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16 Abstract

17  Bacterial wilt (BW) is a soil-borne disease that severely impacts plant growth and productivity
18  globally. Ubiquitination plays a crucial role in disease resistance. Our previous research
19 indicated that NAC transcription factor SmNAC negatively regulates BW resistance in
20  eggplant (Solanum melongena). However, whether the ubiquitin/26S proteasome system (UPS)
21  participates in this regulation is unknown.

22 This study used SmNAC as a bait to screen eggplant cDNA library and obtained
23 SmDDAIb, an E3 ubiquitin ligase. Subcellular location and bimolecular fluorescence
24 complementation assays revealed that SmDDA1b could interact with SmNAC in the nucleus.
25  The in vivo and in vitro ubiquitination experiments indicated that SmDDA1b can degrade
26 SmNAC through UPS. However, the discovery of negative regulation of SmDDA1b expression
27 by SmNAC showed that there was a negative feedback loop between SmMNAC and SmDDA1b
28  in eggplant.

29 The SMDDA1b-overexpressed lines showed a higher BW resistance associated with high
30 expression levels of salicylic acid (SA)-related genes and SA content than the wild-type lines.
31  However, SMDDAlb-silencing lines showed the opposite results, indicating that SWDDA1b is a
32  positive regulatory gene for BW resistance.

33 This study provides a candidate gene that can enhance BW resistance in eggplants. In
34  addition, it provides insight into a mechanism that promotes plant disease resistance via the
35 SmDDAIb-SmNAC-SA pathway.

36

37 Introduction

38  Bacterial wilt (BW) is a soil-borne bacterial disease caused by Ralstonia solanacearum species
39  complex (RSSC) (Safni et al., 2014), with diverse strains and a wide range of hosts. Hayward
40  (1991) estimates that it can infect about 450 plant species in 54 families, including major cash
41  crops and vegetables, especially Solanaceae crops. RSSC is one of the most common bacteria
42  causing severe plant diseases globally (Mansfield et al., 2012; Kim et al., 2016). RSSC enters
43  the plant xylem through the intercellular space for self-reproduction and secretes several
44 extracellular polysaccharides and extracellular proteases. This blocks the vascular bundles and

45  causing plants to die due to lack of water (McGarvey et al., 1999; Huang and Allen, 2000).
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46 However, plants also resist BW in multiple ways, regulated at the DNA, transcription,
47  translation, and post-translational levels. Studies have shown that heterologous overexpression
48  of Arabidopsis thaliana gene AtEFR can reduce the effect of BW in tomato (Solanum
49  lycopersicum) and potato (Solanum tuberosum) (Boschi et al., 2017; Kunwar et al., 2018).
50  StNACDb4 transcription factor positively regulates BW resistance in tomatoes at the
51 transcriptional level (Chang et al., 2020). Moreover, transcription factor bHLH93 interacts with
52  RSSC effector Ripl to induce plant immune response in tobacco (Nicotiana tabacum) (Tahir et
53 al., 2017). RRSI-R can recognize RSSC Avr protein in Arabidopsis and act as dual resistance
54  proteins with RPS4 for disease resistance (Tasset et al., 2010; Narusaka et al., 2014). Gong et
55  al. (2021) showed that some histone deacetylase (HDAC)-mediated histone acetylation can
56  reduce tomato resistance to BW at the post-translation level. Besides, Yu et al. (2020) found
57  that phosphorylation of the SGT1 gene is beneficial to BW resistance.

58 Isochorismate synthase (ICS) and phenylalanine ammonia lyase (PAL) synthesize
59  salicylic acid (SA). Besides, the ICS pathway synthesizes more than 90% of SA in disease
60  resistance response (Wildermuth et al., 2001; Garcion et al., 2008). There are two |ICSgenes in
61 Arabidopsis, ICSI/SD2 and ICS2 (Dempsey et al., 2011). MdWRKY15 increases SA
62  accumulation via MdICSL activation (Zhao et al., 2020). OsWRKY6 increases SA content via
63  OslCSL activation (Choi et al., 2015). Lowe-Power €t al. (2016) showed that SA can inhibit the
64  expression of type III effectors of RSSC. External application of SA can increase CaWRKY22
65  expression, thus enhancing BW resistance to pepper (Capsicum annuum) (Hussain et al., 2018).
66  NtWRKYS50 overexpression enhances BW resistance in tobacco while significantly increasing
67  SA levels (Liu et al., 2017). SA pathway signal genes also positively regulate plant disease
68  resistance. Previous studies have shown that SA signaling transduction through NPR, TGA,
69 NPRL, TGA2.2, and TGAla positively regulates tomato BW resistance (Chen et al., 2009; Li et
70 al., 2019). EDSL, PAD4, NPR1 and SGT1 positively regulates eggplant BW resistance (Xi-ou et
71 al., 2016). PR gene expression is induced when the plant is stressed and the SA content
72  increases (Lu et al., 2018).

73 Furthermore, ubiquitination is as important as phosphorylation and acetylation in
74 eukaryotes. Ubiquitin/26S proteasome system (UPS) is a conserved ubiquitination system

75  (Pickart and Fushman, 2004). Ubiquitin (Ub) interacts with the target protein in UPS through
3
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76 El (ubiquitin-activating) enzyme, E2 (ubiquitin-conjugating) enzyme, and E3 ubiquitin ligase
77  via ATP for single ubiquitination or repeated polyubiquitination. This degrades or modifies the
78  protein composition to regulate the function of eukaryotes (Thrower et al., 2000; Rowland et
79  al., 2005). E3 ligases are mainly divided into HECT E3s, RING E3s, and RBR E3s. The RING
80  family is the largest, containing a zinc or U-box binding domain (Stone et al., 2005; Morreale
81  and Walden, 2016). Cullin-RING-Ligases (CRLs) are multi-subunit complexes and the largest
82  family in the RING E3s. It is composed of scaffold protein Cullin, RBX1 protein-containing
83  RING domain, adaptor, and substrate receptor (Zimmerman €t al., 2010).
84 CUL1, CUL3, CULA4, and APC are the major cullin types in plants. CRL4 (CUL4A or
85  CUL4B) uses DDBI as an adaptor and DDBI and cullin 4-related factors (DCFA) as substrate
86 receptors (Pang et al., 2019). DDB1 and DETIl-associated proteinl (DDAI1) is a basic
87  conservative component in the CRL4 core complex that directly interacts with DDBI1 to
88  promote substrate recruitment or regulate the overall topology of the CRL4-substrate complex
89 (Olma et al., 2009; Shabek et al., 2018). DDA was first identified as a subunit of the plant
90 DDBI-DET1-DDA1 (DDD) complex (Yanagawa et al., 2004). DDA1 (Q9FFS4) forms a
91  protein complex with Cul4, DDBI1, COP10, and DET1 in Arabidopsis, which binds Ub on E2
92  to the abscisic acid (ABA) receptor protein PYLS8 for complete ubiquitination (Irigoyen et al.,
93  2014). Studies have also shown that E3 ligase plays a crucial role in plant resistance to disease,
94  including BW (Lee et al., 2020; McLellan et al., 2020). For instance, both the E3 ligase
95  NtRNF217 in tobacco (Liu et al., 2021) and the ATL family gene SACRE in potato (Park et al.,
96  2012) can positively regulate plant resistance to BW.
97 Studies have found that many Solanaceae crops are not immune to BW (Patil et al.,
98  2012). However, eggplant (Solanum melongena), as a representative Solanaceae crop, is an
99  important vegetable with high BW resistance and sensitivity, making it ideal for BW analysis.
100  Previous research found that eggplant SWTPGH1 is a BW resistance gene (Wang et al., 2020).
101 Besides, eggplant AG91-25 possesses resistance locus EBWR9, and the RSSC ripAX2 gene can
102 induce AG91-25 specific resistance (Morel et al., 2018). Xi’ou et al. (2015) indicated that the
103 eggplant RE- bw gene can interact with the effector Popp2 of RSSC. Qiu et al. (2019) also
104  showed that spermidine (SPD) significantly improves eggplant resistance to BW, and

105 SmMYB44 enhances SMSPDS expression. However, there is little research on plant resistance
4
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106  to BW at the post-translational level. Moreover, it is unclear whether UPS is involved in the
107  regulation of BW.

108 Our previous research showed that eggplant NAC transcription factor SmNAC
109  (KM435267) binds to the promoter of SA synthesis gene ICSl to inhibit SA accumulation,
110  thereby reducing eggplant BW resistance (Na et al., 2016). This study used SmNAC protein as
111  a bait to screen an E3 ubiquitin ligase gene, SMDDAlb (GenBank accession number:
112 MZ736671) that interact with SmNAC from the eggplant cDNA library. Besides, this study
113 verified the function of SMDDALb and the relationship between SmDDAI1b and SmNAC.
114  Therefore, this research provides new insights into the molecular mechanism by which the
115  SmDDA1b-SmNAC-SA pathway enhances BW resistance.

116
117
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118  Results

119  Isolation of eggplant E3 ligase gene SMDDA1b

120  Previous research showed that STNAC can reduce eggplant BW resistance (Na et al., 2016).
121 Herein, the N-terminal 417bp base of STNAC containing the NAM domain without self-
122 activation was used as the bait protein to screen the eggplant cDNA library. SWDDA1b, 1017bp
123 nucleic acid fragment containing E3 ubiquitin ligase gene was identified. Y2H assay of
124  SmDDAIb and SmNAC was then conducted. AD-SmDDAlb and BD-SmNACi-417 co-
125  transferred to Y2H Gold developed plaque on the four amino acids deficiency medium (SD/-
126 Leu-His-Trp-Ade). The plaque turned blue after the addition of X-a-Gal (Fig. 1A). These
127  results indicate that SmMDDA1b can interact with SmNAC.

128 The ORF of STDDA1b (504bp, 167 amino acids, and molecular weight of 18.27 kDa) had
129 DDAI and SAP domain, belonging to E3 ubiquitin ligase of CRL4 (Supplemental Fig. S1).
130  Fifteen representative dicotyledonous plants with sequenced genomes, including eggplant,
131  were selected for phylogenetic analysis. Each genome was screened to obtain the homologous
132 protein of SmDDA1b (Fig. 1B). They all contained DDA1 and SAP domains except BrDDA1b
133 and NtDDAI1DI, indicating that these domains are relatively conserved in dicotyledonous
134  plants and may play a crucial role in the survival and evolution of plants.

135

136 SmDDAT1b interacts with SmNAC in the nucleus

137 Subcellular localization and BiFC experiments were used to determine the position of
138  interaction between SmDDAIb and SmNAC at the subcellular level. The fluorescence
139  microscope showed that the nucleus of tobacco emitted green fluorescence, indicating that
140  SMDDAIDb is expressed in the nucleus (Supplemental Fig. S4). In the BiFC assay, YNE-
141  SmDDA1b and YCE-SMNAC produced a small amount of yellow fluorescence in the nucleus
142  when the proteasome inhibitor MG132 was not injected. However, after MG132 injection, the
143  amount of yellow fluorescence in the nucleus increased, indicating that SmDDA1b can interact
144  with SmNAC in the nucleus (Fig. 2A). Therefore, SmMNAC could be the ubiquitination
145  substrate of SmDDAI1b.

146

147 SmDDA1b has E3 activity and interacts with SmNAC in vitro
6
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Figure 1. Interaction between SmDDA1E and SmNAC in the yeast two-hybrid (Y2H) system. A, ¥2H results of SmMNAC and SmDDA1b. The co-fransformation
of BD-53, BD-Lam and AD-T with Y2H Gold as a positive or negative control. B, SmDDA1b phylogeny analysis results. The number on the branch represents
the degree of support, and the maximum value is 100. The genome accession number of the gene is shown in Table 53,

148 A self-ubiquitination experiment was conducted to verify whether SmDDA1b can recognize
149  and degrade SmNAC through the UPS. Polyubiquitination occurred when E1, E2, Ub and
150 MBP-SmDDA1b were all present (Fig. 2B). In contrast, polyubiquitination did not occur in
151  other groups without essential components, indicating that SmDDA 1b has E3 ubiquitin ligase
152 activity.

153 The ubiquitination experiment was then conducted to determine if SmNAC is the target
154  protein of SmDDA1D in vitro. (Fig. 2C). A purified GST-SmNAC protein was added into the
155  reaction system containing the above mixture. ZEN-BIOSCIENCE (Chengdu, China) anti-GST
156  antibody was used for western blot (WB) analysis after the reaction was over to detect whether
157 Ub, MBP-SmDDA1b protein, and GST-SmNAC protein were coupled. The ladder-like smear
158  appeared only when all the necessary components were present, indicating that SmNAC
159  polyubiquitination occurred. Therefore, SmMDDA1b can ubiquitinate SmNAC in vitro.

160

161  SmDDAI1b can degrade SmNAC after ubiquitination in vivo

162  Co-IP experiment was performed to further verify the actual ubiquitination of SmDDA1b and
163 SmNAC protein in vivo. SmDDA1b-HA and SmNAC-GFP fusion proteins were detected in the
164  protein complex immunoprecipitated with an anti-HA antibody. An indication that SmDDA1b-
165  HA can immunoprecipitate SmMNAC-GFP (Fig. 3A). Therefore, SmDDA1b and SmNAC can
166  interact in vivo.

167 SmDDA1b-Myc and SmNAC-GFP Agrobacterium tumefaciens were subjected to tobacco
168  transient expression experiments. Anti-GFP and anti-Ub were used for WB detection. The

7
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Figure 2. Interaction between SmDDA1b and SmNAC in the nucleus and in vitro. A, Bimolecular fluorescence
complementation (BiFC) results of SmMDDA1b and SmNAC. The proteasome inhibitor MG132 was injected after
co-injection of YNE-SmDDA1b and YCE-SmNAC Agrobacterium tumefaciens in tobacco. YFP indicates yellow
fluorescence caused by the interaction between two proteins. NLS indicates the location of the nucleus. The red
and white rulers indicate 1 mm. B, The result of E3 ubiquitin ligase activity of SmDDA1b. The symbols “-" and "+"
indicate samples not added and those added in the experiment, respectively. A single band represents the
SmDDA1b protein, and a ladder-like smear represents the polyubiquitination of SmDDA1b. C, SmNAC
ubiquitination via SmDDA1b in vitro. A single band represents the SmNAC protein, and the ladder-like smear
represents the polyubiguitination of SmMNAC.

169  polyubiquitination band of SmMNAC appeared when the two Agrobacterium tumefaciens were
170 co-injected. However, anti-GFP showed SmNAC-GFP band, while anti-UB showed no band
171 when only SmNAC-GFP was injected. Therefore, SmDDA1b can modify SmNAC via
172 polyubiquitination in vivo (Fig. 3B).

173 The Agrobacterium tumefaciens containing Myc-SmNAC and SmDDA 1b-GFP constructs
174  were infiltrated into tobacco leaves for transient expression. The expression of SmMNAC protein
175  gradually decreased as the injection ratio of SmDDA 1b-GFP protein increased (Fig. 3C). The

176  results further indicate that SmDDAI1b can ubiquitinate SmNAC in plants and degrade
8
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Figure 3. In vivo ubiquitination experiment results of SmDDA1b and SmNAC. A,
Co-immunoprecipitation (Co-IP) experiment results. Anti-GFP and anti-HA were used for WB
detection. B, In vivo SmNAC ubiquitination via SmDDA1b. The symbols “-" and "+" indicate
samples not added and those added in the experiment, respectively. C, Effect of SmDDA1b-
GFP Agrobacterium tumefaciens on the expression level of SmMNAC protein. Different numbers
represent different injection ratios. Anti-Myc and anti-GFP were used for WB detection, and
actin was used as a control.

177 SmNAC via UPS.

178

179  Expression pattern analysis of SMDDA1D in eggplant

180  Analysis of SMDDA1b ¢cDNA sequence was not significantly different between the resistant
181  line E31 and susceptible line E32 (Supplemental Fig. S2). The qRT-PCR assay result showed

182  the expression of SMDDA1b was expressed in the roots, stems, and leaves in both of E31 and
9
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Figure 4. Expression analysis of SmDDA1b. A, The relative expression of SmDDA17b in E31 and E32 tissues.
The left part shows a schematic diagram of the tissue parts of eggplant seedlings (leaves, upper and lower
parts of the stems, and roots). The bar graph shows the relative expression of SmDDA1b in the roots,
stems-part1, stems-part2, and leaves of eggplant E31 and E32. Data are expressed as mean £ SD (n=3)

(*, p<0.05; **, p < 0.01, according to Student's t-test). The white ruler indicates 5 cm. B, The analysis of the
relative expression of SmDDA1b after 24 h of E31 and E32 inoculation with pathogen. The samples were
obtained at0Oh, 1 h, 3 h, 6 h, 12 h and 24 h after treatment. C, The relative expression of SmDDA 1b after

48 h of E31 and E32 treatment with SA. The samples were obtainedat0h,3h,6 h, 12 h, 24dhand 48 h

after treatment. Data are expressed as mean = SEM of three biological replicates. The letter notation
indicates the results of multiple comparisons between the data (p<0.05).

183  E32. Notably, the expression level of SNDDA1b was higher in E31(R) than in E32(S) (Fig. 4A).
184 After inoculated RSSC into E31 (R) and E32 (S), the qRT- PCR results showed that the
185  expression level of SMDDALb decreased within one hour in both lines. However, SnDDA1b
186  expression rapidly increased in E31 (R) after 12 h of inoculation and was not altered in E32 (S)
187  (Fig. 4B). Therefore, the expression level of SMDDA1b could be induced by RSSC in the
188  resistant line E31.

189 At the same time, the expression of SMDDA1b in E31 also could be enhance from 0 h to 3
190  h and rapidly increased after 24 h by SA treatment. However, the expression of STDDA1b in

191  E32 decreased continuously after SA treatment (Fig. 4C). This result indicates that the
10
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192  expression of SMDDA1Db in E31 could be induced by exogenous SA.

193

194  SmDDA1b-silenced eggplant has a decreased BW resistance

195  VIGS experiment was conducted to verify whether STDDA1b is related to BW resistance.
196  SMNAC expression was significantly increased in E31 when SmDDA1b expression was
197  reduced (Fig. 5A). Moreover, after inoculation with RSSC, SmMDDA1b-silenced lines showed
198  clear wilt symptoms and the disease index and morbidity of the SmDDAI1b- silenced lines
199  were 70 and 100%, respectively, which were much higher than in control (Fig. 5, B-C). These
200  results indicate that SNMDDALb positively regulates eggplant resistance to BW.

201

202  SmDDA1b overexpression enhances BW resistance and increases SA content

203  SmMDDA1b in tomato cultivar Money Marker was over-expressed to further verify its function.
204  The marker gene bar and qRT-PCR were used to obtain 12 To transgenic tomato seedlings from
205 60 tissue culture seedlings (Fig. 6A). Three individual plants (OETo-12, OETo-17, OETo31-2) with
206  good over-expression effects were selected for Ti1 generation propagation (Fig. 6B). Finally,
207 115 of the 150 individual plants containing bar gene were identified using the bar marker, and
208  used for subsequent experiments (Supplemental Table S5). After inoculated with RSSC, the
209  WT seedlings were wilted, while the over-expressed seedlings were partially wilted after 7
210  days and 14 days of inoculation, indicating that over-expressed seedlings are more resistant to
211 BW than the WT plants (Fig. 6, C-D). Besides, the WT and over-expressed seedlings had the
212  same onset time, and both began to show wilting symptoms on the sixth day. However, the
213 morbidity and disease index of WT plants were significantly higher than those of the over-
214  expressed plants after 14 days of inoculation (Fig. 6, E-F; Supplemental Table S6). Taken
215  together, these results indicate that SMDDALb over-expression can increase plant BW
216  resistance.

217 Besides, SA content of WT and SmDDA1b over-expressing seedlings inoculated (or not)
218  with RSSC was determined. SA content was significantly lower in WT than in over-expressed
219  seedlings before and after inoculation, indicating that over-expression of SMDDA1b in tomato
220 can increase SA content. The SA content of both WT and over-expressed lines was

221  significantly increased after inoculation (Fig. 6G). Therefore, SMDDA1b can regulate plant
11
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Figure 5. Virus-induced gene silencing (VIGS) experiment results of SmDDA1b in E31. A, The
relative expression results of SmDDA1b and SmNAC in SmDDA1b-silenced plants. pTRV2
represents the control group, and p-SmDDA1b indicates VIGS-treated plants pTRV2-SmDDA1b.
Data are expressed as mean + SEM of three biological replicates (**, p < 0.01, according to
Student's t-test). B, The phenotype of E31 VIGS control and treated plants infected with
Ralstonia solanacearum species complex (RSSC) for four weeks. The white ruler indicates 5 cm.
C, The results of VIGS and control plant disease index four weeks after inoculation with RSSC.
The evaluation scale was as follows: 0= healthy, 1= one or two leaves, wilted, 2= three or more
leaves wilted, 3= all leaves wilted, and 4= dead (Qiu et al., 2019). The ordinate represents the
percentage of the number of plants in each disease level. Ten E31 seedlings were silenced.

222  resistance to BW by altering SA content. Moreover, the expression of SNMNAC was significantly
223 decreased in SMDDA1b over-expressed lines compared with the WT (Fig. 6H), which was
224  consistent with the study that SmMDDA1b could degrade SmNAC through UPS.

225

226  SmDDAT1D indirectly and positively regulates | CS1 and SA pathway gene expression

227  ICSI can synthesize SA, in order to detect whether SmDDA 1b affects ICS1, the expression of
228 ICSL (NM 001247865.1) in SMDDALD over-expressed and VIGS plants was analyzed. In the
229  over-expressed plants, the expression of ICSL was increased, and in the VIGS plants, the |CS1L
230  expression was decreased, indicating that SmDDA 1b can positively regulates the expression of
231 ICSL (Fig. 7A). Besides, Y2H and BiFC results of SmDDA1b and ICS1 show that SmDDA 1b
232  can not directly target ICS1 (Supplemental Fig. S5). The results deduced that SmDDAlb
233 degrade SMNAC to positively increase activity of |CSI.

234 This study also analyzed the expression of hormone signal pathway-related genes in
12
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Figure 6. Results of overexpression experiment. A, Detection of the marker gene bar on tomato tissue culture
seedlings. B, The relative expression of SmDDA1h in tomato independent lines obtained from tissue culture.
Data are expressed as mean + SD (n=3) (*, p < 0.05; **, p < 0.01, according to Student's t-test). C, The
phenotype of wild-type (WT) and T1 generation overexpressed seedlings (OET1), including front view, close
view, and top view an the 7th day after inoculation with RSSC. The white ruler indicates 5 cm. D, The
phenotype of WT and OET1 on the 14th day post-inoculation with RSSC. CK represents WT and transgenic
tomato seedlings that were not inoculated with RSSC. The white ruler indicates 1 dm. E-F, The morbidity
statistics and disease index of WT and overexpressed seedlings after 14 days of inoculation. OET1 represents
the average disease index of three overexpressed lines. G, SA content of WT and overexpressed tomato
seedlings inoculated or not inoculated with RSSC. The letters indicate significant differences (p <0.05). H,
The relative expression of SmNAC in SmDDA 16 overexpressed lines. Data are expressed as mean + SEM

of three biological replicates (*, p < 0.05; **, p < 0.01, Student's t-test).
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Figure 7. Expression of /CS1 and salicylic acid (SA) pathway signal-related genes in SmDDA1b overexpressed and
virus-induced gene silencing (VIGS) plants. A, Expression of /CS7 in SmDDA 1b overexpression and VIGS plants. B,
Expression of SA pathway signal-related genes in overexpressed plants, OETo represents the To generation over-
expressed plants. and WT represents the wild-type plants. C, Expression of SA pathway signal-related genes in VIGS
plants. pTRV2 represents control plants, and p-SmDDA 1b represents VIGS-treated plants pTRV2-SmDDA1b. Data
are expressed as mean + SEM of three biological replicates (*, p < 0.05; **, p < 0.01, Student's t-test).

(NM_001247633.1), TGA (GQ386946.1), SGT1 (NM_001247758.1), PAD4 (AY753546.1) and

PR-1a (M69247) were selected to assess if SA pathway signal-related genes can regulate BW

resistance. The expression of SA pathway signal-related genes was significantly increased in

the over-expressed plants except for PR-1a (compared with the control) (Fig. 7B). In contrast,
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240  the expression of SA pathway signal-related genes was significantly decreased in VIGS plants
241  except for TGA (compared with the control) (Fig. 7C), indicating that SWTDDALb positively
242  regulates the expression of SA pathway signal-related genes.

243

244 SmNAC binds to SMDDA1b promoter and significantly represses the promoter activity
245 In previous studies, SMNAC over-expression lines have shown decreased expression of
246 SmMDDAIDb (Fig. 8A). This suggests that the activity of SWMDDA1b promotor might be directly
247  down-regulated by SmNAC. In order to verify this hypothesis, the SMDDA1lb promoter
248  sequence was obtained from eggplant genome (Barchi et al., 2021), and the elements of the
249  promoter were predicted by PlantPAN 3.0 (Supplemental Fig. S6). It was predicted that the
250 SMDDA1b promoter contained 24 NAC element binding sites and these sites are mostly
251  distributed in the region of - 500 to - 1500, indicating that SmMNAC may bind to SmDDA1b
252  promoter, then the promoter was isolated and cloned (Fig. 8B; Supplemental Table S7).

253 Due to the self-activation of SMDDALb promoter, the promoter was divided into three
254  segments for yeast one-hybrid (Y1H) assay, named SmDDAl1bpro-1, SmDDAl1bpro-2 and
255  SMDDAlbpro-3, respectively, and divided SmMDDAlbpro-2 into pro2-1, pro2-2, pro2-3 (Fig.
256  8B), among them, SNMDDA1b pro2-3 has self-activation (Supplemental Fig. S7). The results of
257  Y1H showed that there was no significant difference between pAbAi-SMDDA1bpro-3 and AD-
258  SMNAC co-transformed to Y1H Gold and the control, no yeast plaque grew on the Leucine
259  deficiency medium (SD/-L) added with 200ng/ml Aureobasidin A (AbA). However, the
260  pAbAi-SMDDA1lbpro-1/ pro2-1/pro2-2 and AD-SMNAC co-transformed to Y 1H had significant
261  yeast plaque growth on SD/-L added with 200ng/ml ABA compared with the control, and the
262  results remained unchanged after dilution (Fig. 8C). The results showed that SmMNAC could
263  bind to SMDDAlbpro-1, pro-2-1 and pro-2-2 regions.

264 In order to further verify the regulatory effect of SmNAC on the activity of SMDDAlb
265  promoter, we carried out dual-luciferase assay. We found that the ratio of LUC / REN in the
266  treatment group was significantly lower than that in the control group, indicating that SmNAC
267  represses the transcription of SmMDDALb (Fig. 8, D-E). In addition, after Agrobacterium
268  tumefaciens 35S SmDDA1b, 35S SmNAC and SmDDAlbpro: LUC were co-injected into

269  tobacco, the ratio of LUC / REN increased and the inhibitory effect of SmNAC on the
15
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Figure 8. SmNAC binds to the SmDDA1b promoter and represses the expression of SmDDA1h gene. A, The relative
expression of SmDDATH in SmNAC over-expressed lines. E31 indicates wild-type, and EGTo43, EGTo-87, EGTo-145,
EGTo-204 represent To generation over-expressed plants. Data are expressed as mean + SEM of three biological
replicates (**, p < 0.01, Student’s t-test). B, Schematic diagram of SmDDA1b gene, promoter and NAC element binding
sites. "+" represents the sense strand and "-" represents the antisense strand. The promoter of SmDDA 1b was divided
into three segments for Y1H assay. The second segment had self-activation and it was divided into three segments for
Y1H with SmNAC transcription factor. SmDDA1bpro-1: -855 to-1542 bp, SmDDA 1bpro-2: -308 to -854 bp
(SmDDA1bpro-2-1: -675 to -854 bp, SmDDA 1bpro-2-2: -495 to -674 bp, SmDDA1bpro-2-3: -308 to -494 bp),
SmDDA1bpro-3: -1 to -307 bp. C, SmNAC binds directly to the SmDDA b promoter. The co-transformation of AD-53,
AD and pAbAi-p53 with Y1H Gold as a positive or negative control. The triangle indicates the yeast concentration from
high to low. D, A schematic representation of the double reporter and effector plasmid used. The double-reporter
plasmid contained SmDDA 1b promoter fused with the sequence encoding LUC luciferase and REN luciferase driven by
CaMV35S promoter. The effector plasmid contained SmNAC driven by a CaMV35S promoter. E, SmDDA1b attenuates
the inhibitory effect of SmMNAC on SmDDA1b promoter. The regulation of transcription factor on promoter activity is
based on the ratio of LUC to REN. The symbols “-" and "+" indicate samples not added and those added in the
experiment, respectively. EV represent empty vector. Data are expressed as mean + SEM of three biological replicates.
The letter notation indicates the results of multiple comparisons between the data (p<0.05).

270  promoter was eliminated. After MG132 injection, the ratio of LUC/ REN decreased and the
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271  inhibitory effect of SmNAC on promoter was restored (Fig. 8E). The results showed that
272  SmDDAI1b could degrade SmNAC through UPS, and the increase of SmDDA1b content could
273 weaken or even remove the inhibitory effect of SmMNAC on SMDDALb promoter.

274
275

17
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276  Discussion

277  E3 ubiquitin ligase and NAC (NAM-ATAF-CUC1/2) transcription factors are crucial in plant
278  disease resistance. The E3 ligase has a complex plant disease resistance regulation, including
279  positive and negative regulation. Besides, some interact with pathogens or post-translational
280  modifications of other proteins to directly or indirectly regulate plant disease resistance (Miao
281 et al., 2016; Wang et al., 2020; Karki et al., 2021). For instance, MIEL1 is a RING-type E3
282  ligase, negatively regulating defense response in Arabidopsis (Marino €t al., 2013). The E3
283  ligase NDUbE3R1 positively regulates the immune response in tobacco. Furthermore, the
284  replicase of Bamboo mosaic virus (BaMV) could be a substrate of NbUbE3R1 (Chen et al.,
285  2019). RING-type E3 ligase, VIMS, can target and degrade DNA methyltransferases MET1
286 and CMT3 through the 26S proteasome. Beet severe curly top virus can induce VIMS5
287  expression and activate the C2 and C3 genes of the geminivirus to make the plant susceptible
288  (Chen et al., 2020).

289 NAC, as a unique family of transcription factors in plants, is essential at multiple levels of
290 transcription, post-transcriptional and post-translational modification (Zhu et al., 2016; Zhang
291 et al., 2018; Li et al., 2019; Liu et al., 2020). Studies have shown that E3 ligase can interact
292  with NAC transcription factors (Yoshii et al., 2010). SINA protein also has E3 ubiquitin ligase
293  activity (Wang et al., 2018). The RING-type E3 ligase SINAT5 can ubiquitinate the NAC
294 transcription factor AtNAC in Arabidopsis (Xie et al., 2002). Miao et al. (2016) indicated that
295  SINA can recognize and degrade NACI in tomato through the UPS, negatively regulating the
296  role of plant defense signals.

297 Herein, SmDDA1b ubiquitinated SmNAC in vivo and in vitro, promoting its degradation
298  through UPS. However, E3 ubiquitin ligase and NAC transcription factor are only one aspect
299  of this mechanism. Besides targeting SmNAC, SmDDA1b may also target other factors that
300 can negatively regulate eggplant BW resistance via ubiquitination and degradation. Therefore,
301 future research should focus on the regulation network of resistance to BW.

302  Plants balance their gene expression and control the role of E3 ligase and NAC transcription
303 factors when there is no biological stress. Previous studies have shown that transcription factor,
304  the target protein of E3 ligase, can also bind to the promoter element of E3 ligase to control the

305  expression activity of E3. Tong et al. (2021) found that Populus U-box E3 ligase PalPUB79
18
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306  degraded PalWRKY77 through ubiquitination, at the same time, PalWRKY77 can bind to the
307 PalPUB79 promoter to represses the expression of PalPUB79 under normal conditions. In
308 tartary buckwheat (Fagopyrum tataricum, TB), the E3 ligase FtBPM3 target protein FtIMYBI11
309 can also bind to the FtBPM3 promoter and directly represses the expression of FtBPM3 gene
310 (Ding et al., 2021). Herein, SNNAC bind to the promoter element of SNDDA1b and negatively
311  regulate SMDDALb. This regulation effect can inhibit the degradation of SMNAC and thus
312  maintaining the stability of SmNAC protein and E3 ligase.

313 SA and SA signaling pathway genes regulate each other. EDS1 can cause the initial
314  accumulation of SA and interact with PAD4 to cause further accumulation of SA, which is
315 located upstream of the signaling pathway (Feys et al., 2001; Wildermuth et al., 2001; Cui et al.,
316  2017). NPR1 acts downstream of the SA signaling pathway and directly affects the SA content
317 (Ding et al., 2018). SA also promotes the expression of SA signal pathway genes through
318  positive feedback, thereby rapidly amplify SA signals (Wiermer et al., 2005; Wu et al., 2012;
319  Oh et al., 2014). Herein, SWTDDALDb overexpressed caused the increase of SA content and the
320 relative expression level of signal genes in SA pathway, while SNDDALb was silenced, the
321  expression of signal genes was decreased, indicating that our research results are consistent
322  with previous research results.

323 Different signaling pathways interact to form complex signal networks. Plants regulate
324  different defense signal transduction pathways through this signal network to obtain higher
325  stress tolerance (Derksen et al., 2013; Checker et al., 2018). Recent studies have also shown
326  that E3 ligase CUL3B™ can target MYC2, MYC3, and MYC4, reduce the abundance of MYC
327  protein, and regulate the JA pathway (Chico et al., 2020). Moreover, RING-type E3 ligase
328 KEG can positively regulate the expression of the JA pathway signal-related gene JAZ12
329  (Pauwels et al., 2015). SA and JA signals are mutually antagonistic (Adams and Spoel, 2018;
330 Nakano and Mukaihara, 2018). Other hormones may also regulate SNDDA1b and should be
331  further verified.

332 Herein, SWDDA1b was first decreased, then increased in the resistant plants after
333  inoculation with RSSC. SmMDDA1Db first decreased, then leveled off in the susceptible plants
334  after inoculation with RSSC. The inhibition may be related to the immune response of plants

335 and pathogenic effectors. The innate immune system of plants (the immune response
19
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336  stimulated by pathogen-related molecular patterns, pattern-triggered immunity (PTI), and
337  effector proteins, effector-triggered immunity (Herndndez and Sanan-Mishra)) respond during
338  pathogen invasion. PTI is a nonspecific basic defense response, while ETI is a specific
339 response induced by the plant resistance protein to recognize pathogens (Nakano et al., 2017).
340  During pathogen invasion, plants first induce PTI, after which the pathogen releases effectors
341  to inhibit PTI, decreasing SMDDA1b expression in both resistant and susceptible plants. Plants
342  then exert an ETI response to inhibit effectors, increasing the SNDDALb expression in disease-
343  resistant plants.

344 E3 ubiquitin ligase may target the pathogenic effector. Studies have shown that UPS can
345  specifically recognize pathogenic effectors in plants and play a role in plant-pathogen
346  interactions (Zhang et al., 2011; Li et al., 2014; Zhang et al., 2020). Drugeon and Jupin (2002)
347  showed that UPS can target the motor protein 69k of turnip yellow mosaic virus (TYMV) and
348  regulate its activity in vitro. The RING-type E3 ligase NtRFP1 can mediate the degradation of
349  geminivirus-encoded BC1 in tobacco (Shen et al., 2016). RSSC contains various secretion
350 systems but mainly exerts its effects through the type III secretion system (T3SS). T3SS can
351 influence the host to cause plant diseases or hypersensitivity response (HR) (Lindgren, 1997,
352  Poueymiro and Genin, 2009). Therefore, E3 can target the virulence genes and effectors of
353 RSSC and degrade them via ubiquitination to improve eggplant resistance, based on the
354  specificity of SmDDAI1b for the defense response of RSSC. However, further studies are
355  needed to verify the above phenomenon.

356

357  Conclusions

358 In summary, this study constructed a SmDDA 1b-SmNAC-SA pathway regulatory module
359  and showed that SmDDAI1b can degrade SmNAC through UPS to enhance BW resistance.
360  Under normal conditions, SmMNAC represses the transcription of both SNDDA1b and ICSL to
361 maintain the immune balance of plants, endogenous SA levels are low in eggplant (Fig. 9A).
362 However, STDDA1b gene was up-regulated after inoculating disease-resistant plants with
363  RSSC, thus decreasing SmNAC expression and the inhibitory effect on SMDDALb decreased,
364 and then increasing ICSL expression, SA content and BW resistance (Fig. 9B). Besides,

365 SmDDAT1b could not target ICS1 directly.
20
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Figure 9. A proposed model for the action mechanism of SmDDA1b. A, SmMNAC inhibited the expression
level of SmMDDA1b and /ICS1 under normal condition. B, The regulation module of SmDDA1b improving
plant resistance to BW. The expression of SmDDATb increased under RSSC stress weakens the
SmNAC-mediated inhibition of SmMDDA1b. Moreover, SmNAC-mediated inhibition of /ICS7 was relieved
by SmDDA1b-mediated ubiquitination of SmNAC, and thus SA accumulation.

366 Plant defense against pathogens involves complex mechanisms and many aspects. At the
367 same time, the importance of SA for plant disease resistance is self-evident. Therefore, future
368  researches should explore: screening of E3 ubiquitin ligase genes that can interact with
369 SmNAC except SMDDALb; whether SmDDA 1b can interact with pathogenic effector proteins
370  to degrade it via ubiquitination; SmMDDA1b can ultimately regulate the content of SA, whether
371 SmDDAID has the function of resisting other diseases, or regulating plant resistance and
372  growth and development.

373

374  Materials and Methods

375  Experimental materials

376  This study used two eggplant inbred lines, E31 (resistant to BW, R) and E32 (susceptible to
377  BW, S) (Supplemental Fig. S3; Supplemental Table S4). Tomato, tobacco, and RSSC strain
378  used included Money Maker, Nicotiana benthamiana, and GMI1000, respectively.

379

380  Data analysis
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381 Total RNA isolation, complementary DNA (cDNA) synthesis, and real-time reverse
382 transcription-PCR (qRT-PCR) were performed using previously described methods (Qiu et al.,
383 2019). The relative expression amount was calculated using the 22 and 2224 methods (Livak
384  and Schmittgen, 2001). 18S'RNA was used as the reference gene. qRT-PCR primers are listed
385  in Table S2.

386

387  Phylogenetic analysis and sequence alignment

388 DDAI containing sequences of 15 dicotyledonous plants (including eggplant) were obtained
389 by scanning whole-genome protein sequences (Supplemental Table S3) from the NCBI RefSeq
390 database (O'Leary et al., 2016) using Hmmserch v3.3 (Eddy, 1998). Mafft v7.455 was used to
391 align sequences (Katoh and Standley, 2013). Iqtree v1.6.12 (Nguyen et al., 2015) was then
392 used to construct a phylogenetic tree. Sequence alignment was performed in DNAMAN
393  (version 7.0; Lynnon Biosoft, Quebec, Canada).

394

395  Subcellular localization analysis

396  The full-length coding sequence of SMDDA1b without the stop codon was cloned into the Age
397  Isite of the pPEAQ-EGFP vector (Sun €t al., 2020). The recombinant vector was introduced into
398  Agrobacterium tumefaciens (strain GV3101(pSoup)) and mixed with Agrobacterium
399 tumefaciens with DsRed protein (v: v, 1: 1) (Sun et al., 2020). The nuclear-localized signal
400  (NLS) was fused to DsRed as a nuclear marker. The mixture was injected into Nicotiana
401  benthamiana, then incubated at 22 °C for three days in the dark. A confocal fluorescence
402  microscope (Carl Zeiss, Germany) was used to visualize green fluorescent protein (GFP)
403  fluorescence. The experiment was repeated at least thrice. The primers are listed in Table S1.
404

405  Pathogen inoculation

406  Inoculation with RSSC was performed as described in our previous study with some
407  modifications (Qiu et al., 2019). Briefly, RSSC was grown in a TTC medium (Lemessa and
408  Zeller, 2007) at 30 C for two days. The concentration of the inoculum was then determined
409  using a spectrophotometer, and ODeoo was adjusted to 0.6. Four- to five-day-old seedlings were

410  inoculated by wounding the roots, then incubated in the bacterial suspension for 20 min before
22
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411  transplanting. The entire experiment was conducted under control conditions (30 C, 16 h of
412  light, and 24 ‘C, 8 h of dark). The control group was treated with water. Samples (three
413  biological replicates each) were taken at O h, 1 h, 3 h, 6 h, 12 h and 24 h.

414

415  Hormone treatment

416  The four- or five- euphyllas- old eggplant seedlings were treated with 1mM SA and sprayed
417  every 12 hours (Jia et al., 2013; Hussain et al., 2018; Mahesh and Sharada, 2018). The control
418  group was treated with water, then planted at 26 °C, 16 h light, and 22 °C, 8 h dark. Samples
419  (three biological replicates each) were obtained at 0 h, 2 h, 6 h, 12 h, 24h and 48 h.

420

421  Virus-induced gene silencing (VIGS) assays

422  The specific fragments of about 300 bp from SMDDA1b were cloned into ECoR I and Sma I
423  sites of the pTRV2 vector. pTRV2-SMDDALb, pTRV2, and pTRV1 vectors were then
424  transferred into the Agrobacterium tumefaciens strain GV3101. pTRV1 mixed with pTRV2 or
425  pTRV2-SmDDAI1b (v: v, 1: 1) were infiltrated into four- or five-day-old seedlings using a 1
426  mL needleless syringe. After injection, the samples were treated at 16 °C in the dark for one
427  day and then planted normally for 1-2 weeks (26 °C, 16 h light, 22 °C, 8 h darkness). Each
428  treatment had at least 10 biological replicates. Primers are shown in Table S1.

429

430  Construction of the SMDDA1b overexpression vector and transformation procedures

431  The forward primer 5°-gagaacacgggggactctagaATGGAGGATACCTCATCATCCATT-3" and
432  the reverse primer 5’-gtggctagcgttaacactagtTCATGTGTCCCCCCTTAACCG-3’ were used to
433 amplify the full-length SMDDA1b and cloned into Xba I and Spe I of the pPCAMBIA-1380
434  vector, then transfected into the Agrobacterium strain GV3101. The resulting overexpression
435  vector, pCAMBIA-1380-SmMDDA1b, containing the CaMV35S promoter, Nos terminator, and
436  the bar marker gene (5’- end primer ATGAGCCCAGAACGACGCCCG, 3’- end primer
437  TTAGATCTCGGTGACGGGCAGGACC) were then transformed into tomato Money Marker.
438  The transgenic plants were generated as described by Qiu et al. (2016).

439

440  Salicylic acid (SA) extraction and quantification
23
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441  The leaves from SDDAlb-overexpressed lines and non-transgenic lines (wild type) before and
442  after inoculation with RSSC were used for SA extraction and determination. SA extraction and
443  quantification were performed as previously described by Ma et al. (2018).

444

445  Yeast two-hybrid (Y2H) assay

446  The full-length SMDDA1b was cloned into ECOR I and BamH 1 sites of the pGADT?7 vector.
447  The other genes or fragments, including the N-terminal 417 bases of STNAC, which did not
448  exhibit autoactivation, and the full-length ICS1 without the stop codon, were ligated into the
449  pGBKT7 vector to generate baits. The specific primers and corresponding construction vectors
450 are shown in Table S1. The experiment was conducted following the manufacturer’s
451  instructions (Cat. No. 630489; Clontech, Mountain View, CA, USA).

452

453  Bimolecular fluorescence complementation (BiFC) analysis

454 The full-length SNDDA1b without the stop codon was cloned into Sal I and BamH 1 sites of the
455  pSPYNE-35s / pUC-SPYNE (YNE) vector containing the N-terminal of yellow fluorescence
456  protein (YFP). The other genes without the termination codon were ligated into the pSPYCE-
457  35s / pUC-SPYCE (YCE) vector containing the C-terminal of YPF. The construct was
458  introduced into Agrobacterium tumefaciens GV3101(pSoup). The samples were mixed with
459  Agrobacterium tumefaciens harboring DsRed protein (v: v: v, 1: 1: 1) injected into Nicotiana
460  benthamiana, then planted at 22 °C for three days in the dark. Proteasome inhibitor MG132 (50
461  uM) was injected (Marques €t al., 2009). A confocal fluorescence microscope (Carl Zeiss,
462  Germany) was used to visualize GFP fluorescence. The experiment was repeated at least thrice.
463  The primers are listed in Table S1.

464

465  Invitro ubiquitination

466  The full-length STNAC and SmMDDA1b were cloned into pGEX-4T and pMAL-c2X vector at
467  Sal T and Xho I sites, respectively. The constructs were then transferred to BM Rosetta (DE3).
468  The ubiquitination reaction mixture (30 uL) contained 600 ng GST-SmNAC protein, 600 ng
469 MBP-SmDDAI1D protein, 20x prepared reaction buffer (1 mM ZnClz, 200 mM MgClz, 1 M

470  Tris-HCI, 20 mM ATP, 4 mM DTT, 200 mM creatine phosphate), 0.1 unit creatine kinase
24
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471 (Sigma, USA), 50 ng E1 (Boston Biochem, USA), 250 ng E2 (Boston Biochem, USA). Sterile
472 water was added to make up the solution to 30 pL. The reaction was conducted at 37 °C for 60-
473 90 min. A 7 pL of 5xLoading buffer was added to a 95 °C water bath for 5 min. The sample
474  was then centrifuged at 10000 rpm for 1 min to obtain supernatant for SDS-PAGE
475  electrophoresis. Western blot was conducted as described by Na et al. (2016). anti-GST (ZEN-
476  BIOSCIENCE, China) antibody was used. Primers are listed in Table S1.

477

478  Invivo ubiquitination

479  The full-length SMNAC and SMDDA1b were constructed into Hind III and Sal 1 sites of
480 pCl1307-35S-Myc and pC2300-35S-GFP vectors, respectively. The extracted plasmids were
481  transferred into GV3101. The supernatant of Agrobacterium tumefaciens (ODcoo= 0.6) was
482  resuspended in infection buffer (10 mM MgClz, 10 mM MES (pH 5.6), 100 uM AS) solution
483  and allowed to stand for 2-5 h. Myc-SmNAC was then injected into Nicotiana benthamiana.
484  SmNAC expression was unchanged (ODes00=0.4), while the injection ratio of SmDDA1b was
485  gradually increased (ODg00=0-0.4). The samples were incubated at 22 °C for 2 d, and then
486  western blot analysis was conducted.

487 The SMNAC-GFP and SmDDA1b-Myc vectors were constructed and transformed into
488  GV3101. The Agrobacterium tumefaciens (ODsoo= 0.6) was resuspended in infection buffer
489  and allowed to stand for 2- 4 h. The injection of tobacco with Agrobacterium tumefaciens
490  liquid of SMDDA1b-Myc and SMNAC-GFP was set as control. Only STNAC-GFP was injected
491 in the treatment group. Western blot analysis was conducted after incubation at 22 °C for two
492  days. The antibodies used were anti-GFP and anti-Ub. Primers are shown in Table S1.

493

494  Co-immunoprecipitation (Co-IP) assay

495  The full-length SMDDA1b was cloned into pAC004-HA vector to produce SmDDA1b-HA
496  antibody, and STNAC was cloned into pAC402-GFP vector. The Agrobacterium tumefaciens
497  with GFP-tagged empty plasmid, STNAC recombinant plasmid, and HA-tagged SNMDDAlb
498  recombinant vector was diluted in infection buffer to ODsoo=1.2. pAC402-X (Vec or SmNAC)
499  and pAC004-SmDDALDb (v:v, 1: 1) was then added to the sample to co-infect tobacco. The

500 samples were obtained after 48 h of infection, then lysed to obtain input. Western blot was used
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501  to detect the expression. GFP-Trap agarose magnetic beads with immobilized GFP antibody
502  were used to incubate the protein at 4 °C for 1 h. The beads were put on a magnetic stand for 1
503  min and washed twice with the wash buffer (50 mM Tris-HCI, 5 mM EDTA, 250 mM NacCl, 1
504 mM PMSF, 10% glycerol, pH 7.5). A loading buffer was added, then boiled and centrifuged to
505  obtain supernatant (IP sample). Western blot was used to check. Primers are listed in Table S1.
506

507  Promoter isolation and element prediction

508  Download the eggplant genome data from Sol Genomics NetWork (https://solgenomics.net)
509  (Barchi et al., 2021). TBtools v1.09852 (Chen et al., 2020) was used to blast the genome to
510  find out the SNDDA1D gene, the 1474bp fragment before the SNMDDA1b gene was taken as the
511  promoter sequence, and Primerstar (Takara, Beijing) was used to clone the promoter. PlantPAN
512 3.0 (http:/plantpan.itps.ncku.edu.tw) (Chow et al., 2019) was used to predict the position of
513  the NAC element on the promoter. Primers are shown in Table S1.

514

515  Yeast two-hybrid (Y1H) assay

516  The full-length coding sequence SNNAC was cloned into pGADT7. The promoter fragment
517 of SMDDA1b was ligated into the pAbAi vector to generate baits. The Y1H experiment was
518  carried out according to the manufacturer’s protocol for the Matchmaker Gold Y1H library
519  screening system (Clontech, USA). The primers are listed in Table S1.

520

521  Dual-luciferase assay

522  The 1474 bp promoters of SMDDALb was inserted into the pGreen II 0800-LUC vector as
523  reporters, while pGreenll 62-SK-SmNAC, pGreenll 62-SK-SmDDA1b and empty pGreenlI 62-
524  SK served as effectors. The Agrobacterium tumefaciens strain GV3101 containing the
525  corresponding effectors and reporters (v: v, 20: 1) were infiltrated into healthy N. benthamiana
526  leaves. After incubation for 24- 36 h, MG132 (50 uM) was injected into leaves. After
527  incubation for three to four days, the firefly LUC and Renilla LUC activities were measured by
528  Dual Luciferase Reporter Gene Assay Kit (Yeasen, Shanghai) and Cytation 5 Cell Imaging
529  Multi-Mode Reader (BioTek, USA). Activity is expressed as the ratio of firefly LUC activity to

530  Renilla LUC activity. The primers are listed in Table S1.
26
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Accession numbers

The GenBank accession number of SMDDA1b: MZ736671.
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Fig. S3. Detection of disease resistance of E31 and E32 to Ralstonia solanacearum species
complex (RSSC).

Fig. S4. The subcellular localization results of SmDDA1b.

Fig. S5. There is no interaction between SmDDA1b and ICSI1.
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Figure legends

Figure 1. Interaction between SmDDA1b and SmNAC in the yeast two-hybrid (Y2H) system.
A, Y2H results of SmMNAC and SmDDA1b. The co-transformation of BD-53, BD-Lam and
AD-T with Y2H Gold as a positive or negative control. B, SmDDA1b phylogeny analysis

results. The number on the branch represents the degree of support, and the maximum value is
27
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561  100. The genome accession number of the gene is shown in Table S3.

562

563  Figure 2. Interaction between SmDDAIb and SmNAC in the nucleus and in vitro. A,
564  Bimolecular fluorescence complementation (BiFC) results of SmDDA1b and SmNAC. The
565  proteasome inhibitor MG132 was injected after co-injection of YNE-SMDDA1b and YCE-
566  SMNAC Agrobacterium tumefaciens in tobacco. YFP indicates yellow fluorescence caused by
567 the interaction between two proteins. NLS indicates the location of the nucleus. The red and
568  white rulers indicate 1 mm. B, The result of E3 ubiquitin ligase activity of SmDDAI1b. The

“en

569  symbols and "+" indicate samples not added and those added in the experiment,
570  respectively. A single band represents the SmDDAI1b protein, and a ladder-like smear
571  represents the polyubiquitination of SmDDA1b. C, SmMNAC ubiquitination via SmDDAI1b in
572 Vitro. A single band represents the SmNAC protein, and the ladder-like smear represents the
573  polyubiquitination of SmNAC.

574

575  Figure 3. In vivo ubiquitination experiment results of SmDDAI1b and SmNAC. A, Co-
576  immunoprecipitation (Co-IP) experiment results. Anti-GFP and anti-HA were used for WB
577  detection. B, In vivo SmMNAC ubiquitination via SmDDA1b. The symbols “-" and "+" indicate
578  samples not added and those added in the experiment, respectively. C, Effect of SmDDA1b-
579  GFP Agrobacterium tumefaciens on the expression level of SmMNAC protein. Different numbers
580 represent different injection ratios. Anti-Myc and anti-GFP were used for WB detection, and
581  actin was used as a control.

582

583  Figure 4. Expression analysis of SMTDDA1b. A, The relative expression of SmDDA1b in E31
584 and E32 tissues. The left part shows a schematic diagram of the tissue parts of eggplant
585  seedlings (leaves, upper and lower parts of the stems, and roots). The bar graph shows the
586  relative expression of SNDDA1b in the roots, stems-partl, stems-part2, and leaves of eggplant
587  E31 and E32. Data are expressed as mean = SD (n=3) (*, p < 0.05; **, p < 0.01, according to
588  Student's t-test). The white ruler indicates 5 cm. B, The analysis of the relative expression of
589  SMDDA1b after 24 h of E31 and E32 inoculation with pathogen. The samples were obtained at

500 Oh, 1h,3h,6h, 12 h and 24 h after treatment. C, The relative expression of STDDALD after
28
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591 48 h of E31 and E32 treatment with SA. The samples were obtained at 0 h, 3 h, 6 h, 12 h, 24h
592  and 48 h after treatment. Data are expressed as mean = SEM of three biological replicates. The
593 letter notation indicates the results of multiple comparisons between the data (p<0.05).

594

595  Figure 5. Virus-induced gene silencing (VIGS) experiment results of SWMDDA1b in E31. A, The
596  relative expression results of SMTDDA1b and STNAC in SmDDA1b-silenced plants. pTRV2
597  represents the control group, and p-SmMDDA1b indicates VIGS-treated plants pTRV2-
598  SMDDA1b. Data are expressed as mean = SEM of three biological replicates (**, p < 0.01,
599  according to Student's t-test). B, The phenotype of E31 VIGS control and treated plants
600 infected with Ralstonia solanacearum species complex (RSSC) for four weeks. The white ruler
601 indicates 5 cm. C, The results of VIGS and control plant disease index four weeks after
602  inoculation with RSSC. The evaluation scale was as follows: 0= healthy, 1= one or two leaves,
603  wilted, 2= three or more leaves wilted, 3= all leaves wilted, and 4= dead (Qiu et al., 2019). The
604  ordinate represents the percentage of the number of plants in each disease level. Ten E31
605  seedlings were silenced.

606

607  Figure 6. Results of overexpression experiment. A, Detection of the marker gene bar on tomato
608 tissue culture seedlings. B, The relative expression of SMDDALD in tomato independent lines
609  obtained from tissue culture. Data are expressed as mean + SD (n=3) (*, p < 0.05; **, p< 0.01,
610 according to Student's t-test). C, The phenotype of wild-type (WT) and T:i generation
611  overexpressed seedlings (OET1), including front view, close view, and top view on the 7™ day
612  after inoculation with RSSC. The white ruler indicates 5 cm. D, The phenotype of WT and
613  OET: on the 14™ day post-inoculation with RSSC. CK represents WT and transgenic tomato
614  seedlings that were not inoculated with RSSC. The white ruler indicates 1 dm. E-F, The
615  morbidity statistics and disease index of WT and overexpressed seedlings after 14 days of
616  inoculation. OET: represents the average disease index of three overexpressed lines. G, SA
617  content of WT and overexpressed tomato seedlings inoculated or not inoculated with RSSC.
618  The letters indicate significant differences (p <0.05). H, The relative expression of STNAC in
619 SMDDAILb overexpressed lines. Data are expressed as mean + SEM of three biological

620  replicates (*, p<0.05; **, p<0.01, Student's t-test).
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621

622  Figure 7. Expression of ICSl and salicylic acid (SA) pathway signal-related genes in
623 SMDDA1b overexpressed and virus-induced gene silencing (VIGS) plants. A, Expression of
624 ICSL in SMDDA1b overexpression and VIGS plants. B, Expression of SA pathway signal-
625  related genes in overexpressed plants. OETo represents the To generation overexpressed plants.
626 and WT represents the wild-type plants. C, Expression of SA pathway signal-related genes in
627  VIGS plants. pTRV2 represents control plants, and p-SmDDA1Db represents VIGS-treated
628  plants pTRV2-SMDDALb. Data are expressed as mean £ SEM of three biological replicates (*,
629 p<0.05; ** p<0.01, Student's t-test).

630

631  Figure 8. SmNAC binds to the SWTDDA1b promoter and represses the expression of STDDA1b
632  gene. A, The relative expression of SMDDA1b in STMNAC over-expressed lines. E31 indicates
633  wild-type, and EGTo43, EGTo-s7, EGTo-145, EGTo-204 represent To generation over-expressed
634  plants. Data are expressed as mean = SEM of three biological replicates (**, p < 0.01, Student's
635  t-test). B, Schematic diagram of SWDDA1b gene, promoter and NAC element binding sites.
636  "+" represents the sense strand and "-" represents the antisense strand. The promoter of
637 SMDDA1b was divided into three segments for Y1H assay. The second segment had self-
638  activation and it was divided into three segments for Y1H with SmNAC transcription factor.
639 SMDDAlbpro-1: -855 to-1542 bp, SNMDDAlbpro-2: -308 to -854 bp (SmMDDAlbpro-2-1: -675
640 to -854 bp, SmMDDAlbpro-2-2: -495 to -674 bp, SmDDAlbpro-2-3: -308 to -494 bp),
641  SmMDDAlbpro-3: -1 to -307 bp. C, SmNAC binds directly to the SmDDA 1b promoter. The co-
642  transformation of AD-53, AD and pAbAi-p53 with Y1H Gold as a positive or negative control.
643  The triangle indicates the yeast concentration from high to low. D, A schematic representation
644  of the double reporter and effector plasmid used. The double-reporter plasmid contained
645 SMDDALb promoter fused with the sequence encoding LUC luciferase and REN luciferase
646  driven by CaMV35S promoter. The effector plasmid contained SMNAC driven by a CaMV35S
647  promoter. E, SmDDAT1b attenuates the inhibitory effect of SmMNAC on SmDDA1b promoter.
648  The regulation of transcription factor on promoter activity is based on the ratio of LUC to REN.
649  The symbols “-" and "+" indicate samples not added and those added in the experiment,

650  respectively. EV represent empty vector. Data are expressed as mean + SEM of three biological
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651  replicates. The letter notation indicates the results of multiple comparisons between the data
652  (p<0.05).

653

654  Figure 9. A proposed model for the action mechanism of SmMDDA1b. A, SmNAC inhibited the
655  expression level of SMDDA1b and ICSL under normal condition. B, The regulation module of
656 SmDDAT1b improving plant resistance to BW. The expression of SmDDA1b increased under
657 RSSC stress weakens the SmNAC-mediated inhibition of SMDDA1b. Moreover, SmNAC-
658 mediated inhibition of ICSl was relieved by SmDDA 1b-mediated ubiquitination of SmNAC,
659  and thus SA accumulation.

660

661
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