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Abstract

:

F-box genes play an important role in plant growth and resistance to abiotic and biotic stresses. To date, systematic analysis of F-box genes and functional annotation in eggplant (Solanum melongena) is still limited. Here, we identified 389 F-box candidate genes in eggplant. The domain study of F-box candidate genes showed that the F-box domain is conserved, whereas the C-terminal domain is diverse. There are 376 SmFBX candidate genes distributed on 12 chromosomes. A collinearity analysis within the eggplant genome suggested that tandem duplication is the dominant form of F-box gene replication in eggplant. The collinearity analysis between eggplant and the three other species (Arabidopsis thaliana, rice and tomato) provides insight into the evolutionary characteristics of F-box candidate genes. In addition, we analyzed the expression of SmFBX candidate genes in different tissues under high temperature and bacterial wilt stress. The results identified several F-box candidate genes that potentially participate in eggplant heat tolerance and bacterial wilt resistance. Moreover, the yeast two-hybrid assay showed that several representative F-box candidate proteins interacted with representative Skp1 proteins. Overexpression of SmFBX131 and SmFBX230 in tobacco increased resistance to bacterial wilt. Overall, these results provide critical insights into the functional analysis of the F-box gene superfamily in eggplant and provide potentially valuable targets for heat and bacterial resistance.
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1. Introduction


The ubiquitin/26S proteasome system (UPS) can degrade about 80% to 90% of the proteins in plant cells to maintain plant stability and development [1]. The UPS primarily includes ubiquitin, ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, ubiquitin E3 ligase, and the 26S proteasome [2]. Among them, E3 ligase is the core component of UPS, which can specifically recognize the target proteins [3]. SCF-type cullin RING ubiquitin E3 ligases (CRLSCF), the most abundant multi-subunit E3 ligases, are primarily composed of the backbone cullin 1 protein (CUL1), E2-linked RING protein RBX1, adaptor Skp1, and substrate receptor F-box [4,5]. The F-box domain was first discovered at the N-terminal of cyclin F [6]. The typical F-box proteins usually contain an F-box domain (40–50 bp) at the N-terminus that binds to the Skp1 subunit and a diverse C-terminal domain that can bind to target proteins [7].



F-box genes are numerous and diverse. The F-box gene superfamily has been reported in many plant species, including Arabidopsis thaliana [8], rice (Oryza sativa) [9], soybean (Glycine max) [10], maize (Zea mays) [11], alfalfa (Medicago sativa) [12], chickpea (Cicer arietinum) [13], apples (Malus pumila) [14], pear (Pyrus spp.) [15], upland cotton (Gossypium hirsutum) [16], barley (Hordeum vulgare) [17], and tomato (Solanum lycopersicum) [18], which contain 568, 687, 509, 359, 972, 285, 517, 226, 592, 126, and 139 F-box genes, respectively. There are usually more F-box genes in plants than in animals. For example, humans and mice only have 68 and 74 F-box genes, respectively [19]. Most F-box classifications are based on the types of protein C-terminal domains, which has resulted in a large number of subfamilies. In the previous classification, plant F-box gene families, including A. thaliana [8], rice [9], soybean [10], corn [11], alfalfa [12], chickpeas [13], apples [14], pear [15], upland cotton [16], and barley [17], were classified into 19, 10, 9, 15, 15, 10, 12, 12, 17, and 9 subfamilies, respectively. However, contrary to the previous classification, tomato was recently divided into only five subfamilies based on phylogenetic analysis [18].



F-box genes are crucial in plant resistance to abiotic and biotic stresses. For example, Zhou et al. [20] showed that the wheat (Triticum aestivum) F-box protein TaFBA1, which contains the AMN1 domain at the C-terminus, can improve the ability of plants to resist oxidative stress and positively regulates resistance to drought [21]. In addition, TaFBA1 is associated with heat and salt tolerance in wheat [22,23]. In A. thaliana [24] and apple [25], the F-box protein MAX2 can positively modulate tolerance to drought and salt stress by regulating endogenous abscisic acid (ABA) signaling. With regard to disease resistance, both MAX2 and the F-box-Nictaba proteins can positively regulate the resistance to Pseudomonas syringae in A. thaliana [26,27]. The F-box protein GhACIF1 increases resistance to Verticillium dahliae through hypersensitive and adaptive immune responses in upland cotton [28]. There are also reports of negative regulation by F-box genes. For instance, the F-box protein CPR30 is a negative regulator of the R protein SNC1 and negatively modulates resistance to plant disease by regulating salicylic acid (SA) signaling [29,30].



Eggplant (Solanum melongena) is an important solanaceous crop. Data from the Food and Agriculture Organization (FAO, https://www.fao.org, accessed on 1 September 2022) indicated that the global planting area of eggplant reached 1.846 million hectares in 2020, with a total output of approximately 56.302 million tons. However, eggplant production is hampered by abiotic and biotic stresses, particularly high temperatures and bacterial wilt (BW) [31,32]. BW is a global bacterial soilborne disease caused by Ralstonia solanacearum, which has a wide host range [33]. A previous study revealed that severe infection by BW can reduce the yield of eggplants by 50% to 60% [34]. It is worth noting that R. solanacearum is ranked second on the list of the top 10 most scientifically and economically costly plant pathogens [35]. However, there are far more R. solanacearum resistant and tolerant varieties in eggplant than in other solanaceous crops. The wild relatives of eggplant are essential sources for transferring tolerance to abiotic and biotic stresses [36]. One study reported that most wild species resist almost all known eggplant pests and diseases [37].



Although the F-box gene superfamily has been reported in many species, systematic analysis of the eggplant F-box gene superfamily is lacking. The completion of eggplant whole-genome sequencing in recent years has enabled analysis of the eggplant F-box gene superfamily [38]. This study identified 389 F-box candidate genes from the eggplant genome and analyzed their structure and evolution. We analyzed the expression pattern of eggplant F-box candidate genes and screened out the genes associated with resistance to heat stress and BW. A yeast two-hybrid assay was also applied to explore the interaction between representative SmFBX proteins and Skp1 proteins. In addition, we evaluated the functions of SmFBX131 and SmFBX230 proteins through transient overexpression experiments in Nicotiana benthamiana. Overall, this analysis of the eggplant F-box gene superfamily lays a foundation to better understand the regulatory network of eggplant disease and stress resistance.




2. Results


2.1. Identification of Eggplant F-Box Candidate Genes


A combination of HMM and PSI-BLAST was used to identify F-box candidate genes in eggplant. Many genes that were annotated as F-box genes in the eggplant genome could not be detected by HMM only, which indicated that the method was not sensitive enough. Thus, we used PSI-BLAST to align each amino acid sequence to a database composed of F-box proteins of four species identified by HMM. Results identified 389 F-box candidate proteins (26% more than when only using HMM) in eggplant (Supplementary Table S1). In addition, we identified 750, 728, and 399 F-box candidate proteins in A. thaliana, rice, and tomato, respectively (Supplementary Files S1–S4). No more F-box candidate genes were identified after 10 rounds of PSI-BLAST iterations (Supplementary Figure S1). Importantly, compared to previous studies, we identified 111 new F-box candidate proteins in Arabidopsis that were phylogenetically related to the previously identified ones, indicating the robustness of our method (Supplementary Figure S2).




2.2. Conserved Site Analysis of the F-Box Domain


To investigate the conserved sites of the eggplant F-box domain, we aligned the F-box domain sequence of the 389 F-box candidate proteins. The two most abundant non-gap amino acids at each position were defined as conserved. A total of 19 conserved residues were identified, with the highly conserved residues being Ile-36 (position) (293, 75.32%), Trp-80 (270, 69.41%), Leu-42 (267, 68.64%), L-16 (265, 68.12%), Pro-17 (258, 66.32%), Val-76, (252, 64.78%), Leu-37(232, 59.64%), and Lys-78, (224, 57.58%). In addition, the F-box conserved residues in A. thaliana, rice, and tomato were aligned, and the number of these conserved residues was 17, 18, and 19, respectively. Results revealed 60.83% F-box conserved residues between the four species (A. thaliana, rice, tomato, and eggplant) (Supplementary Figure S3A–D, Supplementary File S5). A total of 20 F-box candidate protein sequences from the four species were randomly selected and aligned with the human F-box protein Skp2. We found that most of the residues were conserved. The binding site in Skp2 was mainly consistent with the conserved residues, indicating that the conserved residues may be the binding site of F-box and Skp1 protein (Supplementary Figure S3E).




2.3. Analysis of the C-Terminal Domain of F-Box Candidate Proteins


Most F-box proteins contain a functional domain at the C-terminus that recognizes proteins. To explore the regularity of F-box C-terminal domains in eggplant, the numbers and types of F-box C-terminal domains in eggplant, A. thaliana, rice, and tomato were counted. Results revealed that some C-terminal domain types were abundant in the F-box candidate proteins of the four species, including LRR, Kelch, FBD, and FBA. On the other hand, some C-terminal domain types, such as Arm, sel1, and Cupin_8, were less abundant. Notably, many FBXUs (F-box candidate genes with unknown C-terminal domain) were present in all four species (Figure 1, Supplementary Table S2). The ubiquitous F-box C-terminal domain in the four species could be involved in the basic physiological and biochemical regulation of plants. Different species also have special C-terminal domains, such as DLH, FMO-like, GRAS, FBA_RVT, and FBD_Tcp11 in eggplant; LRR_PPR_RVT in A. thaliana, HORMA in rice, and TPR_8_Sel1 domain in tomato (Supplementary Table S2). These domains may be associated with the specificity of different species.




2.4. Chromosomal Location of the Eggplant F-Box Candidate Genes


A chromosomal map was constructed to explore the location of eggplant F-box candidate genes on the chromosomes. It was found that all the F-box candidate genes were distributed on 12 chromosomes. However, 13 F-box genes (SmFBX1-13) were not mapped on any successfully spliced eggplant chromosome (chromosome 0). In addition, most of the F-box candidate genes were located at the ends of the chromosome arms (Supplementary Figure S4).




2.5. Duplication and Collinearity Analysis of the F-Box Candidate Genes


To study the evolutionary mechanism of eggplant F-box candidate genes, genes with 90% homology were defined as duplicate genes. We identified 15.68% (61/389) F-box candidate repeat genes in eggplant that were divided into 26 groups (Supplementary Table S3). In addition, the ratios of non-synonymous (Ka) versus synonymous (Ks) mutations (Ka/Ks) were analyzed. Results showed that the Ka/Ks ratios of 46 F-box candidate duplicate gene pairs ranged from 0 to 3.32, with an average of 0.76. In addition, the Ka/Ks values of eight repeated genes were >1, whereas those of the 30 repeat genes were <1 (Supplementary Table S4). These results suggested that the F-box candidate repeat genes were conserved. Most gene pairs had undergone purifying selection pressure, and a few repeat genes had undergone positive selection. We also explored the expression patterns of the F-box candidate duplicate genes in eggplant. It was found that most F-box candidate duplicate genes that belonged to the same group had a similar expression pattern. In contrast, some groups, such as SmFBX382 and SmFBX217, and SmFBX331 and SmFBX333, were differentially expressed (Supplementary Table S3), suggesting that the duplicate genes could confer new functions.



A collinearity analysis was performed to explore the duplication model of eggplant F-box candidate duplication genes (Supplementary Figure S5A; Supplementary Table S3). Results indicated at least seven pairs of candidate duplicated genes on different chromosomes, and at least 14 pairs of candidate duplicated genes on the same chromosome (Supplementary Figure S5A). According to Holub [39], repetitive genes that occur within 200 kb of the same chromosome are defined as tandem duplications. In this study, we found that 60% of the eggplant F-box candidate duplicated genes were tandem duplications (Supplementary Figure S6), suggesting that tandem repeats were the source of the most recently duplicated genes. In addition, the remaining 40% of duplication events include transposon-mediated duplication, segmental duplication, and retroduplication.



To further investigate the evolutionary mechanisms of the eggplant F-box candidate genes, three collinear analyses were conducted between eggplant and three representative species, including A. thaliana, rice, and tomato (Supplementary Figure S5B–D). There were 215 orthologous pairs between eggplant and tomato, 81 between eggplant and A. thaliana, and 47 between eggplant and rice. Compared with tomato, the locations of F-box candidate genes on eggplant chromosomes 1, 6, and 7 were almost unchanged. However, there were also cases where the positions of homologous F-box candidate genes had been exchanged at both ends of the eggplant and tomato chromosomes or directly transferred to the other chromosome of eggplant or tomato, such as the F-box homologous genes on eggplant chromosomes 4, 5, 8, 9, 10, and 11 (Supplementary Figure S5D). Collectively, these results suggest that chromosome rearrangement was the primary reason for the change in the chromosomal position of the F-box candidate genes in eggplant and tomato.




2.6. Analyzing the Expression of F-Box Candidate Genes in Eggplant Tissues


The gene expression patterns can provide insight into the functions of genes. To investigate the expression of F-box candidate genes in eggplant tissues, we downloaded transcriptome data obtained from 20 eggplant tissues from the National Center for Biotechnology Information (NCBI) and analyzed it. Among them, 229 F-box candidate genes were ubiquitously expressed in 20 tissues and developmental stages, 118 F-box candidate genes were specifically expressed in tissues, and 64 F-box candidate genes were expressed at low levels. The F-box candidate genes were divided into 10 clusters based on their expression patterns (Figure 2, Supplementary Tables S5 and S6). We found that the F-box candidate genes in cluster 3 were highly expressed in roots inoculated with V. dahliae for 6 hours (h). The top three domain types in this cluster were FBXU (number of members: 19), Kelch (10), and LRR (6). The F-box candidate genes in cluster 1 were highly expressed in buds, and the F-box candidate genes in cluster 9 were highly expressed in open buds and flowers. Notably, the top three domain types in clusters 1 and 9 were the same, including FBXU (cluster: number of members; cluster 1: 27, and cluster 9: 38), FBA (cluster 1: 5 and cluster 9: 9), and DUF295 (cluster 1: 4 and cluster 9: 4). The F-box candidate genes in clusters 4 and 6 were highly expressed in mature leaves, with those in cluster 4 being more highly expressed in senescent leaves. FBA, PP2, and FBD were the primary components in clusters 4 and 6. In addition, the expression of F-box candidate genes in clusters 5 and 10 increased or decreased at all stages and parts of fruit growth and development (Figure 2, Supplementary Tables S5–S7). These results suggest that F-box candidate genes that are specifically and highly expressed in different tissues may play a tissue-specific function.




2.7. Expression Analysis of the F-Box Candidate Genes under Abiotic Stress


To explore the function of eggplant F-box candidate genes under abiotic stress, the expression patterns of the F-box candidate genes under high-temperature treatment (HTT) were analyzed from previous transcriptome data (Figure 3A,B, Supplementary Table S8). The F-box candidate genes in clusters 1 and 2 were highly induced after 6 h and 12 h of high-temperature treatment in the heat-resistant (390) and heat-sensitive (HM) varieties, respectively. The F-box candidate genes in cluster 3 first increased after 1 h of HTT and then decreased after 6 h and 12 h. In addition, FBXU (cluster: number of members; cluster 1: 23, cluster 2: 26, and cluster 3: 22), PP2 (cluster 1: 8, cluster 2: 1, and cluster 3: 7), and FBA (cluster 1: 4, cluster 2: 2, and cluster 3: 5) were the majority in clusters 1, 2, and 3. It was also found that the F-box candidate genes in cluster 6 were highly expressed before HTT but poorly expressed after HTT. Moreover, the F-box candidate genes in clusters 5 and 9 were highly expressed in 390 and poorly expressed in HM. FBXU had the highest expression, whereas Kelch (clusters 5: 4 and 9: 6), LRR (clusters 5: 6 and 9: 2), and FBA (cluster 5: 5) had the second highest expression (Figure 3A,B, Supplementary Tables S8–S10). These clusters of F-box candidate genes may be involved in plant regulation or response to temperature stress.



A total of 16 F-box candidate genes were selected for real-time quantitative reverse transcription PCR (qRT-PCR) verification. The results showed that the expression patterns of 16 F-box candidate genes were consistent with those from the transcriptome data. The expression levels of SmFBX13, SmFBX19, SmFBX49, SmFBX139, SmFBX203, SmFBX208, SmFBX258, and SmFBX275 were increased by HTT in 390, whereas those of SmFBX75 and SmFBX321 were decreased by HTT in both varieties. We also found that SmFBX11, SmFBX32, SmFBX172, and SmFBX193 were differentially expressed at different time points after HTT in the two cultivars. The expression patterns of SmFBX111 and SmFBX289 appeared to show a higher response in HM compared with 390 (Figure 3C). Except for SmFBX97, the other 15 genes were broadly expressed in tissues and developmental stages of eggplant (Supplementary Table S5). These results suggest that SmFBX11, SmFBX13, SmFBX49, SmFBX172, and SmFBX193 positively respond to heat stress, whereas SmFBX75, SmFBX111, and SmFBX289 negatively respond to heat stress in eggplant.




2.8. Analyzing the Expression of F-Box Candidate Genes under Biotic Stress


To explore the function of eggplant F-box candidate genes under biotic stress, we analyzed the expression patterns of the F-box candidate genes in eggplant after inoculation with Ralstonia solanacearum for seven days (Supplementary Tables S11 and S12). Results showed that the expression of the F-box candidate genes in clusters 2, 4, 7, and 10 changed significantly after R. solanacearum inoculation. The expression of F-box candidate genes in cluster 7 and part of cluster 3 increased in the eggplant BW-resistant variety E31 (R). The F-box candidate genes in cluster 10 (except for SmFBX53) were highly expressed in the eggplant BW-susceptible variety E32 (S) and poorly expressed in the BW-resistant variety E31. The F-box candidate genes in cluster 4 were highly expressed in E32, whereas the genes in cluster 2 were poorly expressed in E31 (Figure 4A,B). Except for the FBXU (number of members: 16), the LRR (4) domain comprised the largest proportion in cluster 7. The F-box candidate genes that lacked an LRR domain (excluding SmFBX53) were in clusters 2 and 10. Moreover, the LRR domain was the most common domain type in cluster 4, followed by the FBXU domain (Supplementary Table S13). These results suggest that the F-box candidate genes in clusters 3 and 7 positively respond to BW, whereas the F-box candidate genes in clusters 2, 4, and 10 negatively respond to BW.



A total of 15 F-box candidate genes were selected for expression analysis. The expression levels of SmFBX48 and SmFBX275 decreased in the BW-resistant line E31 and increased in the BW-susceptible line E32. The expressions of SmFBX52, SmFBX197, and SmFBX208 remained unchanged in E31 but increased in E32. The expression levels of SmFBX23, SmFBX105, SmFBX219, and SmFBX323 remained unchanged or increased in E31 but decreased in E32. The expression level of SmFBX131 increased in E31 but remained unchanged in E32. The expressions of SmFBX55 and SmFBX230 decreased in E31 but remained unchanged in E32. In addition, the expression levels of SmFBX19, SmFBX28, and SmFBX325 were the same in E31 and E32 (Figure 4A). It was evident that all genes, except for SmFBX197, were ubiquitously expressed in the tissue-specific transcriptome (Supplementary Table S4).



After six days of R. solanacearum inoculation, the expression level of SmFBX48 was significantly decreased in E31, whereas SmFBX219, SmFBX131, and SmFBX230 were upregulated in E31. The expression of SmFBX275 increased, whereas SmFBX23 expression decreased in E32 (Figure 4C). We also compared the expression levels of the F-box candidate genes in plants at 0 and 6 days after R. solanacearum inoculation. The results showed that the expression level of SmFBX55 decreased in E31 but remained unchanged in E32. The expression of SmFBX230 increased significantly in E31, whereas the expression of SmFBX23 decreased in E32 but remained unchanged in E31 (Figure 4D). These analyses suggest that SmFBX219, SmFBX131, SmFBX23, and SmFBX230 positively respond to BW, whereas SmFBX48 and SmFBX275 negatively respond to BW.




2.9. Some Eggplant F-Box Candidate Proteins Interact with Skp1 Proteins


Previous studies have shown that the F-box genes interact with Skp1 to form the SCF protein complex [6]. A total of 13 SKP1-like proteins were identified in eggplant and were named SKP1-1 to SKP1-13 (Supplementary Table S14, Supplementary File S6). The proteins were divided into five subfamilies (a–e) according to the phylogenetic analysis (Figure 5A). In addition, the 389 candidate SmFBX genes were divided into seven subfamilies (A–G) based on the phylogenetic analysis (Supplementary Figure S7). Five representative Skp1-like proteins (a subfamily: SKP1-1; b: SKP1-2; c: SKP1-4; d: SKP1-6; and e: SKP1-8) and seven representative SmFBX candidate proteins (A subfamily: SmFBX71; B: SmFBX317; C: SmFBX187; D: SmFBX202; E: SmFBX215; F: SmFBX170; and G: SmFBX111) were selected to perform a yeast two-hybrid (Y2H) assay. The fusion expression vector (pGADT7 and pGBKT7) that contained the two genes was transferred into yeast cells. The transformed yeast cells could form plaques on quadruple dropout medium (SD/-Leu-His-Trp-Ade) and turned blue following the addition of X-α-Gal, indicating that the two proteins could interact with each other. Herein, no activity was detected when either the BD-SKP1 or AD-SmFBX fusion protein was expressed alone, and seven F-box candidate proteins could interact with at least one of the five Skp1-like proteins (Figure 5B). In addition, we found that varying types of Skp1 specifically interacted with different F-box candidate proteins. For example, SKP1-2 interacted with SmFBX71, SmFBX111, SmFBX187, and SmFBX371; and SKP1-6 interacted with SmFBX170 and SmFBX202, (Figure 5B). These results suggest that the F-box candidate proteins interact with specific Skp1 proteins.




2.10. SmFBX131 and SmFBX230 Could Improve the Resistance to Bacterial Wilt


To determine whether SmFBX131 and SmFBX230 are associated with BW resistance in eggplant, SmFBX131 and SmFBX230 were transiently overexpressed in tobacco, followed by inoculation of the putative transgenics with R. solanacearum. Results showed that the wilting symptoms of the control plants (control check (CK) and empty vector (1380)) plants were more evident after R. solanacearum inoculation than wilting symptoms in the SmFBX131-transient and SmFBX230-transient overexpression plants (Figure 6A,B). When the control plants were all diseased, the plant morbidity of SmFBX131- and SmFBX230-transient overexpression plants was 70% and 60%, respectively (Figure 6C). On the 9th day after R. solanacearum inoculation, the disease index of control groups (CK and 1380) was 95 and 90, respectively. In contrast, the disease index of SmFBX131- and SmFBX230-transient overexpression plants were 72.5 and 70, respectively (Figure 6C, Supplementary Table S15). These results suggest that SmFBX131 and SmFBX230 could improve the resistance of eggplant to BW.





3. Discussion


The F-box gene superfamily plays a critical role in plant growth and stress resistance [40,41]. Genome-wide analyses of the F-box gene superfamily have been performed in more than 20 species [9,10,12,42]. However, the F-box gene superfamily has rarely been analyzed in eggplant. Eggplant, an important horticultural crop with economic benefits, is a significant resource of stress-resistance genes. Many eggplant varieties resist biotic or abiotic stresses [43]. This study identified and analyzed 389 candidate members of the F-box gene superfamily from the eggplant genome.



Many plants have F-box proteins with the same C-terminal domain types. It is worth noting that different C-terminal domains represent different functions. For example, the FBA domain is related to ABA [44], the Kelch domain can regulate plant metabolism and tolerance [45,46], and the PP2 domain is primarily associated with plant immunity [47,48] and responses to abiotic stress [49]. In this study, we identified 16 types of C-terminal domains after comparing the F-box candidate proteins from A. thaliana, rice, tomato, and eggplant. LRR, LRR_FBD, Kelch, FBA, TUB, and FBD accounted for a large proportion, but there were differences in the numbers between the four species. Arm, Cupin_8, selI, and WD40 were found in a few domains of F-box candidate proteins, and these findings were stable among the four species (Figure 1). In addition, there were more F-box candidate proteins with Kelch and LRR domains in eggplant than in tomato, and more DUF295, FBA, and FBD domain types of F-box candidate proteins in tomato than in eggplant. The difference in the number and type of C-terminal domains could be one of the reasons why eggplant has more tolerant varieties than tomato. Most of the F-box proteins in various plants, such as rice [9], chickpea [13], soybean [10], and pear [15], have an unknown domain at the C-terminus. Therefore, we hypothesized that many retained C-terminal domains might have fundamental roles in plant growth and development.



Some domains were substantially duplicated in a specific species, such as LRR_FBD and FBA in A. thaliana and DUF295 in rice (Figure 1, Supplementary Table S2). The F-box superfamily has undergone extensive gene duplication during evolution, particularly in the production of tandem repeats, which have been reported during the evolution of F-box genes in many species [11,18]. Gene duplication leads to an increase in the same types of domains in F-box genes. The present study found that the repeated genes had different expression patterns in eggplant (Supplementary Table S3), which suggests that they have different roles. The domain of the F-box protein could be spliced by a conserved N-terminal F-box domain and one or several rapidly evolving domains at the C-terminus. Results showed the presence of multiple domains at the C-terminus, such as Kelch and PAS_9, zf_MYND and sel1, Transp_inhibit and LRR, and FBD and LRR, with these types of domains also appearing solely in the F-box genes (Supplementary Table S2). Therefore, the existence of the unknown domain F-box at the C-terminus could be the transitional state of the F-box superfamily during evolution. Similar inferences about “domain combinations” have also been reported by Bashton and Chothia [50] and Vogel et al. [51].



The F-box is a substrate receptor of the multi-subunit E3s CULSCF. A previous study reported that the Skp1 subunit is the critical subunit that connects the F-box and CUL1 [52]. This study found that the candidate F-box proteins could interact with the representative SKP1-like proteins. One SmFBX candidate protein can specifically bind to different Skp1-like proteins [53]. Currently, the numbers of Skp1-like genes are also rapidly changing. For example, there are 19 ASK (A. thaliana SKP1-like) genes in A. thaliana, 28 OSK (Oryza SKP1-like) genes in rice [54], and 19 SSK (Solanum SKP1-like) genes in tomato [55]. Here, we identified 13 Skp1-like genes in eggplant. We hypothesized that the change in Skp1 was accompanied by a change in the F-box genes. Different F-box proteins and Skp1 could form a potential SCF combination that targets more substrate proteins.



Tissue-specific expression analyses are employed to explore the functions of genes in plant growth and development. In this study, the F-box candidate genes were stratified into 10 clusters (Figure 2, Supplementary Tables S5–S7). Notably, homologous F-box genes could have similar functions. For example, SmFBX241 and SmFBX353 in cluster 8 are homologous to MAX2 and ORE9, respectively. MAX2 was found to have an essential role in the light signaling pathway in A. thaliana [56] and apple [25], whereas ORE9 has been shown to regulate plant leaf senescence [57]. SmFBX19 is homologous to FKF1 in cluster 5. In A. thaliana, FKF1 was found to modulate the plant flowering time by regulating the abundance of COP1 and DELLA proteins [58,59]. In addition, the F-box candidate genes in cluster 9 were associated with flower development, and SmFBX172 in cluster 9 is homologous to the plum F-box gene PslSLY1. Ps1SLY1 regulates plant germination, stem elongation, flower structure, and fruit development through gibberellin (GA) signaling [60].



We also found that SmFBX11 (domain types: LRR), SmFBX13 (N/A), SmFBX49 (GRAS), SmFBX172 (N/A), and SmFBX193 (PP2) positively responded to heat stress in eggplant. SmFBX75 (N/A), SmFBX111 (N/A), and SmFBX289 (FBA) negatively responded to heat stress (Figure 3). Previous studies have shown that SmFBX11, SmFBX172, and SmFBX289 encode GID2, EBF1, and F-box/Kelch repeats, respectively. GID2 regulates the GA pathway [61], EBF1 is associated with ethylene (Eth) [62], and the F-box/Kelch repeats protein modulates the content of ABA [63]. TaFBA1, a homolog of SmFBX372 in cluster 6, could positively regulate heat resistance in wheat [23]. Our RNA-seq data showed that HTT induced the expression of SmFBX372 at 12 h (Figure 4A, Supplementary Table S8).



The F-box genes have been extensively studied in heat resistance, salt tolerance, and drought resistance, but their role in resistance to BW has rarely been explored. Herein, we identified SmFBX23 (domain types: Kelch), SmFBX131 (Kelch), SmFBX219 (N/A), and SmFBX230 (N/A) as candidate genes that positively respond to BW (Figure 4). We also evaluated the function of SmFBX131 and SmFBX230. Results revealed that transient overexpression of SmFBX131 and SmFBX230 in tobacco could improve the resistance to BW, suggesting that SmFBX131 and SmFBX230 positively regulate the plant resistance to R. solanacearum (Figure 6). In contrast, SmFBX48 (LysM) and SmFBX275 (LRR) negatively responded to eggplant BW (Figure 4). It should be noted that SmFBX23 and SmFBX131 are F-box/Kelch repeat-type proteins. Previous studies have shown that the F-box/Kelch repeat proteins can positively respond to the resistance of Vitis pseudoreticulata, the wild Chinese grape species, against powdery mildew [64]. It has also been reported that SmFBX219 and SmFBX275 are F-box/LRR repeat proteins that can function in disease resistance [65,66]. In addition, MAX2, the homologous gene of SmFBX241, positively regulates bacterial resistance in A. thaliana [26]. This is consistent with our findings that R. solanacearum could induce the expression of some genes in cluster 3.




4. Material and Methods


4.1. Gene Identification and Screening


The eggplant genome V4 was downloaded from the Solanaceae Genome website (https://solgenomics.net/, accessed on 16 August 2022) [38]. In addition, the A. thaliana, tomato, and rice genomes were downloaded from the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/, accessed on 16 August 2022), with accession numbers GCF_000001735.4, GCF_000188115.4, and GCF_001433935.1, respectively. For each species, we only retained the protein sequences that correspond to the longest alternative splicing isoform. Next, we searched for a sequence that matched the PF00646.34 model (https://www.ebi.ac.uk/interpro/download/Pfam/, accessed on 20 August 2022) in the protein sequence using the HMMER 3.2.1 [67] software, with “-E = 1 × 10−2” as the search parameter. To obtain a more comprehensive F-box candidate protein set, PSI-BLAST was used to scan all the proteins based on the F-box proteins obtained in the previous step. The obtained F-box protein sequences were then used for subsequent analyses. Specifically, the sequence of the F-box domain was extracted from the F-box protein obtained in the first step, followed by removing the redundancy using CD-HIT (-c = 0.8). Finally, each F-box domain sequence was aligned to all the proteins of the four species using PSI-BLAST (-evalue = 1 × 10−2, -inclusion_ethresh = 1 × 10−2, -num_iterations = 10).




4.2. Analyses of Domains and Conserved F-Box Domains


The F-box domain sequences of each F-box gene from each species were separately aligned using T-Coffee [68], followed by visualization of their conserved sites using Web-Logo. The C-terminal domains were identified by Pfamscan.pl v. 1.6 (default parameters) using the Pfam-A database (https://www.ebi.ac.uk/interpro/download/Pfam/, accessed on 1 September 2022) [69]. The F-box genes were then classified based on their C-terminal domains.




4.3. Chromosome Distribution


TBtools [70] was used to map the distribution of F-box genes on the chromosomes.




4.4. Duplicate Gene Statistics and Intra-Species and Inter-Species Collinearity Analyses


The intra-species (eggplant compared with eggplant) collinearity analysis was performed based on the duplication pattern of the F-box candidate genes. We clustered the F-box candidate genes by CD-HIT in a sequence similarity of 90%. F-box candidate genes in the same cluster were considered duplicated and were visualized using Circos. For inter-species (eggplant compared with the other three species) collinearity analysis, JCVI toolkits [71] were used to perform the orthologous gene matching and visualization. In the “jcvi.compara.catalog” step, the “cscore” parameter was set to 0.99.




4.5. Gene Expression Analysis


Data for tissue-specific expression were obtained from previous eggplant genome research [72]. The raw transcriptome data was downloaded and re-analyzed to obtain an expression matrix. The detailed analysis pipeline was as follows: the reads data were first aligned to the eggplant genome using STAR 2.7.9a software [73], quantified using featureCounts [74], and then normalized using DESeq2 [75]. The RNA-seq data for the abiotic treatment was obtained from our laboratory (unpublished results), whereas the RNA-seq data for the biotic treatment were obtained from a previous study [76]. We used the pre-processed expression matrices in these two datasets where the gene IDs differed from those of the eggplant genome V4. To ensure that the gene IDs of each expression matrix were consistent, we performed ID mapping with an RBH tool integrated into MMSeqs2 [77]. The “hclust” function in R 4.0.3 software was used to perform the gene cluster analysis in which the clustering method was set to “complete,” and the distance matrix was computed using the “Euclidean” method. Finally, the Circos heatmap was plotted using the “ComplexHeatmap” package in R software [78].




4.6. Experimental Materials


The eggplant BW-resistant (E31) and BW-sensitive (E32) inbred lines, eggplant heat-resistant (390) and heat-sensitive (Hua Mo (HM)) inbred lines, and N. benthamiana seedlings used in this study were provided by the School of Horticulture, South China Agricultural University (Guangzhou, China). The eggplant seedlings were grown to 3–4 true leaves under 25 °C, 16 h of light, and 22 °C, 8 h of darkness. The tobacco seedlings were grown to 6–7 leaves under 22 °C, 14 h of light, and 20 °C, 10 h of darkness. The R. solanacearum (strain GMI1000) was provided by South China Agricultural University. The yeast two-hybrid (Y2H) competent cells were Y2H Gold.




4.7. R. solanacearum Inoculation


R. solanacearum was streaked on 2,3,5-triphenyltetrazolium chloride (TTC) solid media [79] and incubated at 28 °C for two days. Next, a single colony was picked, inoculated on TTC medium, and incubated at 28 °C on a rotary shaker at 200 rpm until the OD600 reached 0.6. A third of the eggplant roots were removed using a pair of scissors, followed by watering the plants with 50 mL of the bacterial solution. Notably, the control eggplant seedlings were watered with the same amount of water.




4.8. High-Temperature Treatment of Eggplant


For the high-temperature treatment experiment, eggplant seedlings were subjected to 43 °C during the day and 38 °C at night, with a 16 h:8 h light:dark photoperiod. Total RNA was extracted from eggplant leaves after 0, 1, 6, and 12 h. The experiment had at least three biological replicates.




4.9. RNA Extraction and Data Processing


Total RNA was isolated as described by Qiu et al. [80]. cDNA was synthesized using EZ-press Cell to cDNA Kit PLUS (B0003) (EZBioscience, Roseville, MN, USA), and the qRT-PCR experiments were performed as described by Qiu et al. [80]. Moreover, relative mRNA expression was normalized to Cyclophilin (eggplant) or NtActin (Nicotiana benthamiana) and calculated using the 2−∆∆ct method as previously described [81]. The primers used are listed in Supplementary Table S17.




4.10. Phylogenetic Analysis of the F-Box Candidate Gene Families


We only used the F-box domain part of each F-box amino acid sequence to construct the phylogenetic tree. Precisely, the sequences were aligned by T-Coffee v13.45.60.cd84d2a (-mode psicoffee), followed by tree inference using IQ-TREE v1.6.12 (-m TEST –bb 1000) [82]. The phylogenetic trees were visualized by iTOL [83].




4.11. Yeast Two-Hybrid Assay


The A. thaliana Skp1 protein was used as the seed sequence to search the eggplant proteome. The search identified 13 Skp1-like proteins, among which five proteins were screened and cloned into the pGBKT7 vector. We also selected seven representative eggplant F-box genes based on the phylogenetic tree and cloned them into the pGADT7 vector. The yeast two-hybrid assay was then performed according to the manufacturer’s instructions (Cat. No. 630489; Clontech, Mountain View, CA, USA). The specific primers used are shown in Supplementary Table S17.




4.12. Transient Overexpression Assay


The full-length coding sequences of SmFBX131 and SmFBX230 were cloned into the Xba I and BamH I sites of the pCAMBIA-1380 vector. The recombinant vector and pCAMBIA-1380 vector were transformed into A. tumefaciens strain GV3101, which was then cultured in YEP medium (10 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl) until the OD600 reached 0.6. After centrifugation at 5000 rpm for 5 min, bacterial cells were collected and resuspended in the infection solution (10 mM MgCl2, 10 mM MES (pH = 5.6), 100 μM AS). Next, the infection solution was infiltrated into the leaves of six- or seven-leaf-old N. benthamiana seedlings using a 1 mL needleless syringe until the leaves of the seedings became water-soaked. The control group was injected with water (CK), and the infection solution contained an empty vector (1380). After injection, the seedlings were incubated in the dark (22 °C, 14 h; 20 °C, 10 h) for one day and then grown normally for 3–4 days (22 °C, 14 h light; 20 °C, 10 h dark). Each treatment had at least 10 biological replicates. The primers used are shown in Supplementary Tables S16 and S17.




4.13. Calculation of Morbidity and Disease Index of Tobacco Bacterial Wilt


The tobacco BW incidence grade was determined as described by Scherf et al. [84], where 0, healthy; 1, >1/4 leaves wilted; 2, 1/4–1/2 leaves wilted; 3, 1/2–3/4 leaves wilted; 4, >3/4 leaves wilted or plant death.



Tobacco morbidity = diseased plants/total plants.



Disease index = ∑ (incidence grade× the number of diseased plants of the corresponding grade)/(highest disease grade× total plants) ×100.





5. Conclusions


Overall, this study identified 389 eggplant F-box candidate genes through a PSI-BLAST-based method. The motifs, gene structures, and chromosomal locations of candidate SmFBX were characterized. The conserved sites of the F-box domain and the C-terminal domain type analyses of the F-box candidate proteins showed that the N-terminal F-box domain is conserved, whereas the C-terminal domain is diverse. A collinearity analysis within the eggplant genome showed that most of the F-box candidate repeat genes in eggplant were composed of tandem repeats. The collinearity analyses between the four species provide insights into the evolutionary signature of F-box candidate genes. The SmFBX candidate genes that may be associated with heat tolerance and BW resistance were screened by analyzing the expression of SmFBX candidate genes under heat and disease stresses. Furthermore, some representative F-box candidate proteins were found to bind the Skp1-like proteins. In addition, transient overexpression of SmFBX131 and SmFBX230 in tobacco demonstrated that the genes positively regulate plant BW resistance. This study lays the foundation for the functional analysis of eggplant F-box genes and provides valuable insights for breeding superior eggplant varieties.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232416049/s1.





Author Contributions


Y.W. and C.L. performed the experiments; Y.W., C.L., B.C. and Z.Q. designed the study; R.L., Y.G. and B.Y. provided RNA-seq data; Y.W. and C.L. analyzed the data; and Y.W., C.L. and S.Y. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The Key R&D Projects in Guangdong Province (2022B0202080003), the Key Project of Guangzhou (202103000085), Fruit and Vegetable Industry System Innovation Team Project of Guangdong (2022KJ110), and the National Natural Science Foundation of China (31672156).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Transcriptomes obtained after high-temperature treatment of eggplant seedlings and transcriptome data sets obtained after Ralstonia solanacearum treatment analyzed during the current study are available from the corresponding authors on reasonable request. Additional data generated or analyzed during this study are included in this article [and its Supplementary Information files].




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pickart, C.M.; Fushman, D. Polyubiquitin chains: Polymeric protein signals. Curr. Opin. Chem. Biol. 2004, 8, 610–616. [Google Scholar] [CrossRef] [PubMed]

	



Rowland, O.; Ludwig, A.A.; Merrick, C.J.; Baillieul, F.; Tracy, F.E.; Durrant, W.E.; Fritz-Laylin, L.; Nekrasov, V.; Sjolander, K.; Yoshioka, H.; et al. Functional analysis of Avr9/Cf-9 rapidly elicited genes identifies a protein kinase, ACIK1, that is essential for full Cf-9-dependent disease resistance in tomato. Plant Cell 2005, 17, 295–310. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yu, B.; Yan, S.; Qiu, Z.; Chen, C.; Lei, J.; Tian, S.; Cao, B. Advances in research on plant ubiquitin genes. Chin. Agric. Sci. Bull. 2020, 36, 14–22. [Google Scholar]

	



Petroski, M.D.; Deshaies, R.J. Function and regulation of cullin–RING ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 2005, 6, 9–20. [Google Scholar] [CrossRef]

	



Lydeard, J.R.; Schulman, B.A.; Harper, J.W. Building and remodelling Cullin–RING E3 ubiquitin ligases. EMBO Rep. 2013, 14, 1050–1061. [Google Scholar] [CrossRef]

	



Bai, C.; Sen, P.; Hofmann, K.; Ma, L.; Goebl, M.; Harper, J.W.; Elledge, S.J. SKP1 connects cell cycle regulators to the ubiquitin proteolysis machinery through a novel motif, the F-box. Cell 1996, 86, 263–274. [Google Scholar] [CrossRef] [PubMed]

	



Kipreos, E.T.; Pagano, M. The F-box protein family. Genome Biol. 2000, 1, 1–7. [Google Scholar] [CrossRef]

	



Kuroda, H.; Takahashi, N.; Shimada, H.; Seki, M.; Shinozaki, K.; Matsui, M. Classification and expression analysis of Arabidopsis F-box-containing protein genes. Plant Cell Physiol. 2002, 43, 1073–1085. [Google Scholar] [CrossRef]

	



Jain, M.; Nijhawan, A.; Arora, R.; Agarwal, P.; Ray, S.; Sharma, P.; Kapoor, S.; Tyagi, A.K.; Khurana, J.P. F-box proteins in rice. Genome-wide analysis, classification, temporal and spatial gene expression during panicle and seed development, and regulation by light and abiotic stress. Plant Physiol. 2007, 143, 1467–1483. [Google Scholar] [CrossRef]

	



Jia, Q.; Xiao, Z.X.; Wong, F.L.; Sun, S.; Liang, K.J.; Lam, H.M. Genome-wide analyses of the soybean F-box gene family in response to salt stress. Int. J. Mol. Sci. 2017, 18, 818. [Google Scholar] [CrossRef]

	



Jia, F.; Wu, B.; Li, H.; Huang, J.; Zheng, C. Genome-wide identification and characterisation of F-box family in maize. Mol. Genet. Genom. 2013, 288, 559–577. [Google Scholar] [CrossRef]

	



Song, J.B.; Wang, Y.X.; Li, H.B.; Li, B.W.; Zhou, Z.S.; Gao, S.; Yang, Z.M. The F-box family genes as key elements in response to salt, heavy mental, and drought stresses in Medicago truncatula. Funct. Integr. Genom. 2015, 15, 495–507. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.; Garg, V.; Kant, C.; Bhatia, S. Genome-wide survey and expression analysis of F-box genes in chickpea. BMC Genom. 2015, 16, 67. [Google Scholar] [CrossRef] [PubMed]

	



Cui, H.R.; Zhang, Z.R.; Xu, J.N.; Wang, X.Y. Genome-wide characterization and analysis of F-box protein-encoding genes in the Malus domestica genome. Mol. Genet. Genom. 2015, 290, 1435–1446. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.M.; Yin, H.; Qiao, X.; Tan, X.; Gu, C.; Wang, B.H.; Cheng, R.; Wang, Y.Z.; Zhang, S.L. F-box genes: Genome-wide expansion, evolution and their contribution to pollen growth in pear (Pyrus bretschneideri). Plant Sci. 2016, 253, 164–175. [Google Scholar] [CrossRef]

	



Zhang, S.; Tian, Z.; Li, H.; Guo, Y.; Zhang, Y.; Roberts, J.A.; Zhang, X.; Miao, Y. Genome-wide analysis and characterization of F-box gene family in Gossypium hirsutum L. BMC Genom. 2019, 20, 993. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, S.; Chen, Y.; Dong, M.; Fang, Y.; Zhang, X.; Tong, T.; Zhang, Z.; Zheng, J.; Xue, D. Genome-wide identification of the F-box gene family and expression analysis under drought and salt stress in barley. Phyton 2020, 89, 229–251. [Google Scholar] [CrossRef]

	



Mo, F.; Zhang, N.; Qiu, Y.; Meng, L.; Cheng, M.; Liu, J.; Yao, L.; Lv, R.; Liu, Y.; Zhang, Y. Molecular Characterization, Gene Evolution and Expression Analysis of the F-Box Gene Family in Tomato (Solanum lycopersicum). Genes 2021, 12, 417. [Google Scholar] [CrossRef]

	



Jin, J.; Cardozo, T.; Lovering, R.C.; Elledge, S.J.; Pagano, M.; Harper, J.W. Systematic analysis and nomenclature of mammalian F-box proteins. Genes Dev. 2004, 18, 2573–2580. [Google Scholar] [CrossRef]

	



Zhou, S.; Sun, X.; Yin, S.; Kong, X.; Zhou, S.; Xu, Y.; Luo, Y.; Wang, W. The role of the F-box gene TaFBA1 from wheat (Triticum aestivum L.) in drought tolerance. Plant Physiol. Biochem. 2014, 84, 213–223. [Google Scholar] [CrossRef]

	



Zhou, S.M.; Kong, X.Z.; Kang, H.H.; Sun, X.D.; Wang, W. The involvement of wheat F-box protein gene TaFBA1 in the oxidative stress tolerance of plants. PLoS ONE 2015, 10, e0122117. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.; Zhang, G.; Zhou, S.; Ren, Y.; Wang, W. The improvement of salt tolerance in transgenic tobacco by overexpression of wheat F-box gene TaFBA1. Plant Sci. 2017, 259, 71–85. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Wang, W.; Wang, W.; Zhang, G.; Liu, Y.; Wang, Y.; Wang, W. Wheat F-box protein gene TaFBA1 is involved in plant tolerance to heat stress. Front. Plant Sci. 2018, 9, 521. [Google Scholar] [CrossRef] [PubMed]

	



Bu, Q.; Lv, T.; Shen, H.; Luong, P.; Wang, J.; Wang, Z.; Huang, Z.; Xiao, L.; Engineer, C.; Kim, T.H. Regulation of drought tolerance by the F-box protein MAX2 in Arabidopsis. Plant Physiol. 2014, 164, 424–439. [Google Scholar] [CrossRef] [PubMed]

	



An, J.P.; Li, R.; Qu, F.J.; You, C.X.; Wang, X.F.; Hao, Y.J. Apple F-box protein MdMAX2 regulates plant photomorphogenesis and stress response. Front. Plant Sci. 2016, 7, 1685. [Google Scholar] [CrossRef] [PubMed]

	



Piisilä, M.; Keceli, M.A.; Brader, G.; Jakobson, L.; Jõesaar, I.; Sipari, N.; Kollist, H.; Palva, E.T.; Kariola, T. The F-box protein MAX2 contributes to resistance to bacterial phytopathogens in Arabidopsis thaliana. BMC Plant Biol. 2015, 15, 53. [Google Scholar] [CrossRef]

	



Stefanowicz, K.; Lannoo, N.; Zhao, Y.; Eggermont, L.; Van Hove, J.; Al Atalah, B.; Van Damme, E.J. Glycan-binding F-box protein from Arabidopsis thaliana protects plants from Pseudomonas syringae infection. BMC Plant Biol. 2016, 16, 213. [Google Scholar] [CrossRef]

	



Li, X.; Sun, Y.; Liu, N.; Wang, P.; Pei, Y.; Liu, D.; Ma, X.; Ge, X.; Li, F.; Hou, Y. Enhanced resistance to Verticillium dahliae mediated by an F-box protein GhACIF1 from Gossypium hirsutum. Plant Sci. 2019, 284, 127–134. [Google Scholar] [CrossRef]

	



Gou, M.; Su, N.; Zheng, J.; Huai, J.; Wu, G.; Zhao, J.; He, J.; Tang, D.; Yang, S.; Wang, G. An F-box gene, CPR30, functions as a negative regulator of the defense response in Arabidopsis. Plant J. 2009, 60, 757–770. [Google Scholar] [CrossRef]

	



Gou, M.; Shi, Z.; Zhu, Y.; Bao, Z.; Wang, G.; Hua, J. The F-box protein CPR1/CPR30 negatively regulates R protein SNC1 accumulation. Plant J. 2012, 69, 411–420. [Google Scholar] [CrossRef]

	



Ivey, M.L.L.; Gardener, B.B.M.; Opina, N.; Miller, S.A. Diversity of Ralstonia solanacearum infecting eggplant in the Philippines. Phytopathology 2007, 97, 1467–1475. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Huang, B. Field resistance evaluation of 23 eggplant varieties against high temperature and preliminary research on resistance mechanism. Chin. J. Trop. Crops 2011, 32, 61–65. [Google Scholar]

	



Safni, I.; Cleenwerck, I.; De Vos, P.; Fegan, M.; Sly, L.; Kappler, U. Polyphasic taxonomic revision of the Ralstonia solanacearum species complex: Proposal to emend the descriptions of Ralstonia solanacearum and Ralstonia syzygii and reclassify current R. syzygii strains as Ralstonia syzygii subsp. syzygii subsp. nov., R. solanacearum phylotype IV strains as Ralstonia syzygii subsp. indonesiensis subsp. nov., banana blood disease bacterium strains as Ralstonia syzygii subsp. celebesensis subsp. nov. and R. solanacearum phylotype I and III strains as Ralstoniapseudosolanacearum sp. nov. Int. J. Syst. Evol. Microbiol. 2014, 64, 3087–3103. [Google Scholar]

	



Wei, X.; Cao, B.; Lei, J.; Chen, G.; Chen, Q. Research Progress on disease resistance breeding of Eggplant. China Veg. 2010, 10, 1–8. [Google Scholar]

	



Mansfield, J.; Genin, S.; Magori, S.; Citovsky, V.; Sriariyanum, M.; Ronald, P.; Dow, M.; Verdier, V.; Beer, S.V.; Machado, M.A. Top 10 plant pathogenic bacteria in molecular plant pathology. Mol. Plant Pathol. 2012, 13, 614–629. [Google Scholar] [CrossRef] [PubMed]

	



Rotino, G.L.; Sala, T.; Toppino, L. Eggplant. In Alien Gene Transfer in Crop Plants; Springer: Berlin/Heidelberg, Germany, 2014; Volume 2, pp. 381–409. [Google Scholar]

	



Kashyap, V.; Kumar, S.V.; Collonnier, C.; Fusari, F.; Haicour, R.; Rotino, G.; Sihachakr, D.; Rajam, M. Biotechnology of eggplant. Sci. Hortic. 2003, 97, 1–25. [Google Scholar] [CrossRef]

	



Barchi, L.; Rabanus-Wallace, M.T.; Prohens, J.; Toppino, L.; Padmarasu, S.; Portis, E.; Rotino, G.L.; Stein, N.; Lanteri, S.; Giuliano, G. Improved genome assembly and pan-genome provide key insights into eggplant domestication and breeding. Plant J. 2021, 107, 579–596. [Google Scholar] [CrossRef]

	



Holub, E.B. The arms race is ancient history in Arabidopsis, the wildflower. Nat. Rev. Genet. 2001, 2, 516–527. [Google Scholar] [CrossRef] [PubMed]

	



Lechner, E.; Achard, P.; Vansiri, A.; Potuschak, T.; Genschik, P. F-box proteins everywhere. Curr. Opin. Plant Biol. 2006, 9, 631–638. [Google Scholar] [CrossRef] [PubMed]

	



Abd-Hamid, N.A.; Ahmad-Fauzi, M.I.; Zainal, Z.; Ismail, I. Diverse and dynamic roles of F-box proteins in plant biology. Planta 2020, 251, 1–31. [Google Scholar] [CrossRef]

	



Gagne, J.M.; Downes, B.P.; Shiu, S.-H.; Durski, A.M.; Vierstra, R.D. The F-box subunit of the SCF E3 complex is encoded by a diverse superfamily of genes in Arabidopsis. Proc. Natl. Acad. Sci. USA 2002, 99, 11519–11524. [Google Scholar] [CrossRef] [PubMed]

	



Barik, S.; Reddy, A.C.; Ponnam, N.; Kumari, M.; DC, L.R.; Petikam, S.; Gs, S. Breeding for bacterial wilt resistance in eggplant (Solanum melongena L.): Progress and prospects. Crop Prot. 2020, 137, 105270. [Google Scholar] [CrossRef]

	



Kim, Y.Y.; Cui, M.H.; Noh, M.S.; Jung, K.W.; Shin, J.S. The FBA motif-containing protein AFBA1 acts as a novel positive regulator of ABA response in Arabidopsis. Plant Cell Physiol. 2017, 58, 574–586. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Gou, M.; Liu, C.-J. Arabidopsis Kelch repeat F-box proteins regulate phenylpropanoid biosynthesis via controlling the turnover of phenylalanine ammonia-lyase. Plant Cell 2013, 25, 4994–5010. [Google Scholar] [CrossRef] [PubMed]

	



Feder, A.; Burger, J.; Gao, S.; Lewinsohn, E.; Katzir, N.; Schaffer, A.A.; Meir, A.; Davidovich-Rikanati, R.; Portnoy, V.; Gal-On, A. A Kelch domain-containing F-box coding gene negatively regulates flavonoid accumulation in muskmelon. Plant Physiol. 2015, 169, 1714–1726. [Google Scholar]

	



Guo, P.; Zheng, Y.; Peng, D.; Liu, L.; Dai, L.; Chen, C.; Wang, B. Identification and expression characterization of the Phloem Protein 2 (PP2) genes in ramie (Boehmeria nivea L. Gaudich). Sci. Rep. 2018, 8, 10734. [Google Scholar] [CrossRef]

	



Santamaría, M.E.; Martínez, M.; Arnaiz, A.; Rioja, C.; Burow, M.; Grbic, V.; Díaz, I. An Arabidopsis TIR-lectin two-domain protein confers defense properties against Tetranychus urticae. Plant Physiol. 2019, 179, 1298–1314. [Google Scholar] [CrossRef]

	



Jia, F.; Wang, C.; Huang, J.; Yang, G.; Wu, C.; Zheng, C. SCF E3 ligase PP2-B11 plays a positive role in response to salt stress in Arabidopsis. J. Exp. Bot. 2015, 66, 4683–4697. [Google Scholar] [CrossRef]

	



Bashton, M.; Chothia, C. The geometry of domain combination in proteins. J. Mol. Biol. 2002, 315, 927–939. [Google Scholar] [CrossRef]

	



Vogel, C.; Teichmann, S.A.; Pereira-Leal, J. The relationship between domain duplication and recombination. J. Mol. Biol. 2005, 346, 355–365. [Google Scholar] [CrossRef]

	



Hua, Z.; Vierstra, R.D. The cullin-RING ubiquitin-protein ligases. Annu. Rev. Plant Biol. 2011, 62, 299–334. [Google Scholar] [CrossRef] [PubMed]

	



Kong, H.; Leebens-Mack, J.; Ni, W.; DePamphilis, C.W.; Ma, H. Highly heterogeneous rates of evolution in the SKP1 gene family in plants and animals: Functional and evolutionary implications. Mol. Biol. Evol. 2004, 21, 117–128. [Google Scholar] [CrossRef] [PubMed]

	



Kong, H.; Landherr, L.L.; Frohlich, M.W.; Leebens-Mack, J.; Ma, H.; DePamphilis, C.W. Patterns of gene duplication in the plant SKP1 gene family in angiosperms: Evidence for multiple mechanisms of rapid gene birth. Plant J. 2007, 50, 873–885. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, C.; Lin, Q.; Gao, F.; Ma, Y.; Zhang, M.; Lin, Y.; Ma, Q.; Hua, X. Genome-wide analysis of phylogeny, expression profile and sub-cellular localization of SKP1-Like genes in wild tomato. Plant Sci. 2015, 238, 105–114. [Google Scholar] [CrossRef] [PubMed]

	



Shen, H.; Luong, P.; Huq, E. The F-box protein MAX2 functions as a positive regulator of photomorphogenesis in Arabidopsis. Plant Physiol. 2007, 145, 1471–1483. [Google Scholar] [CrossRef] [PubMed]

	



Woo, H.R.; Chung, K.M.; Park, J.H.; Oh, S.A.; Ahn, T.; Hong, S.H.; Jang, S.K.; Nam, H.G. ORE9, an F-box protein that regulates leaf senescence in Arabidopsis. Plant Cell 2001, 13, 1779–1790. [Google Scholar] [CrossRef]

	



Yan, J.; Li, X.; Zeng, B.; Zhong, M.; Yang, J.; Yang, P.; Li, X.; He, C.; Lin, J.; Liu, X. FKF1 F-box protein promotes flowering in part by negatively regulating DELLA protein stability under long-day photoperiod in Arabidopsis. J. Integr. Plant Biol. 2020, 62, 1717–1740. [Google Scholar] [CrossRef]

	



Lee, B.D.; Kim, M.R.; Kang, M.Y.; Cha, J.Y.; Han, S.H.; Nawkar, G.M.; Sakuraba, Y.; Lee, S.Y.; Imaizumi, T.; McClung, C.R. The F-box protein FKF1 inhibits dimerization of COP1 in the control of photoperiodic flowering. Nat. Commun. 2017, 8, 2259. [Google Scholar] [CrossRef]

	



El-Sharkawy, I.; Ismail, A.; Darwish, A.; El Kayal, W.; Subramanian, J.; Sherif, S.M. Functional characterization of a gibberellin F-box protein, PslSLY1, during plum fruit development. J. Exp. Bot. 2021, 72, 371–384. [Google Scholar] [CrossRef]

	



Gomi, K.; Sasaki, A.; Itoh, H.; Ueguchi-Tanaka, M.; Ashikari, M.; Kitano, H.; Matsuoka, M. GID2, an F-box subunit of the SCF E3 complex, specifically interacts with phosphorylated SLR1 protein and regulates the gibberellin-dependent degradation of SLR1 in rice. Plant J. 2004, 37, 626–634. [Google Scholar] [CrossRef]

	



Gagne, J.M.; Smalle, J.; Gingerich, D.J.; Walker, J.M.; Yoo, S.D.; Yanagisawa, S.; Vierstra, R.D. Arabidopsis EIN3-binding F-box 1 and 2 form ubiquitin-protein ligases that repress ethylene action and promote growth by directing EIN3 degradation. Proc. Natl. Acad. Sci. USA 2004, 101, 6803–6808. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Liu, Z.; Wang, J.; Li, X.; Yang, Y. The Arabidopsis Kelch repeat F-box E3 ligase ARKP1 plays a positive role for the regulation of abscisic acid signaling. Plant Mol. Biol. Report. 2016, 34, 582–591. [Google Scholar] [CrossRef]

	



Wang, J.; Yao, W.; Wang, L.; Ma, F.; Tong, W.; Wang, C.; Bao, R.; Jiang, C.; Yang, Y.; Zhang, J. Overexpression of VpEIFP1, a novel F-box/Kelch-repeat protein from wild Chinese Vitis pseudoreticulata, confers higher tolerance to powdery mildew by inducing thioredoxin z proteolysis. Plant Sci. 2017, 263, 142–155. [Google Scholar] [CrossRef] [PubMed]

	



Ng, A.; Xavier, R.J. Leucine-rich repeat (LRR) proteins: Integrators of pattern recognition and signaling in immunity. Autophagy 2011, 7, 1082–1084. [Google Scholar] [CrossRef] [PubMed]

	



Marone, D.; Russo, M.A.; Laidò, G.; De Leonardis, A.M.; Mastrangelo, A.M. Plant nucleotide binding site–leucine-rich repeat (NBS-LRR) genes: Active guardians in host defense responses. Int. J. Mol. Sci. 2013, 14, 7302–7326. [Google Scholar] [CrossRef]

	



Eddy, S.R. Profile hidden Markov models. Bioinformatics 1998, 14, 755–763. [Google Scholar] [CrossRef]

	



Notredame, C.; Higgins, D.G.; Heringa, J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. J. Mol. Biol. 2000, 302, 205–217. [Google Scholar] [CrossRef]

	



Sonnhammer, E.L.; Eddy, S.R.; Durbin, R. Pfam: A comprehensive database of protein domain families based on seed alignments. Proteins Struct. Funct. Bioinform. 1997, 28, 405–420. [Google Scholar] [CrossRef]

	



Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 2020, 13, 1194–1202. [Google Scholar] [CrossRef]

	



Tang, H.; Bowers, J.E.; Wang, X.; Ming, R.; Alam, M.; Paterson, A.H. Synteny and collinearity in plant genomes. Science 2008, 320, 486–488. [Google Scholar] [CrossRef]

	



Barchi, L.; Pietrella, M.; Venturini, L.; Minio, A.; Toppino, L.; Acquadro, A.; Andolfo, G.; Aprea, G.; Avanzato, C.; Bassolino, L. A chromosome-anchored eggplant genome sequence reveals key events in Solanaceae evolution. Sci. Rep. 2019, 9, 11769. [Google Scholar] [CrossRef] [PubMed]

	



Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general-purpose read summarization program. Bioinformatics 2014, 30, 923–930. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Chen, N.; Yu, B.; Dong, R.; Lei, J.; Chen, C.; Cao, B. RNA-Seq-derived identification of differential transcription in the eggplant (Solanum melongena) following inoculation with bacterial wilt. Gene 2018, 644, 137–147. [Google Scholar] [CrossRef]

	



Steinegger, M.; Söding, J. MMseqs2 enables sensitive protein sequence searching for the analysis of massive data sets. Nat. Biotechnol. 2017, 35, 1026–1028. [Google Scholar] [CrossRef]

	



Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics 2016, 32, 2847–2849. [Google Scholar] [CrossRef]

	



Kelman, A. The relationship of pathogenicity of Pseudomonas solanacearum to colony appearance in a tetrazolium medium. Phytopathology 1954, 44, 693–695. [Google Scholar]

	



Qiu, Z.; Yan, S.; Xia, B.; Jiang, J.; Yu, B.; Lei, J.; Chen, C.; Chen, L.; Yang, Y.; Wang, Y. The eggplant transcription factor MYB44 enhances resistance to bacterial wilt by activating the expression of spermidine synthase. J. Exp. Bot. 2019, 70, 5343–5354. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2− ΔΔCT method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Nguyen, L.T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef] [PubMed]

	



Letunic, I.; Bork, P. Interactive Tree of Life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res. 2019, 47, 256–259. [Google Scholar] [CrossRef] [PubMed]

	



Scherf, J.M.; Milling, A.; Allen, C. Moderate temperature fluctuations rapidly reduce the viability of Ralstonia solanacearum race 3, biovar 2, in infected geranium, tomao, and potato plants. Appl. Environ. Microbiol. 2010, 76, 7061–7067. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 16049 g001 550] 





Figure 1. Schematic representation of representative F-box domains. A total of 16 representative F-box proteins were screened in Arabidopsis thaliana, rice (Oryza sativa), tomato (Solanum lycopersicon), and eggplant (S. melongena). The domain represents the type of C-terminal domain of the F-box candidate protein and counts the predicted number in the four species. 
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Figure 2. Transcriptome analysis of the F-box candidate gene superfamily in each tissue site of eggplant. (A) The expression in 20 eggplant tissues was measured and is represented by 20 letters (a–t) in cluster 1, which represents the roots (a), roots inoculated with Verticillium dahliae at 6 hpi (hours post-inoculation) (b), flowers (c), pistils (d), radicles (e), leaves (f), cotyledons (g), fruit stage 1 (h), fruit 1 cm (i), fruit 6 cm (j), fruit flesh stage 2 (k), stems (l), fruits skin stage 2 (m), fruit calyx stage 2 (n), senescent leaves (o), fruit peduncle (p), fruit skin stage 3 (q), fruit flesh stage 3 (r), buds 0.7 cm (s), and opened buds (t). Differently colored blocks represent different clusters. (B) The F-box was divided into 10 clusters, and the model for expression was obtained after counting the expression patterns of the F-box candidate genes in each cluster. 
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Figure 3. Transcriptome analysis and qRT-PCR verification results of the F-box candidate gene superfamily in eggplant heat-tolerant (390) and heat-sensitive (HM) varieties after high-temperature treatment. (A) F-box transcriptome heatmap analysis of eggplant heat-tolerant cultivar (390) and heat-sensitive cultivar (HM) after high-temperature treatment at 42 °C. The different treatments are represented by the eight letters (a–h) in cluster 1, with a-d indicating high-temperature treatment in 390 0, (a), 1 (b), 6 (c), 12 h (d); and e–h indicating high-temperature treatment in HM, 0 (e), 1 (f), 6 (g), 12 h (h). Different clusters are marked with different colors, and the inner circle part indicates phylogenetic analysis of the the F-box genes. There were three biological replicates for each treatment. (B) The F-box candidate genes were divided into 10 clusters, and the expression model was obtained after counting the expression patterns of the F-box genes in each cluster. (C) qRT-PCR validation of the screened F-box candidate genes. Both 390 and HM varieties were subjected to high temperature (42 °C) treatment, and samples were collected after 0, 1, 6, and 12 h. The calculation method was 2−∆∆ct and the significant differences were analyzed using the least significant difference (LSD) for multiple comparisons, marked with letters. qRT-PCR, real-time quantitative reverse transcription PCR. 
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Figure 4. Transcriptome analysis of the F-box candidate gene superfamily in bacterial wilt resistant (E31, R) and susceptible (E32, S) eggplant varieties treated with Ralstonia solanacearum, followed by qRT-PCR verification. (A) F-box transcriptome heatmap analysis of E31 and E32 treated with R. solanacearum. R0 and S0 represent the disease-resistant and -susceptible eggplant varieties not inoculated with R. solanacearum, respectively. R1 and S1 represent the resistant and susceptible varieties after inoculation with R. solanacearum. Different clusters are marked with varying colors, and the left part of the figure indicates the phylogenetic analysis of the F-box candidate genes. (B) The F-box candidate genes were divided into 10 clusters, and the model of expression was obtained by counting the expression patterns of the genes in each cluster. (C) qRT-PCR validation of the screened F-box candidate genes. The expression analysis of the screened SmFBX candidate genes in each treated plant on the 6th day after R. solanacearum infection of E31 and E32 varieties. Samples were obtained, the RNA was extracted, and qRT-PCR was performed to verify the expression of the F-box candidate genes. CK, uninfected plants. RS, plants infected with R. solanacearum. (D) qRT-PCR validation of the screened F-box candidate genes after infection by R. solanacearum. The bacterial wilt-resistant variety E31 and the susceptible variety E32 were sampled after 0 and 6 days of infection by R. solanacearum. The RNA was extracted and qRT-PCR was performed to verify the expression of F-box candidate genes. The method of calculation was 2−∆∆ct. qRT-PCR, real-time quantitative reverse transcription PCR. * p < 0.05. ** p < 0.01. Student’s t-test. 
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Figure 5. The representative Skp1s interacted with the F-box candidate proteins screened in the Y2H system. (A) The Skp1-like proteins in eggplant were screened, and an unrooted phylogenetic tree was constructed. Notably, a–e represent different subfamilies of Skp1-like proteins. Each subfamily is represented by a different color block. (B) Selected representative Skp1s interacted with the representative F-box candidate proteins. The F-box genes were constructed in the pGADT7 (AD) vector, and the Skp1-like genes were constructed in the pGBKT7 (BD) vector. After co-transforming Y2H Gold yeast competent cells, the yeast plaques could grow on the four-deficient plates, and the plaques could be stained blue by X-α-Gal. This suggests that the two proteins can interact with each other. The growth of yeast cells after AD-T co-transfection with BD-53 or BD-Lam was the positive and negative control, respectively. SD/-L-T and SD/-L-T-H-A, SD media that lack two and four amino acids, respectively. Y2H, yeast hybrid assay. 
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Figure 6. Transient overexpression of SmFBX131 and SmFBX230 could improve plant resistance to bacterial wilt. (A) The expression levels of SmFBX131 and SmFBX230 in plants. CK (control), tobacco leaves that were injected with water. 1380, tobacco plants whose leaves were injected with Agrobacterium harboring an empty vector (pCAMBIA-1380). 1380-SmFBX131 and 1380-SmFBX230, the SmFBX131-transient overexpression and SmFBX230-transient overexpression plants, respectively. Data are expressed as the mean ± SEM values of three biological replicates. The method of calculation was 2−∆∆ct. ** p < 0.01. Student’s t-test. (B) The plant phenotype after 3, 6, and 9 days of inoculation with Ralstonia solanacearum. (C) The plant morbidity and disease index statistics of plants after inoculation with R. solanacearum are summarized over 9 days. At least 10 biological replicates were performed. Dpi, days after inoculation; SEM, standard error of the mean. Scale bars indicate 10 cm. 






Figure 6. Transient overexpression of SmFBX131 and SmFBX230 could improve plant resistance to bacterial wilt. (A) The expression levels of SmFBX131 and SmFBX230 in plants. CK (control), tobacco leaves that were injected with water. 1380, tobacco plants whose leaves were injected with Agrobacterium harboring an empty vector (pCAMBIA-1380). 1380-SmFBX131 and 1380-SmFBX230, the SmFBX131-transient overexpression and SmFBX230-transient overexpression plants, respectively. Data are expressed as the mean ± SEM values of three biological replicates. The method of calculation was 2−∆∆ct. ** p < 0.01. Student’s t-test. (B) The plant phenotype after 3, 6, and 9 days of inoculation with Ralstonia solanacearum. (C) The plant morbidity and disease index statistics of plants after inoculation with R. solanacearum are summarized over 9 days. At least 10 biological replicates were performed. Dpi, days after inoculation; SEM, standard error of the mean. Scale bars indicate 10 cm.



[image: Ijms 23 16049 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
cluster 1 cluster 2 cluster 3 cluster 4 cluster 5 cluster 6 cluster 7 cluster 8 cluster9  cluster 10

mnopqgrst

S s e A e S s s e S S S S e S S e Sl e S Sy s e S S S s e S S S vl S S e s wle S S S St S S B

m |oA8| uoissaldxa

8

10
S-SHERRE

=8
o

35 208 Begor, S &
e ies
£2E Eres

cluster

2CD

op 68
0L BX365
of B Mmﬂ
zel, B
i, BX16:

/1 BX33:
00k B23
S GAINS
SmE|
mam
S





nav.xhtml


  ijms-23-16049


  
    		
      ijms-23-16049
    


  




  





media/file2.png
Domain Representive At Os S| Sm
Arm SMEL4_01g022440.1.01 SmFBX38 2 1 1 1 -—imm T T T X T 11
Cupin_8 SMEL4_10g003000.1.01 SmFBX326 1 1 2 2 =e—efiie—l T e—
DUF295 SMEL4_02g018630.1.01 SmFBX90 38 88 17 10 W=m -
F-box SMEL4_09g005080.1.01 SmFBX302 0 2 0 4 = T
FBA SMEL4_07g021100.1.01 SmFBX243 215 26 51 26 = S————{T}=
FBD SMEL4 019g021080.1.01 SmFBX35 22 36 13 g =i O
kelch SMEL4_03g003490.1.01 SmFBX102 91 25 21 27 —H—00-—
LRR SMEL4_12g002270.1.01 SmFBX373 61 14 19 20 =—l—000 O Oy
LRR-FBD SMEL4 079023710.1.01 SmFBX247 71 1 1 1 =il O
PAS 9-kelch SMEL4 01g002470.1.01 SmFBX19 3 3 2 1 =—T—o——OOO—O—
PP2 SMEL4 099g024160.1.01 SmFBX320 19 11 19 18 =i—{l}
Sell SMEL4_03g025810.1.01 SmFBX136 1 1 1 2 = -
Transp_inhibit SMEL4_02g014130.1.01 SmFBX84 7 6 4 5 =-E=C
Tub SMEL4_049g013830.1.01 SmFBX161 10 13 10 9 =—EETT————
WD40 SMEL4 129g014030.1.01 SmFBX382 1 2 3 3 =——llll——
Unknow SMEL4_01g024800.1.01 SmFBX44 194 464 220 212 =—EEE
Domain Legend 200 a.a. :
B Fbox [0 Arm [ Sell @ LRR © WD40 @ FBD @ DUF295 < PAS_9 @ kelch <& Transp_inhibit

T FBA [N pP2 [/ Cupin .8 ] Tub





media/file5.jpg





media/file3.jpg





media/file1.jpg
A SWeLs otguzzua 101 SmrBE
Cupna  SMELA 106003000101 SmFBK2S
DuRs  SMELA ozp0mEI101 SMEBX0
Frox SMELA 099005080101 SmFBXI02
Fon SMELA 076021100101 SmFBXY
aen SMELa o3gonMs0 101 SmEx1o2
e SHELL 120002270101 SmFBKITS
LRRFBD  SMELA OTGUZITIONON SmEBXAT
PAS Skokh  SWELA O1G002470.101 SmFBX1D
ez SWELL toguzeten 101 Smraxi0
san SMELA asguzss1otor Snraxss
Transp inhii SMELA 026046130401 SmFBX4
T SMELL 0GB 101 SmeBXISH
Wow WL ragouator SmrBxis2
Uniaow  SELY 019024800101 SmFBXuA
Oomintegend

oo @ Am @Sl © L8R

©wno o ro

A 0s S

e
o2

22 8
2%

noa
332

camzecByagazeaf

””“’ll””“}

< ouFzes < PSS @ Keeh @ Tane

=

oA P ) Cupin T





media/file7.jpg





media/file10.png
BD-SKP1-1

BD-SKP1-2

BD-SKP1-4

BD-SKP1-6

BD-SKP1-8

BD Empty

AD-T+
BD-53
AD-T+
BD-Lam

> >
o D
e 9
3
= O

SD/-L-T-H-A
SD/-L-T  +X-a-Gal

c0cXg4ws-av

/81Xg4ws-av

0/iXg4ws-av

LXEa4WS-av

Tree scale: 1 /m—

b/XE4WS-av

Adw3 gy

[eD-D-X+
V-H-L-1-/as





media/file12.png
A 25,000 . 60,000
o) o)
> >
Q
2 20,000 T = 0000
S S
2 @ 40,000
£ 15,000 5
X X
3 o 30.000
(] .
s 15 z 15
3 1.0 3 19
© 83 =00
oé o0 \/\,\3’\ o \,5%0
¢© 3
o o
Qo o
R oS
B CK 1380
3 dpi
6 dpi
9 dpi
C Plant morbidity
100r _ ck
90 F 21380
< 80r -1380-SmFBX131 x
o 01 -1380-SmFBX230 ©
o 60 =
€ 50+ g
S 40 3
S 30} a
20}
10+
0 —

1380-SmFBX131 1380-SmFBX230

Plant disease index statistics
CK

[ =e=1380

1380-SmFBX131
1380-SmFBX230






media/file9.jpg





media/file0.png





media/file8.png
2o
.

1
VOO VIO ULIO VIO LTO IO VIO VIO VIO LTO VIO VIO NTO VTO LINO TO VTO LINO IO VTO IO IO TO LINO LTO LTOLTITO LTOLTO Y

S

2 B C SmEBX19 SmEBX23 SmFBX28 SmFBX48 SmFBX52
0.0:

0.008 0.01 0.04 1.0E-4 -
0.006 0.008 0.03 8.0E-5 0.015
0.004 0008 * 002 6085 0.01
0.004 4.0E-5 %
0.002 0.002 0.01 20E5 0.005
0 0 0 0.0E+0 0

E31 E32 E31 E32 E31 E32 E31 E32 E31 E32

EES EEEEEEEEEEEE]
33 3333333333333
s

e

fefaratazaay
Pty
Ko

8

/ J81sn|o
Relative Expression
O O = -
o D © N O,
) -
o 3] - 3] N
l *
o o o - -
o W O ©O© N O
- N
o - o N O
1) a
o 3] - 3] N

CK
uRS

| Jaysnio

(AT

N

N

Relative Expression

F

A OO0

Z 181sn|p

SmFBX55 SmFBX105 SmFBX131 SmFBX197 SmFBX208

0.06 0.04 001 p % 1.0E-3 01

0.05 0.03 0.008 8.0E-4 0.08

004 0.006 6.0E-4 0.06

0.03 0.02 rons

0.02 001 0.004 : 004

0.01 . 0.002 2.0E-4 0.02
0 0 0 0.0E+0 0

E31 E32 E31 E32 E31 E32 E31 E32 E31 E32

SmFBX219 SmFBX230 SmFBX275 SmFBX323 SmFBX325
0.006 % 0.04 " 0.04 * % 0.08 0.2
0.004 0.03 0.03 0.06 0.15
0.02 0.02 0.04 0.
0.002
0.01 0.01 0.02 0.05
0 0 0 0 0

D SmFBX19 SmFBX23 SmFBX28 SmFBX48 SmFBX52
3 *k gk

-2

N

PABAS
&

SN

cluster
cluster 1

N

e
SRR
ENEOANGS
RNG
N

CK
uRS

Savasey
OO
L

G
oo
cc
G @
2%
oo
L]
INEX)
|

Nalele)

3
€ J8)sn|o

w
Relative Expression

=

Q
c
(7]
2
5}
2
[}
N

Q
c
a
2
[}
2
~
N

823

Q
c
a
2
[}
2
®
N

T AR T
SR

33

cluster 10

R
TN
L

33
73 3333 3
R s

CRE e
y 1218N|2

N

CK
uRS

N

N

Relative Expression
-

AOO0O
L

G J8)snjo

&3 SRR
AR
CR

3

il
13
BX42

X

BIERNE

BBNENY
A

expression_level

A OO0

9 JaIsn|p

N

= 0d
m6d

N

0.3 05

A OO0

E31 E32 E31 E32 E31 E32 E31 E32 E31 E32

N

N

SmFBX55 SmFBX105 SmFBX131 SmFBX197 SmFBX208

25 25

2 2
15 15 = 0d
1 u6d

0.5 0.5

0 0

E31 E32 E31 E32 E31 E32

SmFBX219 SmFBX230 SmFBX275 SmFBX323 SmFBX325
15

25 * 1'2
2 ’ ’ 1.
15 0.9
1 ) -
05 ) 03 0.
0 0 0

N

e
5 5o
I

AOO0O

o
23

X
R
S

N

-

N

=

g8 J38)sn|o
Relative Expression
o o o =
o w (] © N
*
*
© O o = =
o W oo W N O,

CROSEETION sy

Do NasuaReNE e

IR
|

(i

6 J2Isn|o
m
@
m
©
m
@
m
8

s
BN SBE

A20D

20
N

5 SRS,
3853820
N
,

= 0d
= 6d

o
A OO0

0l J8isn|o
Relative Expression

w
=}
[}
(3 I I N
© o o =
o w o © N

]
R1

A _
o
(2}
o
(%2}
=
m
K
m
w
R

cluster RO R1 SO S1





media/file11.jpg
g

3 o 1390 om0 SnFRX131 1980-50FBX20

ot ven (S

w
o

o [

B = i
2 50 TR snemry 5 B TR swosr
£ 5l e § TR

is
<% 20|

3 ]

d (| F——

R RS A

T @) e @)





media/file6.png
expression_level

Sm
SmEBR
SMEBX116

MFBX237

SSel \%
k!
Tah
[ 5‘(‘}: ((\Q%

o =N
| Jaisnpo

oanioanioandioandioand
GuaISNp  puBlSnp  gIalsNp  Z SN

AN

|
O =2 N3O =2 N2 O = N2 O =

LJ3)Sni0 g JBISNO  QUIYSNO /L IBISNO 9 IBISNO

0161201 612
3%0 HM

=)
Time (h)

o N N O ®

15

0.5

cluster
cluster 1
cluster 2
cluster 3
cluster 4
cluster 5
cluster 6
cluster 7
cluster 8
cluster 9
cluster 10
96
mERXEss
TFBX363
MEBX141 =
PRl
B35
3 mFBX118
e
530
X33
=3
SmFBX19 SmFBX32
4
3 1 a a —e-HM
2 -390
0 o L2
1 6 1 1 6 1 6 1 6 12
Time (h) Time (h) Time (h) Time (h)
SmFBX49 SmFBX75 SmFBX111 SmFBX139
0.5 4
0.4
0.3 3 —o—HM
0.2 2 —a—390
0.1 1
0 0
1 6 12 1 6 12 1 6 12 1 6 12
Time (h) Time (h) Time (h) Time (h)
SmFBX172 SmFBX193 SmFBX203 SmFBX208
a 15 a 5 A 5
4 4
1 3 ab 3 o HM
05 b b 2 b a 2 -390
;b (o 1 1 b
0 0 b 0 b b
1 6 1 6 12 1 6 0 1 6 12
Time (h) Time (h) Time (h) Time (h)
SmFBX258 = SmFBX275 SmFBX289 SmFBX321
1 a 4 a
3 ) I
bc ab gg all .
2 . 2
04 b —t—390
ab a ! 02 1ha g 2 og
D 0 0 0 .
1 12 16 16
Time (h) Time (h) Time (h)






