orientation and between the Hindlll-Xbal sites in antisense orientation. Finally, the construct was subcloned into the
binary vector pART27 at the Notl site. Prokaryotic expression vectors were generated using a pET32a vector with an N-terminal
His tag. The coding sequences of SIE141, AtCDSP32, NbCDSP32, StCDSP32 and ATH5 were inserted into the vector at the
Ncol-Xhol sites. All constructs were sequenced by Tsingke (Beijing, China). Primers used for plasmid construction are shown in
Table S6.

Pathogen infection assays

Maintenance and zoospore production of P. parasitica strain Pp016 and the stable GFP-expressing transformant strain 1121 were
conducted as previously described.' Fully-covered P. parasitica mycelia agar plates (4 d) were cut into pieces and cultured with
liquid CA media at 23°C in the dark for 4 d. Mycelia agar pieces were washed 4 times with sterilized water and then cultured in a
salt solution'® for 7 d. To stimulate zoospore release, mycelia agar pieces in salt solution were washed for 4 times and held in ster-
ilized water at 4°C for 30 min, followed by 23°C for 30-60 min, until the zoospores released.

For root inoculation assays, A. thaliana seedlings were grown on 2 MS media. The roots were dipped in P. parasitica strain 1121
zoospores (10° spores/ml), then the seedling survival rates were calculated at 10 dpi.*® Samples for quantification of pathogen
biomass were collected from P. parasitica-infected A. thaliana seedlings. For each replicate, at least 15 infected seedlings were
collected. For detached leaf assays, fully expanded apical A. thaliana leaves were wounded with a toothpick, then 10 pl of zoospore
suspension (200 zoospores/pl) was applied directly to each wound site.'® Disease symptoms were scored using a five-rank system
as described by Yang et al."® For N. benthamiana assays, 20 pl of 1121 zoospore suspension was directly applied to the abaxial side
of detached leaves. Leaves were stained with trypan blue at 48 h post-inoculation (hpi) to observe lesion diameters.

A suspension of P. infestans strain Pi88069 zoospores was prepared as previously described.®' Pre-cold sterilized water was
added to full-grown mycelia of P. infestans, and mycelia was scrubbed with sterilized pipette tips, followed by 4°C cold treatment
for 1 h until the zoospore release. 20-pl droplets of the suspension (10° zoospores/ml) were applied to detached N. benthamiana
leaves. Leaves were stained with trypan blue at 4-5 dpi, then lesion diameters were observed. P. parasitica and P. infestans biomass
were quantified in infected A. thaliana and N. benthamiana leaves, respectively, using previously reported methods.'*° Three in-
fected detached leaves of individual A. thaliana line or agrobacteria-infiltrated N. benthamiana were collected as 3 individual bio-re-
peats, followed by DNA extractions. The DNA concentrations for all groups were adjusted to a similar level for gPCR test.

Transient expression and VIGS assays in N. benthamiana

Agrobacterium transient expression assays were carried out in 4-week-old N. benthamiana as previously described.'* VIGS assays
were performed using a previously described method.”® The NbCDSP32 fragment was cloned into TRV2, with a TRV2 vector con-
taining GFP serving as a control. The silencing effect was monitored in phytoene desaturase (PDS)-silenced plants as an indicator for
the properly silenced leaves. The lower leaves of six-leaf stage N. benthamiana were infiltrated with a mixture of Agrobacterium cul-
tures containing TRV1 and TRV2 in equal proportions (final ODggg = 0.3). VIGS plants were analyzed 3-5 weeks after infiltration.

Yeast two-hybrid (Y2H) assay
The Matchmaker Two-Hybrid System 3 protocol (Clontech) was used for all Y2H assays. The effector gene SIE141 was inserted into
the pGBKT7 vector as the bait. The coding sequences corresponding to putative interacting proteins were cloned into the pGADT7
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vector as prey. The pGBKT7-SIE141 and pGADT7 vectors, each containing a selection gene, were co-transformed into the yeast
strain AH109. Transformations were verified by plating on SD/-Trp-Leu media (DDO). Depending on the experiment, interactions
were confirmed based on growth on SD/-Trp-Leu-His media (TDO) containing 2.5 mM 3-amino-1,2,4-triazole (3AT); gain of a-galac-
tosidase activity (X-a-gal).

Bimolecular fluorescence complementation (BiFC) assay

BiFC assays were performed as previously described.'* The binary vectors pDEST-VYNE(R)GW and pDEST-GWVYCE were used.
Individual Agrobacterium cultures were transformed with each vector, then the appropriate pairs of Agrobacterium cultures were
transiently co-infiltrated into N. benthamiana leaves. Fluorescence was observed at 2 days post-infiltration with confocal
microscope.

Co-immunoprecipitation assay (co-IP) and western blot assays

Proteins were extracted from N. benthamiana leaves expressing co-IP constructs at 2 days post-infiltration. Extractions were con-
ducted with RIPA lysis buffer (25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40) with 2% (w/v) polyvinylpoly-
pyrrolidone (PVPP), 1 mM dithiothreitol (DTT), and 10 pl 100X protease inhibitor cocktail (Sellechchem). Total protein samples
were incubated at 4°C for 4 h with 20 ul Anti-GFP Magarose Beads. For each sample, beads were pre-washed three times with
IP buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 0.5 mM EDTA) at 4°C for 1 min. The resuspended GFP-Trap beads were mixed
with 6 loading buffer and boiled for 10 min at 95°C to dissociate the immunocomplexes prior to sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE). SDS-PAGE was performed using a Fast Preparation Kit. Antibodies are listed in the key re-
sources table.

Functional evaluation of PIIN_10643 signal peptide sequences

The sequence encoding the predicted signal peptide (residues 1-18 at the N-terminus of PIIN_10643) was inserted into the pSUC2
vector at the EcoRI-Xhol sites. After verification with sequencing, the resulting pSUC2 construct was transformed into yeast YTK12
competent cells as previously described.?” All transformants were grown on selective complete minimal medium lacking tryptophan
(CMD-W) agar plates, then cultured in 3 ml of CMD-W broth at 30°C with shaking for 36 h. Further functional evaluation was per-
formed following a previously published protocol.>* Yeast cells were harvested via centrifugation (1000 x g for 10 min) and washed
twice with sterilized Milli Q water. Subsequently, cells were resuspended in 750 pl Milli Q water with 250 pl of 10 mM NaOAc (pH 4.7)
and 500 pl of 10% sucrose (w/v). After incubation in a water bath at 37°C for 10 min, 900 pl of 0.1% TTC solution was added and
samples were incubated at room temperature for 5 min. Those YTK12 strains carrying a functional signal peptide can secrete inver-
tase and reduce TTC to the insoluble red compound 1,3,5-Triphenylformazan (TPF) and color the solution.

Recombinant protein purification

E. coli, strain BL21 (DE3) carrying pET32a-SIE141, pET32a-AtCDSP32, pET32a-NbCDSP32, pET32a-StCDSP32, or pET32a-ATH5
was grown overnight in 5 ml lysogeny broth (LB) with ampicillin at 37°C. This overnight culture was then transferred into 1 L of LB with
ampicillin and grown to an ODggo between 0.6 and 0.8. Isopropyl $-d-1-thiogalactopyranoside (IPTG) was then added to the culture to
a final concentration of 0.8 uM prior to incubation at 37°C for 4 h. Bacteria were collected by centrifugation at 6000 x g for 10 min,
then resuspended in 5 mM Tris buffer, 400 pl 100mM PMSF (Phenylmethanesulfonyl fluoride), 0.04 g lysozyme, and 2.5 pul DNase | to
final 40 ml system. The lysozyme-treated, resuspended bacteria were disrupted with Ultrasonic Homogenizer for 30 min (30 W, 20
kHZ, interval 3 seconds), then centrifuged at 12000 x g for 30 min. The supernatant was purified with a His Sepharose affinity column
and eluted with 250 mM imidazole. The eluate was dialyzed at 4°C against 1 M imidazole overnight. The concentrations of the recom-
binant protein solutions were calculated using the Bradford method. Protein expression levels were determined with 10% SDS-PAGE
followed by Coomassie brilliant blue staining.

Thioredoxin activity assay

TRX-h activity was evaluated as previously described.*® Each reaction system was contained in a single 300-ul well of a clear
enzyme-linked immunosorbent assay (ELISA) plate. Each 120-ul reaction mixture contained 63 mM potassium phosphate buffer
(pH 7.0), 100 mM DTT, 2 mM EDTA, and 1 mg/ml bovine insulin. Thioredoxins were present at a range of concentrations, with control
samples excluding thioredoxins. Enzymatic reactions were initiated by adding 0.33 mM DTT. Turbidity was measured at 650 nm for at
least 60 min. A specific concentration of TRX was selected for further analysis. Varying concentrations of SIE141 were co-incubated
with the selected concentration of thioredoxin, then added to the reaction mixture. A PiAvr3a mutant (SAM5 or SAM6) was used as a
negative control for enzyme activity in co-incubation of the effector and thioredoxins. Turbidity was monitored at 650 nm for at least
60 min.

Real-time quantitative PCR (qRT-PCR) and quantitative reverse transcription PCR (RT-qPCR)

RNA extractions were performed with the Total RNA Extraction Kit (TIANGEN). cDNA was synthesized from the resulting RNA using
PrimeScript™ RT regent Kit with gDNA Eraser (TAKARA) for gPCR. gPCR was performed on a LightCycler® 480 Instrument (Roche
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Life Science) with the UltraSYBR Mix (CWBIO). For gene expression analyses, differences in transcript levels between treatments
were calculated according to plant species-specific reference genes following this formula:

_ EACt — target(control — sample)

Transcript level (Fold induction) = Egroo, / [EACH - reference(control — sample)

reference

Etarget: Primer efficiency of target genes (assumed as 2); E ererence: Primer efficiency of housekeeping genes (assumed as 2); Ct: Ct
cycle detected.

The plant species-specific reference genes AtUBC9 (AT4G27960) and NbEF1« (Niben101Scf04639906007) were employed for
A. thaliana and N. benthamiana, respectively. Primers are shown in Table S6.

Reduction of NPR1 oligomers to monomers by thioredoxins

Leaf tissue samples (2 g each) from uninduced 35S::NPR1-FLAG plants were homogenized with 1.5 ml of 10 mM HEPES pH = 7.7,
40 pM MG132 (Z-Leu-Leu-Leu-al) and 10 ul 100x protease inhibitor cocktail (Sellechchem). The supernatant was recovered by
centrifugation at 4°C and 14,000 x g for 20 min, then dialyzed against 10 mM HEPES (pH 7.7) for 1 h. The dialyzed extraction solution
was mixed with 40 uM MG132 and protease inhibitor cocktail. Samples (90 ul each) were incubated with 0.33 mM DTT and 50 uM
ATH5/AtCDSP32/NbCDSP32/StCDSP32 recombinant protein for 30 min; samples excluding CDSP32 were used as the positive con-
trol. Immunoblots were then performed with 7.5% SDS-PAGE to measure NPR1-FLAG.

Confocal microscopy

Cells were visualized with Olympus FV3000 or Lecia confocal microscope for BiFC and protein subcellular localization assays. The
excitation wavelengths used for YFP and GFP were 514 and 488 nm, respectively, and the emissions of both were detected between
500 and 540 nm. mCherry was excited at 559 nm and specific emissions between 600 and 680 nm were collected. Image processing
and figure generation were conducted with Olympus Fluoview or Leica TCS SP8 MP Multiphoton Microscope.

SA measurements with HPLC-MS/MS

For SA measurements, A. thaliana seedlings were collected and weighed. Each biological replicate per genotype comprised ~0.3—
0.4 g of tissue (roots or leaves), which was ground to powder in liquid nitrogen, then combined with extraction regent (1:4 methanol:
isopropyl alcohol). Samples were vortexed for 5 min and stored at 4°C overnight. After centrifugation at 12000 x g for 10 min, the
supernatant was removed with a 1-ml syringe and filtered through a nylon membrane (0.22-um pore size). For each sample, free
SA was measured in 500 pl of the filtrated mixture with HPLC-MS (QTRAP5500). Retention time, 6.68 min, Q1 = 136.5, Q3 = 93.3,
DP = -50, CE = -25.

Luciferase assay

The firefly Luciferase assays were performed according to the protocol described by Chen et al.>> AtNPR1, NbNPR1 and NbCDSP32
genes were amplified and cloned into the vector NLuc at the Kpnl-Smal sites. SIE141, AtCDSP32 and NbCDSP32 were amplified and
cloned into the vector Cluc at the Kpnl-Smal sites. Successfully generated constructs were transferred into Agrobacteria respec-
tively. Agrobacterial cell suspensions in MES solution were adjusted to ODggg of 0.3. Agrobacterial cell suspensions carrying different
gene constructs were mixed before infiltration into N. benthamiana. Luciferase activity was monitored and quantified with Plantview
100 (BLT company).

RNA sequencing and transcriptome analysis

The 10-day-old Col-0, OESIE141#1 and OESIE141#3 A. thaliana lines were collected for RNA extraction and subsequent transcrip-
tome analysis. For each A. thaliana line, 3 biological repeats with at least 0.2 g samples were prepared. The RNA sequencing was
conducted with BGI genomics company (Shenzhen, China). Original transcriptome data including Accessions, count reads, p-value,
gene ratios of all identified genes were given by the company.

For transcriptome analysis, clean reads of 3 bio-replicates from each line were mapped to the Arabidopsis genome (TAIR10, www.
arabidopsis.org) used HISAT2,°° after screening and trimming. The number of raw reads and mapped reads to the reference genome
is listed in Table S4. Cufflinks methods were used for determination of expression values.®’” DEseq2°® was used to find different
expression genes (DEGs). Genes with estimated absolute fold changes >2 and p-value adjustment (p.adj) <0.05 were identified
as reliable DEGs. R (https://www.r-project.org/) was used for visualization. ClusterProfiler was used to do gene GO ontology analysis
for the DEGs, the SAR pathway genes were screened for next step analysis®® (Table S5). The RNA-seq raw data are available in SRA
database from NCBI, with BioProject accession numbers RIJNA1087523, PRJNA1088257, PRJNA1088286, PRJNA1088951,
PRJNA1090408 and PRJNA1091039.

Salt stress treatment and analysis

Various A. thaliana lines were planted directly on ¥2 MS+150 mM NaCl media plates and > MS media plates. 36 seeds of each
A. thaliana line were planted for individual bio-repeats. Plates with seeds were put in a growth chamber at 23°C under a 13 h: 11
h, light: dark cycle for 5 days and the germination rate was observed for each line. Ten days after germination, fresh weight of indi-
vidual seedlings was measured. Data were calculated with one-way ANOVA at P < 0.05.
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For salt treatment in soil experiments, 4-week-old A. thaliana seedlings were irrigated with 50 ml 250 mM NaCl. The mock group
was irrigated with 50 ml miliQ water. Leaves from the same leaf arrangement were detached and photographed at 7 days post treat-
ment followed by the measurements of leaf area with imaged. Fresh weight of leaves (2 individual leaves were collected as one
replicate) were measured, ground with liquid nitrogen into fine powder, and suspended in 1 ml of 95% ethanol at 4°C overnight.
Absorbance at ODggs (A665) and ODg49 (A649) were measured and recorded. Total chlorophyll concentration (mg/L) was calculated
as: 13.95A665-6.88A649 + 24.96A649-7.32A665. Ratio of chlorophyll a/ chlorophyll b was calculated as: (13.95A665-6.88A649)/
(24.96A649-7.32A665). Data were calculated with one-way ANOVA at P < 0.05.

Cytoplasm and nuclear fraction separation and protein extraction

N. benthamiana leaves expressing AtCDSP32-GFP, NbCDSP32-GFP and StCDSP32-GFP together with either SIE141-FLAG or
PcAvr3a12-FLAG were ground with liquid nitrogen. Add 10 ml precooled extraction buffer | (0.4 M sucrose, 10 mM pH=8.0 Tris-
HCI, 10 mM MgCl,, 5 mM B-ME (2-Mercaptoethanol), 0.1 mM PMSF, Trixtonx-100 1% with 1X protease inhibitor cocktail), vortex
followed by spinning for 30 min with rotary mixer. The extracted liquid was filtrated with gauze, followed by centrifugation at
4000 x g, 20 min, 4°C. The supernatant was collected and 1 ml extraction buffer Il (0.25 M sucrose, 10 mM pH=8.0 Tris-HClI,
10 mM MgCl,, 5 mM B-ME, 0.1 mM PMSF, Trixtonx-100 1% with 1 X protease inhibitor cocktail) added. Supernatant was removed
after centrifugation at 12000 x g, 10 min, 4°C and 600 pl extraction buffer Ill (1.7 M sucrose, 10 mM pH=8.0 Tris-HCI, 2 mM MgCl,,
5 mM B-ME, 0.1 mM PMSF, Trixtonx-100 0.15% with 1x protease inhibitor cocktail) were added to resuspend the pellet. Carefully,
the 600 pl suspension was added to 600 pl new extraction buffer Il and centrifuged for 60 min, 14000 x g, 4°C. The supernatant was
removed and resuspended with 700 ul Nuclei Lysis buffer (50 mM pH=8.0 Tris-HCI, 10 mM EDTA, 1% SDS, 2 mM PMSF, with 1x
protease inhibitor cocktail) to get the proteins in nuclear fraction.

The supernatant after centrifugation was collected. Protein was extracted from 4 ml of the supernatant with 1 ml RIPA lysis buffer
(mentioned previously in co-IP and western blot assays), vortexed and left on ice for 10 min. 5 ml supernatant were transferred and
20 ml precooled acetone was added. precipitated at -20°C overnight and then centrifuged at 4°C,12000 X g for 15 min. The pellet
was dissolved with 1 ml HEPEs buffer (10 mM, pH = 7.7) to get proteins in the cytoplasmic fraction.

Phylogenetic tree construction for orthologs of CDSP32

The amino sequences of CDSP32 of different plant species were from Uniport database (Table S2). Alignment of these aa sequences
was conducted with Clustal Omega. The phylogenetic tree was constructed with Mega X using maximum likelihood method. The tree
was drawn by iTOL (https://itol.embl.de/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image processing and data analysis

Confocal microscopy images were processed with Leica Application Suite X (LAS X) or Olympus Fluoview and Fiji (imaged version
1.49v). To quantify protein co-localization, the TIF confocal graphs were opened in imaged, the channels were split based on original
colors, and the fluorescence intensity of each individual color channel was from lines drawn on the specific sites. The resulting plot file
data for the gray value was prepared as a single graph in Prism GraphPad.

Statistical analysis

Raw data from all pathogen infection experiments (lesion diameters, survival rates, percentage of disease degree), from salt stress
assays (fresh weights, germination rates, total chlorophyll contents, ratio of chlorophyll a/b and leaf area), from gPCR assays (relative
transcript levels and pathogen biomass), and from cell counts with nuclear-localized CDSP32 were processed with MS Excel.
GraphPad Prism 8.0 was used to graph normal bar charts, stacked bar and line charts as well as statistical analysis. One-way anal-
ysis of variance (ANOVA) with post hoc analysis of Tukey HSD test, Fisher’s LSD test, Brown-Forsythe or Welch test, was used to
study the relationship between different treatments, as specifically described in figure legends. Lowercase letters in bar charts indi-
cate statistical significance tested between multiple groups by one-way ANOVA at P < 0.05. Student t-test analysis was conducted in
MS excel, either a non-paired t-test or a paired t-test was described in the figure legends. For the data shown with stacked bar charts
(percentage of disease degree and quantification of the frequency of nuclear CDSP32 relocation), nonparametric statistical analysis
(Rank sum test) was conducted in GraphPad Prism 8.0 with Mann Whitney Wilcoxon test. “n” usually represents the number of seed-
lings tested or the number of bio-repeats tested. For survival rate tests, 7~8 A. thaliana seedlings per plate of 2 MS media were eval-
uated for P. parasitica or R. solani infection, and the obtained survival rate data treated as a single replicate as one “n”. For biomass
tests, 3 independent repeats with more than 15 seedlings tested, n represents bio-repeats. Normal bar charts indicate data of the
mean with SEM (standard error of mean).
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