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SUMMARY

Small RNAs are involved in diverse cellular processes, including plant immunity to pathogens. Here, we

report that miR158a negatively regulates plant immunity to the oomycete pathogen Phytophthora parasitica

in Arabidopsis thaliana. By performing real-time quantitative PCR, transient expression, and RNA

ligase-mediated 50 rapid amplification of cDNA ends assays, we demonstrate that miR158a downregulates

AtTN7 expression by cleaving its 30-untranslated region. AtTN7 positively affects plant immunity and

encodes a truncated intracellular nucleotide-binding site and leucine-rich repeat receptor containing the

Toll/interleukin-1 receptor. AtTN7 can degrade oxidized forms of nicotinamide adenine dinucleotide (NAD+).
Further genetic and molecular analyses reveal that the Enhanced Disease Susceptibility 1-Phytoalexin Defi-

cient 4-Activated Disease Resistance 1 complex is required for AtTN7-mediated immunity. ADR1-dependent

Ca2+ influx is crucial for activating salicylic acid signaling to condition AtTN7-triggered immunity. Our study

uncovers the immune roles and regulatory mechanisms of miR158a and its target AtTN7. Both

miR158a-downregulation and AtTN7-overexpression lead to enhanced plant resistance to P. parasitica with-

out affecting plant growth phenotypes, suggesting their application potentials and the utilization of miR-

NAs in identifying novel immune genes for the development of plant germplasm resources with enhanced

disease resistance.

Keywords: Arabidopsis thaliana, Phytophthora parasitica, miR158a, AtTN7, plant immunity, NAD+ degrade,

EDS1-PAD4-ADR1 complex, Ca2+ influx, SA signaling.

INTRODUCTION

Oomycetes are an important group of filamentous eukary-

otic microorganisms that are morphologically similar to fila-

mentous fungi but phylogenetically more closely related to

diatoms and brown algae (Kamoun et al., 2015;

Thines, 2018). Phytophthora translates to “plant destroyer”

and can cause severe losses in agricultural production and

destruction in natural ecosystems. A notable example is the

Irish Potato Famine in the 1840s that was caused by the

potato late blight pathogen P. infestans. This pathogen

remains a major constraint to potato production, the

world’s third-largest staple crop (Avila-Quezada &

Rai, 2023). Nearly all 180 species in the genus Phytophthora

are plant pathogens (Kronmiller et al., 2023). They are

notorious in that they frequently overcome host genotype-

specific genetic resistance, thus necessitating reliance on

fungicides to control their respective crop diseases (Sharma

et al., 2021). Creative genetic solutions, derived from under-

standing of plant susceptibility, are therefore promising

strategies to provide crop protection. Several negative regu-

lators of plant immunity to Phytophthora have been identi-

fied, with their conserved immune functions revealed (Li

et al., 2020, 2022; Lu et al., 2020; Pan et al., 2016; Yang

et al., 2022), implicating their potential in improving disease

resistance in multiple crops.

MicroRNAs (miRNAs) in eukaryotes can induce tran-

scriptional or post-transcriptional gene silencing (TGS or

PTGS), including in the regulation of plant immune
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response to pathogens (Islam et al., 2018; Song

et al., 2021). Studies have shown that some plants endoge-

nous miRNAs can be induced by infection of oomycetes

and are involved in the regulation of plant immune

responses (Cui, Yan, et al., 2017; Gou et al., 2022; Luan

et al., 2018). miR158 is found in different plant species,

such as Arabidopsis lyrate (Fahlgren et al., 2007), Brassica

napus (Xu et al., 2012), Brassica oleracea (Wang

et al., 2012), Raphanus sativus (Wang et al., 2015), and Ipo-

moea batatas (Sun et al., 2022). miR158 is reported to func-

tion in pollen development by targeting pentatricopeptide

repeat (PPR) containing protein transcripts in Brassica

campestris (Ma et al., 2017), to regulate miR173-initiated

trans-acting cascade silencing in Indian Himalayan natural

Arabidopsis thaliana accessions (Tripathi et al., 2023), and

to respond to abiotic stress in I. batatas (Sun et al., 2022).

However, whether miR158a plays regulatory role in plant

resistance against pathogens remains largely elusive.

Nucleotide-binding leucine-rich repeat (NLR) proteins

are intracellular immune receptors that play critical roles in

innate immunity in plants and animals (Maruta

et al., 2022). In plants, the typical NLRs have a central

nucleotide-binding site (NBS) domain, a C-terminal

leucine-rich repeat (LRR) domain, and a N-terminal

coiled-coil (CC) or Toll/interleukin-1 receptor (TIR) domain,

known as CNL or TNL, respectively (Wang et al., 2020). In

addition to the canonical TNLs, A. thaliana ecotype Col-0

has been identified to contain 21 truncated TIR-NBS (TN)

proteins without the C-terminal LRR domain (Lapin

et al., 2022; Li et al., 2015; Meyers et al., 2002; Nandety

et al., 2013). Studies have shown that TN proteins play

important roles in plant immunity (Nasim et al., 2020; Roth

et al., 2017; Wang et al., 2019; Zhao et al., 2015).

Plant TIR proteins can cleave nicotinamide adenine

dinucleotide in its oxidized form (NAD+) to produce pRib-

ADP, pRib-AMP, ADPR-ATP, di-ADPR, and a variant of cyclic

ADP-ribose (v-cADPR) (Duxbury et al., 2020; Huang

et al., 2022; Jia et al., 2022; Ma et al., 2020; Song et al., 2024;

Wan et al., 2019). Plant TIR-dependent immune signaling

relies on downstream conserved helper NLRs (hNLRs).

hNLRs can be divided into two groups, one is the lipase-like

protein family including Enhanced Disease Susceptibility

1 (EDS1), Phytoalexin Deficient 4 (PAD4) and

Senescence-Associated Gene 101 (SAG101), and the other is

the CNL class containing N Requirement Gene 1 (NRG1) and

Activated Disease Resistance 1 (ADR1) (Dongus & Par-

ker, 2021; Feehan et al., 2020; Huang et al., 2022; Lapin

et al., 2022). In A. thaliana, a functional partnership of EDS1-

PAD4 with ADR1 and EDS1-SAG101 with NRG1 has been

reported (Castel et al., 2019; Huang et al., 2022; Jia

et al., 2022; Saile et al., 2020; Sun et al., 2021). The assembled

EDS1 complex combineswith different NAD+ cleavage prod-

ucts to mediate immune responses (Essuman et al., 2022;

Huang et al., 2022; Jacob et al., 2021; Jia et al., 2022).

AtTN7 is clustered with eight other TN genes (AtTN4–
AtTN12) on chromosome 1, which is the largest TN cluster

(Chen et al., 2021). AtTN2 also locates on chromosome 1,

and phylogenetic analysis shows that AtTN6, AtTN7,

AtTN11, and AtTN12 are highly homologous to the AtTN2

protein (Meyers et al., 2002). Among these “AtTN2” pro-

teins, AtTN2, AtTN11, and AtTN12 are confirmed to trigger

cell death, while the AtTN6 could not be amplified from A.

thaliana leaves (Chen et al., 2021). Moreover, AtTN2 is

reported to mediate spontaneous cell death and enhance

plant resistance to powdery mildew pathogen Golovino-

myces cichoracearum, and ADR1s are required for the

TN2-meditaed immune responses (Wang et al., 2021).

AtTN11 functional deficiency results in reduced plant resis-

tance against Pseudomonas syringae pv. tomato (Pto)

(Nasim et al., 2020). Interestingly, compared with AtTN2,

AtTN11, and AtTN12, AtTN7 is unable to induce cell death

(Chen et al., 2021). However, how AtTN7 is involved in reg-

ulating plant immunity has not yet been elucidated. AtTN7

carries conserved TIR and NBS domains, which are

required for cleaving NAD+, sensing pathogen infection,

and transmitting plant immune signals (Liu et al., 2023;

Song et al., 2024; Wan et al., 2019). Nevertheless, whether

AtTN7 has the ability to degrade NAD+ remains unclear. In

addition, whether and which hNLRs participate in

AtTN7-mediated plant resistance remains unknown.

In this study, we show that miR158a negatively regu-

lates plant immunity to Phytophthora parasitica by cleav-

ing AtTN7 transcripts. We further demonstrate that AtTN7

can degrade NAD+ and AtTN7-mediated plant resistance to

P. parasitica is closely associated with its NADase activity

and EDS1-PAD4-ADR1 complex. Our study reveals the

immune roles and regulatory mechanisms of miR158a and

AtTN7. miR158a-mediated cleavage of AtTN7 transcripts

resulted in the suppression of helper NLR EDS1-PAD4-

ADR1 complex and associated SA signaling, leading to

enhanced plant susceptibility.

RESULTS

miR158a negatively regulates plant immunity to

P. parasitica

Previous sequencing data showed that A. thaliana miR158a

was differentially expressed at different time points of P.

parasitica infection as compared to mock-inoculated plants

(Zhong, 2019). Stem-loop real-time quantitative PCR (RT-

qPCR) analyses showed that the expression of miR158a in

leaf tissue was slightly induced at 3 and 6 h

post-inoculation (hpi), highly induced at 12 hpi (Figure S1).

We thus speculated that miR158a may be involved in A.

thaliana defense response against P. parasitica.

To examine the role of miR158a in plant immune

response to P. parasitica, we obtained three different

miR158a silence lines (mir158a-ti2, mir158a-ko12, and
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mir158a-st12). mir158a-ti2 is a T-DNA insertion mutant

(SALK_031515C) with an insertion site downstream of

mature miR158a (Figure 1a), mir158a-ko12 is a knockout

mutant generated by CRISPR/Cas9-based genome editing

(Figure 1b), and mir158a-st12 is a silenced transgenic line

obtained via G:U hpRNA sponge tool used in previous

study (Gou et al., 2022). Stem-loop RT-qPCR results

showed that the expression level of miR158a was signifi-

cantly decreased in three different miR158a silence lines

(Figure 1c). Inoculation assays with P. parasitica revealed

that mir158a-ti2, mir158a-ko12, and mir158a-st12 plants

were more resistant to P. parasitica than wild-type Col-0

plants, and these lines exhibited limited P. parasitica colo-

nization (Figure 1d–f). We also generated transgenic plants

that overexpressed miR158a in Col-0 background. The

expression level of miR158a was greatly increased in

MIR158a-OE3 and MIR158a-OE18 (Figure 1c), and these

two miR158a-overexpressing lines showed enhanced sus-

ceptibility to P. parasitica, and P. parasitica colonization

was greater compared to Col-0 (Figure 1d–f). These results

Figure 1. miR158a mediates Arabidopsis thaliana susceptibility to Phytophthora parasitica.

(a) Schematic diagram of the T-DNA insertion site of mir158a-ti2. The T-DNA of mir158a-ti2 is inserted into downstream of mature miR158a.

(b) Schematic representation of the editing sites in the miR158a CRISPR/Cas9 mutant. The mir158a-ko12 mutant has a deletion of four bases. The red arrow indi-

cates editing sites, and the black asterisks indicate deletion positions.

(c) Relative expression level of miR158a in mir158a mutants and MIR158a-OE lines. The expression level was determined by stem-loop RT-qPCR, with A. thaliana

U6 (AtU6) as an internal reference. Results are shown as the mean � SD (n = 3).

(d) Disease lesions of mir158a mutants and MIR158a-OE lines infected with P. parasitica zoospores at 3 days post-inoculation (dpi). The water-soaked lesions

were colored by trypan blue staining. Scale bars: 5 mm.

(e) Disease severity in infected leaves was evaluated by calculating the proportion of lesion area to leaf area at 3 dpi. Grade 1, 0–10%; 2, 10–33%; 3, 33–66%; and

4, 66–100%. Wilcoxon rank-sum test was used for data analysis. At least three independent experiments were performed.

(f) The P. parasitica biomass in infected leaves was quantified by quantitative PCR (qPCR) at 3 dpi. Results are shown as the mean � SD (n = 3). The statistical

analysis of (c) and (f) was conducted with Student’s t-test. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001).
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demonstrated that miR158a inhibited plant resistance to

P. parasitica.

miR158a represses AtTN7 expression

We predicted that miR158a potentially targeted the 30-
untranslated region (30-UTR) of AtTN7, using psRNATarget

(http://plantgrn.noble.org/psRNATarget) (Dai & Zhao, 2011).

To verify miR158a-mediated suppression of AtTN7, we

examined AtTN7 transcripts in mir158a mutants and

MIR158a-OE lines. RT-qPCR results showed that AtTN7

transcripts level was upregulated in mir158a mutants and

downregulated in MIR158a-OE lines, and the change in

AtTN7 expression was more significant at 12 hpi with P.

parasitica compared to the un-inoculated (Figure 2a,b). Fur-

thermore, the expression of miR158a was negatively corre-

lated with AtTN7 during P. parasitica infection (Figure 2c).

To further confirm the target site, we performed

GFP-based reporter assays. Considering that the predicted

target site of miR158a was located in the 30-UTR of AtTN7,

we generated constructs to fuse GFP with the 30-UTR of

AtTN7 (GFP-AtTN7-wtUTR). Separately, we also mutated

the 30-UTR of AtTN7 (GFP-AtTN7-muUTR) to abolish com-

plementarity to miR158a (Figure 2d). We co-expressed the

constructs with pre-miR158a (35S::miR158a) or mature

miR158a (amiR158a) (Schwab et al., 2006) in Nicotiana

benthamiana, fluorescence intensity and Western

blot analysis revealed that when GFP-AtTN7-wtUTR and

GFP-AtTN7-muUTR were expressed alone, their proteins

were highly accumulated. Nevertheless, when

co-expressed with 35S::miR158a or amiR158a, and the

Agrobacterium concentrations of 35S::miR158a or

amiR158a gradually increased, the protein levels of GFP-

AtTN7-wtUTR were significantly decreased, but no differ-

ence in GFP-AtTN7-muUTR protein levels (Figure 2e–h),
elucidating that both pre-miR158a and mature miR158a

depressed AtTN7 expression.

Furthermore, to investigatewhethermiR158a repressed

the expression of AtTN7 by mRNA cleavage, we performed

RNA ligase-mediated 50 rapid amplification of cDNA ends

(RLM-50 RACE) assays using P. parasitica-infectedA. thaliana

leaves at 12 hpi. The cleavage site was determined between

the 9th and 10th nucleotides of the paired fragment of

miR158a and AtTN7 (Figure 2i; Figure S2). Taken together,

these results confirmed that miR158a suppressed AtTN7

expression by cleaving the 30-UTR ofAtTN7mRNA.

AtTN7 positively affects plant immunity to P. parasitica

To explore the role of AtTN7 during plant immune response,

we created two individual AtTN7 knockout mutants, tn7-1

and tn7-4, employing CRISPR/Cas9-based technology

(Figure S3). The transcript level of AtTN7 was significantly

decreased in tn7-1 and tn7-4 (Figure 3a). The pathogenicity

assays with P. parasitica zoospores showed that tn7-1 and

tn7-4 developed significantly larger lesions and greater P.

parasitica colonization compared to Col-0 (Figure 3b–d). We

also obtained AtTN7 overexpressing transgenic lines in the

Col-0 background. RT-qPCR results showed that the tran-

script level of AtTN7 was significantly increased in TN7-OE9

and TN7-OE11 (Figure 3a). Infection assays showed that

TN7-OE9 and TN7-OE11 developed smaller lesions and less

P. parasitica colonization than Col-0 (Figure 3b–d). We fur-

ther expressed AtTN7 under the control of its native pro-

moter in tn7-4 mutant background to generate AtTN7

complementation transgenic lines, TN7-CP3 and TN7-CP5.

The expression of AtTN7 in TN7-CP3 and TN7-CP5

significantly recovered as compared to tn7-4, being similar

to Col-0 (Figure S4a). The leaf inoculation assays showed no

significant difference in the size of water-soaked lesions or

of P. parasitica colonization between TN7-CP lines and Col-

0, and the susceptibility of tn7-4 was restored in TN7-CP

lines (Figure S4b–d). The results strongly supported that

AtTN7 positively regulated plant immunity to P. parasitica.

AtTN7 is predicted to encode a Toll/interleukin-1

receptor (TIR)-nucleotide-binding site (NBS) protein.

Sequence alignment of AtTN7 with the well-characterized

TNL protein L6 and RPS4 (Resistance to Pseudomonas syr-

ingae 4) (Chen et al., 2021) showed that AtTN7 contained a

representative TIR domain with four conserved TIR subdo-

mains (TIR1-TIR4) (Figure S5). In addition, Walker A,

Walker B, RNBS-A, RNBS-B and RNBS-C motifs were also

observed in the NBS domain of AtTN7, but not highly con-

served (Figure S5). We also found that AtTN7 was localized

in the cytoplasm and plasma membrane (Figure 3e,f) by

transiently co-expressing the fusion construct GFP-TN7 in

N. benthamiana with cytoplasm and plasma membrane

marker, respectively. Western blot analysis confirmed the

protein expression and integrity (Figures S6 and S7).

TIR NADase activity requires the proximity and homodi-

merization of at least two TIR domains (Lapin et al., 2022).

Both in planta Co-immunoprecipitation and in vitro pull-

down assays demonstrated the homodimerization of AtTN7

TIR domains (Figure S8). We found that the conserved cata-

lytic residue (E84), AE interface (S27/F28), and DE interface

(G151) are present in AtTN7-TIR (Figure S5), which are

essential to the plant TIR domains to act as NADase (Horse-

field et al., 2019; Ma et al., 2020; Martin et al., 2020; Nimma

et al., 2021; Wan et al., 2019). The difference is that the AE

interface in TN proteins is SF (serine and phenylalanine), and

it is also involved in a stacking interaction with the equiva-

lent residue in the neighboring interacting molecule (Wil-

liams et al., 2014). Plant TIR proteins can cleave NAD+ to

produce v-cADPR (Wan et al., 2019), and plant BdTIR has

been reported to produce 20cADPR (major) and 30cADPR
(minor) (Bayless et al., 2023; Wan et al., 2019). To character-

ize reaction products of AtTN7-TIR, we purified recombinant

BdTIR and AtTN7-TIR proteins and performed in vitro enzy-

matic activity assays on NAD+ using cADPR as a standard

and BdTIR as a positive control. LC–MS results confirmed

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 2. miR158a represses the expression of AtTN7.

(a) Relative expression level of AtTN7 in mir158a mutants and MIR158a-OE lines uninfected with Phytophthora parasitica. Results are shown as the mean � SD

(n = 3).

(b) Relative expression level of AtTN7 in mir158a mutants and MIR158a-OE lines at 12 h post-inoculation (hpi) with P. parasitica. Results are shown as the

mean � SD (n = 3).

(c) The expression level of miR158a and AtTN7 in Arabidopsis thaliana leaves infected with P. parasitica. Results are shown as the mean � SD (n = 3).

(d) Alignment of miR158a sequence with the nucleotide sequences of wild-type 30-UTR (wtUTR) and mutated 30-UTR (muUTR) of AtTN7.

(e, f) Agrobacterium tumefaciens carrying 35S::GFP-AtTN7-wtUTR or 35S::GFP-AtTN7-muUTR were expressed alone or co-expressed with 35S::miR158a (e) or

amiR158a (f) in Nicotiana benthamiana leaves. Images were taken using an Olympus fluorescence microscope to show the fluorescence intensity of GFP-AtTN7-

wtUTR and GFP-AtTN7-muUTR at the same exposure intensity. Scale bars: 100 lm.

(g, h) The protein levels of GFP were displayed by Western blotting with Actin as a loading control.

(i) Cleavage site of AtTN7 mRNA was revealed by mapping cloned RLM-50 RACE products using P. parasitica-infected Col-0 leaves at 12 hpi. The red arrow indi-

cates the cleavage position and proportions of clones mapping to the site. The statistical analysis of (a) and (b) was conducted with Student’s t-test. Asterisks

indicate significant differences (**P < 0.01, ***P < 0.001).
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Figure 3. AtTN7 positively regulates Arabidopsis thaliana resistance to Phytophthora parasitica.

(a) Relative expression level of AtTN7 in tn7 mutants and TN7-OE lines. The expression level was determined by RT-qPCR, with A. thaliana UBC9 (AtUBC9) as

an internal reference. Results are shown as the mean � SD (n = 3).

(b) The disease symptoms of tn7 mutants and TN7-OE lines plants inoculated with P. parasitica zoospores at 3 days post-inoculation (dpi). The infected area

was observed and stained with trypan blue. Scale bars: 5 mm.

(c) Statistical analysis of plant disease grades. The evaluation and statistical analysis of plant disease grades were performed as described in Figure 1(e).

(d) The P. parasitica biomass was determined by quantitative PCR (qPCR). Results are shown as the mean � SD (n = 3).

(e, f) The GFP-TN7 protein was localized in the cytoplasm (e) and the plasma membrane (f). The subcellular localization of the fusion protein in Nicotiana

benthamiana leaves was determined using Olympus FV3000 confocal microscope at 3 days post Agroinfiltration. UGP1-mCherry was used as a cytoplasm

marker. PBS1-mCherry was used as a plasma membrane marker. Scale bars: 40 lm.

(g, h) In vitro transcription-translation-generated AtTN7-TIR proteins drive NAD+ depletion. The contents of NAD+ (g) and 20cADPR (h) in the reaction system

were quantified. For example, “E84A” indicates a change at residue 84 from glutamic acid to alanine. Results are shown as the mean � SD (n = 9).

(i, j) Plant NAD+ (i) and 20cADPR (j) accumulations in P. parasitica-inoculated leaves of tn7 mutants and TN7-OE lines at 0 and 12 h post-inoculation (hpi). Results

are shown as the mean � SD (n = 9). The statistical significance of (a, d) and (g–j) was assessed by Student’s t-test. Asterisks indicate significant differences

(**P < 0.01, ***P < 0.001).
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that the TIR domain of AtTN7 mainly produced 20cADPR
(Figure S9). To demonstrate the intrinsic enzymatic activity

of AtTN7 TIR domain, we purified AtTN7-TIR (TN7-TIR WT)

and AtTN7-TIR with the conserved amino acids mutation

(TN7-TIR E84A, glutamic acid to alanine; TN7-TIR

S27A/F28A, serine and phenylalanine to alanines; TN7-TIR

G151R, glycine to arginine) after in vitro transcription-

translation (Figures S10 and S11) and tested their ability to

degrade NAD+ and produce 20cADPR. NAD+ consumption

and 20cADPR accumulation occurred in TN7-TIR WT but not

in the TN7-TIR E84A, TN7-TIR S27A/F28A, or TN7-TIR G151R

treatments (Figure 3g,h).

To further validate AtTN7 functionality as a NADase in

planta, we measured the content of NAD+ and 20cADPR
in plants. The NAD+ content was significantly higher in tn7

mutants but lower in TN7-OE lines than that in Col-0 at both

0 and 12 hpi with P. parasitica (Figure 3i), while the content

changes of 20cADPR showed the opposite results (Figure 3j).

We further observed that the elevated NAD+ and reduced

20cADPR in tn7-4 were recovered in TN7-CP lines, showing

similar levels to those of Col-0 (Figure S12). These results

suggested that AtTN7 had NAD+ cleavage activity and that

its enzymatic activity relied on these conserved elements.

hNLR complex EDS1-PAD4-ADR1 is required for

TN7-OE11- and mir158a-ti2-directed resistance to

P. parasitica

Two different types of hNLRs complexes,

EDS1-PAD4-ADR1 and EDS1-SAG101-NRG1 were reported

to selectively convert TIR enzymatic activity into plant

immune signals (Huang et al., 2022; Jacob et al., 2021; Jia

et al., 2022; Sun et al., 2021). To examine whether they

played a role in the immune responses of TN7-OE lines

and mir158a mutants, we first quantified the transcript

levels of ADR1s (ADR1, ADR1-L1, and ADR1-L2), NRG1s

(NRG1A, NRG1B, and NRG1C ), EDS1, PAD4, and SAG101

in TN7-OE lines and mir158a mutants at 12 hpi with P.

parasitica. The transcript levels of ADR1s, EDS1, and PAD4

were significantly upregulated (Figure 4a,c), while the tran-

script levels of NRG1s and SAG101 were downregulated or

showed no significant differences (Figure 4b,c) in TN7-OE

lines and mir158a mutants compared to Col-0.

To further analyze whether EDS1-PAD4-ADR1 or

EDS1-SAG101-NRG1 complex was critical for the enhanced

resistance of TN7-OE lines and mir158a mutants, we

obtained and examined T-DNA insertion mutants (adr1-L2,

SALK_076159C; nrg1A, SALK_101572C; nrg1B, SALK_

020974C; eds1-1, SALK_152132C; eds1-2, SALK_017710C;

sag101-1, SALK_022911C; sag101-2, SALK_030411C). The

insertion sites of these mutants are shown in Figures S13–
S17. We further generated triple mutants of adr1s and

nrg1s, as well as knockout mutants of eds1, pad4, and

sag101 in both TN7-OE11 and mir158a-ti2 background,

using cross-hybridization and CRISPR/Cas9 editing

approaches (Figures S18–S21). RT-qPCR analysis exhibited

that the expression levels of ADR1s, NRG1s, EDS1, PAD4,

and SAG101 were significantly downregulated in these

mutants (Figures S22–S24).
Infection assays showed that TN7-OE11/adr1-5 adr1-

L1/L2-2, TN7-OE11/adr1-6 adr1-L1/L2-2, TN7-OE11/eds1-7,

TN7-OE11/eds1-9, TN7-OE11/pad4-4, and TN7-OE11/pad4-8

developed larger lesions and more P. parasitica biomass

compared to TN7-OE11 plants (Figure 4d,f,g). However,

TN7-OE11/nrg1C-2 nrg1A/B-1, TN7-OE11/nrg1C-9 nrg1A/B-

1, TN7-OE11/sag101-2, and TN7-OE11/sag101-6 showed no

significant differences from TN7-OE11 plants (Figure 4d,f,

g). Infection assays also revealed that mir158a-ti2/adr1-1

adr1-L1/L2-2, mir158a-ti2/adr1-4 adr1-L1/L2-2, mir158a-

ti2/eds1-3, mir158a-ti2/eds1-7, mir158a-ti2/pad4-6, and

mir158a-ti2/pad4-9 showed enhanced susceptibility to P.

parasitica compared to mir158a-ti2 plants, as indicated by

increased disease severity and more P. parasitica coloniza-

tion (Figure 4e–g). However, no significant differences

were detected between mir158a-ti2/nrg1C-7 nrg1A/B-1,

mir158a-ti2/nrg1C-8 nrg1A/B-1, mir158a-ti2/sag101-3, or

mir158a-ti2/sag101-4 and mir158a-ti2 (Figure 4e–g). These
results suggested that EDS1-PAD4-ADR1 complex, but not

EDS1-SAG101-NRG1 complex, was required not only for

transduction of NADase activity signals of AtTN7 but also

for the enhanced resistance of TN7-OE lines and mir158a

mutants to P. parasitica.

AtTN7 promotes ADR1s-dependent Ca2+ influx to activate

SA signaling

Prior researches suggest that the hNLRs can regulate intra-

cellular Ca2+ concentration by forming influx channel

(Essuman et al., 2022; Fliegert et al., 2007; Jacob

et al., 2021). We observed elevated Ca2+ concentration in

TN7-OE lines compared to Col-0 at 0 and 12 hpi with P.

parasitica (Figure 5a), and the decreased Ca2+ in tn7-4 was

restored in TN7-CP lines (Figure S25a). To further confirm

whether ADR1s mediated increased Ca2+ in TN7-OE lines,

we quantified Ca2+ and found significantly decreased Ca2+

concentration in TN7-OE11/adr1-5 adr1-L1/L2-2 and TN7-

OE11/adr1-6 adr1-L1/L2-2 plants compared to TN7-OE11 at

12 hpi with P. parasitica (Figure 5b), indicating that the

AtTN7-induced increase in intracellular Ca2+ concentration

was dependent on ADR1s.

Some TN genes function in SA-mediated defense

responses (Nandety et al., 2013). We found that SA treat-

ment increased the transcript level of AtTN7 (Figure 5c),

thus we speculated that AtTN7 may be involved in SA sig-

naling. The expression levels of PR1 and CBP60g were

notably lower in tn7 mutants, significantly higher in TN7-

OE lines, but no difference from TN7-CP lines, compared

to Col-0 at 12 hpi with P. parasitica (Figure 5d;

Figure S25b). ADR1s contributed to enhanced resistance

and induced Ca2+ influx in TN7-OE lines (Figures 4 and 5b).

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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We thus further proposed that ADR1s may be associated

with AtTN7-activated SA signaling. We detected expres-

sion levels of PR1 and CBP60g and found their obviously

downregulation in TN7-OE11/adr1-5 adr1-L1/L2-2 and TN7-

OE11/adr1-6 adr1-L1/L2-2 compared to TN7-OE11 plants at

12 hpi with P. parasitica (Figure 5e), implying that AtTN7-

activated SA signaling required ADR1s function.

ADR1s are critical for both AtTN7-triggered Ca2+ influx

and AtTN7-activated SA signaling (Figure 5b,e). Lantha-

num (III) chloride (LaCl3) is known to be a Ca2+ channel

blocker, inhibiting Ca2+ influx into the cell (Kolodziej

et al., 2021). We treated A. thaliana leaves with LaCl3 and

then inoculated them with P. parasitica, with water serving

as a control. TN7-OE lines showed significantly decreased

Ca2+ concentration after treatment with LaCl3 as compared

to Col-0 at 12 hpi (Figure 5f). We also found that the

expression of PR1 and CBP60g was notably downregulated

in LaCl3-treated TN7-OE lines at 12 hpi (Figure 5g). These

data illustrated that ADR1s were indispensable for AtTN7-

directed Ca2+ influx and SA signaling, and that activated

SA signaling relied on Ca2+ influx to increase plant resis-

tance to P. parasitica.

Figure 4. EDS1-PAD4-ADR1 complex is required for the enhanced resistance of Arabidopsis thaliana TN7-OE11 and mir158a-ti2 plants to Phytophthora

parasitica.

(a–c) Relative expression levels of ADR1s (ADR1, ADR1-L1, ADR1-L2) (a), NRG1s (NRG1A, NRG1B, NRG1C ) (b), EDS1 (c), PAD4 (c), and SAG101 (c) in TN7-OE

lines and mir158a mutants at 12 h post-inoculation (hpi) with P. parasitica. Results are shown as the mean � SD (n = 3).

(d) Disease lesions of TN7-OE11, TN7-OE11/adr1-5 adr1-L1/L2-2, TN7-OE11/adr1-6 adr1-L1/L2-2, TN7-OE11/nrg1C-2 nrg1A/B-1, TN7-OE11/nrg1C-9 nrg1A/B-1,

TN7-OE11/eds1-7, TN7-OE11/eds1-9, TN7-OE11/pad4-4, TN7-OE11/pad4-8, TN7-OE11/sag101-2, TN7-OE11/sag101-6, and Col-0 plants infected with P. parasitica

zoospores at 3 days post-inoculation (dpi). The water-soaked lesions were colored by trypan blue staining. Scale bars: 5 mm.

(e) The disease symptoms of mir158a-ti2, mir158a-ti2/adr1-1 adr1-L1/L2-2, mir158a-ti2/adr1-4 adr1-L1/L2-2, mir158a-ti2/nrg1C-7 nrg1A/B-1, mir158a-ti2/nrg1C-8

nrg1A/B-1, mir158a-ti2/eds1-3, mir158a-ti2/eds1-7, mir158a-ti2/pad4-6, mir158a-ti2/pad4-9, mir158a-ti2/sag101-3, mir158a-ti2/sag101-4, and Col-0 plants inocu-

lated with P. parasitica zoospores at 3 dpi. The infected area was observed and stained with trypan blue at 3 dpi. Scale bars: 5 mm.

(f) Statistical analysis of plant disease grades. The evaluation and statistical analysis of plant disease grades were performed as described in Figure 1(e).

(g) The P. parasitica colonization in infected leaves was measured by quantitative PCR (qPCR). Results are shown as the mean � SD (n = 3). The statistical analy-

sis of (a–c) and (g) was conducted with Student’s t-test. Asterisks indicate significant differences (**P < 0.01, ***P < 0.001; ns, no significance).

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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miR158a suppresses AtTN7-triggered plant resistance to

P. parasitica

Since miR158a repressed expression of AtTN7, we further

examined whether miR158a-mediated AtTN7 downregula-

tion inhibited AtTN7-activated plant resistance. To verify

whether miR158a affected the NADase activity of AtTN7,

we quantified NAD+ and 20cADPR content in leaves of

mir158a mutants, MIR158a-OE lines, and Col-0 at 0 and

12 hpi with P. parasitica. The mir158a mutants had less

NAD+ and more 20cADPR, while the MIR158a-OE lines had

more NAD+ and less 20cADPR than Col-0 (Figure 6a,b), sug-

gesting that the NADase activity of AtTN7 was repressed

by miR158a.

mir158a mutants relied on the hNLR EDS1-PAD4-

ADR1 complex to increase resistance to P. parasitica

(Figure 4e–g). To investigate whether mir158a mutants

Figure 5. ADR1s-dependent Ca2+ influx activates SA signaling in AtTN7 overexpression plants.

(a, b) The relative fluorescence of intracellular Ca2+ in tn7 mutants (a), TN7-OE lines (a), TN7-OE11/adr1-5 adr1-L1/L2-2 (b), TN7-OE11/adr1-6 adr1-L1/L2-2 (b) and

TN7-OE11 (b) at 0 and 12 h post-inoculation (hpi) with Phytophthora parasitica. Results are shown as the mean � SD (n = 9).

(c) Expression level of AtTN7 in Arabidopsis thaliana leaves at different time points after SA treatment. Results are shown as the mean � SD (n = 3).

(d, e) Relative expression levels of PR1 and CBP60g in tn7 mutants (d), TN7-OE lines (d), TN7-OE11/adr1-5 adr1-L1/L2-2 (e), TN7-OE11/adr1-6 adr1-L1/L2-2 (e) and

TN7-OE11 (e) at 0 and 12 hpi with P. parasitica. Results are shown as the mean � SD (n = 3).

(f) The leaves of 4-week-old TN7-OE lines and Col-0 plants were treated with 1 mM LaCl3 or with water as a control treatment. The relative fluorescence of intra-

cellular Ca2+ was measured at 12 hpi with P. parasitica. Results are shown as the mean � SD (n = 9).

(g) Expression levels of PR1 and CBP60g in TN7-OE lines and Col-0 leaves treated with LaCl3 and inoculated with P. parasitica for 12 h. Results are shown as the

mean � SD (n = 3). The statistical significance of (a–g) was assessed by Student’s t-test. Asterisks indicate significant differences (*P < 0.05, **P < 0.01,

***P < 0.001; ns, no significance).
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promote ADR1s-dependent Ca2+ influx, we quantified intra-

cellular Ca2+ concentration derived from leaves inoculated

with P. parasitica. Ca2+ concentrations were elevated in

mir158a mutants but significantly lower in MIR158a-OE

lines compared to Col-0 across infection stages (Figure 6c),

and the Ca2+ elevation was abolished in mir158a-ti2/adr1-1

Figure 6. miR158a negatively regulates AtTN7-mediated Arabidopsis thaliana immunity to Phytophthora parasitica.

(a, b) The NAD+ accumulation (a) and 20cADPR content (b) in the leaves of mir158a mutants and MIR158a-OE lines at 0 and 12 h after P. parasitica infection.

Results are shown as the mean � SD (n = 9).

(c, e) The relative fluorescence of intracellular Ca2+ in mir158a mutants (c), MIR158a-OE lines (c), mir158a-ti2/adr1-1 adr1-L1/L2-2 (e), mir158a-ti2/adr1-4 adr1-L1/

L2-2 (e), and mir158a-ti2 (e) at 0 and 12 h post-inoculation (hpi) with P. parasitica. Results are shown as the mean � SD (n = 9).

(d, f) Relative expression levels of PR1 and CBP60g in mir158a mutants (d), MIR158a-OE lines (d), mir158a-ti2/adr1-1 adr1-L1/L2-2 (f), mir158a-ti2/adr1-4 adr1-L1/

L2-2 (f), and mir158a-ti2 (f) at 0 and 12 h after P. parasitica infection. Results are shown as the mean � SD (n = 3).

(g) The relative fluorescence of intracellular Ca2+ in 1 mM LaCl3-treated mir158a mutants and Col-0 leaves were measured at 12 hpi with P. parasitica. Water as a

control treatment. Results are shown as the mean � SD (n = 9).

(h) Expression levels of PR1 and CBP60g in mir158a mutants and Col-0 leaves treated with LaCl3 and inoculated with P. parasitica for 12 h. Results are shown as

the mean � SD (n = 3). The statistical significance of (a–h) was assessed by Student’s t-test. Asterisks indicate significant differences (*P < 0.05, **P < 0.01,

***P < 0.001; ns, no significance).

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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adr1-L1/L2-2 and mir158a-ti2/adr1-4 adr1-L1/L2-2 at 12 hpi

with P. parasitica (Figure 6e), indicating that miR158a

inhibited AtTN7-triggered ADR1s-dependent Ca2+ influx.

To confirm whether miR158a could restrict SA signal-

ing activated by ADR1s-dependent Ca2+ influx, we first

measured the expression levels of PR1 and CBP60g in P.

parasitica-infected leaves. We found that PR1 and CBP60g

expression was upregulated in mir158a mutants but down-

regulated in MIR158a-OE lines compared to Col-0 at 12 hpi

(Figure 6d), and the increased expression of PR1 and

CBP60g in mir158a-ti2 disappeared in mir158a-ti2/adr1-1

adr1-L1/L2-2 and mir158a-ti2/adr1-4 adr1-L1/L2-2 at 12 hpi

(Figure 6f). Next, we treated leaves with LaCl3. We found

that when treated with LaCl3, mir158a mutants showed

reduced Ca2+ concentration compared to Col-0 at 12 hpi

with P. parasitica (Figure 6g), and the expression of PR1

and CBP60g in LaCl3-treated mir158a mutants was lower

than those of Col-0 at 12 hpi (Figure 6h). These results con-

firmed that miR158a negatively regulated plant immunity

by repressing AtTN7 transcripts, resulting in the sup-

pressed AtTN7 NADase activity and activation of hNLR

EDS1-PAD4-ADR1 complex, leading to interfered ADR1s-

dependent Ca2+ influx-induced SA immune signaling.

DISCUSSION

miRNAs are important regulators in plant innate immunity,

including understanding of plant susceptibility to oomy-

cete pathogens (Brant & Budak, 2018; Fei et al., 2016; Gou

et al., 2022; L�opez-M�arquez et al., 2023). Previous studies

have shown that miR158 functions in B. campestris pollen

development (Ma et al., 2017), I. batatas abiotic stress

response (Sun et al., 2022), and A. thaliana adaptation (Tri-

pathi et al., 2023). Here, we identified that A. thaliana

miR158a has differential expression levels in leaf following

P. parasitica infection and is selected for functional analy-

sis (Figure S1). We show that miR158a plays a negative

regulatory role in the immune responses of A. thaliana

against P. parasitica (Figure 1), indicating the functional

diversity and complexity of plant miR158.

Our results demonstrate that AtTN7 is an authentic tar-

get of miR158a, and its downregulation by miR158a is

achieved by cleaving 30-UTR of AtTN7 (Figure 2; Figure S2).

We confirm that AtTN7 acts as a positive regulator of plant

immunity to P. parasitica (Figure 3a–d). AtTN7 encodes a

TIR-NBS protein (Figure S5). Plant TIR domains have NAD+
cleavage activity, and several conserved amino acids affect

TIR-mediated NAD+ hydrolytic activity (Lapin et al., 2022;

Wan et al., 2019). The latest research shows that when the

expression of TIR-domain disease resistance gene is upre-

gulated or induced by pathogen, its NAD+ hydrolase activ-

ity can be activated to produce immune signaling

molecules (Song et al., 2024). The TIR domain of AtTN7

could homodimerize and has conserved amino acid resi-

dues required for NAD+ degradation (Figures S5 and S8),

but whether AtTN7 acts as a NAD+ cleavage enzyme

remains unknown. In this study, we illustrate that the TIR

domain of AtTN7 has the ability to consume NAD+ to pro-

duce 20cADPR (Figure S9), and the NADase activity is

dependent on the conserved amino acids (Figure 3g–j). TIR-
mediated immune responses in A. thaliana are reported to

depend on EDS1-PAD4-ADR1 or EDS1-SAG101-NRG1 com-

plex to convert NADase activity signals into immune sig-

nals (Castel et al., 2019; Huang et al., 2022; Lapin

et al., 2022). Our findings reveal that EDS1-PAD4-ADR1

complex, but not EDS1-SAG101-NRG1 complex,

participates in plant resistance in AtTN7-overexpressing

plants-triggered resistance to P. parasitica (Figure 4). The

enzymatic activity signals generated by NAD+ degradation

by AtTN7 are converted into immune signals through

EDS1-PAD4-ADR1 complex, which promotes AtTN7-

mediated plant resistance to P. parasitica. Our study reveals

the importance and complexity of AtTN7 in regulating plant

basal immunity, which expands our understanding of the

function of TN genes in plant immunity. In addition, similar

to AtTN7, AtTN2 also relies on downstream ADR1s to exert

its immune function (Wang et al., 2021). Interestingly,

AtTN2 induces cell death (Wang et al., 2021), while AtTN7

triggers basal resistance. Further investigation of why these

two different immune phenotypes occur will be useful to

gain a deeper understanding of the mechanism by which

TN genes regulate plant immunity.

Furthermore, how EDS1-PAD4-ADR1 complex regu-

lates AtTN7-mediated basal resistance is largely unknown.

In this study, we found that AtTN7-triggered Ca2+ influx and

SA signaling are both dependent on ADR1s (Figure 5a–e).
Further exploration shows that the activation of SA signal-

ing relies on Ca2+ influx (Figure 5f,g). Our results manifest

that the NAD+ cleavage products of AtTN7 activate Ca2+

influx by integrating with EDS1-PAD4-ADR1 complex, and

ADR1s-dependent Ca2+ influx promotes AtTN7-induced

plant resistance through the activation of SA signaling.

Moreover, the ability of AtTN7 complementation lines to

restore the phenotypes to wild-type levels also strongly

supports our findings on the mechanism of AtTN7 regulat-

ing plant immunity (Figures S4, S12, and S25). Our work

basically explains the mechanism of how AtTN7 enhances

A. thaliana resistance to P. parasitica. Previous studies have

shown that Ca2+ signaling and SA signaling may influence

each other (Cui, Gobbato, et al., 2017; Du et al., 2009; Lapin

et al., 2022; Sun et al., 2015; Zhang & Li, 2019). It will be

interesting to further clarify how ADR1s-dependent Ca2+

influx regulates SA signaling and whether it regulates other

signaling to promote AtTN7-mediated plant immunity.

miR173 triggers the production of tasiRNAs at the

TAS1/2 sites (Felippes & Weigel, 2009; Yoshikawa

et al., 2016), some of which are predicted to target the PPR

genes to produce phasiRNAs (Howell et al., 2007; Xia

et al., 2013). This miRNA–TASL–PPR–siRNA pathway has

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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been reported to be conserved in many plant species (Tri-

pathi et al., 2023; Xia et al., 2013). Silencing of miR158a

results in increased expression of its target gene

pseudo-PPR. Pseudo-PPR transcripts can be targeted by

two miR173-mediated tasiRNAs (siR9 and siR12) from the

TAS2 locus, leading to biogenesis of phasiRNAs. One of

the phasiRNAs generated by this mechanism degrades the

NHX2 transcripts to regulate stomatal function (Tripathi

et al., 2023). The above evidence indicates that the deletion

of miR158a could induce production of miR173-mediated

phasiRNAs to regulate plant growth and development.

Therefore, some phasiRNAs may target other RNL tran-

scripts to amplify the impact on basal immunity, which

deserves further investigation.

In conclusion, our study reveals the immune roles and

regulatory mechanisms of miR158a and AtTN7. miR158a

attenuates A. thaliana resistance to P. parasitica by sup-

pressing the expression of AtTN7 (Figure 7). AtTN7-

mediated resistance is dependent on its NADase activity

and EDS1-PAD4-ADR1 complex. Furthermore,

ADR1s-dependent Ca2+ influx-activated SA signaling is

involved in the AtTN7-mediated plant resistance. In addi-

tion, both downregulation of miR158a and overexpression

of AtTN7 lead to enhanced plant resistance to P. parasitica

without affecting plant growth phenotypes (Figure S26),

suggesting their application potentials in crop disease

resistance breeding. The identification and utilization of

miRNAs and their target genes involved in plant suscepti-

bility provide an efficient approach for the development of

plant germplasm resources with durable resistance.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Arabidopsis thaliana and Nicotiana benthamiana plants were
grown in a controlled environmental growth room at 23 � 1°C in
a 12 h light/12 h dark photoperiod. All experiments were per-
formed on 4-week-old plants. The A. thaliana T-DNA insertion
mutants were purchased from AraShare (https://www.arashare.
cn/index/). A. thaliana Col-0 served as the wild-type in this study.
All A. thaliana transgenic lines except the AtTN7 complementation
transgenic lines were prepared in the Col-0 background. The
AtTN7 complementation transgenic lines were generated in the
tn7-4 background. All A. thaliana transgenic lines were prepared
by the Agrobacterium tumefaciens-mediated transformation
(Zhang et al., 2006). These lines were identified by appropriate
antibiotic selection and DNA sequencing analysis.

Plasmid construction

pART27 vector was used to prepare overexpressed and silenced
transgenic plants, as well as plant transient expression. PKI1.1R
vector was used to obtain knockout transgenic plants. pMDC32
vector was used to prepare complementation transgenic plants.
DHFR vector was used in in vitro NADase assays. All primers used
in this study are listed in Table S1. A complete description of plas-
mid construction is included in Methods S1.

Pathogen cultural conditions and inoculation

Phytophthora parasitica strain Pp016-GFP was used for infection
assays. Pathogen culture and zoospores preparation were per-
formed according to a previous study (Wang et al., 2011). The
detached leaves at the same leaf position on 4-week-old A. thali-
ana were inoculated with 2 9 103 P. parasitica zoospores, then
observed the fluorescence distribution of hyphae on the leaves
under a fluorescence microscope to determine the lesion

Figure 7. A model of miR158a represses AtTN7-triggered Arabidopsis thaliana resistance to Phytophthora parasitica.

During P. parasitica infection, AtTN7 relies on its NADase activity and EDS1-PAD4-ADR1 complex to activate plant immunity. Subsequently, ADR1s-dependent

Ca2+ influx induces the downstream SA signaling, leading to enhanced A. thaliana resistance against P. parasitica. In this process, miR158a cleaves AtTN7

mRNA to inhibit AtTN7-mediated resistance.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17194
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diameters at 3 dpi. At least 10 leaves for the inoculation assays.
The inoculation assays were performed three times.

RNA extraction and RT-qPCR analysis

Using the RNAsimple Total RNA Kit (TIANGEN, Beijing, China) to
extract total RNA from the whole leaves before and after P. parasi-
tica inoculations. Using the Evo M-MLV RT Kit with gDNA Clean
for qPCR (Accurate Biology, Changsha, China) to synthesize cDNA.
Using UltraSYBR Mixture (CWBIO, Beijing, China) to prepare RT-
qPCR reaction system. The RT-qPCR assays were set up with three
biological replicates. Primers used for RT-qPCR analysis are listed
in Table S1.

Transient expression assays

Agrobacterium tumefaciens was used to conduct transient expres-
sion assays in N. benthamiana leaves based on previous report
(Huang et al., 2019). Detailed description of transient expression
assays is in Methods S2.

Subcellular localization

Using the A. tumefaciens-mediated transient expression system
of N. benthamiana, the fluorescent-tagged gene was transiently
expressed for 3 days, and then fluorescence observation was
performed and images were collected using Olympus FV3000
confocal microscope (Olympus, Tokyo, Japan). UGP1-mCherry
(AT3G03250) was used as a cytoplasm marker, and PBS1-
mCherry served as a plasma membrane marker (Qi
et al., 2014).

RLM-50 RACE of mRNA cleavage products

RLM-50 RACE was performed to analyze the cleavage site of
miR158a in AtTN7. The experimental procedures were based on
the FirstChoice� RLM-RACE Kit (InvitrogenTM, Carlsbad, CA,
USA) with slight modifications. Briefly, the Evo M-MLV RT kit
with gDNA Clean for qPCR (Accurate Biology, Changsha, China)
was used to remove the gDNA of the total RNA extracted from
P. parasitica-infected A. thaliana leaves at 12 hpi, and then the
50 RACE adapter was directly ligated to the degraded mRNA
using T4 RNA ligase. Oligo dT (18 T) was used for reverse tran-
scription to synthesize cDNA. The target fragment amplified by
nested PCR was ligated into a pMD�19-T vector (TaKaRa,
Kusatsu, Japan) for sequencing. The primers for nested PCR are
listed in Table S1.

Cell-free transcription and translation

In vitro cell-free protein transcription and translation were per-
formed using the PURExpress In Vitro Protein Synthesis Kit (New
England BioLabs, Ipswich, MA, USA). Full description of cell-free
transcription and translation is included in Methods S3.

Native protein purification

The cell-free synthesized proteins were purified as previously
reported (Wan et al., 2019). A detailed description of native protein
purification is included in Methods S4.

In vitro NADase assay with purified protein

NADase activity was measured as previously reported (Wan
et al., 2019). Complete description of in vitro NADase assay with
purified protein is included in Methods S5.

NAD+ measurement

NAD+ quantification was performed as previously reported (Bay-
less et al., 2023). The Amplite NAD+ Assay Kit (AAT Biosciences,
Pleasanton, CA, USA) was used according to user manual with 96-
well black bottom plates (Costar, Washington, USA). Full descrip-
tion of NAD+ measurement is included in Methods S6.

LC–MS analysis of 20cADPR

LC–MS analysis was performed to identify and quantify
20cADPR as previously reported (Bayless et al., 2023). The 20cADPR
was identified based on the retention time. The 20cADPR content
in different samples was quantified by peak area. Detailed descrip-
tion of 20cADPR detection is included in Methods S7.

Ca2+ detection

Ca2+ quantification was performed with the Fluo-4 NW Calcium
Assay Kits (Invitrogen) according to the user manual. Full descrip-
tion of Ca2+ content measurement is included in Methods S8.

Co-immunoprecipitation assays

Anti-GFP Nanobody Magarose Beads (AlpaLifeBio, Shenzhen,
China) were used for the co-immunoprecipitation assays based on
the user manual. Detailed description of co-immunoprecipitation
assays is in Methods S9.

His pull-down assays

His affinity Cobalt (Co2+) Dynabeads magnetic beads (Invitrogen)
were used for the His pull-down assays according to the user
manual. Full description of His pull-down assays is included in
Methods S10.

Statistical analysis

Using Student’s t-test to analyze the data of NAD+ fluorescence
intensity, 20cADPR content, Ca2+ fluorescence intensity, biomass
and gene expression. Using Wilcoxon rank-sum test to analyze
the data of plant disease grades. Asterisks indicate significant dif-
ferences (*P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance).
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