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Nucleotide-binding leucine-rich repeat (NLR) receptor-mediated immunity includes
rapid production of reactive oxygen species (ROS) and transcriptional reprogramming,
which is controlled by transcription factors (TFs). Although some TFs have been
reported to participate in NLR-mediated immune response, most TFs are transcriptional
activators, and whether and how transcriptional repressors regulate NLR-mediated plant
defenses remains largely unknown. Here, we show that the Alfin-like 7 (AL7) interacts
with N NLR and functions as a transcriptional repressor. Knockdown and knockout
of AL7 compromise N NLR-mediated resistance against tobacco mosaic virus, whereas
AL7 overexpression enhances defense, indicating a positive regulatory role for AL7
in immunity. AL7 binds to the promoters of ROS scavenging genes to inhibit their
transcription during immune responses. Mitogen-activated protein kinases (MAPKs),
salicylic acid-induced protein kinase (SIPK), and wound-induced protein kinase (WIPK)
directly interact with and phosphorylate AL7, which impairs the AL7-N interaction and
enhances its DNA binding activity, which promotes ROS accumulation and enables
immune activation. In addition to N, AL7 is also required for the function of other
Toll interleukin 1 receptor/nucleotide-binding/leucine-rich repeats (TNLs) including
Roql and RRS1-R/RPS4. Our findings reveal a hitherto unknown MAPK-AL7 module
that negatively regulates ROS scavenging genes to promote NLR-mediated immunity.

N NLR immune receptor | TMV | Alfin-like 7 | transcriptional repressor | MAPKs

Plants are frequently threatened by diverse pathogens like fungi, bacteria, nematodes, and
viruses due to their sessile lifestyle. During the long-term arms race, plants have evolved
a two-layered innate immune system to protect themselves from invading pathogens (1).
Plasma membrane localized pattern recognition receptors (PRRs) consisting of recep-
tor-like proteins and receptor-like kinases, which recognize the pathogen-associated molec-
ular patterns such as fungal chitin (2) and bacterial flagellin (3) to initiate the first layer
immune responses called pattern-triggered immunity (PTT). Pathogen-encoded effectors
or elicitors interfere with different steps in PTT to cause diseases. To overcome this, plants
have evolved with nucleotide-binding leucine-rich repeat (NLR) class of receptors that
perceive pathogen-encoded effectors or elicitors to induce a second layer of defense named
effector-triggered immunity (ETI) (4). These two branches of immune signaling are
reported to be mutually dependent to synergistically confer resistance against pathogen
infection (5, 6). Although PTT and ETT are discrepant in their origin, they share conserved
downstream events like mitogen-activated protein kinase (MAPK) cascade activation,
calcium fluxes, reactive oxygen species (ROS) production, and extensive transcriptional
reprogramming (7-10), all these downstream events collectively constitute the intricate
immune signaling network.

The transcriptional reprogramming in plant immunity controlled by transcription
factors (TTFs) is critical for accurate activation of both PTI and ETT (10). Intensive
studies have been performed to reveal the indispensable role of TFs in resistance path-
ways especially in ETI. For instance, barley MLA10 NLR interacts with MYB6 to
enhance its DNA binding ability and initiate disease resistance signaling (11). Another
NLR protein PigmR interacts with the PIBP1 TF and mediates its nuclear localization,
thereby conferring full blast resistance (12). Also, the resistance protein CaRGA from
chickpea conferred resistance against Fusarium oxysporum f. sp. ciceri racel (Focl), a
process that depends on the interaction between CaRGA and WRKY64 TF (13).
Although a number of TFs have been reported to participate in NLR-mediated immune
response, most of TFs are transcriptional activators, and whether and how transcrip-
tional repressors positively regulate NLR-mediated plant defenses remains largely
underexplored.

Over 300 NLR genes have been reported to confer resistance against diverse pathogens
(14). Among them, N gene is one of the first identified VLR genes, which contains toll/
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interleukin-1 receptor (TIR) domain at the N terminus that
confers resistance to tobacco mosaic virus (TMV) (15). By recog-
nizing 50 kDa helicase domain of TMV (referred to as p50 herein)
with N receptor-interacting protein 1 (NRIP1) as the intermediary
(16, 17), N dimerizes followed by the activation of MAPK sign-
aling modules (18). Salicylic acid-induced protein kinase (SIPK)
and wound-induced protein kinase (WIPK) are two canonical
MAPKSs that were activated during plant defenses including the
N-mediated resistance against TMV (19-21). The activated SIPK
phosphorylates suppressor of the G2 allele of skpl (SGT1) to
mediate the shift of activated N to the nucleus (22), where it
interacts with the TF SQUAMOSA PROMOTER BINDING
PROTEIN-like 6 (SPL6) that is essential for N-mediated immune
response (23). Similarly, three TFs WRKY1, WRKY2, and MYB1
interact with the barley MLA10 NLR and regulate MLA10-
mediated plant immunity (11).

We previously identified a number of potential interaction
partners of N NLR using TurboID-based proximity labeling
(PL) approach (24). Notably, one protein called Alfin-like 7
(AL7) is present in the list with a high score (24). NbAL7 is a
member of the Alfin-like (AL) family that had previously been
demonstrated to function in plant seed germination and
response to abiotic stresses like salt or drought (25-28).
However, there is no report on whether NbAL7 functions dur-
ing biotic stresses. Here, we further confirm the interaction
between NbAL7 and N protein and provide a mechanistic func-
tion for NbAL7 in immunity. We demonstrate that NbAL?7 is
a transcriptional repressor, which positively regulates N-mediated
resistance against TMV by inhibiting the expression of ROS
scavenging genes. NbAL7 functions downstream of MAPK sig-
naling cascades and its DNA binding activity is regulated by
SIPK/WIPK-mediated phosphorylation. Our study reveals a
new functional module involved in the NLR receptor-mediated
immunity.

A NbAL7-YFPc + B

Results

N Interacts with NbAL7 In Vivo and In Vitro. By using TurbolD-
based PL, we previously identified an AL protein (https://
solgenomics.net, Niben101Scf03528g01003.1) as a potential new
component of the N NLR immune receptor complex. Nicotiana
benthamiana AL protein is phylogenetically closely related to
Arabidopsis thaliana Alfin-like protein 7 (AtAL7) (SI Appendix,
Fig. S1). Hence, we designated the protein as NbAL7 herein.
To validate the interaction between NbDAL7 and N protein iden-
tified from TurboID-based PL, we performed bimolecular fluores-
cence complementation (BiFC) assay. We coexpressed NbAL7
fused to the C terminus of yellow fluorescent protein (YFP)
(NbAL7-YFPc) and previously described N fused to the N terminus
of YFP (N-YFPn) in the genomic sequence context including its
5" and 3’ regulatory regions and introns (referred to as gN) (16).
BiFC assay showed that NbAL7 interacts with full-length N and
the TIR domain of N in the nucleus but not with nuclear-localized
RH20 protein control (Fig. 1 A and B). We also tested the inter-
action between NbAL7 and the TIR domain of N by using the
split luciferase system (29). Coexpression of NbAL7-cLuc and
nLuc-TIR in N. benthamiana produced strong luminescence,
whereas a very weak signal was detected for the control combina-
tions NbAL7-cLuc/nLuc or cLuc/nLuc-TIR (Fig. 1C). All proteins
in the BiFC and split luciferase assays were successfully expressed
as evidenced by immunoblot analysis (87 Appendix, Fig. S2 A-C).
To further confirm the interactions, we performed coimmunopre-
cipitation (Co-IP) assays. MYC-tagged N protein (gN-Myc) (16)
and HA-tagged NbAL7 or Citrine were coexpressed in V.
benthamiana. The results showed that gN-Myc Co-IPs with
NbAL7-HA but not with Citrine-HA control (Fig. 1D). Similarly,
the TIR domain of N also Co-IPs with NbAL7 (Fig. 1E). To further
examine whether NbAL7 physically interacts with N, we purified
glutathione  S-transferase  (GST)-fused TIR domain and
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Fig. 1.

NbAL7 interacts with N NLR in vivo and in vitro. (A and B) BiFC to detect the interaction of NbAL7 with N or TIR domain. NbAL7-YFPc was coexpressed

with gN-YFPn (A) or TIR-YFPn (B). NbAL7-YFPc and the RH20-YFPn served as the control. YFP signals were visualized by confocal microscopy at 48 hpi. (Scale
bars, 15 um.) (C) Split luciferase assay to detect interaction between NbAL7 and TIR domain. Luminescence signals were recorded in N. benthamiana leaves at
48 hpi. (D and E) Co-IP assay to analyze the interaction of NbAL7 with N (D) or TIR domain (). Leaf tissues agroinfiltrated with different combinations indicated
above the panels were harvested at 48 hpi. Total proteins were immunoprecipitated with anti-HA (D) or anti-Flag beads (). Input and immunoprecipitation (IP)
products were analyzed by western blot with anti-HA, anti-Myc, or anti-Flag antibodies. Asterisk in panel D indicates protein bands that might be a degradation
product of NbAL7-HA. (F) GST pull-down analysis of the interaction between NbAL7 and TIR domain. NbAL7-His or GFP-His was incubated with GST-TIR or GST.
Input and pull-down products were analyzed by western blot with anti-His and anti-GST antibodies.
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NbAL7-His proteins from Escherichia coli (Fig. 1F); the GST pull-
down assay showed that GST-TIR specifically binds to the NbAL7-
His protein but not the green fluorescent protein (GFP)-His
control. Collectively, these results demonstrate that NbAL7 inter-
acts with N in vivo and in vitro.

NbAL7 Positively Regulates N TNL-Mediated Resistance Against
TMV. To test whether NbAL7 participates in N-mediated immunity,
we first evaluated the transcription of N6AL7 in N. benthamiana
expressing N (VN) (30) after mechanical inoculation with

TMV-UI virions. RT-qPCR analysis revealed that the transcript
level of NbAL7 was elevated at 12 h post TMV infection (hpi) and
then decreased at 36 hpi. However, NbAL7 expression is induced
again at 72 hpi. In contrast, the messenger RNA (mRNA) level
of NbAL7 in mock-inoculated NNV showed no apparent changes
(Fig. 24), indicating that NbAL7 may function in /N-mediated
defense against TMV.

Next, we tested the requirement of NbAL7 in /N-mediated cell
death in response to TMV p50. For this, the intron-spliced hairpin
RNA-mediated RNA interference was used to downregulate the
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Fig. 2. NDbAL7 positively regulates N-mediated resistance against TMV. (A) The transcript levels of NbAL7 in NN plants during TMV-U1 infection. Total RNA was
extracted from the leaves at the indicated time points after mechanical inoculation of TMV-U1 virions. Mock-inoculated (0.01 M phosphate buffered saline) NN
plants served as the control. (B) Knock-down of NbAL7 impaired p50-induced cell death. Different leaf regions were infiltrated with Agrobacterium harboring
intron-hairpin NbAL7 or empty vector (EV). After 24 hours, Agrobacterium mixtures containing plasmids expressing Myc-tagged N and tandem affinity purification
(TAP)-tagged p50 were infiltrated into previously infiltrated regions. Leaves were stained by trypan blue and representative photographs were taken at 4 days
post-infiltration (dpi). (C) Analysis of ion leakage from the infiltrated leaf regions shown in (B). For panels A and C, error bars represent mean +SD (n=3andn=5
biologically independent plants for panels A and C, respectively). Asterisks indicated significant differences based on two-sided paired Student’s t-test (*P < 0.05,
**P <0.01, ****P < 0.0001). (D) p50-induced cell death was impaired in NbAL7-KO and -KD transgenic plants. p50-TAP was transiently expressed in the leaves of
NN, NbAL7-KO or NbAL7-KD plants. At 4 dpi, the infiltrated leaves were stained by trypan blue and representative photographs were taken. The experiments were
repeated three times with similar results. (F) N-mediated resistance against TMV was compromised by knock-out of NbAL7 but enhanced by overexpression of
NDbAL7. TMV-U1-GFP at final ODg, of 0.1 and 0.3 were agroinoculated onto NN, NbAL7-KO, and NbAL7-OE plants. Photographs were taken under ultraviolet light
at 5 dpi. (F) Western blot analysis with anti-GFP antibody to detect the accumulation of TMV-U1-GFP in (E). Actin served as the loading control. (G) Phenotypes
of TMV-infected NN, NbAL7-KO and NbAL7-KD plants. N. benthamiana leaves were inoculated with 300 ng TMV-U1 virions and photographs were taken at 10 dpi.
Bar =5 cm. (H) Western blot analysis with anti-coat protein (CP) antibody to detect the TMV accumulation in the systemic leaves of the plants shown in (G). Actin
served as the loading control. For panels E to H, the experiments were independently repeated twice with similar results.
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expression of NbAL7. The downregulation of the N6AL7 mRNA
level was confirmed by RT-qPCR (SI Appendix, Fig. S3A).
Agrobacterium containing RNA interference (RNAI) vector was
infiltrated into N. benthamiana leaves 24 h prior to infiltration of
Agrobacterium mixtures expressing gN and p50, whose coexpres-
sion activates plant immunity and triggers cell death (17). Trypan
blue staining and the ion leakage measurement assay showed that
p50-induced cell death was significantly impaired in the regions
treated with NbAL7-RNAI vector compared with empty vector
(EV) (Fig. 2 B and C). Moreover, GFP-tagged TMV-U1 showed
stronger fluorescence in the NbAL7-silenced leaf region (S/
Appendix, Fig. S3 B, Right) than in the EV control (8] Appendix,
Fig. 83 B, Lef?), and immunoblot analysis showed increased TM V-
GFP accumulation in NbAL7-silenced leaf region compared with
the EV control (S Appendix, Fig. S3C).

To further confirm the role of NbAL7 in N-mediated defense, we
generated VbAL7 knockout (NbAL7-KO), knockdown (NbAL7-KD),
and overexpression (NGAL7-OE) transgenic NN plants. Sanger
sequencing revealed the deletion of different sizes at the NbAL7 target
site in two NGAL7-KO lines (SI Appendix, Fig. S4A). NbAL7 mRNA
levels were significantly decreased in two independent transgenic lines
of NbAL7-KD plants compared with NN plants, as evidenced by
RT-qPCR (8] Appendix, Fig. S4B). Overexpression of NbAL7 in two
independent transgenic lines of NbAL7-OF plants was also verified
by immunoblot analysis (S/ Appendix, Fig. S4C). The NbAL7-KO
transgenic plants showed a phenotype of delayed seed germination
compared with nontransgenic NIV plants, while we did not observe
obvious differences between NbAL7-KO and nontransgenic NN
plants when they grew up (S Appendix, Fig. S4 D and E). This is
reasonable as previous studies indicated that AtAL7 functions in pro-
moting seed germination (26).

To test the effect on cell death, we infiltrated leaves of
NbAL7-KO and NbAL7-KD transgenic plants with Agrobacterium
carrying a TAP-tagged p50 at ODyg, of 0.1 and 0.2. The results
showed that the p50 can induce cell death in VN plants but it is
significantly compromised in either N6AL7-KO or NbAL7-KD
plants (Fig. 2D). We then agroinoculated TMV-U1-GFP onto
NN, NbAL7-KO, and NbAL7-OE plants. TMV-U1-GFP showed
stronger fluorescence in NbAL7-KO plants compared with the
NN plants. In contrast, GFP fluorescence in NbAL7-OE plants
was weaker than in the control NN plants (Fig. 2E). Immunoblot
analysis further confirmed increased TMV accumulation in
NbAL7-KO plants and decreased level of TMV in N6AL7-OF
plants compared with the NN plants (Fig. 2F). We also rub-inoc-
ulated the TMV-U1 virions onto the NN or NbAL7-KO plants
and analyzed the TMV accumulation in the inoculated leaves at
0, 3, 4, and 5 d postinoculation (dpi). Immunoblot analysis
showed that the TMV accumulation in the inoculated leaves of
NbAL7-KO is much higher than that in nontransgenic VN plants
(SI Appendix, Fig. S3D). At 10 d after TMV inoculation, both
NbAL7-KO and NbAL7-KD N. benthamiana plants showed obvi-
ous wilting phenotype, in striking contrast with the nontransgenic
NN plants which showed a normal growth (Fig. 2G). Immunoblot
analysis verified the presence of TMV in upper uninoculated leaves
of both NbAL7-KO and NbAL7-KD plants but not in VN plants
(Fig. 2H). Altogether, these data demonstrated that disruption of
NbALY expression significantly compromises N-mediated resist-
ance against TMV, indicating the positive regulatory role for
NbAL7 in N-mediated defense responses.

NbAL7 Is a Transcriptional Repressor and Regulates Defense-
Related Genes. To analyze the characteristics of NbAL7, we
expressed mCherry-tagged NbAL7 in N. benthamiana leaves
and observed that NbAL7 localizes to the nucleus (87 Appendix,

40f12 https://doi.org/10.1073/pnas.2214750120

Fig. S5A). Furthermore, we performed nuclear isolation assays,
and the results showed that NbAL7 was only detected in the
nuclear fraction but not in the cytoplasm (S7 Appendix, Fig. S5B).
We also used yeast one-hybrid assay to examine its transcriptional
activation capability. Results showed that the combination of
NbAL7 and the empty pGBKT7 vector did not result in the
growth of the yeast on the SD/-Trp-Leu-His-Ade dropout plate, in
contrast to that of MYC2 transcription activator (31) (8] Appendix,
Fig. S5C). Dual-luciferase assays showed that the luminescence
intensity and ratio of firefly luciferase/Renilla luciferase (LUC/
REN) were significantly increased when the positive control VP16
protein was expressed. In contrast, the coexpression of NbAL7 with
reporter construct resulted in a significantly decreased luciferase
activity compared with EV control (S Appendix, Fig. S5D). The
expression of the NbAL7 protein was confirmed by immunoblot
analysis (S Appendix, Fig. S2D). These results indicated that
NbAL?7 is a nuclear-localized transcriptional repressor.

To identify genes that were targeted by NbAL7, we performed
chromatin immunoprecipitation (ChIP)-seq analysis by infiltrat-
ing leaves of N. benthamiana plants with Agrobacterium carrying
a hemagglutinin (HA)-tagged NbAL7. The results showed that
2094 genes were enriched (65). Among them, over 75% of the
identified peak regions were located in promoter regions upstream
of the transcription start site or 5" intergenic regions, and less than
5% of the peaks were located in exon and intronic regions
(Fig. 34). The genome-wide distribution of peak regions analysis
showed that that NbAL7 binding site localizes to the transcription
start sites of its target genes (Fig. 3B). Gene ontology analysis
further revealed that specific target genes of NbAL7 were enriched
in several biological processes such as intracellular signal transduc-
tion, regulation of biological process, signal transduction, and cell
communication (Fig. 3C).

Given that NbAL7 is a transcriptional repressor that positively
regulates V-mediated defense, we focused on putative targets that
might negatively regulate immune signaling as listed in S/ Appendix,
Table S1. Among them, L-ascorbate peroxidase 2 (APX2),
Glutathione reductase (GR), and Glutathione peroxidase 2 (GPX2)
drew our attention. Cytosolic ascorbate peroxidase was reported
to respond to ROS production in Nicotiana tabacum cv. Xanthi
NN plants during TMV infection (32). GR and GPX are also
crucial enzymes involved in the ROS scavenging pathway (33-35).
The removal of ROS has been widely proved to be an event that
is correlated with suppression of plant immunity (36-38). ChIP
analysis revealed DNA fragments corresponding to the promoters
of these three genes can be enriched by NbAL7 (S Appendix,
Fig. S6A). By analyzing the promoter sequence of putative
NbAPX2, NbGR, and NbGPX2, G-rich elements (GTGGNG or
GNGGTG), which have been reported to be targeted by AL fam-
ily transcriptional regulators (27), were found to be present in the
promoters of these three genes (87 Appendix, Fig. S6B). ChIP-
qPCR was conducted to further validate the result of ChIP-seq.
The results revealed that NbDAL7 was enriched at the G-rich
regions of promoters of NbAPX2, NoGR, and NbGPX2 in planta.
By contrast, only trace amounts of DNA products were immu-
noprecipitated when the antibody for enrichment was omitted
(Fig. 3D). Immunoblot analysis verified the expression of NbAL7
in the N. benthamiana leaves as well as the enrichment of NbAL7
in the ChIP assay (SI Appendix, Fig. S2E).

We carried out competition analysis by electrophoretic mobility
shift assay (EMSA) to analyze the direct interaction between
NbAL7 and promoters of its target genes. The G-rich element
containing regions, including -1,269 to -1,244 bp of NbAPX2,
-1,289 to -1,264 of NbGPX2, and -100 to -73 bp of N6GR that

were upstream of translation start codon, were designed as
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Fig. 3. NbAL7 transcriptionally represses the expression of ROS scavenging genes via directly binding to their promoters. (A) Distribution of the NbAL7 binding
site location relative to RefSeq genes. Locations of binding sites are divided into promoter (1 to 2 kb), promoter (<1 kb), promoter (2 to 3 kb), 5’'UTR, 3'UTR, other
exons, first intron, other introns, and downstream and distal intergenic regions. (B) Distribution of identified NbAL7 binding sites relative to the transcriptional
start site. (C) Analysis of the enriched Gene Ontology (GO) terms. Targeted genes were summarized into three main GO categories: biological process (green box),
cellular components (orange red box), and molecular functions (blue box). The x-axis indicates the gene number, and the y-axis indicates the subcategories. Black
asterisks indicate significantly enriched terms. The top 30 enriched GO terms were listed. (D) ChIP-qPCR assay showing the binding of NbAL7 to the NbAPX2, NbGR,
and NbGPX2 promoters in planta. (E) EMSA analysis of NbAL7 binding to NbAPX2, NbGR, and NbGPX2 promoters; 26 to 28 bp sequences with G-rich elements of
NbAPX, NbGR, and NbGPX2 promoters were designed as probes. (F) Dual luciferase reporter system to test the effect of NbAL7 on the transcription of NbAPX2,
NbGR, and NbGPX2. Upper: schematic representation of reporter and effector constructs. Middle: live imaging of transcriptional repression activity of NbAL7 on
promoters of NbAPX2, NbGR, and NbGPX2. Bottom: quantitative analysis of transcriptional repression activity of NbAL7. LUC activity was measured by normalizing
to the REN signal. For panels D and G, error bars indicated mean + SD (n = 3 biologically independent plants). Asterisks indicated the significant difference based

on two-sided paired Student’s ¢t test (*P < 0.05, **P < 0.01).

biotin-labeled probes. The same sequence without a biotin label
served as the cold probe, and the probes where G-rich elements
are substituted with A were used as mutated probes. The results
showed that NbAL7 is capable of binding to the biotin-labeled
probe, and the unlabeled probe can competitively interfere with
the biotin-labeled probe binding to NbAL7 protein, although the
APX2 cold probe did not perform as well as that of GPX2 and
GR. In contrast, the unlabeled mutated probe has no obvious
effect on the binding between biotin-labeled probe and NbAL?7,
indicating that NbAL7 specifically binds to G-rich elements
within the target genes” promoters (Fig. 3E).

PNAS 2023 Vol.120 No.3 e2214750120

To determine the effect of NbAL7 on the target gene expression
in planta, we performed dual-luciferase assays. Luciferase under the
promoters of NbAPX2, NbGR, and NbGPX2 was coexpressed with
NbAL?7 or EV control (Fig. 3F). Luminescence intensity and the
ratio of LUC/REN served as the indicators of luciferase activity as
well as the transcriptional level of N6APX2, NbGR, and NbGPX2.
The results showed that compared with the EV control, NbAL7
expression reduced transcription levels of these three target genes
(Fig. 3G). The expression of NbAL7 was confirmed by immunoblot
(SI Appendix, Fig. S2F). Moreover, we also analyzed the transcription
of NbAPX2, NbGR, and NbGPX2 in NbAL7-KO transgenic plants;
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the results showed that the mRNA levels of these three genes were
significantly elevated in NbAL7-KO plants compared with VIV plants
(SI Appendix, Fig. S6C). Together, these results indicate that NbAL7
negatively regulates the transcription of APX2, GR, and GPX2 by
directly binding to the G-rich element of their promoters.

NbAL7 Contributes to ROS Accumulation and Cell Death. APX2,
GR, and GPX2 are involved in scavenging of ROS, which plays
an important role in both PTT and ETT signaling pathways (39).
Overproduction or over accumulation of ROS gives rise to cell
death. To verify if NbAL7 participates in the regulation of ROS
production and cell death, we transiently overexpressed NbAL7
in N. benthamiana leaves, and 3,3’-diaminobenzidine (DAB)
staining of the leaves indicated that overexpression of NbAL7
indeed resulted in the increase of ROS accumulation (Fig. 4A).
Furthermore, H,0O, level was measured with Amplex red hydrogen
peroxide/peroxidase assay kit, and the results showed that NbAL7
overexpression induced a 3.5-fold higher H,O, level than that
of the EV control (Fig. 4B). We also observed cell death in the
leaves overexpressing NbAL7 as indicated by trypan blue staining,
and the ion leakage measurement assay further confirmed it
(Fig. 4 Cand D). The expression of NbAL7-HA was verified by
immunoblot analysis (S/ Appendix, Fig. S2G).

Given that TMV infection in NN plants can induce ROS gen-
eration to enhance the immunity against TMV (40, 41), we
explored the role of NbAL7 in TMV-induced ROS accumulation
in NN plants. For this, we analyzed the expression of NbAPX2,
NbGR, and NbGPX2 in NN and NbAL7-KO plants upon TMV
inoculation. The results showed that their expression was signifi-
cantly elevated in NbAL7-KO plants compared with NN plants
during TMV infection (Fig. 4E). Correspondingly, ROS accumu-
lation in NbAL7-KO and NbAL7-KD plants infected with TMV
at 48 and 72 hpi was much lower than that in NN plants as evi-
denced by DAB staining and H,0, measurement (Fig. 4 F and
G). Together, these results indicate that NbAL7 positively regulates
ROS accumulation by repressing the expression of ROS scaveng-
ing genes.

SIPK/WIPK Interact with and Phosphorylate NbAL7.
Phosphorylation of TFs plays an important role in TF regulation.
To investigate whether NbAL7 gets phosphorylated, we purified
recombinant NbAL7-His protein from E. coli. In an in vitro
phosphorylation assay, NbAL7 was phosphorylated by /N.
benthamiana soluble protein extract (Fig. 54).

Previously, using functional protein microarrays, Arabidopsis

ortholog of NbAL7 has been shown to be phosphorylated by

P=0.0151 P=0.033 1 NN
P=0.0016 *
204 P=Y 100 * 57 APX2 TT [ NbAL7-KO
= °
E 80 > 44
15 ] —_ [ -
L g 3 P=0022
| ~ g 60 Z 3
S 10 IS (4
£ ] € P<0.001
2 8 40 o 24 ok
< c H =
Q, 5 S g
T 20 °©
14
EV NbAL7 EV NbAL7
12 24 36 48 60 72 Time/h
a + P=0.02
F TMV-U1 G M GR 0026
P=oo4 — P=0.023
NN (Control) NbAL7-KO NbAL7-KD 207 T [ =
=0.0 o 34
cr AR B © : S : <
) £ 154 z
2R 2 £ 2]
g 101 . 2
2 5 ]
o Q
% o :
o [**] 12 24 36 48 60 72 Time/h
P =0.0045
4~ GPX2 P=0.0088
40+ P=0.0064 *k
T
g 30 8 3
<
o < P=0.045
= x =
g 209 E 2 P=0.033
2 = *
O, 101 3o 3 14
T ['4
i 0 ©
W 0 12 24 36 48 60 72 Time/h
& @

Fig.4. NDbAL7isrequired for ROS accumulation in NN plants during TMV infection. (A) Analysis of NbAL7-induced H,0, accumulation by DAB staining. Agrobacterium
harboring EV vector or plasmid expressing NbAL7-HA was infiltrated into N. benthamiana leaves. At 4 dpi, leaves were stained by DAB and photographs were
taken. (B) Quantification of H,0, accumulation in A. (C) Analysis of NbAL7-induced cell death by trypan blue staining. Agrobacterium harboring different plasmids
was infiltrated into N. benthamiana leaves as described in panel A. Leaves were stained by trypan blue at 4 dpi, and photographs were taken. (D) Analysis of ion
leakage from the infiltrated leaf regions shown in C. (E) The transcript levels of the APX2, GR, and GPX2 gene in NN or NbAL7-KO plants inoculated with TMV-U1.
Total RNA was extracted from the leaves at the indicated time points after inoculation of 300 ng TMV-U1 virions. (F) Analysis of ROS accumulation in NN, NbAL7-
KO, and NbAL7-KD plants during TMV infection by DAB staining. Leaves of NN, NbAL7-KO, and NbAL7-KD plants infected with 300 ng TMV-U1 virions were stained
by DAB at 48 hpi (Upper) and 72 hpi (Bottom). (G) Quantification of H,0, accumulation in F. Upper: H,O, level in TMV-U1-infected leaves at 48 hpi. Bottom: H,0,
level in TMV-U1 infected leaves at 72 hpi. For panels B, D, and E, error bars indicate mean + SD (n = 4 biologically independent plants for panel B; n = 3 biologically
independent plants for panels D and E). Asterisks indicated the significant difference based on two-sided paired Student’s t test (*P < 0.05, **P < 0.01, ***P <
0.001). For panel G, error bars indicate mean + SD (n = 4 biologically independent plants). Asterisks indicated the significant difference based on one-way ANOVA
analysis with Dunnett's multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 5. SIPK/WIPK interact with and phosphorylate NbAL7 at Ser 174. (A) In vitro phosphorylation of His-tagged recombinant NbAL7 protein. The total soluble
proteins extracted from healthy N. benthamiana leaves (Nb EX) were used as a kinase resource. Coomassie brilliant blue (CBB)-stained NbAL7-His are shown
below. (B) Schematic representation of putative MAPK interaction motifs and phosphorylation site of NbAL7. NbAL7s;,4, and NbAL7s,,45 represent the phospho-
null and phosphor-mimic mutants of NbAL7, respectively. (C) BiFC analysis of the interaction between NbAL7 and SIPK or WIPK. NbAL7-YFPn was coexpressed
with SIPK-YFPc or WIPK-YFPc. RH20-YFPc served as a control. YFP signals were visualized by confocal microscopy at 48 hpi. (Scale bars, 15 pm.) (D) GST pull-down
analysis of the interaction between NbAL7 and SIPK or WIPK. NbAL7-His or GFP-His was incubated with GST, GST-SIPK, or GST-WIPK. Input and pull-down products
were analyzed by western blot with anti-His and anti-GST antibodies. (E) Phosphorylation of NbAL7 mediated by activated SIPK and WIPK in vitro. SIPK and
WIPK were activated with recombinant MEK2PP-His protein. Reactions lacking the specific components served as controls. Phosphorylated NbAL7 was detected
by autoradiography after 12.5% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel electrophoresis (Upper). CBB-stained SIPK, WIPK,
and NbAL7 proteins were shown below. (F) Phosphorylation of NbAL7 and NbAL7s,,,, mediated by activated SIPK and WIPK in vitro. Recombinant NbAL7-His
and NbAL7.,,4.-His proteins were incubated with activated SIPK or WIPK. Phosphorylated NbAL7 or NbAL7,,4, Was detected by autoradiography after 12.5%
SDS-PAGE gel electrophoresis (Upper). CBB-stained SIPK, WIPK, and AL7 are shown below. (G) In vitro phosphorylation assays of NbAL7 and NbAL7,744 by Nb
EX. The autoradiography bands (Upper) and CBB-stained loading controls (Bottom) are shown. (H) SIPK-mediated phosphorylation of NbAL7 at Ser174 in vivo.
N. benthamiana leaves transiently expressing NbAL7 or NbAL7;,4, With or without SIPK were harvested at 48 hpi. Total proteins were immunoprecipitated with
anti-Flag beads and detected by anti-Flag or anti-pSer174 polyclonal antibodies. SIPK expression was detected by Western blot with anti-HA antibody. (/) In vivo
phosphorylation of NbAL7 at Ser174 in the tobacco rattle virus (TRV)-EV control and TRV-SIPK/WIPK inoculated N. benthamiana. NbAL7 and its derivatives were
transiently expressed in upper silenced N. benthamiana leaves. At 2 dpi, total proteins were immunoprecipitated with anti-Flag beads and analyzed by western
blot with anti-Flag or anti-pSer174 polyclonal antibodies. (/) TMV-induced NbAL7 phosphorylation at Ser174 depends on SIPK/WIPK. NbAL7-OE transgenic N.
benthamiana leaves inoculated with 300 ng TMV-U1 virions were harvested at the indicated time points. Total proteins were immunoprecipitated with anti-Flag
beads and detected by western blot with different polyclonal antibodies indicated on the right. Actin served as the loading control. For panels C-E and H-J, the
experiments were independently repeated twice with similar results.

MAPKSs (42). In addition, N. benthamiana WIPK and SIPK, the =~ WIPK-YFPc in N. benthamiana leaves resulted in reconstitution

orthologs of Arabidopsis MPK3 and MPKG6, were reported to be
involved in N-mediated resistance pathway (19-21). Ser or Thr
followed by Pro (SP or TP) is the minimal consensus motif for
MAPK phosphorylation, and the docking domain which includes
a cluster of basic residues upstream of the LxL motif ([K/R],_, -
X, ¢~ [L/I] - x - [L/1]) were proved to be the MAPK kinases
interacting motif (43). Interestingly, both SP/TP sites and docking
domains were found in NbAL7 protein (Fig. 5B). These previous
data implied that NbAL7 might be the substrate of SIPK and
WIPK. To verify this, a BiFC assay was conducted to test their
interactions. Coexpression of NbAL7-YFPn and SIPK/

PNAS 2023 Vol.120 No.3 e2214750120

of YFP signal in the nucleus compared to the control (Fig. 5C).
The expression of target proteins in the BiFC assay was confirmed
by immunoblot analysis (S Appendix, Fig. S2H). Moreover, GST
pull-down analysis revealed that NbAL7-His protein binds to
either GST-SIPK or GST-WIPK, but not to GST control
(Fig. 5D). These results indicate that SIPK and WIPK interact
with NbAL?7 in vivo and in vitro.

We next assessed whether NbAL?7 is phosphorylated by SIPK
and WIPK. Constitutively active MEK2P-activated GST-SIPK
and GST-WIPK were able to phosphorylate NbAL7. By contrast,
neither GST-SIPK nor GST-WIPK phosphorylated NbAL7-His
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in the absence of constitutively active MEK2PP (Fig. 5E). Two
classical MAPK phosphorylation sites Ser174 and Thr228 fol-
lowed by Pro were found in NbAL7, and Ser174 is highly con-
served in AL7 from different plant species (SI Appendix, Fig. S7).
Previous phosphoproteomic data from A. thaliana indicated the
potential occurrence of phosphorylation at the Ser174 site (44).
Thus, we mutated the Ser174 residue to Alanine within the
NbAL7 protein and purified the recombinant NbAL7,-4,-His
protein for in vitro phosphorylation assay. Interestingly, the
phosphorylation signal produced by incubation of NbAL7 44~
His with SIPK or WIPK was substantially reduced (Fig. 5F).
Likewise, the phosphorylation signal for NbAL7,,4, was also
much lower than that of the NbAL7 in the presence of the N.
benthamiana extracts (Fig. 5G). These results indicated that
Ser174 is required for NbAL7 phosphorylation by SIPK/WIPK
in vitro.

To determine the phosphorylation status of NbAL7 in vivo, we
generated a polyclonal antibody that specifically recognizes the
phosphorylated Ser174 in NbAL?. Given that transient expression
of SIPK alone in tobacco leads to an increase of SIPK activity (19),
we coexpressed SIPK with NbAL7 in N. benthamiana leaves and
immunoblotting with anti-pSer174 showed an increased NbAL7
phosphorylation level at Ser174 site compared with expressing
NbAL7 alone. No phosphorylation signal was detected for the
NbAL7g;,4, mutant either in the absence or presence of SIPK
(Fig. 5H). To further investigate whether the phosphorylation at
Ser174 is mediated by SIPK/WIPK, TRV-based virus-induced
gene silencing (VIGS) was used to downregulate the expression
of both S/PK and WIPK. The NbAL7 was then transiently
expressed in the upper uninoculated leaves where silencing occurs.
Immunoblot with anti-pSer174 antibody revealed that the NbAL7
phosphorylation level was significantly reduced in plants where
SIPK and WIPK expression was silenced (Fig. 5/). Moreover, we
also constructed NbAL7 or NbAL7,,, fused to Flag tag under
the control of its native promoter. Agrobacterium mixtures carrying
the ProNbAL7::NbAL7-3xFlag or ProNbAL7::NbAL7 g, ,,-3xFlag
and 35S::SIPK-HA were infiltrated into the N. benthamiana
leaves. At 3 dpi, NbAL7-3xFlag protein was enriched by immu-
noprecipitation with anti-Flag beads; immunoblotting with anti-
pSer174 showed consistent NbAL7 phosphorylation changes with
that shown in Fig. 5 H and 7 (S] Appendix, Fig. S8). However, we
observed no phosphorylation when expressed with the N6AL7, -,
mutant (S Appendix, Fig. S8).

To test whether SIPK/WIPK-mediated phosphorylation of
NbAL7 was induced during activation of N-mediated immune
response, we inoculated TMV-U1 virions on NbAL7-OE plants,
and the TMV-infected leaves were harvested at 0, 12, 24, 48, and
72 hpi. Immunoblot analysis revealed that the phosphorylation
level of NbAL7 at Ser174 was increased during TMV infection
(Fig. 5 J, Upper), which is in parallel with the activation of the
MAPK cascade (Fig. 5 /, Middle). Together, these results indicated
that NbAL?7 is phosphorylated by SIPK/WIPK at the Ser174 site
in vivo, a process induced by activation of N-mediated defense
response.

SIPK/WIPK-Mediated NbAL7 Phosphorylation Promotes N-
Mediated Immune Response. To investigate the influence of
SIPK/WIPK-mediated phosphorylation on NbAL7 functions,
we coexpressed SIPK with NbAL7 because overexpression of
SIPK in plants was able to activate its kinase activity (19). The
results showed that overexpression of SIPK in N. benthamiana
induces mild cell death, which is consistent with the cell
death triggered by overexpression of SIPK in N. tabacum
(19). Intriguingly, trypan blue and DAB staining showed that

80f 12 https://doi.org/10.1073/pnas.2214750120

coexpression of SIPK with NbAL7 induces more severe cell
death phenotype and higher ROS accumulation than the leaves
expressing either SIPK or NbAL7 alone (Fig. 64). Consistently,
NbAL7-induced ion leakage and H,0, accumulation was
increased by up to 64% and 73%, respectively, in the presence
of SIPK (Fig. 6 B and C). Immunoblot analysis confirmed the
expression of NbAL7-Flag and SIPK-HA in the infiltrated leaves
(ST Appendix, Fig. S21). We did not observe the apparent effect
of WIPK overexpression on NbAL7-induced ROS accumulation
and cell death (S Appendix, Fig. S9), which can be partially
explained by the inability to trigger cell death when WIPK is
overexpressed in tobacco (19).

To further evaluate the influence of phosphorylation on the
NbAL7 function, we compared the difference of ROS accu-
mulation and cell death induced by NbAL7 and phospho-null
NDbAL7,744 or phospho-mimetic NbAL7,-,p. When express-
ing NbAL7 or its mutants alone, NbAL7,4, showed less ROS
accumulation and weaker cell death than NbAL7, whereas
NbAL7g,-4p induced more ROS accumulation and enhanced
cell death than both NbAL7 and NbAL7g,,,, (Fig. 6D). Ion
leakage measurement and H,O, measurement further sub-
stantiated the NbAL7¢,4, phenotype (Fig. 6 E and F). Similar
results were observed when coexpressing NbAL7 or its mutants
with SIPK (S7 Appendix, Fig. S10). Immunoblot analysis con-
firmed target protein expression in the infiltrated leaves
(81 Appendix, Fig. S2]).

To further investigate the role of SIPK and WIPK in NbAL7-
induced cell death, TRV-VIGS was used to downregulate SIPK
and WIPK. We observed cell death in the unsilenced control leaves
where NbAL7 was transiently overexpressed (Fig. 6G, TRV-EV).
In contrast, cell death triggered by NbAL7 overexpression was
significantly attenuated in leaves where SI/PK and WIPK were
simultaneously silenced (Fig. 6G, TRV-SIPK/ WIPK). Furthermore,
NbAL7-induced ion leakage in TRV-SIPK/WIPK plants was 48%
lower than that in TRV-EV control plants (Fig. 6H). The down-
regulation of SIPK and WIPK was verified by RT-qPCR (Fig. 61).
These results indicated that SIPK/WIPK-mediated phosphoryla-
tion on Ser174 is necessary for NbAL7 to promote ROS accumu-
lation and induce cell death.

We then performed in vitro phosphorylation-coupled EMSA-
to analyze the effects of SIPK/WIPK on NbAL7 binding to
DNA in vitro. EMSA showed that the binding of the NbAL7
to NbGPX2 promoter was significantly enhanced upon the addi-
tion of MEK2" -activated SIPK/WIPK compared with that
treated with SIPK/WIPK alone (Fig. 6/). In contrast, the bind-
ing of recombinant maltose-binding protein (MBP)-NbAL7, 4,
to the N6GPX2 promoter was significantly reduced compared
with MBP-NbAL?7 (Fig. 6K). Moreover, we used the dual-lucif-
erase reporter system to determine the effect of SIPK on the
NbAL7-mediated transcriptional regulation of the target genes.
SIPK and NbAL7 under the control of 35S promoter were coex-
pressed with the luciferase driven by the promoters of
NbAPX2, NbGR, or NbGPX2. The 35S promoter-controlled
REN served as the internal control. The results showed that
overexpression of NbAL7 inhibited the expression of its target
genes, and introduction of SIPK further significantly reinforces
the transcriptional suppression activity of NbAL7 (Fig. 61). We
also analyzed the transcriptional regulation activity of
NbAL7744 and NbAL7¢,,4, mutants. The results showed that
NbAL7¢,,4p exhibited enhanced transcription suppression activ-
ity on target genes. In contrast, NbAL7 -4, failed to repress the
target gene transcription (Fig. 6M4). The expressions of NbAL7
and its variants were confirmed by immunoblot analysis (57
Appendix, Fig. S2K). Together, these results indicate that SIPK/
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Fig. 6. SIPK/WIPK-mediated phosphorylation of NbAL7 enhances its transcriptional repressor activity. (A) NbAL7-induced ROS accumulation and cell death
were enhanced by SIPK. Agrobacterium mixtures containing different plasmids as indicated above the panel were infiltrated into different regions of the same N.
benthamiana leaves; leaf phenotypes (Top), trypan blue staining (Middle), and DAB staining (Bottom) are shown. Representative photographs were taken at 3 dpi. (B
and C) lon leakage assay (B) and measurement of H,O, level (C) in the leaves shown in panel A. Error bars indicated mean + SD (n = 4 biological independent plants).
(D) Phosphorylation at Ser174 is required for NbAL7 to induce ROS accumulation and cell death. NbAL7, NbAL7g;,4s, and NbAL7;,,,, Were transiently expressed
at different regions of the same N. benthamiana leaves. Leaf phenotypes (Top), trypan blue staining (Middle), and DAB staining (Bottom) are shown. Representative
photographs were taken at 5 dpi. (E and F) lon leakage assay (F) and measurement of the H,0O, level (F) in the leaves shown in panel D. Error bars indicate mean +
SD of the (n = 4 biological independent plants for panel £ and n =5 biological independent plants for panel F). (G) SIPK and WIPK were required for NbAL7-induced
cell death. NbAL7 was transiently expressed in the upper silenced leaves of TRV-EV or TRV-S/PK/WIPK-inoculated N. benthamiana. Leaf phenotypes (Top) and trypan
blue staining (Bottom) are shown. Representative photographs were taken at 3 dpi. (H) Quantification of cell death by measuring ion leakage of leaves shown
in panel G. Error bars indicate + SD of the mean (n = 4 biological independent plants). (/) RT-gPCR assay to confirm the downregulation of SIPK and WIPK mRNA.
Error bars indicate + SD of the mean (n = 2 independently replicates). Asterisks indicated the significant difference based on two-sided paired Student's t test (*P
<0.05, **P < 0.01). (/) EMSA to test the effect of NbAL7 phosphorylation mediated by SIPK/WIPK on its DNA binding ability. After in vitro phosphorylation assays,
a biotin-labeled GPX2 DNA fragment was incubated with NbAL7-His or phosphorylated NbAL7-His protein. Bound probe and shift probe were detected with anti-
Streptavidin-horse radish peroxidase (HRP) (Upper). CBB-stained SIPK, WIPK, and NbAL7 proteins are shown below. (K) Phosphorylation of NbAL7 at Ser174 site
regulates its DNA binding ability. A biotin-labeled GPX2 DNA fragment was incubated with MBP-NbAL7 or MBP-NbAL7s,,,, protein. Bound probe and shift probe
were detected with anti-Streptavidin-HRP (Upper). CBB-stained MBP-NbAL7 and MBP-NbAL7s;,,,, proteins are shown below. (L) NbAL7-mediated transcriptional
suppression of APX2, GR, and GPX2 was enhanced by SIPK. LUC activity was measured by normalizing to the REN signal. Error bars indicate mean + SD (n =3
biologically independent plants). (M) The effect of Ser174 phosphorylation on NbAL7 transcriptional repressor activity. LUC activity was measured by normalizing
to the REN signal. Error bars indicate mean + SD (n = 4 biologically independent plants). For panels B and C, £ and F, and L and M, different letters in the chart
indicate statistically significant differences among different groups according to the one-way ANOVA analysis with Dunnett's multiple comparison test (P < 0.05).
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WIPK-mediated NbAL7 phosphorylation enhances its binding
to the target genes, thus enabling suppression of ROS scavenging
gene expression and promoting activation of N-mediated defense
responses to TMV infection.

NbAL7 Phosphorylation Modulate Its Interaction with N Protein.
Given the nucleocytoplasmic partitioning of N NLR receptor, we
hypothesize that the interaction between N and TFs may be tightly
regulated by immune activation. To test the dynamic interaction
between NDAL7 and N protein during N-mediated defenses,
NbAL7 and TIR domains of N were coexpressed in VN plants
followed by Co-IP analysis, and p50 was introduced to activate
N-mediated immunity. The results showed that less N-TIR was
coimmunoprecipitated by NbAL7 in the presence of a p50 effector
than that in the absence of p50 (SI Appendix, Fig. S11A4). Likewise,
the split luciferase assay showed that p50 expression significantly
reduced the luminescence signal produced by the cLuc-NbAL7/
TIR-nLuc in the leaves of NN plants (SI Appendix, Fig. S11B),
suggesting that N-NbAL7 interaction was attenuated during V-
mediated immune activation.

To investigate the effect of NbAL7 phosphorylation on its inter-
action with N, Co-IP was carried out to analyze the interaction
between N and NbAL7 or its derivatives. Co-IP assays revealed that
NbAL7;744 can be coimmunoprecipitated with N, which is com-
parable to that of the NbAL7. In contrast, the NbAL7,,p, associa-
tion with N was substantially reduced, similar to that of the negative
citrine control (S Appendix, Fig. S11C). We also performed split
luciferase assay to further examine their interactions; the results
showed that either cLuc-NbAL7 or cLuc-NbAL7,.4, produced
strong luminescence signals in the presence of TIR-nLuc. In contrast,
we observed very weak luminescence signals in the region coexpress-
ing cLuc-NbAL7,,5 and TIR-nLuc (SI Appendix, Fig. S11D).
Proteins in the split luciferase assays were successfully expressed as
evidenced by immunoblot analysis (S7 Appendix, Fig. S2 L and M).
All these results demonstrate that phosphorylation at Ser174 of
NbAL? impairs the interaction between NbAL7 and N protein.

MAPK-AL7 Module Also Function in Other TNLs-Mediated Cell
Death. The function of NbAL7 in suppressing ROS scavenging
prompted us to investigate whether NbAL7 functions in other
TNLs-mediated immunity besides the N TNL. We tested several
TNL and effector combinations including HopQ1 and XopQ,
which can be recognized by the N. benthamiana Roql TNL (45)
and AvrRPS4 plus RRS1-R/RPS4 (46) in NN, NbAL7-KO, and
NbAL7-KD plants, respectively. The results showed that cell
death mediated by different TNLs was attenuated in the leaves of
NbAL7-KO and NbAL7-KD plants compared with that of the NN
plants (Fig. 74 and SI Appendix, Table S2), suggesting a broader
role for the MAPK-AL7 module in different TNLs-mediated
defense responses.

Discussion

Transcriptional reprogramming is a common event that occurs
downstream of PTT and ETI. Although intensive studies have been
performed to elucidate the role of diverse TFs in the plant defenses
against bacteria and fungi, transcriptional reprogramming involved
in NLR-mediated resistance against plant viruses remains largely
underexplored. The N TNL is one of the well-studied viral NLRs
that confers resistance against TMV (47). Here, we identified a
plant homeodomain (PHD) domain-containing nuclear-localized
NbALY protein as a new component of N NLR immune complexes
by directly interacting with N protein. Our results demonstrated
that NbAL7 acts as a transcriptional repressor that binds to the
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G-rich elements in the promoters of ROS scavenging genes and
negatively regulates the expression of these genes, which leads to
the ROS accumulation and rapid activation of N-mediated defense
responses. We also show that the NbAL7 is directly phosphorylated
and regulated by the MAPK cascade, thereby constituting a func-
tional module to fine-tune the N-mediated immune response.

The AL PHD finger proteins have been reported to function in
plant growth and development by regulating the histone modifica-
tion status (48). In addition, AL family proteins also participate in
plant tolerance to salt, cold, and drought stresses (27, 28). Very little
is known about the function of AL family proteins during biotic
stresses. Here, using VbAL7 knock-down and knock-out plants,
we demonstrated the importance of AL7 in N-mediated resistance
against TMV, and the mechanisms underlying how NbAL7 con-
tributes to NV-mediated defense. Our study expands the current
understanding of AL family proteins by demonstrating that they
not only function in plant adaptation to abiotic stresses but also
play an important role in plant response to biotic stresses, in par-
ticular NLR-mediated resistance against plant viruses.

We found that NbAL7 is a transcriptional repressor that posi-
tively regulates immunity, which is distinct from previously reported
TFs that usually serve as transcriptional activators to promote the
expression of defense-related genes like PRI, EDS1, and ADRI (49,
50). Our ChIP-seq analysis and further molecular analysis showed
that NbAL7 directly targets a set of ROS scavenging genes, indi-
cating that NbAL7 functions to promote ROS accumulation to
induce defense (Fig. 7B). Interestingly, N interaction with NbAL7
was attenuated in the presence of TMV p50 effector indicating that
the free NbAL7 could bind to and repress ROS scavenging genes
to promote ROS accumulation and induction of defense (Fig. 7B).
In contrast to NbAL7, previously we have shown that SPL6 TF
associates with N only in the presence of p50 effector to positively
modulate V-mediated defense (23). These findings indicate that N
TNL interacts with different TFs with activation and repressor
functions to orchestrate immunity.

ROS is an important signaling component not only in immu-
nity but also in maintaining normal plant growth and development
(39, 51, 52). However, overproduction of ROS is harmful to plant
growth and development. Therefore, under normal conditions,
the ROS level is tightly controlled by multiple regulatory systems
for redox homeostasis (36, 53). However, upon pathogen attack,
this homeostasis is disrupted, leading to the ROS accumulation
in different cell compartments and activation of the immune sys-
tem to cope with the infection of pathogen. This can be accom-
plished either by upregulating the expression of ROS-producing
enzymes (e.g., respiratory burst oxidase homolog D) or by turning
off the ROS scavenging system. Although a number of TFs like
WRKY7/8/9/11, NTL4, TaSNAC11-4B, and bHLH123 have
been reported to directly enhance ROS production by increasing
the transcription of ROS production-related genes (54-57), how
ROS scavenging-associated genes expression is regulated during
plant defense remains largely unknown. Our findings revealed that
NDbALY acts as a hitherto uncharacterized transcriptional repressor
that directly inhibits the transcription of ROS scavenging enzymes
like APX2, GR, and GPX2 during N-mediated resistance against
TMV. These results further enriched the transcriptional regulatory
network underlying ROS production and provide evidence that
different TFs concertedly regulate ROS production and scavenging
to achieve rapid accumulation of ROS during immunity.

Some of the TFs involved in plant immunity are known to be
subjected to posttranslational modifications (58-60). Among
them, phosphorylation of TFs during plant immune signaling is
one of the frequently observed events, and calcium-dependent
protein kinases (CDPKs) and MAPKs are two of the largest
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of camalexin biosynthetic genes (9, 62).

NbAL7-KO

MPK4-mediated  phosphorylation  of
ASR3 enhances its DNA binding ability,
resulting in the suppression of plant

immunity (63). In addition, phosphoryl-

ation of TFs by MAPKs also affects their

interaction with other proteins. For
instance, PBI1 interacts with transcrip-
tional activator WRKY45 to negatively
regulate its activity, whereas MPK3/MPK6
phosphorylated WRKY45 to release the
inhibition of PBI1 on WRKY45 activity
(64). Here, we show that phosphorylation
of NbAL7 by SIPK/WIPK enhances its
DNA binding ability and impairs the
interaction between NbAL7 and N TNL.

B Uninfected TMV-infected Qur results., together with previous stud-
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/ mediated phosphorylation of downstream
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conditions, NbAL7 with a lower phospho-
rylation level interacts strongly with the N
protein and has relatively low DNA bind-
ing ability, so the transcription of ROS
scavenging genes like APX2, GR, and
GPX2 is less affected and can proceed nor-
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Fig. 7. Roles of NbAL7 in other TNLs-mediated immunity. (A) Phenotypes of leaves expressing different
effector or effect/NLR proteins. Leaves of NN, NbAL7-KO, and NbAL7-KD N. benthamiana plants were
infiltrated with Agrobacterium mixtures harboring plasmids expressing different proteins as indicated
on the left. The infiltrated plants were transferred to the laboratory 24 h after infiltration. Leaves were
stained by trypan blue and representative photographs were taken at 3.5 dpi. (B) A proposed model for
illustrating the functional role of MAPK-NbAL7 module in N-mediated resistance against TMV. Under
normal conditions, NbAL7 proteins with low levels of Ser174 phosphorylation interacts with N protein
and showed relatively weak DNA binding affinity and transcriptional repression activity, resulting in the
expression of ROS scavenging genes, which is conducive to maintaining basal cellular level of ROS. Upon
perception of TMV infection, the MAPK cascade was activated. The SIPK/WIPK interact and phosphorylate
NbAL7, which impairs its interaction with N and enhances its binding to the promoters of ROS scavenging
genes. The transcription of APX2, GR, and GPX2 were then inhibited, which will promote ROS accumulation

and elicit resistance against TMV infection.

families reported to be involved in this process (61). Here, we
show that NbAL7 is a new substrate of SIPK and WIPK, and
in vitro and in vivo biochemical assays showed that Ser174 of
NbAL?7 is phosphorylated by these MAPKs (Fig. 5 F~/). Even
after several attempts, we failed to identify the Ser174 phospho-
rylation by the liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method (S Appendix, Fig. S12). We reason that the
Ser174 phosphorylation affects the trypsin digestion on K172 and
K177, or digestion at these two sites produced short peptides that
were hard to be enriched by the column (S7 Appendix, Fig. S7).
Since Ser174 is highly conserved in AL7s from diverse plant spe-
cies (SI Appendix, Fig. S7), MAPK-AL7 constitutes an important
signaling module in ETT.

Several studies have revealed that MAPK-mediated phospho-
rylation regulates different properties of TFs. For example, MPK3/
MPKG6-mediated phosphorylation of WRKY33 enhances its trans-
activation activity of WRKY33, leading to the enhanced expression
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mally, which is conducive to maintaining
the basal levels of ROS that is critical for
normal cellular function. Upon perception
of TMV by N, MAPK cascades are acti-
vated and the SIPK/WIPK phosphorylate
NbAL7, which leads to the release of
NbAL7 from N NLR immune receptor
complex and enhances its ability to bind
to the promoters of ROS scavenging genes.
The transcriptions of APX2, GR, and
GPX2 were then inhibited, creating an
environment favorable for ROS accumu-
lation and thereby eliciting resistance
against TMV infection (Fig. 7B). Our results reveal a hitherto
uncharacterized role for AL proteins in regulating plant innate
immunity, which expands current understanding of the immune
signaling network underlying VLR-mediated defense response.

Materials and Methods

Details of the materials and methods used in this paper, including plasmid
constructions, generation of transgenic N. benthamiana plants and plant
growth conditions, BiFC and split-luciferase assay, Co-IP, GST, or MBP pull-
down assay, nuclei isolation from leaves, cell death induction, Trypan blue and
DAB staining, ion leakage and H,0, measurement, transaction activity assay
in yeast, dual luciferase reporter system, EMSA, ChIP-seq, and ChIP-qPCR,
in vitro and in vivo phosphorylation assay, and quantification and statistical
analysis, are provided in S/ Appendix, Supporting Information Text: Materials
and Methods.
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Data, Materials, and Software Availability. The data reported in this paper
have been deposited in the National Center for Biotechnology Information
Sequence Read Archive (BioProject accession no. PRINA865533) (65).
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