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Molecular Characterization and Expression Analysis of the Na+/H+ Exchanger Gene Family in Capsicum annuum L.
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The Na+/H+ exchangers (NHXs) are a class of transporters involved in ion balance during plant growth and abiotic stress. We performed systematic bioinformatic identification and expression-characteristic analysis of CaNHX genes in pepper to provide a theoretical basis for pepper breeding and practical production. At the whole-genome level, the members of the CaNHX gene family of cultivated and wild pepper were systematically identified using bioinformatics methods. Sequence alignment and phylogenetic tree construction were performed using MEGA X software, and the gene functional domain, conserved motif, and gene structure were analyzed and visualized. At the same time, the co-expression network of CaNHX genes was analyzed, and salt-stress analysis and fluorescence quantitative verification of the Zunla-1 cultivar under stress conditions were performed. A total of 9 CaNHX genes were identified, which have typical functional domains of the Na+/H+ exchanger gene. The physical and chemical properties of the protein showed that the protein was hydrophilic, with a size of 503–1146 amino acids. Analysis of the gene structure showed that Chr08 was the most localized chromosome, with 8–24 exons. Cis-acting element analysis showed that it mainly contains cis-acting elements such as light response, salicylic acid response, defense, and stress response. Transcriptom and co-expression network analysis showed that under stress, the co-expressed genes of CaNHX genes in roots and leaves were more obvious than those in the control group, including ABA, IAA, and salt. The transcriptome and co-expression were verified by qRT-PCR. In this study, the CaNHX genes were identified at the genome level of pepper, which provides a theoretical foundation for improving the stress resistance, production, development, and utilization of pepper in genetic breeding.
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INTRODUCTION

Pepper (Capsicum annuum L.), also known variously as capsicum, chili pepper, chile, and chili, is an annual or perennial plant belonging to the Solanaceae family. It is one of the most important vegetable crops in the world (Qin et al., 2015). Capsicum species were first introduced into China during the Ming Dynasty and today, China has the largest planting area and fresh yield in the world (FAO).1 It is an important cash crop with many varieties, and is considered also of ornamental value, with considerable genetic diversity for research purposes and breeding (Zhang et al., 2016). Many varieties—including Zunla-1, Yunnan Xiaomi Spicy, and Hainan Bell Pepper—are widely planted in China, and their market share is increasing every year.

Peppers contain many substances of nutritional value including vitamin C and vitamin A. The fruits are not only used for food seasoning, but also in the production of food pigments, medicine, and industrial chemicals (Kantar et al., 2016). In medicine, it is widely used for multiple functions, including antibiosis and the prevention and treatment of disease (Saleh et al., 2018). Three pepper genomes (Zunla-1, Chiltepin, and CM334) have been completely sequenced, and with continuing re-sequencing, transcriptome sequencing, and metabolomics based on the whole genome, an increasing amount of genetic data of various pepper varieties has been mined (Kim et al., 2014; Qin et al., 2014). A key component of peppers is their capsaicin. Peppers produced in northwest China contain higher capsaicin and heme levels, due to the dry climate, low rainfall, high solar radiation, and wide temperature difference between day and night (Liu et al., 2012). This study examines how the nutritional content and capsaicin levels in peppers change when Capsicum is stressed by its growing environment. Under drought conditions, the capsaicin content in pepper can be reduced; under certain salt conditions, a significantly higher concentration of salt can promote the yield of capsaicin compared with control and low-salt pepper growth, and photosynthetic efficiency does not necessarily increase with salt (Sarah et al., 2012; Khan et al., 2014).

Plant growth and development depend strongly on environmental factors, such as cold and heat, drought, soil salinity and alkalinity, and other abiotic stresses. When plants are under stress, including some major cash crops, the external environment directly affects plant production. Salt stress is one of the most serious abiotic stresses affecting plant productivity and causes significant crop loss worldwide (Zhang et al., 2018). When plants are in a saline-alkaline soil environment, their ion balance and water balance change significantly. A change in membrane permeability destroys the normal operation of transporters, causing plants to absorb additional sodium ions from the environment, affecting the absorption of other ions and causing nutritional imbalance. Na+/H+ antiporters play a key role in plant development and tolerance to salt stress (Akram et al., 2020). In response to the external influence on plants, the ions and water in plants are balanced through their own ion channels. In general, the cytoplasmic pH value is above neutral (pH 7.2–7.6), which is controlled by an array of regulating molecules such as Na+/K+ transporters, cation/proton exchangers like Ca2+/H+, sodium-proton antiporters (NHX), proton/nutrient transporters, and H+-translocating enzymes (Benèina et al., 2009). Studies indicate that NHX antiporters are involved in regulating the ion balance in plants under salt stress. Their primary physiological functions are the regulation of cytoplasmic pH and expulsion of H+ generated during metabolism, in exchange for transporting Na+ or K+ ions into the cytoplasm and vacuoles of plants and animals (Pedersen et al., 2006). This indicates that studying the salt-tolerance mechanism of plants can improve the growth of plants under salt and alkali stress.

Human HsNHE was the first eukaryotic sodium-hydrogen exchanger gene to be identified and cloned, and functions in transport, Na+/H+ exchange, and pH regulation (Sardet et al., 1989). The first NHX gene identified in plants was the AtNHX1 gene from Arabidopsis thaliana, and the expression of this gene can regulate NaCl in A. thaliana and is a salt-tolerance determiner (Gaxiola et al., 1999; Yokoi et al., 2002; Rodríguez-Rosales et al., 2009). Eight NHX genes were identified in A. thaliana, among which AtNHX1 and AtNHX2 were most common in the buds and roots of seedlings, while AtNHX5 mRNA was expressed in lower abundance in both buds and roots. AtNHX3 was detected in roots, while AtNHX4 and AtNHX6 mRNA were only detected by RT-PCR (Yokoi et al., 2002). To date, NHX genes of several plant species have been identified, such as Vitis vinifera (6 VvNHX genes) (Ayadi et al., 2020), Medicago truncatula (MtNHX1- MtNHX8) (Sandhu et al., 2018), Populus trichocarpa (PtNHX1- PtNHX8) (Tian et al., 2017), Populus euphratica (PeNHX1- PeNHX6) (Ye et al., 2009), Gossypium hirsutum (GhNHX1- GhNHX23) (Fu et al., 2020), Morus alba (MaNHX1- MaNHX7) (Cao et al., 2016), and Beta vulgaris (BvNHX1- BvNHX5) (Wu et al., 2019). This study performed different bioinformatic analyses of CaNHX genes in cultivated and wild peppers, and the CaNHX gene family of pepper was identified at the genome level, providing a theoretical basis for analyzing the function of the gene under salt stress.



MATERIALS AND METHODS


Material and RNA Extraction

In this study, the whole genome data of pepper (C. annuum L. Zunla-1 is hereinafter referred to as pepper) and C. annuum var. glabriusculum Chiltepin were taken as the research object.2 Zunla-1 pepper material was planted in the greenhouse of the Department of modern agriculture, Zunyi vocational and technical college (Zunyi, Guizhou, 107°045 ’E, 27°710’ N). The pepper was treated with 100 Mmol NaCl for 3, 6, 12, 24, and 72 h. The root material of pepper was stored in liquid nitrogen, and 3 samples were taken at each time point as biological replicates. RNA was extracted from the collected samples using the TianGene RNA Extraction Kit (DP432, Beijing, China). We then added root material with a weight of 50–100 ng for aseptic freezing grinding; 450 μL for oscillation mixing. This was transferred to the CS filter column and centrifuged for 3 min (12,000 rpm). The supernatant was transferred from the collection tube with a pipette gun to the Rnase-free centrifuge tube. Then, the supernatant was added and 0.5 times of anhydrous ethanol was mixed into the centrifuge tube and then transferred to the adsorption column CR3 for centrifugation for 30 s (12,000 rpm). A drop of 80 μl DNase I was added to the center of the collecting tube and left at room temperature for 15 min. 250 μL of protein-removing solution RW1 was added to the adsorption column CR3, and left to stand at room temperature for 2 min, before being centrifuged for 30 s (12,000 rpm) (this procedure was repeated once). We then took an enzyme-free centrifuge tube and placed the adsorption column in a new centrifuge tube for several minutes (until the rinsing solution RW was dried). 50 μL Rnase-free ddH2O was then vertically added to the adsorption column, and the obtained RNA was stored at –80°C for later use.



Identification of the CaNHX Gene in Pepper

C. annuum cv. CM334, C. chinense PI159236, C. annuum cv. ECW, C. annuum SF and C. baccatum PBC81 genomes come from PGP (Pepper Genome Platform).3 Cuneo, Corno di Carmagnola, Quadrato di Carmagnola, and Tumaticot genomes comes from RisEPP (Resequencing Piedmontese Pepper Ecotypes).4 According to the characteristics of the NHX gene family in Pfam5 data, there is an obvious conservative structure of the NHX gene family (PF00999) (El-Gebali et al., 2018). The genome-wide protein sequence of capsicum was searched by HMMER V3.3 software and verified with the Hmmer web server,6 and the sequences with the incomplete conservative structure were removed. meanwhile, the AtNHX gene of A. thaliana was used for blast comparison, and the E-value was maintained at 1e–20 for comparison. Selecting the intersection of HMMER identification and BLAST alignment, 9 candidate genes of CaNHX were finally identified for subsequent analysis (Potter et al., 2018). The physicochemical properties of the pepper CaNHX protein were analyzed using the online tool ExPASy7 (Artimo et al., 2012). Prediction of Plant-mPLoc by subcellular localization of the CaNHX gene in pepper was performed using online tools8 (Chou and Shen, 2010).



Analysis of Phylogeny and Characteristics of the CaNHX Genes Family

MEGA X was used to perform multiple sequence alignment analysis on the obtained 9 pepper NHX protein sequences obtained, and the phylogenetic tree (neighbor-joining, bootstrap = 1,000) was constructed, and other parameters were left at default settings (Kumar et al., 2018). The online tool Itol9 was used for the presentation and form of the pepper NHX phylogenetic tree (Letunic and Bork, 2019). The batch CD-search10 tool in NCBI was used to visually analyze the NHX gene structure of the NHX gene. The online tool GSDS11 was used for the visualization of pepper NHX gene structure (Hu et al., 2014). The online sequence analysis tool MEME Suite12 was used for motif analysis, with the motif number set at 10 (Bailey et al., 2009). Collinearity analysis of pepper was performed by BLAST for whole-genome protein levels, and the MCScanX tool was used for collinearity analysis (Wang et al., 2012). TBtools were used for the visualization of gene structure, motifs, and collinearity results (Chen et al., 2020).



Ka/Ks and Promoter Analysis of the CaNHX Genes Family

Using BLAST to build a pepper comparison database, and the KaKs Calculator tool to calculate the synonymous substitution rate and nonsensical substitution rate of pepper CaNHX genes, the Ka/Ks ratio of genes was obtained, and evolutionary pressure was analyzed (Wang et al., 2010). The upstream 2,000 bp sequences of NHX genes were compared and extracted using the Bedtools genome analysis tool.13 The upstream 2,000 bp sequence was predicted and analyzed using the online tool PlantCARE.14 Visualization was performed with TBtools, the main action components were discussed (Lescot et al., 2002; Quinlan and Hall, 2010).



Expression Model and Coexpression Analysis

Transcription factors (TFs) in the C. annuum genome were identified using the online iTAK Plant Transcription factor and Protein Kinase Identifier and Classifier (Zheng et al., 2016). The expression data15 obtained from pepper informatic hub were analyzed using temporal and spatial expression patterns and co-expression network associations. The root and leaf tissues of the CM334 pepper cultivar were used for transcriptome and metabolomic analysis, with a total of 574 transcriptome data points. The co-expression results were visualized using Cytoscape 3.7.2 (Liu et al., 2017; Otasek et al., 2019).



cDNA Synthesis and Quantitative RT-PCR Analysis

The First Strand of RNA was synthesized using the Revertaid First Strand cDNA Synthesis Kit (K1622) from Thermo Field (RevertAid First Strand cDNA Synthesis Kit). The fluorescent quantitative primer Actin (GenBank: DQ832719) and Ubiquitin (GenBank: AY496112) were designed by Primer3plus software as the housekeeping gene (Supplementary Table 1). The fluorescence quantitative instrument for 15 samples was 96 Real-time qTOWER3.0 (Analytikjena, Germany), The fluorescence quantitative reaction system consisted of 10 μL SYBR Primix Ex Taq TM II (ZomBio, Beijing, China), and the upstream and downstream primers of each gene were 1 μL. And ddH2O to 20 μL. The PCR reaction procedure was 95°C for 30 s;95°C for 15 s;60°C for 30 s; and 72°C for 1 min, for 40 cycles. The quantitative RT-PCR results were analyzed using the 2–△△ Ct method (Livak and Schmittgen, 2001). GraphPad Prism v8 was used to visualize the fluorescence quantitative results.



RESULTS


Identification and Physicochemical Properties of CaNHX Gene Family

According to the characteristics of the NHX gene family in the Pfam database, it contains Na_H_Exchanger (PF00999) functional domain. First, a total of 42 NHX genes were identified in pepper by the Hmmsearch identification method. Then, 8 AtNHX genes of A. thaliana were compared with the pepper genome by the BLASTP method. Combined with the two identification methods, the incomplete genes were removed by using the Hmmer online website. Nine NHX genes were obtained for subsequent analysis. These 9 CaNHX genes sequences were used for subsequent analysis and named CaNHX1-CaNHX9 in turn (Supplementary Table 2 and Table 1). The physical and chemical properties of the protein showed that the size was 360–1181 aa, the molecular weight was 398.06–129.91 kDa, the isoelectric value was 5.44–8.79, GRAVY was less than 1, and it was a hydrophilic protein. After subcellular localization of pepper CaNHX gene, it was found that the subcellular localization of CaNHX2 and CaNHX4 was in the Cell membrane, and the other 7 subcellular localization were all in Vacuole.


TABLE 1. Family information and subcellular localization of CaNHX gene in pepper.
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Phylogeny Analysis of CaNHX Genes With Different Species

The 9 CaNHX genes in C. annuum identified were compared with 8 AtNHXs in A. thaliana, 12 GmNHXs in Glycine max, 8 PtNHXs in P. trichocarpa, 8 VvNHXs in V. vinifera, 7 OsNHXs in O. sativa, 7 ZmNHXs in Zea mays (Figure 1 and Supplementary Table 3). According to the phylogenetic tree, NHX genes were divided into three subgroups, among which subgroup I contained the most genes. Subgroup I and Subgroup III contain four genes, respectively, while subgroup II contains only one gene.


[image: image]

FIGURE 1. Phylogenetic analysis of CaNHX genes in C. annuum. Square: C. annuum; Star: A. thaliana; Horizontal hexagon: G. max; Right triangle: P. trichocarpa; Rhombus: V. vinifera; Octagon: O. sativa; Up pointing pentagram: Z. mays.




Gene Structure and Conserved Sequence of CaNHX Genes

The NHX gene subfamily classification, gene structure, and motif analysis maps show the characteristics of A. thaliana and pepper gene families (Figure 2). Using TBtools to analyze the gene structure of 17 NHX genes family members in pepper and A. thaliana, the results showed that the exon number of the CaNHX gene family was mainly distributed between 8 and 24, while that of AtNHX gene family members in A. thaliana was between 12 and 23, among which the exon number of Class I subgroup was stable between 12 and 14, while the exon number of Class III was the largest. The NHX protein sequences of C. annuum and A. thaliana were analyzed by MEME web tool. According to the distribution of motif of CaNHX genes family members, the motif number is consistent with the phylogenetic tree. For example, in the Class I subfamily, there are 5 motif sequences, which are motif f1, motif2, motif5, motif6, and motif7. It is consistent with the phylogenetic tree classification of the Class I subgroup. The motif of the CaNHX gene in the Class II subfamily all contained motif8 and motif9, of which CaNHX8 was the one with the least motif number. In the Class III subfamily, the motif number of CaNHX1, CaNHX3, CaNHX6, and CaNHX7 remained at 7–8, of which motif8 and motif9 did not exist in the Class III subfamily. Motif7 is a typical amiloride-binding site (LFFIYLPPI), which is a motif contained in the genes of salt-tolerant plants and transgenic NHX plants, and contains the motif in CaNHX2, CaNHX3, CaNHX4, and CaNHX5 (Figures 2, 3).


[image: image]

FIGURE 2. Gene structure and conserved sequence of C. annuum and A. thaliana. (A) Refined relationship between C annuum and A. thaliana. (B) Runctional structure domain. (B) NHX genes. (C) NHX genes structure. (D) Conservative motifs. (D) NHX genes. (E) Motifs.
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FIGURE 3. Sequence alignment of CaNHX Gene in pepper.




Chromosome Localization, Collinearity Analysis, and Ka/Ks Analysis

Through identification, 9 were identified in cultivated pepper (Zunla-1) and 6 were identified in wild pepper (Chiltepin) (Supplementary Tables 5, 6). According to the gene sequence, 9 CaNHX gene sequences were mapped to 5 chromosomes, among which one was a simulated chromosome (not assembled to chromosome), 3 CaNHX genes were mapped to Chr08, but 2 genes were not mapped to the chromosome, and the other chromosomes Chr01, Chr05, Chr06, and Chr10 were all one CaNHX gene (Figure 4). To study the whole genome duplication (WGD) event, 42 cultivars were identified (Contains the confirmed 9 CaNHX genes) by Hmmsearch in cultivated pepper and 37 cultivars identified by hmmsearch in wild pepper were analyzed together (Supplementary Table 3). There are more collinearity relationships among the 9 pepper genes identified, among which CaNHX4 and CaNHX6 are on Chr08 of Zunla-1, while the collinearity block of this gene is on wild type Chr01. There is a collinearity block between CaNHX7 and wild-type Chr00 on Zunla-1 chromosome Chr10. Among them, CaNHX1, CaNHX5, and CaNHX8 have no collinearity block relationship, while CaNHX2, CaNHX3, and CaNHX9 also have collinearity, but their chromosomal positions do not change. The results indicated that the cultivated pepper Zunla-1 and the wild pepper were from the same ancestor, and there was a certain gene replication event. At the same time, we performed collinearity analysis on the genome of pepper varieties with Zunla-1and other pepper genomes, including Chiltepin, Corno, Cuneo, Quadrato, tumaticot, CM334, ECW, PBC81, and SF (Figure 5). The collinearity analysis between Zunla-1 and Corno, Cuneo, Quadrato, and Tumaticot showed that the chromosomal position relationship of Corno, Cuneo, Quadrato, and Tumaticot was the same. The results showed that the four pepper varieties were derived from the same ancestor and had less variation during the species evolution. However, the position relationship between the four pepper varieties and Zunla-1 changed greatly, which indicated that they had a far evolutionary relationship with more variation. Zunla-1 showed significant variation with Chiltepin, CM334, ECW, PBC81, and SF, and the changes of gene position were obvious, indicating that Zunla-1 was far related to the other five varieties of pepper. Three pairs of homologous loci were obtained by analyzing the Ka/Ks ratio of the CaNHX gene, and their Ka/Ks were less than one, indicating that the gene was mainly purified during the evolution of the CaNHX gene in pepper (Table 2).


[image: image]

FIGURE 4. Chromosome location and collinearity analysis of CaNHX genes in pepper.
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FIGURE 5. Collinearity analysis of CaNHX gene in pepper. (A) Chiltepin; (B) Corno; (C) Cuneo; (D) Quadrato; (E) Tumaticot; (F) CM334; (G) ECW; (H) PBC81; (I) SF. Z: Zunla-1.



TABLE 2. Nucleotide substitution rate of Pepper CaNHX gene.
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Promoter Analysis of C. annuum CaNHX Genes

By analyzing the upstream 2,000 bp sequence of the CaNHX genes, the cis-acting elements of the gene were predicted. In addition to a large number of basic elements—CAAT-box and TATA-box—there are also G-Box, GAG-motif, chs-CMA1a, TCT-motif, GATA-motif, GT1-motif, and AE-box in the CaNHX gene family, and TCA-elements in the salicylic acid reaction. Also present were cis-acting elements, TC-rich repeats, meristem expression elements, CAT-box, MYB binding site elements, MBS, MeJA response elements, GCTCA-motif, auxin response elements, TGA-elements, etc. (Figure 6 and Supplementary Table 7). The analysis showed that CaNHXs may be regulated by such things as light and salicylic acid, and may participate in defense mechanisms through these cis-acting elements, thus playing a role in protecting plant growth.


[image: image]

FIGURE 6. Cis-acting elements of C. annuum CaNHX genes.




Co-expression Network of CaNHX Gene Under Stress Treatment

According to established methods, the co-expression network related to the CaNHX gene was extracted. Under stress, 10 groups of data were obtained: ABA, IAA, GA3, SA, JA, sodium chloride, mannitol, hydrogen peroxide, heat stress, cold stress, plus control groups. The co-expressed gene of the CaNHX gene was extracted by script, and the co-expressed gene related to the NHX gene under stress was obtained (Figure 7 and Supplementary Table 8). According to the co-expression network, in the control group, the genes co-expressed with the NHX gene contained fewer co-expression network genes than the other 10 groups, among which ABA, IAA, GA3, and mannitol were the most abundant. The number of co-expression genes was the highest under heat stress and cold stress, but other co-expression genes were also present under NaCl stress. Under salt stress, a total of 4 CaNHX genes were co-expressed with transcription factors, among which CaNHX9 co-expressed the most with 11 transcription factors, followed by CaNHX4 with 7 transcription factors, and CaNHX1 with only 1 NAC co-expressed with CaNHX1 was the least.
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FIGURE 7. (A,B) Co-expression network of C. annuum CaNHX gene under NaCl stress (Diamond: CaNHX genes; Circular: TFs; Node Fill Color Mapping: Degree).




Expression Pattern of Pepper NHX Genes Under Hormone and Abiotic Stress

The expression profile of the CaNHX gene in pepper was analyzed using an online database (Figure 8). The results showed that the expression of CaNHX3, CaNHX4, and CaNHX5 in roots was upregulated compared with that in leaves during IR (IAA root stress) and GR (GA3 root stress), while the expression of CaNHX2, CaNHX6, CaNHX7, CaNHX8, and CaNHX9 was lower in leaves. Under hormone stress, CaNHX1 expression was upregulated. Under abiotic stress, CaNHX1 and CaNHX9 genes were upregulated in HR (heat root stress), while CaNHX2, CaNHX3, and CaNHX4 were upregulated in RR (H2O root stress), FR (cold root stress), and MR (mannitol root stress), whereas CaNHX5 was upregulated in FL (cold leaf stress), CaNHX6 was upregulated in HL (heat leaf stress), CaNHX7 was upregulated in RL (H2O leaf stress), CaNHX7 was upregulated in RL and CaNHX8 in FL. At the same time, expression analysis of the CaNHX gene family under salt stress showed that CaNHX1, CaNHX3, CaNHX4, CaNHX5, and CaNHX9 were upregulated in roots, and their expression tended to be consistent over time. CaNHX6, CaNHX7, and CaNHX8 were upregulated in NL (NaCl leaf stress), while the root expression of CaNHX2 was higher in the blank control than in the leaves.


[image: image]

FIGURE 8. Expression pattern of CaNHX gene in pepper under different stress in root and leaf. (A) Hormonal stress. (B) Abiotic stress. (C) Salt stress.




Quantitative RT-PCR Analysis

The pepper at the 6-leaf growth stage was subjected to 100 Mmol salt stress, and the samples at different times (3, 6, 12, 24, and 72 h) were taken for fluorescence quantitative analysis (Figure 9). Results show that, under salt stress, when processing CaNHX1, CaNHX2, CaNHX6, CaNHX9 showed a trend of increased expression, the five time node, CaNHX1, CaNHX9 two genes in a state of relative balance, express no obvious floating. The expression of CaNHX2 and CaNHX6 began to be down-regulated over time after initial stress treatment and then began to be up-regulated after 24 h. The expression of CaNHX3, CaNHX4, CaNHX5, and CaNHX8 genes was less obvious than others. CaNHX1 with CaNHX9 fluorescence quantitative results agree with the transcriptome data, in response to salt stress were a higher expressed state, CaNHX2, CaNHX6, CaNHX7, CaNHX8 increase is not obvious in the transcriptome, which no expression in fluorescence quantitative CaNHX7 gene, do not make the same amount in the transcriptome. In conclusion, two genes, CaNHX1 and CaNHX9, were stably expressed in pepper under salt stress, which was consistent with transcriptome results. It was speculated that pepper could adjust its own ion balance by up-regulating the expression of CaNHX1 and CaNHX9 genes in the process of salt stress, so that pepper could adapt itself to the changes in the environment.


[image: image]

FIGURE 9. Quantitative RT-PCR analysis of pepper CaNHX gene.




DISCUSSION


NHX Gene Family in Pepper

We identified 9 CaNHX genes in the pepper genome (zunla-1), 6 in C. annuum chiltepin, 9 in C. chinense. PI159236, and 9 in C. annnuum. Cv.CM334. There were 9 identified in C. nnuum. Cv. ECW, 10 identified in C. accatum. PBC81, 8 identified in C. nnuum. SF, 8 identified in Corno, 8 identified in Cuneo, 9 identified in Quadrato, and 8 identified in Tumaticot. The CaNHX gene was found to contain up to 9 genes in different varieties of pepper. So far, NHX genes have been identified in many species, with the most identified in Gossypium hirsutum and G. barbadense (23 GhNHX and 24 GbNHX, respectively) (Fu et al., 2020).

However, in subcellular localization, NHX genes can be classified into three subgroups according to their subcellular localization according to previous reports which were divided into three categories, namely Vac-Class, Endo-class, and PM-class, among which VAC-class is located in Vacuole, Endo-class in Endoretinal Reticulum, and PM-class in Plasma membrane (Wu et al., 2019). Other NHX gene species based on subcellular localization also include A. thaliana, P. trichocarpa, G. hirsutum, V. vinifera, Triticum aestivum, Oryza sativa, Sorghum bicolor, Cucurbita maxima, Solanum lycopersicum, Panicum virgatum, Eutrema halophilum,Spinacia oleracea, and Hordeum vulgare. According to the classification of grapes by Ayadi et al. (2021) the VvNHX genes of grapes are divided into two categories, namely Group I Vacuolar (VvNHX1–VvNHX5) and Group II Endosomal (VvNHX6). However, CaNHX genes in pepper are not classified according to their subcellular location. CaNHX2 and CaNHX4 are located in the Cell membrane, while the other subcellular locations of CaNHX gene family members are located in Vacuole. There is no PM-Class and Endo-class in pepper, which is quite different from previous studies.

The CaNHX gene in Zunla-1 can be divided into three subfamilies, namely Class I, Class II, and Class III. In the identified NHX gene families, NHX contains a complete functional domain. These CaNHX genes can be divided into 3 categories, which are the same as A. thaliana, beet, and other plants reported by predecessors (Wu et al., 2019). In addition to CaNHX7, CaNHX8, and CaNHX9, the other six genes also have the typical amilorid-binding site of the NHX gene (FFI/LY/FLLPPI), but this structure does not exist in the Class II subgroup. At the same time, the intermediate residues LF/AV/IY, LF in Class I, LA in Class II, and IY in Class III, PgNHX gene also had the same motif and residues in pomegranate. Not only pepper but also A. thaliana had an NHX gene without an amiloride-binding site (Counillon et al., 1993; Dong et al., 2021). In the wheat TaNHX gene, it was found that under salt stress, the expression of TaNHX2 and TaNHX3 genes were higher in leaves and roots, and the expression of TaNHX1 was higher only in roots. All three TaNHX genes contained an amiloride-binding site (LFFIYLLPPI) (Brini et al., 2005; Yu et al., 2007; Lu et al., 2014). It is speculated that the NHX gene containing an amiloride-binding site is more suitable for the growth of salinization conditions.

Plants are affected by the external environment during their growth, such as abiotic stress, drought, high temperature, salt, and alkali, etc. Transcription is particularly important in the response of plants to environmental changes. There are many cis-acting elements in the pepper CaNHX genes family, such as hormones and stress elements. Studies show that stress-related elements (such as high temperature, low temperature, drought, injury, and defense) and hormone-related elements (such as Auxin, Ethylene, GA, SA, MeJA, and ABA) are identified in the promoter of PtNHXs, and there are also cis-acting elements such as ABA and ABRE in sugar beet, which indicate that they can pass through during plant growth (Tian et al., 2017; Wu et al., 2019). In the transcriptional data of pepper, it was found that the co-expression networks of pepper under biotic and abiotic stress had higher gene network abundance than those under untreated conditions. In the co-expression network, CaNHX1, CaNHX3, CaNHX4, and CaNHX9 were found to be co-expressed with transcription factors, among which CaNHX3 was co-expressed with transcription factor WRKY, indicating that the cis-acting element of CaNHX3 was G-box, which has been found in studies. The G-box is an element associated with WRKY transcription factors under stress conditions. CaNHX3 was upregulated in several periods.



Expression Profiles of NHX Genes in Pepper

Up to now, the function of the CaNHX gene in pepper has not been analyzed, and no report on the CaNHX gene in pepper has been reported. With the transformation of salt-tolerant transgenic plants, the NHX gene will provide more benefits for agricultural development in soil salinization. Transgenic technology has become one of the important ways to obtain salt-tolerant plants and verify gene function (Dhankher and Foyer, 2018). NHX can improve the salt tolerance of transgenic plants, and the overexpression of AtNHX5 in rice can improve the salt tolerance and drought tolerance of transgenic rice, and the survival rate is higher (Li et al., 2011). SbNHXLP can improve the salt tolerance of tomatoe, and the Na+ level in tomato is lower, and the Ca2+ level is higher, compared with wild-type plants. SbNHXLP maintained ion homeostasis in tomato and alleviated NaCl stress (Kumari et al., 2017). When plants are subjected to salt stress, due to the lack of NHX expression to maintain homeostasis, the premature apoptosis of plants is caused, and the growth of plants is inhibited, thus affecting the yield of plants. Cao et al. (2011) through the overexpression of TaNHX2, improve the survival time of transgenic plants, showing salt tolerance. The number of flowering was more than that of the control group (Cao et al., 2011). In recent years, with the further exploration of the function of NHX, it has been found that NHX is resistant to cadmium, and the overexpression of GmNHX1 enhances the antioxidant capacity of plants and reduces the absorption of cadmium (Yang et al., 2017). It was also found that silencing genes in plants had a great influence on plant growth and development. Rodríguez-Rosales et al. (2008) found that tomato seedling growth, fruit, and seed yield had significant inhibitory effects by silencing tomato LeNHX2. Overexpression of LeNHX2 can enhance salt tolerance in plants (Rodríguez-Rosales et al., 2008; Baghour et al., 2019). In conclusion, overexpression of the NHX gene can improve ion homeostasis, osmotic regulation, reduce cell membrane damage, improve photosynthetic capacity, and play a role in plant protection and yield increase. The CaNHX gene in pepper has never been published and identified before. This study can provide theoretical support for research on the salt tolerance of pepper.

We found that the expression of CaNHXs was mainly concentrated in roots under hormone stress, while under abiotic stress, there were up-regulated expressions of CaNHX2, CaNHX3, and CaNHX4 genes in roots. In the cis-acting elements of the CaNHX gene family, it was found that CaNHX was expressed under various hormones and stress. However, under salt stress, most of the CaNHX genes were up-regulated, which indicated that CaNHX genes in Pepper could condition its ion balance by expressing NHX. The function of plant vacuole NHX antiporter has been identified and expressed in an exogenous system to enhance the salt tolerance of plants. Akram et al. (2020) found that the NHX gene was up-regulated under salt stress, and Yokoi et al. (2002) found that AtNHX1 had higher transcript abundance during salt stress (Yarra, 2019). The results indicated that the expression of NHX genes responded to salt stress during plant growth, which played a very important role in plant growth.

Transcriptome analysis found that the CaNHX gene had multiple expression patterns under single or multiple stress conditions. Meanwhile, the fluorescence quantitative verification in this study showed that the results were consistent with the transcriptome results, in which CaNHX1 and CaNHX9 were up-regulated under salt stress. These results indicated that the CaNHX gene provided a guarantee for the normal growth of pepper and the balance of ion channels of plant stress resistance.



CONCLUSION

In the pepper genome, 42 CaNHX genes were identified by a Hidden Markov Model database search (hmmsearch). Of these, 9 genes with complete functional domains were identified by BLASTP. We constructed a phylogenetic tree and found that the 9 CaNHX genes were divided into three categories: Class I, Class II, and Class III. The exon number of the Class I subgroup was relatively stable, and the genes were distributed on six chromosomes; these were for hydrophilic proteins. There was a motif amilorid-binding site of the NHX gene (FFI/LY/FLLPPI) associated with salt tolerance in the pepper CaNHX gene. There are many elements in the CaNHX gene, such as hormone stress, salt stress, and so on, and it was found that the CaNHX gene is associated with many genes in the co-expression process, and salt stress conditions are also associated with many genes. Transcriptome analysis showed that the CaNHX gene was up-regulated under various abiotic stresses, which was verified in combination with fluorescence quantification in this study and found to be consistent with transcriptome results. In this study, the whole gene of Pepper was identified at the genome level, which provided a theoretical basis for the genetic breeding of pepper under stress.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

XL, SY, ZZ, and CQ conceived and designed the experiments, and drafted the manuscript. YL, HQ, TL, JL, XC, XZ, YC, and JZ performed the experiments. SY and CQ analyzed the data. All authors read and approved the manuscript.



FUNDING

This work was supported by the Special Financial Grant from the China Postdoctoral Science Foundation (No. 2017T100718), the National Natural Science Foundation of China (Nos. 31660575 and 31860498), the Guizhou Province Science and Technology Plan Program of China (Qian Kehe Support Nos. [2019]2258, [2020]1Y088, and [2019]2413), the Government Special Funds for Guiding Local Science and Technology Development of China (Qianke Zhongyindi No. 20174003), the Zunyi Innovative Talent Team Training Project of China (Zunshi Kehe Rencai No. 201904), and the Zunyi Excellent Young Scientific and Technological Innovative Talents Training Project (Zunyouqingke No. 201806).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.680457/full#supplementary-material


FOOTNOTES

1
http://www.fao.org/

2
http://peppersequence.genomics.cn

3
http://pepper.snu.ac.kr/

4
https://www.pepper-genomics.unito.it/

5
http://pfam.xfam.org/

6
https://www.ebi.ac.uk/Tools/hmmer/

7
https://web.expasy.org/protparam/

8
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/

9
http://itol.embl.de/

10
https://www.ncbi.nlm.nih.gov/cdd/

11
http://gsds.gao-lab.org/

12
http://meme-suite.org/

13
https://github.com/arq5x/bedtools2

14
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

15
http://pepperhub.hzau.edu.cn/


REFERENCES

Akram, U., Song, Y., Liang, C., Abid, M. A., Askari, M., Myat, A. A., et al. (2020). Genome-wide characterization and expression analysis of NHX Gene family under salinity stress in gossypium barbadense and its comparison with Gossypium hirsutum. Genes 11:803. doi: 10.3390/genes11070803

Artimo, P., Jonnalagedda, M., Arnold, K., Baratin, D., Csardi, G., de Castro, E., et al. (2012). ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res. 40, W597–W603. doi: 10.1093/nar/gks400

Ayadi, M., Martins, V., Ben Ayed, R., Jbir, R., Feki, M., Mzid, R., et al. (2020). Genome wide identification, molecular characterization, and gene expression analyses of grapevine NHX antiporters suggest their involvement in growth, ripening, seed dormancy, and stress response. Biochem. Genet. 58, 102–128. doi: 10.1007/s10528-019-09930-4

Baghour, M., Gálvez, F. J., Sánchez, M. E., Aranda, M. N., Venema, K., and Rodríguez-Rosales, M. P. (2019). Overexpression of LeNHX2 and SlSOS2 increases salt tolerance and fruit production in double transgenic tomato plants. Plant Physiol. Biochem. 135, 77–86. doi: 10.1016/j.plaphy.2018.11.028

Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al. (2009). MEME Suite: tools for motif discovery and searching. Nucleic Acids Res. 37, W202–W208. doi: 10.1093/nar/gkp335

Benèina, M., Bagar, T., Lah, L., and Kraševec, N. (2009). A comparative genomic analysis of calcium and proton signaling/homeostasis in Aspergillus species. Fungal Genet. Biol. 46, S93–S104. doi: 10.1016/j.fgb.2008.07.019

Brini, F., Gaxiola, R. A., Berkowitz, G. A., and Masmoudi, K. (2005). Cloning and characterization of a wheat vacuolar cation/proton antiporter and pyrophosphatase proton pump. Plant Physiol. Bioch. 43, 347–354. doi: 10.1016/j.plaphy.2005.02.010

Cao, B., Long, D., Zhang, M., Liu, C., Xiang, Z., and Zhao, A. (2016). Molecular characterization and expression analysis of the mulberry Na+/H+ exchanger gene family. Plant Physiol. Biochem. 99, 49–58. doi: 10.1016/j.plaphy.2015.12.010

Cao, D., Hou, W., Liu, W., Yao, W., Wu, C., Liu, X., et al. (2011). Overexpression of TaNHX2 enhances salt tolerance of ‘composite’ and whole transgenic soybean plants. Plant Cell Tiss. Org. 10, 541–552. doi: 10.1007/s11240-011-0005-9

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

Chou, K. C., and Shen, H. B. (2010). Plant-mPLoc: a top-down strategy to augment the power for predicting plant protein subcellular localization. PLoS One 5:e11335. doi: 10.1371/journal.pone.0011335

Counillon, L., Franchi, A., and Pouyssegur, J. (1993). A point mutation of the Na+/H+ exchanger gene (NHE1) and amplification of the mutated allele confer amiloride resistance upon chronic acidosis. Proc. Natl. Acad. Sci. U.S.A. 90, 4508–4512.

Dhankher, O. P., and Foyer, C. H. (2018). Climate resilient crops for improving global food security and safety. Plant Cell Environ. 41, 877–884. doi: 10.1111/pce.13207

Dong, J., Liu, C., Wang, Y., Zhao, Y., Ge, D., and Yuan, Z. (2021). Genome-wide identification of the NHX gene family in Punica granatum L. and their expressional patterns under salt stress. Agronomy 11:264. doi: 10.3390/agronomy11020264

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., et al. (2018). The Pfam protein families database in 2019. Nucleic Acids Res. 47, D427–D432. doi: 10.1093/nar/gky995

Fu, X., Lu, Z., Wei, H., Zhang, J., Yang, X., Wu, A., et al. (2020). Genome-wide identification and expression analysis of the NHX (Sodium/Hydrogen Antiporter) gene family in cotton. Front. Genet. 11:964. doi: 10.3389/fgene.2020.00964

Gaxiola, R. A., Rao, R., Sherman, A., Grisafi, P., Alper, S. L., and Fink, G. R. (1999). The Arabidopsis thaliana proton transporters, AtNhx1 and Avp1, can function in cation detoxification in yeast. Proc. Natl. Acad. Sci. U.S.A. 96:1480.

Hu, B., Jin, J., Guo, A. Y., Zhang, H., Luo, J., and Gao, G. (2014). GSDS 2.0: an upgraded gene feature visualization server. Bioinformatics 31, 1296–1297. doi: 10.1093/bioinformatics/btu817

Kantar, M. B., Anderson, J. E., Lucht, S. A., Mercer, K., Bernau, V., Case, K. A., et al. (2016). Vitamin variation in Capsicum Spp. Provides opportunities to improve nutritional value of human diets. PLoS One 11:e0161464. doi: 10.1371/journal.pone.0161464

Khan, A. L., Shin, J. H., Jung, H. Y., and Lee, I. J. (2014). Regulations of capsaicin synthesis in Capsicum annuum L. by Penicillium resedanum LK6 during drought conditions. Sci. Hortic. 175, 167–173. doi: 10.1016/j.scienta.2014.06.008

Kim, S., Park, M., Yeom, S. I., Kim, Y. M., Lee, J. M., Lee, H. A., et al. (2014). Genome sequence of the hot pepper provides insights into the evolution of pungency in Capsicum species. Nat. Genet. 46, 270–278. doi: 10.1038/ng.2877

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Kumari, P. H., Kumar, S. A., Sivan, P., Katam, R., Suravajhala, P., Rao, K. S., et al. (2017). Overexpression of a plasma membrane bound Na+/H+ antiporter-like protein (SbNHXLP) confers salt tolerance and improves fruit yield in tomato by maintaining ion homeostasis. Front. Plant Sci. 7:2027. doi: 10.3389/fpls.2016.02027

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van de Peer, Y., et al. (2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30, 325–327. doi: 10.1093/nar/30.1.325

Letunic, I., and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4: recent updates and new developments. Nucleic Acids Res. 47, W256–W259. doi: 10.1093/nar/gkz239

Li, M., Lin, X., Li, H., Pan, X., and Wu, G. (2011). Overexpression of AtNHX5 improves tolerance to both salt and water stress in rice (Oryza sativa L.). Plant Cell Tiss. Org. 107, 283–293. doi: 10.1007/s11240-011-9979-6

Liu, F., Yu, H., Deng, Y., Zheng, J., Liu, M., Ou, L., et al. (2017). PepperHub, an informatics hub for the chili pepper research community. Mol. Plant 10, 1129–1132. doi: 10.1016/j.molp.2017.03.005

Liu, H., Yang, H., Zheng, J., Jia, D., Wang, J., Li, Y., et al. (2012). Irrigation scheduling strategies based on soil matric potential on yield and fruit quality of mulched-drip irrigated chili pepper in Northwest China. Agric. Water Manage. 115, 232–241. doi: 10.1016/j.agwat.2012.09.009

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Lu, W., Guo, C., Li, X., Duan, W., Ma, C., Zhao, M., et al. (2014). Overexpression of TaNHX3, a vacuolar Na+/H+ antiporter gene in wheat, enhances salt stress tolerance in tobacco by improving related physiological processes. Plant Physiol. Biochem. 76, 17–28. doi: 10.1016/j.plaphy.2013.12.013

Otasek, D., Morris, J. H., Bouças, J., Pico, A. R., and Demchak, B. (2019). Cytoscape automation: empowering workflow-based network analysis. Genome Biol. 20, 1–15. doi: 10.1186/s13059-019-1758-4

Pedersen, S. F., O’Donnell, M. E., Anderson, S. E., and Cala, P. M. (2006). Physiology and pathophysiology of Na+/H+ exchange and Na+-K+-2Cl- cotransport in the heart, brain, and blood. Am. J. Physiol. Reg. I 291, R1–R25. doi: 10.1152/ajpregu.00782.2005

Potter, S. C., Luciani, A., Eddy, S. R., Park, Y., Lopez, R., and Finn, R. D. (2018). HMMER web server: 2018 update. Nucleic Acids Res. 46, W200–W204. doi: 10.1093/nar/gky448

Qin, C., Cheng, J., Wu, Z., Luo, X., and Hu, K. (2015). Research advances in the genomics of pepper. J. Agric. Biotechem. 23, 953–966. doi: 10.1111/j.1475-6773.2012.01428.x

Qin, C., Yu, C., Shen, Y., Fang, X., Min, J., Cheng, J., et al. (2014). Whole-genome sequencing of cultivated and wild peppers provides insights into Capsicum domestication and specialization. Proc. Natl. Acad. Sci. U.S.A. 111:5135. doi: 10.1073/pnas.1400975111

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26, 841–842. doi: 10.1093/bioinformatics/btq033

Rodríguez-Rosales, M. P., Gálvez, F. J., Huertas, R., Aranda, M. N., Baghour, M., Cagnac, O., et al. (2009). Plant NHX cation/proton antiporters. Plant Signal. Behav. 4, 265–276. doi: 10.4161/psb.4.4.7919

Rodríguez-Rosales, M. P., Jiang, X., Gálvez, F. J., Aranda, M. N., Cubero, B., and Venema, K. (2008). Overexpression of the tomato K+/H+ antiporter LeNHX2 confers salt tolerance by improving potassium compartmentalization. New Phytol. 179, 366–377. doi: 10.1111/j.1469-8137.2008.02461.x

Saleh, B., Omer, A., and Teweldemedhin, B. (2018). Medicinal uses and health benefits of chili pepper (Capsicum spp.): a review. MOJ Food Proc. Technol. 6, 325–328. doi: 10.15406/mojfpt.2018.06.00183

Sandhu, D., Pudussery, M. V., Kaundal, R., Suarez, D. L., Kaundal, A., and Sekhon, R. S. (2018). Molecular characterization and expression analysis of the Na+/H+ exchanger gene family in Medicago truncatula. Funct. Integr. Genomic. 18, 141–153. doi: 10.1007/s10142-017-0581-9

Sarah, A., Todd, P. E., Meekins, J. F., Dale, P., and Marcia, M. (2012). Research article: effects of salt stress on capsaicin content, growth, and fluorescence in a Jalapeño cultivar of Capsicum annuum (Solanaceae). BIOS 83, 1–7. doi: 10.1893/0005-3155-83.1.1

Sardet, C., Franchi, A., and Pouysségur, J. (1989). Molecular cloning, primary structure, and expression of the human growth factor-activatable Na+/H+ antiporter. Cell 56, 271–280. doi: 10.1016/0092-8674(89)90901-X

Tian, F., Chang, E., Li, Y., Sun, P., Hu, J., and Zhang, J. (2017). Expression and integrated network analyses revealed functional divergence of NHX-type Na+/H+ exchanger genes in poplar. Sci. Rep. UK 7:2607. doi: 10.1038/s41598-017-02894-8

Wang, D., Zhang, Y., Zhang, Z., Zhu, J., and Yu, J. (2010). KaKs_calculator 2.0: a toolkit incorporating gamma-series methods and sliding window strategies. Genom. Proteom. Bioinf. 8, 77–80. doi: 10.1016/S1672-0229(10)60008-3

Wang, Y., Tang, H., DeBarry, J. D., Tan, X., Li, J., Wang, X., et al. (2012). MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 40:e49. doi: 10.1093/nar/gkr1293

Wu, G. Q., Wang, J. L., and Li, S. J. (2019). Genome-wide identification of Na+/H+ antiporter (NHX) genes in sugar beet (Beta vulgaris L.) and their regulated expression under salt stress. Genes 10:401. doi: 10.3390/genes10050401

Yang, L., Han, Y., Wu, D., Yong, W., Liu, M., Wang, S., et al. (2017). Salt and cadmium stress tolerance caused by overexpression of the Glycine Max Na+/H+ Antiporter (GmNHX1) gene in duckweed (Lemna turionifera 5511). Aquat. Toxicol. 192, 127–135. doi: 10.1016/j.aquatox.2017.08.010

Yarra, R. (2019). The wheat NHX gene family: potential role in improving salinity stress tolerance of plants. Plant Gene 18:100178. doi: 10.1016/j.plgene.2019.100178

Ye, C. Y., Zhang, H. C., Chen, J. H., Xia, X. L., and Yin, W. L. (2009). Molecular characterization of putative vacuolar NHX-type Na+/H+ exchanger genes from the salt-resistant tree Populus euphratica. Physiol. Plantarum 137, 166–174. doi: 10.1111/j.1399-3054.2009.01269.x

Yokoi, S., Quintero, F. J., Cubero, B., Ruiz, M. T., Bressan, R. A., Hasegawa, P. M., et al. (2002). Differential expression and function of Arabidopsis thaliana NHX Na+/H+ antiporters in the salt stress response. Plant J. 30, 529–539. doi: 10.1046/j.1365-313X.2002.01309.x

Yu, J. N., Huang, J., Wang, Z. N., Zhang, J. S., and Chen, S. Y. (2007). An Na+/H+ antiporter gene from wheat plays an important role in stress tolerance. J. Biosci. 32, 1153–1161. doi: 10.1007/s12038-007-0117-x

Zhang, X. M., Zhang, Z. H., Gu, X. Z., Mao, S. L., Li, X. X., Chadśuf, J., et al. (2016). Genetic diversity of pepper (Capsicum spp.) germplasm resources in China reflects selection for cultivar types and spatial distribution. J. Integr. Agric. 15, 1991–2001. doi: 10.1016/S2095-3119(16)61364-3

Zhang, Y., Fang, J., Wu, X., and Dong, L. (2018). Na+/K+ balance and transport regulatory mechanisms in weedy and cultivated rice (Oryza sativa L.) under salt stress. BMC Plant Biol. 18:375. doi: 10.1186/s12870-018-1586-9

Zheng, Y., Jiao, C., Sun, H., Rosli, H. G., Pombo, M. A., Zhang, P., et al. (2016). ITAK: a program for genome-wide prediction and classification of plant transcription factors, transcriptional regulators, and protein kinases. Mol. Plant 9, 1667–1670. doi: 10.1016/j.molp.2016.09.014


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Luo, Yang, Luo, Qiu, Li, Li, Chen, Zheng, Chen, Zhang, Zhang and Qin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fgene-12-680457-t001.jpg
Gene_id

Capana01g003109
Capana05g000031
Capana06g003039
Capana08g000122
Capana08g000123
Capana08g001332
Capanal10g000166
Capana00g000346
Capanal00g004012

Gene_name

CaNHX1
CaNHX2
CaNHX3
CaNHX4
CaNHX5
CaNHX6
CaNHX7
CaNHX8
CaNHX9

Chr

ChrO1
Chr05
Chr06
Chr08
Chr08
Chr08
Chr10
Chr00
Chr00

aa

511

947
527
1181
624
482
512
459
360

Kd

56256.55
104045.39
58411.65
129915.14
67507.96
53412.57
57296.70
51409.16
39805.86

6.56
5.44
8.79
6.26
7.62
6.45
8.59
6.36
6.63

GRAVY

0.474
0.242
0.524
0.090
0.619
0.590
0.452
0.000
0.720

Sub. localization

Vacuole
Cell membrane.
Vacuole
Cell membrane
Vacuole
Vacuole
Vacuole
Vacuole
Vacuole





OPS/images/fgene-12-680457-t002.jpg
Collateral
homologous gene
site

Non-synonymous Synonymous

substitution rate
(Ka)

substitution rate
(Ks)

Selective
pressure ratio
(Ka/Ks)

CaNHX1-CaNHX6
CaNHX2-CaNHX8
CaNHX4-CaNHX5

0.201701088
0.026980027
0.155507334

2.493573377
0.041710828
0.327196446

0.080888371
0.646835085
0.475272076





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular Characterization and Expression Analysis of the Na+/H+ Exchanger Gene Family in Capsicum annuum L.



		INTRODUCTION



		MATERIALS AND METHODS



		Material and RNA Extraction



		Identification of the CaNHX Gene in Pepper



		Analysis of Phylogeny and Characteristics of the CaNHX Genes Family



		Ka/Ks and Promoter Analysis of the CaNHX Genes Family



		Expression Model and Coexpression Analysis



		cDNA Synthesis and Quantitative RT-PCR Analysis







		RESULTS



		Identification and Physicochemical Properties of CaNHX Gene Family



		Phylogeny Analysis of CaNHX Genes With Different Species



		Gene Structure and Conserved Sequence of CaNHX Genes



		Chromosome Localization, Collinearity Analysis, and Ka/Ks Analysis



		Promoter Analysis of C. annuum CaNHX Genes



		Co-expression Network of CaNHX Gene Under Stress Treatment



		Expression Pattern of Pepper NHX Genes Under Hormone and Abiotic Stress



		Quantitative RT-PCR Analysis







		DISCUSSION



		NHX Gene Family in Pepper



		Expression Profiles of NHX Genes in Pepper







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-12-680457-g002.jpg
Phylogenetic Tree Gene Structure
1oo— AtNHX2 @ Na_H_Exchanger superfamily (U cDbs 7 Motif 7
e —= sz
90 AINHX1 (0 Motif 2
CaNHX1 H——+8—+HHH——8 @0 Motif 8
99| s - T TETITIT @D Votif 9
0 CaNHX6 @ Motif 1
AtNHX4 —HHHHHES @ Motif 5
100] 2 @D Votif 4
CaNEIX3 y H I H——tH1—8 @ Motif 3
(o AtNHX3 HHHHHHHHEH © Motif 10
[ CaNHX7
100

T
T
T

+—H——8t+i8
100
- m‘“ - - — -
&3 ——H—+HH+—H—a—HiHi— 8 88 - s w8
——H—t+—HHH—HH. - —
5' 1 1 ! ! ./%'5' L L 1 L L L L -%' 5' L L ! L L .’3'
0 200 400 600 800 1000 1200 O 2000 4000 6000 8000 10000 12000 14000 160000 200 400 600 800 1000 1200





OPS/images/cover.jpg
, frontiers

in Genetics

Molecular Characterization and
Expression Analysis of the Na*/H*
Exchanger Gene Family in Capsicum
annuum L.





OPS/images/fgene-12-680457-g003.jpg
4

sesvenceLogog 1\4EEsrreEﬁGSDPfNAV]PVGISLLLGIACBEYLBQEB%EX%EQEE&%Q%@%@BEOQ%% §@é&®ﬂl§ﬂb@%ﬁ%ﬂ%%{%@m&(}ﬁgﬁlﬁﬁgﬁ@
I B —-l...-i..-.....-_l-l-..l......__.l_-...._-_.-..

Identity T I

1.CaNHX4 WEESTTVENSGSDP TNAVAIENGI SEEEGEA EDPTN - - AVIIENGI SN GHAC - - - - -RENERG

2.CaNHX2 WMGTN E EGPEPNNE - - - -IWQAENSSNSASD - - AMIBEGGHSINMIGYS C NGIRIIW/ DIDAE
3.CaNHX8
4. CaNHX5 ME ESTTAESSGSDPTNAVIREN Gl SIEBEGHA \EDPTN RHVLRG \NIINP \VFLPAL
5.CaNHX9 lE——D-Q--lAIAIA-EQQAA_ EAS ASIHEI ANNIT
6. CaNHXZ WIGHNED - WSDDNGNGSS - - HENIVAYP TSN AN 8 CUNANGHINE E ENRWAIN - - ESHT/AINN G S GBI - - - - - SKGK S SHill -EREQVEK---------
Z-EaNH%3 NIGY/NENES DGD - - ERISNINSITIEG AR CGCHIVAIGRINE £ SRWAIN - - ENSITTINAYGHE CTGGUMNNET - - - - - MQGHS SR -WAEDE
g ggﬁﬁ INAE D'S GIVIE - - ASTNRIISTS D - -5 QNS M NIEN A CACHIVANGIINE £ ENRWIN - - EXSHITAINVIIGHE CTTGUAMNSIN - - - - - -SGGRNSHIl-IVESE

a MAYGEASIEE - - PRIEGSIEGTSD - BT SVAZSHINIEN A CACHNAI GEINI E ENRWAIN - - ESHIT ARSI GINA GYANNEY - - - - - SGGK'S SHI-IVESE

7! CaNHX3
8. CaNHX1 —
9. CaNHX6

—

e | Betspateseniirmet e LT bt o

d X
6. CaNHX7 IE EIS ARSIV £ Nl QEIEIR CA - - ~ AQWIINE AGP GVAVINS TIEINE GASINENI AEPN - —- - -~ NWSWST SISEEGGISES AT D PMAVAY AIEK E G/ WG AN [FIEVQV SEGAY

ég ggEEgi I .G ARSIV E VA QIS CIY - - - AQWIBIE ARBE------ DN STBIEEG AJNES ATDPYAVA AERDIEGA SKIIES THNE G £ SHNINDGAATNA Nl AEGSHGSN

SR E NSV E R QIR CA - - ~ AR ARSI ABPY N \TDPNANN AR TG/ DG/ WGAVAE FEVQUSEGAY

NABEGTERASYMT CHMIF G AIBNS AT DPNITNARSHEE Q EGT DMNIRY ABMIEG E'SYAEND AW - - - - - - —- u DIENTIVAIDG -

HQEEH! ENEN S TRCTIQVANEQD E - TP SEVAEG E GVAIND AT SNAIEN AN QRSIDY DRIENGIVS AFEMEE DEIEESTSTANG ¥

WENAGE QMIEIKEE - - - FRNENJAINEE G ABGTISTE VAN S G AR E 1 G - 1Dl G F BB DY ATG AR ATD SNICTEQWAENQD F - TPIEY SHVE G E GYMIND AT AVMASEN ANl QR DI SHHI N SR ABSEAGSEIVIERE ASTEEG- ¥

\ conbixa IENAGS AVK'S G AN GIFRBIMNIIGN -~ — — — - - — = — = =~ = === === === === - ENGDYAR ANIG AIE'S AT D'SNCTTI QVAS QDD - TP NI STV G E GAIND AT SNAISEN AN QNIE DI SHll NTIRE Al E B GNEIVINE AS S THIEG - W

2 EaNHS IEENAGCISHIEQ E N GV SRYANGIE SV - IS - - ERIEE C—C T G ARE AATDSNCTIS U D & - TPISINY SR £ UMD AT SUNEEN Al QNEDIS SN PST AWSEIGNBINISHE ASTING -A
4. CaNHX5

meief] it TR A o e sl

5. CaNHX9 GVGIAEGUIASVEWEGFIIEN X \WART/ )QSINEEIE CGYAY - -MAEGH - - - -IGGD DM - — - —----—-——— DI

S EANNXE NDTIET DESIAITMSNE AMMTAQE EAY/ NGV AWISH - DR AGGH QI EFCGYM - ~WAQSH - - - -SMGNEDDD -~ -~ -~~~ —-- - RTHAAVE AEYP Al
S.CaNHXe s SGR SWGYM FISEYAIE OV AR THNAZE ARY P Al
N \QQGADNIS GUINTVV \WART/ QSIS CGEN - -WAEGH- - - -GGEDNEN - —-—-----—-——- NDH
SA--------—--- NANGSIEQNE ES CIIENINEPYESNNIEA - A EAANSIRGC AN
s/ Y SYMEA WENWITD'S SRVTTREAR EAMSIEN A = TEMEIYVGNID Al - Dl EEWEMSEQSE
SNGIl S AYE - IKKIIYIEGRE S TDR EWABNHIEMAYI SYNNIA - AVIE DI S GIRETVE F C GIVMSHY TWENY T TNSKM T TREAF ATIE S Ell AEMFIFEYMGUDA - \SAAIEG - - - - ININGRACEMEPESENS
WPYNTTTVS GGRDVE NEWE S TDR EV ATVIENAYIE SYNIEA - EBEYIES AETVEE S GIVMSEY TWENWT £ S SRVT TRE AR ATIESEIlAERFRIFEYVGUDAR | ISP QESN( IVANIGRA
ATGISE S AYY - IIKKIEYF GRE S TDR EVABNNIEMAYI S YMIEA - s AFATIESFEA Al

Sm““m%&&%éﬁﬁﬂ ﬂ%iﬂﬁ@@@&ﬁ@@yWﬁ%ﬂ@ﬁ@@%@%@&%&ﬁ%&%@@&ﬁﬂ@%

Identity
BRYEG------ NGl DWW E RGAW/ IGSQYISSI NGSTTOR AISEEGVDIES - - - - - AAKIRIRIIE N TS EIVIENE Al EAEGDIEGDD E EEGPADWP THRRNEITSENDNIG
(lG------ ¥ Gl NI E AINIIIWS G -RGANGEAESESHRGASGDPEYIESAETG/ QENESIBEGVDANS - - - -~ EIS E EMNMNY ARNQINERE A E E -IESRHEIC-SGSNNPIEDIWMTMGGN ATCIEDNC
(lG------ Gl NI E AINIIIWS G -RGAVGEAESESHRGASGDPEYIESAE TG/ QENESINEGVDANS - -~ -~ E/S E ETNNNY ARNQINERE A E E -IESRHElC-SGSNNPIEDWMTNMGGN ATCIEDNC
G- ----- N GEDIWK E AFIEVWGGIE -RGAMABSIESESIKRS SDGS E NGSTIT QF ABSEIGNDRIES - - - - - AABNIDTIRSNIWATC -~ -~~~ -~~~ ADSSINE - - - ~MIPEIECRE QR CTTEE

NIEVIRPPH - - - Qi P Al Qi AW SGIll - RGANAE ABABQSNIEDE - -P EGHG- - - QTEIETATTANNMETEQN - - - -NARPNEE

NEENRHATRAP SHTEKE QUVAINWNAGENVR GAV SHABAEK QETY S GUTMDPM - - N¥IEEPENDNTRENEDR EPTHSK £l - PIESEDESA----§--———- BN [ ——
NCIEER'S EH - - DEIEGER QQIIVENWYAGENVR G SMSMAEANNQETREGHTQEPG- - - N/ NSIESS - - -KQSEARQEMIDRQEPEGEMG- - - - - NYDER--------—---—~-
NIBIEEISP E - - E_QQ-A_P-P.P.NQ_Q- N/ )STHDSEADE----—-~- GQNEIP-———————————~—

SRR/ GINN C ARIS T AR AN MQD- - -N/ )SSTN -SSDANTPH - - - APIBGSREDS EMDEN -~~~ -~ GQDER------------~

4

n
Sequence Logo 52

—_—

0.

agwmﬁkwwag%ﬁ%@é&&%W&@%ﬂﬁ%%ﬂm&@M&ﬁ&@@@g%@@@&mmﬁﬁgﬁgﬁﬁg&&%&%@dﬁMMM@mmmmm@w

GEPNIEPETS'S ENGDNWDIEINIEINE DRRWVRINENGY QAANIY EVIEN EGRINP QTH ANINEVIESN E E AN DN SH E Pl CDW- - - NGER SNVENP NYVEEEQTSEVPR \CNEICAGEERAERTARQQENE FMIGE'S EMASIEN
EDTNANP P CTTT - NIS Gl EID DVIEITIVIRV CIRINE ATIR E AYWSTIENE EISH E EANIDEANQ - GINEDWNY - — - HISTIHINGEP GYAVIEES ARNCP P - N TRWENINKIIE QDS CHEl C'S AN AR AR QINNEDNMTGDNGNAAIN
EDTNANP P CTTT - NS Gl EID DVITTIVIRV CIRINE ATIR E AYWSTIENE EISH E E ANIDEANQ - GINEDWNY - - - HISTIHINKEP GYAVIEES ARNCP P - N TRWENINKIIE QDS CHEll C'S AT AR AR QINNEDMTGDNGNAAIN

Identity

GSDTHESHITEEESP'SNEGCHDETEDAAPNMEGS PRRENENIER - - GINETIEDAAPNIED'S PRRENEWINQEAPADIEE ES EQERSSNPSHN DGl
ANDSIHSHIPEC [ ARS EPRNE
Rl )| DQM
) |

L \PP/







OPS/images/fgene-12-680457-g001.jpg
Gene family class

. Class I
Class II
[ ] Class Tt

Species

Capsicum annuum

Arabidopsis thaliana

. Glycine max

> Populus trichocarpa
‘ Vitis vinifera
. Oryza sativa

' Zea mays

=
S
=}
3
-
()
N
—
=)
S
=
=
>
%]
&)
>
>









OPS/images/logo.jpg
’ frontiers
in Genetics





OPS/images/fgene-12-680457-g008.jpg
CaNHX1
CaNHX2
CaNHX3
CaNHX4
CaNHXS5
CaNHX6
CaNHX7
CaNHXS8

CaNHX9

CaNHX1
CaNHX2
CaNHX3
CaNHX4
CaNHX5
CaNHX6
CaNHX7
CaNHX8
CaNHX9

CaNHX1
CaNHX2
CaNHX3
CaNHX4
CaNHX5
CaNHX6
CaNHX7
CaNHXS8
CaNHX9

CL: Control Leaf
CR: Control Root
ML: Mannitol Leaf
MR: Mannitol Root

AL: ABA Leaf
AR: ABA Root
RL: TAA Leaf
RR: TAA Root

IL: TAA Leaf
IR: TAA Root
HL: H20:2 Leaf
HR: H202 Root

GL: GA3 Leaf
GR: GA3 Root
FL: Cold Leaf
FR: Cold Root

SL: SA Leaf
SR: SA Root
NL: NaCl Leaf
NR: NaCl Root

JL: JA Leaf
JR: JA Root

TOW max

row min





OPS/images/fgene-12-680457-g009.jpg
Relative expression

S0V NaCl-3h B NaCl-6h EE8 NaCl-12h E=E NaCl-24h 4 NaCl-72h

40

30

20

10

CaNHX1 CaNHXx2

CaNHX3 CaNHX4 CaNHXs

| 3OO ]

CaNHX6

CaNHXS8 CaNHX9





OPS/images/fgene-12-680457-g006.jpg
] [ Y Yy 0 [ AAAC-motif

1555 5 N D D D O N 55 5 s I I I M A A G A A-motif ar 4.00

- 200 ---- 5m 200 3.00 --- 4.00 ---- 20 ABRE

T [ [ ] [ -- 100N Y Y Y O W ABRE2 3.00

I o N I O B M /A BRE 31 200

N O I co oo Y N MW ABRE4 '

N [ O I MM ACE 1.00

N o[ N N oo oo [ o [ AE-box

I N N c [ N I N N AP-1 0.00

- 200 - 251 Y it I W ARE 1.00
[ e

B <o B AT~TATA-box -2.00
ATCT-motif 300
Box 4 -

I O O o [N o N BN CAT-box
| _ (5 o ) [ O I N E®]| CCAAT-box
2001 [ 2001 N [ oo [N [N oo [ oo [N [ vo0 [N [ (10 (100 CGT'CA-motif
550 I Y M chs-CMIALLa
[0 ) o Y O N B circadlian

L[ [ ]

N PN Gap-box
LT rrrrrrrrr G E-motif
| 53] [ I B 200) GATA-motif
200 200 ‘0o [ 200 [N 8661 200 00 15661 “vio0! [N 0o .00 [N oo I G-box

I I N N N N I O O M % GCN4_ motif
A N S N N 51 o1 [ o1 2661 261 o) 6o M G T 1 -mmiotif

N [ N N N o I O N 1-box
N [ N I O 0’ | AMP-clement
I I N N O O I O B ' TR
A o [ o NN I o N <o [N N I O B B MBS
N [ N N N sl O S M MIRE
N I N N O I O N MISA-like
200- 500 200 200 -----4 -200 200 200 200 400 M b
| [ [ T [ [ [ Fef [ el [ ] ] MYB recognition site
100 [N I T T [ ] o I Myb-binding site

I I
L [ [ [ [ [ | [ [ e MYB like sequence
400 200 300 4.00 -- -- 1200 400 irm- 300 3.00 --- MY
[T ] ke ] [ [ ] [ Kers s1te
I [ O o Y I N P-box
I ) N N 6] oo NN 1 N Y R o' [ o/ [l #%6' STRE
1551 NN N 2 oo 51 [N 2o N 51 NN 51 [ 55! I N TATA
4800 29.00 3300 5100 69.00 [91.00 40.00 5600 34.00 5200--- 3700---- TATA-box
A I -~ O O N > ' TATC-box
L [T T T P T T [ | | e
) ) B o [ 00 00 oo [ TCA-elemeent
00| Y N B N N N W AN N TCCC-motif
---------- [ I I e TC-rich repeats
--- 100 100 1.00 --- 100 100 100-- 100 1.00 100- TCT-moti
I I Y N I 4 75 N 5 I I I %56 861 T G A CG-motif
NN [ N O I 661 68 TG A-elemnent
AN ) N N 0 N | N o M W box
[ ]| | m‘-------------- WUN-motif

SO

Gcb. Q‘b' CJ‘D O‘b' Q‘b ch. Q‘b' O‘b' rb. Q‘b'





OPS/images/fgene-12-680457-g007.jpg
ors

N@A L))
iH
- @ A
- - e - P m@%ﬁg@ g
s@2 @ve@iated MYB@lated  AP2ERF-ERF GBS . s '} mBRF e & MADIKG
AP/EF-ERF g5 BEELL G@AT o@T
P2/ERF-ERCRAS o@2 R
c@T Weky AP2/ERF-ERBES1  \gky AP2/EF-ERF @ ’g
@ > y HB-HD-ZIP SET 268D DY AP2/E@F-ERF
c@s A SN weky OGRS e G‘SHE-‘—ZIP 'HB-.-ZIPO o ' o2 .
4 AP ERF sz"-ERFb.H i s M g E ';.H HBHDZIP  CocEBBATA R Rt G
> 2P AP2/ERF-ERF W @ ) HB-iD-zIP MTER h."‘cz<:‘ATA @B
7 Y GARAEB2-like
> Capz“‘m e O gy C2CEBAT e A/ RFERF WKy AP2EGF-ERF HE e My X SWIISO.ZAFGDb o * ¥
@B g / . g A 2/E@F-ERF oGy HBDZP OB o '8 N.;F
B swusr&sun HOSNE o> o AP2/ERF-ERF o@s mBRMIBRF C@T e
s@2 IMYBTeBles SNF
e HB- AP2/ERF-ERF
s ’m - o GARPHARR B PED MYB@ated B--ZIP seaiiens O el i
I : NEEX1 &
D 3" b BI@RF co@pot  M¥B g L 4 L
S@iF2 Triglix
T.FN.A Rv.R’O* MyB “X y X N&C
v a‘am o, a4 SWIIS!\.BAFGO'IJ‘) ®oge Y
NgE o b JU."JI o2 APURGFERE NAC .
@ ; G.é.s -
HB--ZIP Ju@ni
g c gs e Caa@of &
® O.Z;.AA MYB@lated ®
AP2/ERF-AP2
O@2c2c2@o0-like otfiers s i HB@her MBB Mg
APY/E@F-ERF b@H c@s CBT pigH
O o @ner @ carr@ 2R v @ 2P bHEH AP2IE@F-ERF
® o f.‘,' or e/ ® o@s & i - e
o NG % co@oot Degree
® i o B
0oy CE I s T peine, e ® - Node Fill Color Mappin
@ . b-’* o ‘ﬁ:‘i’g UGS i sl pping
BBI.P? @@ c v i MAI N
® o c2 = - Node shape
s@2 s AP2/E@F-ERF TFs
SWI/SNEBBAF60b Wb -
E
L @2 Q)ap’:!DgQ.z S Ciagox . &
N i
@8 GAR‘R e .o VAPZ/W‘ ®rs @ s ‘@8 Q CaNHX
AP2/ERF-ERF
L] Vg8 bigH s
N@B P AP2/ERF-ERF
B & ‘.2 ".';‘.B bifH B
- Qwusr\”%% m.r A > 6‘32%?5
MAD@MIKC : @2 MADS@-type
Hes Al -type
L & o s - 3
c@2 SEPARAG2-like @T UgEA.ATA
Ju@niji @A A c@s @
o @ Pgrz @
N@C AU@IAA
AP2/ERF-ERF /
waky » o+
8 MYB@lated |
AU@AA AP2/E@F-ERF @ MAD@MIKC
HB-@NoX ® o o C2@Dof
miERF
HB-@IOX bl
b o2 Cc2c2@0-like o@H AUIAA HB@her "
bERH c2c2@o-like MYB@lated .
MEB T @R HB@ELL
c@T sBr ® biH
e Trifix NRgYC AGD o4 AU@AA o AU@IAA !
czcz.mie. ofrs AP2/ERF-ERF wORF ® ‘\
@y " oers b AR = caco@neBy ‘\
.2 Ju@ni - O@H  cog@por e [«
<3 GARRES2-like C2C20-like
MYB@lated o+
ofers C20@LSD
C2C20-like Vg8 MADS@)-type
Pseud@ARR-B biH hd
@8
Coacti@@or p15 @B @D c@T H@e V@8 v
@ MYB@lated C2@Dof C2CHBATA
APUERFERF ey C2c2@pBBY C2@@Dof
wgky m@RF AP2/EF-ERF wigky
N@A MYB@lated
@ c2c2@pBBY o
b





OPS/images/fgene-12-680457-g004.jpg
n‘v4l205
N R
084\4!4800
4400012
00O SS Q
080000
D00 D O5 G,
O O T~ —
O0000os S
aaggggg
ZESEEae s
@®©
Zosssaas
©©
QOO

9 __-
£88000Bg06 WW
bgpeuede
192000 womXIZm ®

CaNHX4

]

CaNFD(
9000549

Capana01
apana01g000151
Capana01g000150

C





OPS/images/fgene-12-680457-g005.jpg
Chr00 ChrO1  Chr02 Chr03  Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chrl0 Chrll  Chrl2 F Chr00 ChrO1 Chr02  Chr03 Chr04 Chr05 Chr06 ChrO8 Chr09  Chrl0  Chrll Chrl2
I
n I e i
P e S L s Y
l‘ / (/ Ry \
=
Chr00 Chr0l ~ Chr02  Chr03  Chr04 Chr05 Chr06 Chr07 Chr09  Chrll ~ Chrl2 W s o s S 9% st SIOBSIT S5 SI05 S SIS SB M6 M OG0 SRIBSUNSMD S S® 9B S5 S
Chr01  Chr02 Chr03  Chr04 Chr0O5 Chr06 Chr08 Chr09 Chrl0 Chrll  Chrl2 G Chr00 Chr01 Chr02 Chr03 Chr04 Chr05 Chr06  Chr08  Chrl0
.\. ")"/
. = — <
~"' s /I/" i ' i
03 r04 “hr05 hr06 - ChrO8  Chr09 10 rll “hrl2 Séol(())é% $2655 S3927 S4305 S4812  S8403 S10547  S14745  S20243 S20576 S20678 S21855523116
Chr01 ~ Chr02 Chr03  Chr04 Chr05 Chr06 Chr08 Chr09 Chrl0  Chrll  Chrl2 H Chr00 Chr01 Chr02  Chr03 Chr04  Chr05 Chr06 Chr08 Chr09 Chrll Chrl2
N ’
) B =S T TS
gt/ e S <
S L - ——— N A
7 i A N~
0 0 0 04 0 06 08 09 0 1006 sill SIz3 SI34 185 943 $269 s34 5 6 SEB3 S35 ST ST S0 ST SI04 SIIT4 SI3SISI3RISIASE
S1095
D Chr00 ChrO1 Chr02 Chr03 Chr04 Chr05 Chr06 Chr08 Chr09 Chrl0 Chrll Chrl2 | Chr00 Chr10  Chr02 Chr01 Chr04 Chr03 Chr06 Chr05  Chr08
T }/ N, ‘
e
/ ~ 2 - N = —
" |
L
ChrOl Chr02  Chr03 Chro4 Chr05 Chr06  ChrO8  Chr09 Chrl0 Chrll ChﬂleS(f%g . $2646 S3964 4354 86492 $11947 SIS SIML SN SIS S0 48320 sl Sl
Chr00 ChrO1 Chr02 Chr03 Chr04 ChrO05 ChrO06 ChrO8 Chr09 Chrl0 Chrll Chrl2

. Chiltepin . Quadrato
. Corno . Tumaticot
B cineo [l OM334

. ECW
B rscs
W sE

iy

AN

ChrO1 Chr02  Chr03 Chr04 Chr05 Chr06 Chr08 Chr09 ChrlO Chrll Chrl12S ls({(())g 5

. Zunla

S: Scaftlod

Chr: Chromosome





