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Summary

• Nuclear pore complex (NPC) is composed of multiple nucleoporins (Nups). A plethora 

of studies have highlighted the significance of NPC in plant immunity. However, the 

specific roles of individual Nups are poorly understood.

• NUCLEAR PORE ANCHOR (NUA) is a component of NPC. Loss of NUA leads to 

an increase in SUMO conjugates and pleiotropic developmental defects in Arabidopsis 
thaliana. Herein, we revealed that NUA is required for plant defense against multiple 

pathogens.

• NUA associates with the transcriptional corepressor TOPLESS-RELATED1 (TPR1) 

and contributes to TPR1 deSUMOylation. Significantly, NUA-interacting protein 

EARLY IN SHORT DAYS 4 (ESD4), a SUMO protease, specifically deSUMOylates 

TPR1. It has been previously established that the SUMO E3 ligase SAP AND 

MIZ1 DOMAIN-CONTAINING LIGASE 1 (SIZ1)-mediated SUMOylation of TPR1 

represses the immune-related function of TPR1. Consistent with this notion, the hyper-

SUMOylated TPR1 in nua-3 leads to upregulated expression of TPR1 target genes and 

compromised TPR1-mediated disease resistance.
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• Taken together, our work uncovers a mechanism by which NUA positively regulates 

plant defense responses by coordination with ESD4 to deSUMOylate TPR1. Our 

findings, together with previous studies, reveal a regulatory module in which SIZ1 

and NUA/ESD4 control the homeostasis of TPR1 SUMOylation to maintain proper 

immune output.
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Introduction

As sessile organism, plants have evolved a highly sophisticated immune system to sense 

the invasion of pathogens and respond appropriately to defend themselves. Plants utilize 

plasma membrane-localized pattern recognition receptors (PRRs) to detect self- or non-self-

derived signals at the cell surface, termed microbe-associated molecular patterns (MAMPs) 

or damage-associated molecular patterns (DAMPs), to initiate the first layer of defense, 

which is referred to as pattern-triggered immunity (PTI) (Jones & Dangl, 2006; Boller & 

Felix, 2009; Tang et al., 2017; DeFalco & Zipfel, 2021). A series of immune responses 

are activated immediately upon perception of patterns, including a burst of reactive 

oxygen species (ROS), a transient calcium influx from apoplast, mitogen-activated protein 

kinase (MAPK) cascades activation, and large-scale transcriptional reprogramming (Zhou 

& Zhang, 2020; Manhães et al., 2021). The second layer of defense is activated when 

pathogens-delivered virulent effectors are recognized by the host intracellular nucleotide-

binding leucine-rich repeat immune receptors (NLRs), leading to a stronger defense 

response termed effector-triggered immunity (ETI) (Cui et al., 2015; Cesari, 2018).

SUMOylation is a reversible posttranslational modification (PTM). It’s a highly dynamic 

process of covalently attaching small ubiquitin-like modifier (SUMO) to the lysine residue 

of substrates (Geiss-Friedlander & Melchior, 2007; Park et al., 2011). SUMO proteins 

are synthesized as immature precursors with C-terminal extensions, which need to be 

proteolytically processed by a SUMO-specific protease to expose the C-terminal Gly-Gly 

before conjugation. Similar to ubiquitination, SUMOylation requires three successive 

enzymatic reactions catalyzed by a SUMO-activating enzyme (E1), a SUMO-conjugating 

enzyme (E2), and a SUMO E3 ligase. Conjugated SUMO can be released from the 

substrates by SUMO-specific proteases, a process referred to as deSUMOylation, which 

ensures the reversible and dynamic nature of the SUMO machinery (Geiss-Friedlander 

& Melchior, 2007; Novatchkova et al., 2012). SUMO is a versatile modifier for a large 

number of proteins mainly by affecting protein-protein interaction, subcellular localization, 

and enzymatic activity (Verger et al., 2003; Wilkinson & Henley, 2010; Augustine & 

Vierstra, 2018). In Arabidopsis thaliana, SUMOylation of NONEXPRESSOR OF PR 
GENES 1 (NPR1) switches its association from transcription repressors to activators to 

induce defense gene expression (Saleh et al., 2015). SUMO conjugation to the PRR 

FLAGELLIN SENSITIVE 2 (FLS2) induced by flg22, a conserved epitope of bacterial 

flagellin, is required to trigger the release of BOTRYTIS-INDUCED KINASE 1 (BIK1) 

(Orosa et al., 2018). Genetic studies of the mutants of the SUMO machinery further 
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highlighted the essential role of SUMOylation in the regulation of plant defense (Verma et 
al., 2018; Ingole et al., 2021). sap and miz1 (siz1), a SUMO E3 ligase mutant, has decreased 

global SUMOylation and displays an autoimmune phenotype with elevated accumulation 

of salicylic acid (SA), constitutive PR genes expression and increased resistance to the 

bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pto DC3000) (Lee et al., 
2007). Interestingly, mutations in the SUMO protease EARLY IN SHORT DAYS 4 (ESD4), 

which leads to increased SUMO conjugates, also displays elevated SA accumulation and 

autoimmunity (Villajuana-Bonequi et al., 2014; Huang et al., 2022), indicating that the 

homeostasis of SUMOylation is critical for proper defense output.

Notably, a major class of SUMO targets is the transcription (co)factors that are involved in 

a broad range of biological processes, including flowering, cell cycle, hormone signaling 

and stress responses (Elrouby & Coupland, 2010; Miller et al., 2010). The TOPLESS 

(TPL)/TOPLESS-related (TPR) family of transcriptional corepressors have been shown to 

be SUMO targets (Miller et al., 2010; Rytz et al., 2018). In Arabidopsis, the TPL family 

consists of five members: TPL, TPR1, TPR2, TPR3, and TPR4 (Long et al., 2006). TPL/

TPR1/TPR4 play redundant roles in basal and TIR-NB-LRR (TNL) R protein-mediated 

resistance. TPR1 interacts with TNL protein SUPPRESSOR OF npr1–1, CONSTITUTIVE 

1 (SNC1), and is required for SNC1-mediated immune responses through repressing 

transcription of negative regulators of defense responses, such as DEFENSE NO DEATH 
1 (DND1) and DND2 (Clough et al., 2000; Zhang et al., 2003; Jurkowski et al., 
2004; Zhu et al., 2010). Interestingly, other TPR family members TPR2/TPR3 function 

oppositely to TPL/TPR1 in SNC1-mediated autoimmunity (Garner et al., 2021), indicating 

the complex and diverse functions of TPL family members. Defense activation usually 

comes at the expense of plant growth, therefore, the duration and amplitude of immune 

responses are tightly regulated (Huot et al., 2014). It was shown that SIZ1-mediated 

SUMOylation of TPR1 represses its transcriptional corepressor activity, and therefore, 

TPR1-mediated immune responses is attenuated, which contributes to preventing the 

activation of autoimmunity in plants under normal growth conditions (Niu et al., 2019). 

However, since the steady-state level of SUMOylation is important for proper function of the 

target, how TPR1 deSUMOylation is achieved remains to be determined.

The nuclear pore complex (NPC) is one of the largest cellular protein complexes composed 

of ~30 unique nucleoporins (Nups), which form a channel-like structure of the nuclear 

basket, the pore channel and cytoplasmic filaments. NPCs serve as the primary gateway 

for nucleocytoplasmic transport of macromolecules (Tran & Wente, 2006; Tamura & Hara-

Nishimura, 2013; Knockenhauer & Schwartz, 2016). Extensive evidence indicates that NPC 

integrity, as well as NPC-directed nucleocytoplasmic trafficking are important for plant 

immunity (Li & Gu, 2020; Fang & Gu, 2021; Lüdke et al., 2021). For instance, a plant-

specific nucleoporin CONSTITUTIVE EXPRESSER OF PR GENES 5 (CPR5) functions 

as a selective barrier to gate ETI activation in Arabidopsis (Gu et al., 2016). Moreover, 

several nucleoporins, including MODIFIER OF SNC1, 3 (MOS3/Nup96), MOS7/Nup88 

and Nup160 are required for both SNC1-mediated and basal disease resistance, presumably 

by regulating nuclear-cytoplasmic translocation of mRNA and/or immune-related proteins 

(Zhang & Li, 2005; Cheng et al., 2009; Wiermer et al., 2012). NUCLEAR PORE ANCHOR 

(NUA) is a component of plant NPC, and located at the inner nuclear basket (Xu et 
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al., 2007). Loss of function of NUA results in stunted stature and early flowering in 

Arabidopsis, indicating that NUA regulates plant growth and development (Jacob et al., 
2007; Xu et al., 2007). nua mutants displayed increased abundance of SUMO conjugates and 

accumulated nuclear mRNA, suggesting that NUA is required for protein deSUMOylation 

and mRNA export, which is functionally similar to its counterpart in yeast (Saccharomyces 
cerevisiae), Myosin-Like Protein1 (Mlp1) and Mlp2 (Galy et al., 2004; Zhao et al., 2004; 

Jacob et al., 2007; Xu et al., 2007).

Here we show that NUA is required for plant defense against a variety of pathogens. 

Mutation in SUMO E3 ligase SIZ1 suppresses the enhanced susceptibility exhibited by nua 
mutants. In addition, NUA coordinates with ESD4, a SUMO protease, to deSUMOylate 

TPR1. It has previously been established that SIZ1-mediated SUMOylation of TPR1 

represses plant immunity (Niu et al., 2019). Therefore, we proposed that NUA positively 

modulates plant disease resistance possibly by coordination with ESD4 to deSUMOylate 

TPR1.

Materials and Methods

Plant materials and growth conditions

The Arabidopsis thaliana mutants and transgenic plants used in this study include nua-3 
(SAIL_505_H11) (Xu et al., 2007), nua-4 (WiscDsLox297300_17E) (Xu et al., 2007), siz1–
2 (SALK_065397) (Miura et al., 2005), rpm1 (Mackey et al., 2002), rps2 (Mindrinos et 
al., 1994), pad4 (Glazebrook et al., 1997) and 35S::TPR1-Myc (Niu et al., 2019), which 

are all in the Columbia (Col-0) background and have been previously described. The TPR1-
Myc/nua-3 lines were generated by genetic crosses between 35S::TPR1-Myc and nua-3. 

Arabidopsis and Nicotiana benthamiana plants were grown in a growth chamber at 22°C 

under short-day conditions (9 h :15 h, light : dark photoperiod) for phenotyping or long-day 

conditions (16 h :8 h, light : dark photoperiod) for seeds setting, with a light intensity of 

7,000–8,000 lux as described (Wang et al., 2020).

Pathogens inoculation

Pseudomonas syringae pv. tomato (Pto) DC3000 strains were cultured on KB plates with 

appropriate antibiotics. For infiltration inoculation, bacterial suspensions (OD600 = 0.0005 

in 10 mM MgCl2) were syringe-infiltrated into the rosette leaves of 4-week-old plants. For 

spray inoculation, bacterial suspensions (OD600 = 0.2 containing 0.02% Silwet L-77) were 

sprayed evenly onto the whole plants. The plants were covered with plastic lids to maintain 

humidity. Three leaf discs were pooled as one sample, and at least three samples were 

collected per genotype to measure bacterial growth. The samples were ground in 10 mM 

MgCl2 and serial dilutions were plated on KB plates with appropriate antibiotics. Bacterial 

populations were determined 2 days after incubation at 28°C.

Powdery mildew strain Golovinomyces. cichoracearum UCSC1 was maintained on highly 

susceptible pad4–1 plants, and infection was performed as described (Chen et al., 2022). 

To quantify the conidiation, infected leaves were stained with trypan blue at 5 days 
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post-inoculation (dpi), and the number of conidiophores per colony was counted under a 

microscope as described (Shi et al., 2022).

For Hyaloperonospora arabidopsidis (H.a.) Noco2 infection, 2-week-old seedlings were 

spray-inoculated with H.a. Noco2 conidiospores at a concentration of 50,000 spores per 

milliliter of water. Plants were kept at 18°C with 95% humidity. H.a. Noco2 growth was 

scored at 7 dpi by counting the number of spores per gram of leaf samples as previously 

described (Li et al., 2010).

Plasmid constructs

To generate the 35S::TPR1-FLAG construct for Co-IP assay in N. benthamiana, the full-

length coding sequence of TPR1 was amplified by PCR from Col-0 cDNA and inserted into 

pDONR207 vector to create pDONR207-TPR1 entry clone. The insert was then subcloned 

into the pGWB11 destination vector (with a C-terminal FLAG tag) through Gateway cloning 

technology. 35S::TPR12KR-FLAG was generated by site-directed mutagenesis (Stratagene). 

For protoplasts transient expression, the TPR1 CDS in pDONR207-TPR1 was inserted 

into the pXCSG-GW-3xHA destination vector (with a C-terminal 3xHA tag) (Lapin et al., 
2019). For Co-IP assays in human embryonic kidney 293T (HEK293T) cells, the TPR1 

CDS was cloned into pCMV-GFP (with a C-terminal GFP tag) via the infusion method 

to generate pCMV::TPR1-GFP. NUA-N (nt1–3744) and NUA-C (nt3745–6279) fragments 

were amplified by PCR from Col-0 cDNA and cloned into the pEarleyGate 103 destination 

vector (with a C-terminal GFP tag) to generate the 35S::NUA-N/C-GFP constructs for Co-IP 

assays in N. benthamiana. NUA-N and NUA-C fragments were cloned into pQCMV-FLAG 

(with an N-terminal FLAG tag) to generate pCMV::FLAG-NUA-N/C for Co-IP assays in 

HEK293T cells. The full-length coding sequences of ESD4 and OTS2 were amplified by 

PCR from Col-0 cDNA and inserted into pDONR207 entry vector. The insert was then 

subcloned into the pEarleyGate 104 destination vector (with an N-terminal GFP tag) through 

Gateway cloning technology.

RNA isolation and RT-qPCR analysis

For RNA isolation, one-week-old seedlings in liquid MS were treated with 100 nM flg22 

for the indicated time. Total RNA was isolated using TRIzol reagent (Invitrogen). 2 μg of 

total RNA was used to synthesize first-strand cDNA with M-MLV reverse transcriptase 

(Promega). Real-time quantitative PCR was performed with PerfectStart Green qPCR 

SuperMix (TransGen Biotech). The ACTIN2 gene was used as an endogenous control.

SA extraction

Free SA was extracted as described with minor modifications (Li et al., 1999). Briefly, 

200 mg of leaf tissues were ground in liquid nitrogen. Free SA was extracted sequentially 

with 90% and 100% methanol by vigorous vortexing and centrifuging at 16,000 g for 5 

min. The SA-containing supernatant was vacuum dried at 50°C and resuspended in 5% 

(v/v) trichloroacetic acid (TCA). SA was extracted twice using a 50:50:1 mixture (v/v/v) 

of ethyl acetate/cyclopentane/isopropanol by vortexing for 30 min. The extracted SA was 

vacuum dried, and the pellet was resuspended in 200 μl acetonitrile and filtrated through 
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a 0.22 μm nylon filter. SA content was determined by HPLC (High-performance liquid 

chromatography).

ROS assay

Leaf strips of 4-week-old plants were floated on 100 μl of H2O in 96-well plates overnight. 

H2O was replaced with 100 μl reaction buffer containing 20 μM luminol and 1 μg/ml 

horseradish peroxidase (Sigma) with or without 100 nM flg22 as described (Zhao et al., 
2021). Luminescence was recorded with the GloMax 96 microplate luminometer (Promega).

Arabidopsis protoplasts transformation and western blot assay

Protoplasts were prepared from four-week-old Arabidopsis plants. Protoplasts 

transformation was performed as described previously (Shi et al., 2022). Briefly, 1 ml 

of protoplasts were transfected with 200 μg plasmid DNA and incubated overnight. Total 

protein was extracted with 1 ml IP buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1 mM DTT, 1 mM PMSF, 10% glycerol, 1%[v/v] IGEPAL CA-630, 50 

μM MG132, 2 μM NaF, 2 μM Na3VO4 and protease inhibitor cocktail [Sigma]). After 

centrifuging at 18,000 g for 10 min at 4°C, the supernatants were mixed with 5x SDS 

loading buffer and boiled at 95°C for 5 min. Protein samples were separated by SDS-PAGE 

gel. Immunoblotting was performed by incubation PVDF membrane (Merck Millipore) 

with the primary and secondary antibodies. The chemiluminescence signal was detected 

using Super Signal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific). The 

primary antibodies used in this study were as follows: anti-HA (Roche), anti-Myc (Abmart), 

anti-SUMO1 (Abcam), anti-FLAG (Abmart), anti-GFP (Roche), anti-ACTIN (Abmart) and 

anti-Histone H3 (Abmart).

Co-immunoprecipitation in N. benthamiana

Agrobacterium strain GV3101 containing the desired constructs were coinfiltrated into 

four-week-old N. benthamiana leaves as described (Shi et al., 2013). Three days later, leaf 

samples were collected and frozen in liquid nitrogen. Total protein was extracted with IP 

buffer. For the Co-IP assay, protein extracts were incubated with 15 μl anti-GFP (Nanobody) 

agarose beads (ABclonal) for 2 h at 4°C with gentle rotation. Following incubation, the 

beads were washed four times with wash buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1 mM DTT, 1 mM PMSF, 10% glycerol, 0.3%[v/v] IGEPAL CA-630) and 

resuspended in 60 μl wash buffer. Protein samples were subjected to immunoblot analyses as 

described above.

HEK293T cell culture and transfection

HEK293T cells were maintained in DMEM supplemented with 10% (v/v) FBS, 100 U/ml 

penicillin and 100 mg/ml streptomycin in 5% (v/v) CO2 at 37°C as described (Ren et al., 
2022). For small-scale transfection, HEK293T cells were incubated in 35-mm dishes and 

transfections were performed with Lipofectamine™ 2000-based transfection method (Yang 

et al., 2016).
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Fractionation of cytosolic and nuclear proteins

The cytosolic and nuclear protein extractions were carried out with Minute Plasma 

Membrane Protein Isolation Kit for Plants (Invent Biotechnologies) with minor 

modifications. Briefly, 500 μg tissues of 10-day-old Arabidopsis seedlings were gently 

suspended in 500 μl buffer A supplemented with protease inhibitor cocktail and 1 mM 

PMSF. The homogenate was aliquoted as the total protein sample, and the rest was loaded 

onto the filter and centrifuged at 1,500 g for 5 min at 4°C to pellet nuclei. The supernatant 

was collected and re-centrifuged at 13,000 g for 15 min at 4°C. The resulting supernatant 

was collected and designated as cytosolic fraction. The pellet was gently resuspended in 

1 ml wash buffer (buffer A supplemented with protease inhibitor cocktail and 1 mM 

PMSF plus 0.3% Triton X-100) and incubated on ice for 5 min. Nuclei were pelleted by 

centrifugation at 1,200 g for 5 min at 4°C and washed four times with wash buffer. The 

nuclear pellet was resuspended in 100 μl wash buffer, which was designated as nuclear 

fraction. Anti-ACTIN and anti-Histone H3 antibodies were used as cytosolic and nuclear 

fraction marker, respectively.

In vivo SUMOylation assay

To analyze the SUMOylation profiles, 500 μg tissue powder from Arabidopsis seedlings 

or N. benthamiana leaves was suspended in 1 ml IP buffer plus 20 mM N-Ethylmaleimide 

(Sigma). TPR1 proteins were immunoprecipitated as described above and subjected to 

immunoblotting with anti-SUMO1 antibody.

Oligonucleotide sequences

The primers used in this study are listed in Supporting Information Table S1.

Statistical analysis

The statistical analyses with multiple groups were performed with one-way ANOVA. 

Student’s t-tests were performed whenever two groups were compared.

Accession numbers

Sequence data for the genes described in this article can be found in the TAIR database 

(https://www.arabidopsis.org) under the following accession numbers: NUA (AT1G79280), 

TPR1 (AT1G80490), TPL (AT1G15750), SIZ1 (AT5G60410), ESD4 (AT4G15880), OTS2 
(AT1G10570), PAD4 (AT3G52430), PR1 (AT2G14610), FRK1 (AT2G19190), DND1 
(AT5G15410), DND2 (AT5G54250) and ACTIN2 (AT3G18780).

Results

NUA positively regulates plant immunity against multiple pathogens

nua mutants were shown to have pleiotropic developmental defects, such as stunted growth 

and early flowering, with nua-1/nua-4 being the most severe, nua-3 being moderate, and 

nua-2 being a mild allele (Xu et al., 2007). Autoimmunity often reduces plant growth 

and development. The stunted stature with smaller and narrower rosette leaves exhibited 

by nua mutants prompted us to explore the role of NUA in plant immunity. We first 

Xie et al. Page 7

New Phytol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.arabidopsis.org


infected nua-3 with the bacterial pathogen Pseudomonas syringae pv tomato (Pto) DC3000 

by infiltration. Intriguingly, nua-3 mutants displayed enhanced susceptibility rather than 

resistance compared with wild-type Col-0, as disease symptoms on infected leaves were 

much more severe and bacteria growth was significantly increased in nua-3 (Figs 1a, S2a). 

To confirm that the susceptible phenotype of nua-3 results from loss of NUA function, we 

challenged another allele, nua-4, which is a strong allele with severe dwarfism and poor 

fertility (Fig. S1), with Pto DC3000 by spray inoculation. Similar to nua-3, the nua-4 mutant 

displayed increased susceptibility compared with the wild type (Figs 1b, S2b), indicating 

that NUA is required for basal defense against Pto DC3000. In addition, nua mutants 

were infected with avirulent Pto DC3000 strains that carry the effector genes avrRpm1 and 

avrRpt2, which are recognized by the NLR proteins RPM1 (resistance to Pseudomonas 
syringae pv. maculicola 1) and RPS2 (resistance to Pseudomonas syringae 2), respectively. 

We found that nua mutants were also more susceptible to the avirulent Pto DC3000 strains 

than the wild type (Fig. 1c,d), indicating that NUA is required for ETI-mediated by RPM1 

and RPS2. Together, these results indicated that NUA plays important roles in both growth 

and immunity in Arabidopsis.

To further investigate the role of NUA in defense responses, we inoculated nua-3 with 

the fungal pathogen powdery mildew Golovinomyces cichoracearum. As shown in Fig. 

1e and f, nua-3 was more susceptible and supported significantly more conidiophore 

growth than the wild-type plants. Moreover, we infected nua-3 with the oomycete 

pathogen Hyaloperonospora arabidopsidis (H.a.) Noco2 and found a significantly increased 

susceptibility in nua-3 mutants compared with wild type (Fig. 1g,h). Taken together, these 

data demonstrated that NUA plays a positive role in plant resistance to a variety of 

pathogens.

nua-3 displays defects in PTI responses and pathogen-induced SA accumulation

To further explore the role of NUA in PTI responses, we examined the immune activation 

upon flg22 treatment in Col-0 and nua-3. Flg22 rapidly induces ROS burst, a marker 

for early defense responses. We found that ROS production was partially impaired in 

nua-3 compared with Col-0 (Fig. 2a). Moreover, the induction of early PTI marker genes, 

including FLG22-INDUCED RECEPTOR KINASE1 (FRK1), At1g51890 and At2g17740 
(He et al., 2006), were remarkably reduced in nua-3 compared with Col-0 at 3 hours 

after flg22 treatment (Fig. 2b–d). Additionally, flg22-induced PATHOGENESIS-RELATED 
GENE1 (PR1) expression at 24 hours was much lower in nua-3 than in the wild type 

(Fig. 2e). However, no significant difference for flg22-triggered activation of MAPKs was 

observed between nua-3 and wild type (Fig. S3). Together, these data indicated that loss of 

NUA function compromises flg22-induced immune responses.

As nua mutants showed enhanced susceptibility to multiple (hemi)biotrophic pathogens and 

reduced induction of SA-responsive PR1 gene, we hypothesized that nua mutants may have 

defects in SA accumulation. Therefore, we measured SA levels in nua-3 and Col-0 before 

and after Pto DC3000 infection. As shown in Fig. 2f, the accumulation of SA in nua-3 
mutants was significantly lower than that in the wild type two days after Pto DC3000 

inoculation, indicating that NUA is required for pathogen-induced SA accumulation.
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The enhanced susceptibility of nua-3 is dependent on SUMO E3 ligase SIZ1

Previous studies have shown that nua mutants display increased abundance of SUMO 

conjugates, suggesting that NUA is involved in deSUMOylation (Xu et al., 2007). In 

addition, accumulated studies have proposed that SUMO homeostasis is important for plant 

disease resistance (Verma et al., 2018; Ingole et al., 2021). Therefore, we hypothesized 

that the increased susceptibility in nua mutants may be related to hyper-accumulation of 

SUMO conjugates. To test this idea, we crossed nua-3 with a SUMO E3 ligase mutant, 

siz1–2, which displays drastic growth defects, such as dwarfism and curly leaves. nua-3 
siz1–2 double mutants had the same growth phenotype as the siz1–2 single mutant (Fig. 

3a), suggesting that NUA and SIZ1 likely function in the same pathway in plant growth 

regulation. In addition, nua-3 siz1–2 plants display constitutively elevated SA levels, which 

was similar to that of siz1–2 (Fig. S4a) (Lee et al., 2007). Further, consistent with its 

function as a SUMO E3 ligase, SIZ1 mutation leads to substantially decreased global 

SUMOylation (Saracco et al., 2007). We then investigated the SUMO conjugation patterns 

in the nua-3 siz1–2 double mutant. As shown in Fig. 3b, the level of high molecular weight 

SUMO conjugates was increased and decreased in nua-3 and siz1–2 mutant, respectively, as 

described previously (Saracco et al., 2007; Xu et al., 2007). The SUMO conjugation pattern 

in nua-3 siz1–2 was very similar to that in siz1–2, indicating that the increased levels of 

SUMOylation in nua-3 was mediated by SIZ1.

We next inoculated nua-3, siz1–2 and nua-3 siz1–2 mutants with Pto DC3000 to examine 

defense responses. Compared with Col-0, siz1–2 displayed elevated hydrogen peroxide 

(H2O2) accumulation and enhanced resistance to Pto DC3000 (Figs 3c,d, S4b), which is 

consistent with previous report (Lee et al., 2007). Notably, the increased susceptibility of 

nua-3 was fully suppressed by siz1–2 (Fig. 3c,d), indicating that SIZ1 is required for the 

immune-related function of NUA. Taken together, the enhanced susceptibility exhibited by 

nua-3 coincides with the increased SUMO conjugates, suggesting a potential link between 

NUA-mediated deSUMOylation and disease resistance.

NUA associates with TPR1 in planta

The TPL/TPR family of transcriptional corepressors were shown to play redundant roles in 

positively regulating plant disease resistance. The tpl tpr1 tpr4 triple mutant compromises 

SNC1- and TNL-mediated immunity (Zhu et al., 2010). It has been reported that SIZ1-

mediated TPR1 SUMOylation represses its transcriptional corepressor activity, which 

compromises the immune-related function of TPR1 (Niu et al., 2019). However, how 

deSUMOylation of TPR1 is achieved remains unknown. It is possible that NUA might 

regulate plant immunity by modulating TPR1 deSUMOylation. To test this hypothesis, 

we first investigated the interaction between NUA and TPR1. An effort to express NUA 

full-length protein in Nicotiana benthamiana failed (Fig. S5), probably due to the large 

size (~237 KD) of NUA, or to detrimental effects of NUA overexpression. Therefore, 

we partitioned NUA into NUA-N (aa1–1248) and NUA-C (aa1249–2093) fragments. Co-

immunoprecipitation (Co-IP) assays were performed by transiently coexpressing NUA-N/C-

GFP and TPR1-FLAG in N. benthamiana leaves. NUA fragments were immunoprecipitated 

by an anti-GFP antibody, and TPR1-FLAG was co-immunoprecipitated with NUA-N/C-GFP 

but not GUS-GFP (Fig. 4a). This result suggested that NUA and TPR1 form a protein 
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complex in N. benthamiana. Next, we characterized the potential interaction between NUA 

and TPL, a close homolog of TPR1, by Co-IP assays. Similar to TPR1, TPL also associates 

with NUA fragments (Fig. S6).

Lysine residue 282 (K282) and K721 of TPR1 were shown to be critical SUMOylation 

sites. Mutation of both K residues with R (TPR12KR) largely blocked the SUMOylation of 

TPR1 (Niu et al., 2019). This finding prompted us to examine the effect of SUMOylation 

on the interaction between NUA and TPR1. Co-IP assays in N. benthamiana showed no 

discernable difference in the association of NUA fragments with the non-SUMOylatable 

TPR12KR compared with TPR1 (Fig. 4b), indicating that the NUA-TPR1 interaction is not 

dependent on the SUMOylation of TPR1.

Further efforts to confirm the interaction between NUA and TPR1 in yeast or Escherichia 
coli cells were hindered by the difficulty in expressing NUA full length and fragments under 

our experimental conditions. Therefore, we sought to use a human embryo kidney 293T 

(HEK293T) expression system, which has been successfully used to express Arabidopsis 

proteins for protein-protein interaction analyses (Gao et al., 2015; Ren et al., 2022). We 

coexpressed FLAG-NUA fragments with TPR1-GFP in HEK293T cells. Both FLAG-NUA-

N and FLAG-NUA-C co-precipitated with TPR1-GFP, but not GFP empty vector (Fig. 4c), 

further supporting that NUA forms protein complex with TPR1.

NUA contributes to TPR1 deSUMOylation

The interaction between NUA and TPR1 suggested a potential role of NUA in TPR1 

deSUMOylation. To investigate the SUMOylation levels of TPR1 in nua-3 mutant, we 

transiently expressed TPR1-HA in Col-0 and nua-3 protoplasts. Immunoprecipitated TPR1 

was subjected to immunoblot analysis with anti-HA and anti-SUMO1 antibodies. Multiple 

slowly migrated protein bands indicative of SUMOylated TPR1 were detected by anti-

SUMO1 antibody. Notably, we observed that TPR1 SUMOylation was increased in nua-3 
compared with wild type (Fig. 5a,b) even though the total TPR1-HA protein levels were 

comparable. To further confirm this, we generated transgenic lines expressing TPR1-Myc in 

nua-3 background by crossing nua-3 with 35S::TPR1-Myc plants (Niu et al., 2019). Sibling 

lines carrying homozygous TPR1-Myc transgene with either nua-3 (35S::TPR1-Myc/nua-3) 

or wild type (35S::TPR1-Myc/WT) genotype were identified for further analyses. Both 

TPR1 transcript level and TPR1 protein abundance were comparable in the transgenic lines 

(Fig. S7), suggesting that NUA does not affect TPR1 stability. TPR1 proteins in both 

transgenic lines were immunoprecipitated with anti-Myc antibody, and the SUMOylated 

TPR1 bands were detected to be more intense in nua-3 than the wild type (Fig. 5c,d). 

These data indicate that NUA contributes to TPR1 deSUMOylation. Interestingly, when 

TPR12KR was expressed in nua-3 protoplasts, the SUMOylated TPR1 signal intensity was 

much reduced compared with that of wild-type TPR1 (Fig. 5e,f), implicating NUA in the 

deSUMOylation of K282 and K721 of TPR1. Furthermore, we found that the SUMOylation 

of TPL was also increased in nua-3 compared with wild type (Fig. S8).

To further determine whether NUA contributes to TPR1 deSUMOylation in planta, we 

coexpressed TPR1-FLAG with NUA-N/C-GFP in N. benthamiana and performed an in vivo 
SUMOylation assay. The SUMOylated TPR1 bands were detected in samples coexpressing 
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TPR1-FLAG and Myc-SUMO1. Interestingly, the bands intensity was much reduced in 

the presence of NUA fragments (Fig. 5g), indicating that NUA plays a role in TPR1 

deSUMOylation. Notably, the expression of NUA fragments resulted in a slightly decrease 

in global SUMOylation (Fig. S9), which is consistent with the increased abundance of 

SUMO conjugates in the nua mutants, further implying that NUA is involved in SUMO 

homeostasis regulation.

NUA-interacting protein ESD4 deSUMOylates TPR1

As a component of NPC, NUA has not been reported to possess SUMO-related enzymatic 

activities. Therefore, it is unlikely that NUA directly deSUMOylate TPR1. ESD4, a SUMO 

protease associated with the nuclear envelope, directly interacts with NUA (Murtas et al., 
2003; Xu et al., 2007). In line with the SUMO protease activity of ESD4, mutations in ESD4 
lead to an increase in SUMO conjugates (Murtas et al., 2003). nua mutants phenocopy esd4 
in several phenotypic characteristics, thus, the two proteins are proposed to act in the shared 

pathway or complex (Xu et al., 2007; Chang et al., 2022). Based on these findings, we 

hypothesized that NUA may be involved in the regulation of TPR1 deSUMOylation through 

ESD4. To test this, we first examined the interaction between TPR1 and ESD4. Co-IP assays 

were performed by transiently coexpressing TPR1-FLAG and GFP-ESD4 in N. benthamiana 
leaves. As shown in Fig. 6a, TPR1-FLAG was co-immunoprecipitated with GFP-ESD4 but 

not GUS-GFP, indicating that TPR1 associates with ESD4 in planta.

To explore the role of ESD4 in TPR1 deSUMOylation, we coexpressed TPR1-FLAG 

with GFP-ESD4 in the presence or absence of Myc-SUMO1 in N. benthamiana. 

After immunoprecipitation of TPR1-FLAG with an anti-FLAG antibody, a strong TPR1 

SUMOylation signal was detected in samples coexpressing TPR1-FLAG and Myc-SUMO1, 

which was completely abolished in the presence of GFP-ESD4 (Fig. 6b), indicating a 

significant role of ESD4 in TPR1 deSUMOylation. However, another nucleus-localized 

SUMO protease, OVERLY TOLERANT TO SALT2 (OTS2), which is involved in the 

regulation of SA biosynthesis and plant defense (Conti et al., 2008; Bailey et al., 2016), had 

no effect on TPR1 deSUMOylation (Fig. 6b). These results indicated that ESD4 specifically 

deSUMOylates TPR1. It would be worthwhile to generate transgenic plants to confirm the 

TPR1 deSUMOylation effect of ESD4.

NUA is proposed to act as a docking site at the inner nuclear pore that is required for 

the deSUMOylation process (Xu et al., 2007). Therefore, it is possible that mutation of 

NUA may affect the association of TPR1 with ESD4. Unexpectedly, we did not observe a 

detectable difference for the interaction between TPR1 and ESD4 in wild-type Col-0 and 

nua-3 mutants (Fig. S10), suggesting that the TPR1 deSUMOylation defect observed in nua 
mutants is unlikely to be based on disruption of the association between TPR1 and ESD4. 

Taken together, NUA and ESD4 coordinately deSUMOylate TPR1.

NUA is required for TPR1-mediated disease resistance

It has previously been established that SUMOylation represses transcriptional corepressor 

activity of TPR1, leading to compromised TPR1-dependent defense responses (Niu et 
al., 2019). Thus, we supposed that TPR1 deSUMOylation mediated by NUA and ESD4 
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contributes to immune-related function of TPR1. To test this, we inoculated 35S::TPR1-
Myc/WT and 35S::TPR1-Myc/nua-3 transgenic plants with Pto DC3000. 35S::TPR1-
Myc/WT displayed enhanced disease resistance, which is consistent with previous studies 

(Zhu et al., 2010; Niu et al., 2019). Strikingly, the 35S::TPR1-Myc/nua-3 lines showed 

severe disease symptoms and supported significantly more bacterial growth than 35S::TPR1-
Myc/WT (Fig. 7a,b). Additionally, we infected both transgenic lines with H.a. Noco2 and 

observed a similar repression of 35S::TPR1-Myc-mediated resistance by nua-3 (Fig. 7c,d). 

Taken together, these data indicated that NUA is required for the enhanced disease resistance 

exhibited by TPR1 overexpression.

TPR1 functions as a transcriptional corepressor and represses the expression of DND1 
and DND2, which encode two negative regulators of immunity (Zhu et al., 2010; Chin 

et al., 2013). To further determine the effect of NUA-mediated TPR1 deSUMOylation on 

the expression of the TPR1 target genes, we measured DND1 and DND2 transcript levels 

in nua-3 mutants. As shown in Fig. 7e and f, the expression of DND1 and DND2 were 

both significantly upregulated in nua-3 compared with wild type, suggesting that NUA 

negatively regulates DND1/2 expression, likely by promotion the activity of TPR1 through 

deSUMOylation.

One prominent functional consequence of SUMOylation is to alter the subcellular 

localization of targets (Morrell & Sadanandom, 2019). Moreover, it was recently reported 

that nuclear accumulation of TPL/TPRs coordinated by Exportin-4 (XPO4) contributes 

to SA-mediated immune responses (Xu et al., 2021). Therefore, we investigated whether 

NUA-mediated deSUMOylation would affect the subcellular localization of TPR1. Total 

proteins from 35S::TPR1-Myc/WT and 35S::TPR1-Myc/nua-3 lines were fractionated into 

nuclear and cytosolic fractions. However, we observed no detectable differences for the 

nucleocytoplasmic partitioning of TPR1 between the two lines (Fig. S11), indicating that 

NUA did not affect TPR1 subcellular localization.

Discussion

NUA plays an essential role in plant immunity

In response to environmental change, plants rely on extensive spatial communication 

to transduce extracellular stimuli into the cells and to transport signaling molecules 

(e.g. proteins and RNAs) between nucleus and cytoplasm. The primary pathway for the 

bidirectional exchange of macromolecules between the two compartments is the NPC 

(Lüdke et al., 2021). However, instead of a static channel, the NPC has been shown to 

function as a strategic platform to regulate key biological and signaling processes (Gu, 

2018). NUA is a component of the NPC, and loss of NUA leads to complex growth 

and developmental phenotypes, including stunted growth, early flowering, and defects in 

stamen and silique development, likely by affecting the expression level of key regulators 

in respective signaling pathways (Xu et al., 2007). Here, we focused on the role of NUA 

in biotic stress. We showed that nua mutants displayed enhanced susceptibility to a variety 

of pathogens, including bacteria, fungi and oomycete (Fig. 1). In addition, nua mutants has 

defects in flg22-induced PTI responses and pathogen-induced SA accumulation (Fig. 2). 

These date demonstrated that NUA plays an important role in plant immunity. It is generally 
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considered that plant growth and immunity are antagonistic, with enhanced defense often 

coming at the expense of growth (Huot et al., 2014). However, based on our results, the 

growth-immunity tradeoff is uncoupled in nua mutants. Taken together, NUA is a positive 

regulator of both plant growth and defense. It would be interesting to overexpress NUA in 

Arabidopsis and characterize both the growth and defense phenotypes. However, under our 

experimental conditions, we cannot detect any full-length NUA proteins either by transient 

expression in N. benthamiana or stable transformation in Arabidopsis, probably due to the 

large size of NUA protein (~237 KD), or to detrimental effects of NUA overexpression.

NUA is located at the inner nuclear basket. A potential function of the nuclear basket-

localized Nups is to tether chromatin regions to the NPC to regulate gene expression 

in response to developmental and environmental stimuli (Meier et al., 2017; Tang et 
al., 2022). Consistent with this notion, the expression of immune-related genes PR1 and 

FRK1 were significantly reduced in nua-3 mutants (Fig. 2), suggesting that NUA may 

be directly involved in transcriptional regulation by tethering chromatin regions of these 

stress-related genes to the NPC. Besides NUA, two other nuclear basket-localized Nups, 

Nup136 and homologous Nup82, function redundantly in SA-mediated immune responses. 

Transcriptome analysis indicated that deficiencies in Nup136 and Nup82 cause significant 

downregulation of immune-related genes (Tamura et al., 2017), further supporting a role in 

transcriptional regulation by these Nups. It would be interesting to examine the functional 

relationships between NUA and Nup136/Nup82.

NUA is required for plant immunity by coordination with ESD4 to deSUMOylate TPR1

The TPL/TPRs transcriptional corepressors play important roles in multiple biological 

processes mainly by interacting with transcription factors to repress gene expression and, 

therefore, prevent unwanted activation of these signaling pathways (Causier et al., 2012; 

Saini & Nandi, 2022). It was reported that SA application and Pto DC3000 infection 

result in massive enhancement of global SUMOylation, implying the significant role of 

SUMOylation in plant defense (Bailey et al., 2016; Ingole et al., 2021). Notably, SIZ1-

mediated TPR1 SUMOylation represses its transcriptional corepressor activity, leading to 

compromised TPR1-mediated immune responses (Niu et al., 2019). In this study, we showed 

that the SUMOylation of TPR1 was increased in nua mutants, whereas coexpression with 

NUA reduced TPR1 SUMOylation (Fig. 5). These results suggested that NUA may activate 

TPR1 by promoting TPR1 deSUMOylation. Consistent with this notion, the expression 

of TPR1 target genes DND1 and DND2 was upregulated, and TPR1-mediated disease 

resistance was repressed by nua mutation (Fig. 7).

As a component of NPC, NUA is unlikely to directly deSUMOylate TPR1. Indeed, the 

homologs of NUA in yeast, Mlp1/Mlp2, were shown to be involved in regulating SUMO 

modification by anchoring the SUMO protease Ulp1 to the NPC (Zhao et al., 2004). 

ESD4, a nuclear envelope-localized SUMO-deconjugating enzyme, directly associates 

with NUA (Xu et al., 2007). Therefore, we proposed that NUA may exert its function 

toward TPR1 deSUMOylation through ESD4. Indeed, in this study, we showed that ESD4 

specifically deSUMOylates TPR1 in N. benthamiana (Fig. 6), implying that NUA and 

ESD4 coordinately regulate TPR1 deSUMOylation. However, the mechanism underlying 
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the coordination of NUA and ESD4 remains to be determined. It would be interesting to 

examine whether ESD4 deSUMOylates other NPC components, and the possibility that 

other SUMO proteases are involved in TPR1 deSUMOylation cannot be ruled out.

NUA and ESD4 function in the same pathway to regulate plant development and ABA 

signaling (Xu et al., 2007; Chang et al., 2022). However, in contrast to the enhanced 

susceptibility in nua mutants, esd4 mutants display autoimmunity with elevated levels of 

SA and upregulated expression of PR1 gene (Villajuana-Bonequi et al., 2014; Huang et 
al., 2022). The finding that mutation in ENHANCED DISEASE SUSCEPTIBILITY 1 
(EDS1), which encodes a key component downstream of many NLRs, largely suppresses 

esd4 autoimmunity suggests that loss of ESD4 results in EDS1-dependent NLR(s) 

activation (Huang et al., 2022). Thus, we hypothesized that the activation of NLR-mediated 

autoimmunity in esd4 may mask the effect of hyper-SUMOylation on TPR1-dependent 

defense responses. As a SUMO protease, ESD4 is involved in many different biological 

processes by targeting multiple substrates. Therefore, we proposed that NUA and ESD4 

function both cooperatively and divergently in plant immune regulation.

NPC is the primary gateway for the nucleocytoplasmic trafficking of macromolecules. 

It was reported that MOS7/Nup88 is required for appropriate nuclear accumulation of 

defense regulators, such as SNC1, EDS1 and NPR1 (Cheng et al., 2009). A nuclear 

transport receptor KA120 constrains SNC1 nuclear abundance and activity to avoid 

autoimmune activation (Jia et al., 2021). Moreover, XPO4 mediates TPL/TPRs nuclear 

export upon SA accumulation (Xu et al., 2021). Thus, we investigated whether NUA-

mediated deSUMOylation would affect the subcellular localization of TPR1. However, no 

detectable differences for the nucleocytoplasmic partitioning of TPR1 between WT and 

nua-3 were observed (Fig. S11), which is similar that the localization of ESD4 was not 

altered in nua mutants (Xu et al., 2007). Nevertheless, we cannot rule out the possibility that 

NUA coordinates TPR1 nuclear accumulation in a pathogen/ligand-induced manner.

In conclusion, our study identified NUA as a positive regulator in plant immunity. NUA 

coordinates with ESD4 to deSUMOylate TPR1, which contributes to TPR1-mediated 

disease resistance. Together with previous study that SIZ1 mediates TPR1 SUMOylation, 

our results reveal a regulatory module in which SIZ1 and NUA/ESD4 control the 

homeostasis of TPR1 SUMOylation to maintain proper immune responses (Fig. 8).
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Fig. 1. 
nua mutants display enhanced susceptibility to multiple pathogens. (a, b) Growth of Pto 
DC3000 in Col-0 and nua plants. Four-week-old Arabidopsis plants were infiltrated (a) 

or spray-inoculated (b) with Pto DC3000. pad4 mutant was used as a susceptible control. 

Bacterial growth was determined at 3 days post inoculation (3 dpi). Data represent mean 

± SD (n ≥ 3). Lowercase letters indicate statistically significant differences (P < 0.01, 

one-way ANOVA). (c, d) Growth of Pto DC3000 avrRpm1 (c) or Pto DC3000 avrRpt2 
(d) in Col-0 and nua plants. Four-week-old plants were spray-inoculated with Pto DC3000 

strains. Bacterial growth was determined at 3 dpi. Data represent mean ± SD (n ≥ 3). 
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Lowercase letters indicate statistically significant differences (P < 0.01, one-way ANOVA). 

(e) Four-week-old plants were infected with powdery mildew G. cichoracearum. The leaves 

were collected and stained with trypan blue for fungal structures observation at 5 dpi. Bar 

= 50 μm. (f) Quantification of fungal growth on the infected leaves at 5 dpi by counting the 

number of conidiophores per colony. Data represent mean ± SE (n = 30). Lowercase letters 

indicate statistically significant differences (P < 0.01, one-way ANOVA). (g) Two-week-old 

plants were infected with oomycete H.a. Noco2. The infected plants were photographed at 

7 dpi. Bar = 1 cm. (h) H.a. Noco2 growth was quantified at 7 dpi by counting the number 

of spores per gram of leaf samples. Data represent mean ± SE (n = 12). Lowercase letters 

indicate statistically significant differences (P < 0.05, one-way ANOVA). Three independent 

experiments were performed with similar results.
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Fig. 2. 
nua-3 displays defects in PTI responses and pathogen-induced SA accumulation. (a) Flg22-

induced ROS burst in WT and nua-3 mutants. Leaf strips of 4-week-old Arabidopsis plants 

were treated with water (mock treatment) or 100 nM flg22. Luminescence was recorded 

at different time points as indicated. Data represent mean and SE (n = 10). (b-d) Relative 

expression of PTI early responsive genes. Ten-day-old Arabidopsis seedlings were treated 

with 100 nM flg22, and the transcripts accumulation of FRK1 (b), At1g51890 (c) and 

At2g17740 (d) at different time points were examined by RT-qPCR. ACTIN2 was used 

as an internal control. Data represent the mean and SD from three biological replicates. 

Lowercase letters indicate statistically significant differences (P < 0.05, one-way ANOVA). 
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(e) The transcript accumulation of PR1 was examined by RT-qPCR at indicated time points 

after treatment with 100 nM flg22. Data represent the mean and SD from three biological 

replicates. Lowercase letters indicate statistically significant differences (P < 0.05, one-way 

ANOVA). (f) Free SA levels in Col-0 and nua-3 plants. Four-week-old plants were infiltrated 

with Pto DC3000, and free SA were extracted before (0 dpi) and 2 days after infection. FW, 

fresh weight. Data represent the mean and SE from three independent biological replicates. 

Lowercase letters indicate statistically significant differences (P < 0.05, one-way ANOVA). 

ns, not significant. dpi, days post inoculation.
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Fig. 3. 
The increased amount of SUMO conjugates and enhanced susceptibility in nua-3 is 

dependent on the SUMO E3 ligase SIZ1. (a) Photographs of 4-week-old Arabidopsis 

plants. The plants were grown at 22°C under short-day conditions. Bar = 1 cm. (b) SUMO 

conjugates accumulation in Col-0, nua-3, siz1–2 and nua-3 siz1–2 plants. Protein extracts 

from 10-day-old seedlings were separated by SDS-PAGE and subjected to immunoblot 

analysis with anti-SUMO1 antibody. Plant Actin detected by anti-ACTIN antibody was set 

as a protein loading control. SUMO conjugates are indicated by a black line. Molecular 

masses of protein markers are shown on the left. (c) Disease symptoms on leaves post Pto 
DC3000 infection. Images were taken at 3 dpi. Bar = 0.5 cm. (d) Growth of Pto DC3000 

in the indicated genotypes. Four-week-old plants were spray-inoculated with Pto DC3000. 

Bacterial growth was determined at 3 dpi. Data represent mean ± SD (n ≥ 3). Lowercase 
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letters indicate statistically significant differences (P < 0.01, one-way ANOVA). Three 

independent experiments were performed with similar results. dpi, days post inoculation.
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Fig. 4. 
NUA interacts with TPR1. (a, b) Interaction of NUA with TPR1 (a) or TPR12KR (b) by 

Co-IP assays in N. benthamiana. NUA-N/C-GFP was transiently coexpressed with TPR1/

TPR12KR-FLAG in N. benthamiana leaves. Total protein was extracted and subjected to 

immunoprecipitation of NUA fragments by anti-GFP antibody, followed by immunoblot 

analysis with anti-FLAG antibody. Asterisks designate partial degradation. (c) Interaction of 

NUA with TPR1 by Co-IP assays in HEK293T cells. HEK293T cells were cotransfected 

with FLAG-NUA-N/C and TPR1-GFP. After 48 h incubation, the transfected cells were 
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detached and collected for protein extraction and immunoprecipitation with anti-GFP 

antibody, followed by immunoblot analyses with anti-GFP and anti-FLAG antibodies.
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Fig. 5. 
TPR1 is hyper-SUMOylated in nua-3 mutants. (a) In vivo SUMOylation analysis of 

TPR1-HA in Arabidopsis protoplasts. TPR1-HA was transiently expressed in Col-0 or 

nua-3 protoplasts, and affinity purified with anti-HA agarose beads. Immunoblot analyses 

were performed with anti-HA and anti-SUMO1 antibodies. Values indicate relative band 

density of SUMOylated TPR1 normalized to immunoprecipitated TPR1-HA proteins by 

using the ImageJ software. WT, the wild type. (b) Quantitative analysis of the relative 

band density of SUMOylated TPR1-HA from immunoblotting shown in (a). Data represent 

mean ± SE (n = 3). The asterisk indicates statistically significant differences (*, P < 0.05, 

Student’s t-test). (c) In vivo SUMOylation analysis of TPR1-Myc in transgenic plants. 

Total proteins were extracted from 10-day-old 35S::TPR1-Myc/WT and 35S::TPR1-Myc/

nua-3 seedlings. TPR1-Myc proteins were affinity purified with anti-Myc agarose beads. 

Immunoblot analyses were performed with anti-Myc and anti-SUMO1 antibodies. Values 

indicate relative band density of SUMOylated TPR1 normalized to immunoprecipitated 

TPR1-Myc proteins by using the ImageJ software. (d) Quantitative analysis of the relative 

band density of SUMOylated TPR1-Myc from immunoblotting shown in (c). Data represent 

mean ± SE (n = 3). The asterisk indicates statistically significant differences (*, P < 0.05, 

Student’s t-test). (e) In vivo SUMOylation analysis of TPR1-HA and TPR12KR-HA in 

Arabidopsis protoplasts. TPR1-HA or TPR12KR-HA was transiently expressed in Col-0 

or nua-3 protoplasts, and in vivo SUMOylation analysis was performed as described in 

(a). (f) Quantitative analysis of the relative band density of SUMOylated TPR1-HA and 

TPR12KR-HA from immunoblotting shown in (e). Data represent mean ± SE (n = 3). 

The asterisk indicates statistically significant differences (*, P < 0.05, Student’s t-test). (g) 

deSUMOylation of TPR1-FLAG by NUA expression in N. benthamiana. TPR1-FLAG was 

coexpressed with NUA-N-GFP or NUA-C-GFP in the presence or absence of Myc-SUMO1 

in N. benthamiana leaves. Total protein was extracted and subjected to immunoprecipitation 

of TPR1-FLAG by anti-FLAG antibody, followed by immunoblot analysis with anti-FLAG 

and anti-SUMO1 antibodies. Values indicate relative band density of SUMOylated TPR1 

normalized to immunoprecipitated TPR1-FLAG proteins by using the ImageJ software. 

Three independent experiments were performed with similar results.
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Fig. 6. 
NUA-interacting protein ESD4 deSUMOylates TPR1. (a) Interaction of ESD4 with 

TPR1 by Co-IP assays in N. benthamiana. TPR1-FLAG was transiently coexpressed 

with GFP-ESD4 in N. benthamiana leaves. Coexpressing with GUS-GFP was used as a 

negative control. Total protein was extracted and subjected to immunoprecipitation with 

anti-GFP antibody, followed by immunoblot analysis with anti-FLAG antibody. (b) In vivo 
deSUMOylation of TPR1 by SUMO protease ESD4, but not OTS2. TPR1-FLAG was 

coexpressed with GFP-ESD4 or GFP-OTS2 in the presence or absence of Myc-SUMO1 in 

N. benthamiana leaves. Total protein was extracted and subjected to immunoprecipitation 
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of TPR1-FLAG by anti-FLAG antibody, followed by immunoblot analysis with anti-FLAG 

and anti-SUMO1 antibodies. Three independent experiments were performed with similar 

results.
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Fig. 7. 
nua-3 suppresses TPR1-mediated disease resistance. (a) Disease symptoms on leaves post 

Pto DC3000 infection. Images were taken at 3 dpi. Bar = 0.5 cm. (b) Growth of Pto 
DC3000 in the indicated genotypes. Four-week-old Arabidopsis plants were infiltrated with 

Pto DC3000. Bacterial growth was determined at 3 dpi. Data represent mean ± SD (n = 12). 

Lowercase letters indicate statistically significant differences (P < 0.01, one-way ANOVA). 

Three independent experiments were performed with similar results. (c) Two-week-old 

plants were infected with H.a. Noco2. The infected plants were photographed at 7 dpi. 

Bar = 1 cm. (d) Growth of H.a. Noco2 in the indicated genotypes. H.a. Noco2 growth 

Xie et al. Page 31

New Phytol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was quantified at 7 dpi by counting the number of spores per gram of leaf samples. Data 

represent mean ± SE (n = 12). Lowercase letters indicate statistically significant differences 

(P < 0.01, one-way ANOVA). Three independent experiments were performed with similar 

results. (e, f) The transcripts accumulation of DND1 (e) and DND2 (f) were examined by 

RT-qPCR. ACTIN2 was used as an internal control. Data represent the mean ± SE from 

three biological replicates. The asterisk indicates statistically significant differences (*, P < 

0.05, Student’s t-test). dpi, days post inoculation.
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Fig. 8. 
A proposed working model to illustrate the role of NUA in plant immunity. In WT plants, 

NUA coordinates with ESD4 to deSUMOylate TPR1, which functions oppositely to SIZ1 to 

control the homeostasis of TPR1 SUMOylation for proper immune output. In nua mutants, 

hyper-SUMOylated TPR1 results in reduced transcriptional corepressor activity, leading 

to upregulated expression of target genes (e.g. DND1/2) and impaired defense responses. 

Moreover, NUA is required for pathogen-induced SA accumulation, which contributes to 

NUA-mediated disease resistance. However, esd4 mutants display autoimmunity probably 

due to NLRs activation, suggesting that NUA and ESD4 function coordinately and 

divergently in plant immunity. Blunt-ended arrows indicate negative regulation. Dashed 

arrows indicate impaired signaling or unknown mechanism.
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