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BRASSINOSTEROID INSENSITIVE1-EMS-suppressor 1 (BES1) is an essential regulator downstream of brassinosteroid signaling and plays important roles in plant stress response, growth, and development. To date, the regulation mechanisms of BES1 transcription factors have been identified and elucidated in model plants Arabidopsis and rice. However, little information is available regarding the BES1 family in Cucumis sativus. Therefore, this study conducted a genome-wide analysis of BES1 genes in cucumber. In cucumber, a total of six CsBES1 genes were identified, and their phylogenetic relationships, gene structures, and cis-elements in promoters were studied. CsBES1 genes were distributed on four of seven chromosomes. Gene structure analysis showed that the intron–exon model of CsBES1 genes was conserved and the CsBES1 protein contained a DUF822-conserved motif. Promoter cis-element prediction showed that plenty of developmental and stress- and hormone-related elements have been found in promoter regions of CsBES1 genes. Meanwhile, BES1 was divided into three groups (I, II, and III) on the basis of phylogenetic relationship analysis in six plant species. In addition, CsBES1 gene expression patterns were confirmed by transcription database and qRT-PCR analysis; the results showed that the expression of CsBES1 genes had not only tissue-specific expression but also different types of CsBES1 isoform which might respond to specific plant stresses. In summary, genome-wide identification, phylogeny, gene structure, and expression profile analysis of CsBES1 genes in cucumber provided a referable theoretical information for further functional study of CsBES1 genes and further facilitated the molecular breeding of cucumber.
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INTRODUCTION

Brassinosteroids (BRs), as a class of steroid hormone, are distributed ubiquitously in the plant kingdom. BRs can be used as stress alleviators to protect plants from a variety of abiotic and biotic stresses, such as drought, osmotic, cold, heat, wounding, and pathogen attack (Marcos et al., 2015; Krishna et al., 2017; Yan et al., 2018). In addition, BRs have been shown to act as key components of multiple physiological and developmental processes such as vascular development, cell elongation, cell division, and leaf senescence (Guo et al., 2013; Tong et al., 2014; Unterholzner et al., 2015). Given this, extensive researches have been done to reveal the molecular mechanisms and potential application of BRs in plants. To date, great progress has been achieved in BR signal transduction by proteomic surveys and molecular genetics in Arabidopsis.

In the BR signal transduction process, BRs are perceived through plasma membrane receptor kinase BRASSINOSTEROID INSENSITIVE1 (BRI1) and the co-receptor BRI1-Associated Receptor Kinase 1 (BAK1; Kim and Wang, 2010; Kim et al., 2011). The activation of BRI1 leads to sequential phosphorylation or dephosphorylation reaction, including positive regulators BRI1-SUPPRESSOR 1 (BSU1; Mora-García et al., 2004), BR SIGNALING KINASE 1 (BSK1; Tang et al., 2008), and protein phosphatase 2A (PP2A; Tang et al., 2011), and negative regulators BRI1-KINASE INHIBITOR 1 (BKI1; Wang and Chory, 2006), BRASSINOSTEROID INSENSITIVE 2 (BIN2; Li et al., 2002), and the 14-3-3 proteins (Gampala et al., 2007). Finally, dephosphorylation brassinazole-resistant 1 (BZR1) or BRI1-EMS-suppressor 1 (BES1) are translocated into the nucleus to regulate thousands of BR-target genes (Wang et al., 2002; Yin et al., 2005; Sun et al., 2010).

Brassinazole-resistant 1 and BES1, as the essential regulators in the downstream of BR signaling, have been intensively investigated to reveal their roles in plant stress response, growth, and development (Yin et al., 2005; Ryu et al., 2010; Guo et al., 2013). BES1 and phytochrome-interacting factor 4 (PIF4) interaction promotes cell elongation and plant growth by binding to nearly 2000 common target genes and controlling a core transcription network (Oh et al., 2012). BZR1 acts as an important regulator mediating the trade-off between growth and immunity upon inducing the expression of several WRKY transcription factors (Lozano-Durán et al., 2013). bil1-1D/bzr1-1D is a gain-of-function mutant in which a point mutation causes the stabilization and accumulation of the BIL1/BZR1 protein in the nucleus. When overexpressed in Lotus japonicus, bil1-1D/bzr1-1D increases resistance against thrip feeding compared with the wild type (Miyaji et al., 2014). BES1 and BZR1 could involve in the regulation of glucosinolate biosynthesis through binding to glucosinolate biosynthetic genes by the conserved N-terminal DNA-binding domain or indirectly through MYB factors (Guo et al., 2013). Thus, BZR1 and BES1 likely play a critical role in determining the primary BR signaling outputs. Besides, BES1 also is considered to be involved in the strigolactone (SL) signaling pathway. BES1 could interact with more axillary growth locus 2 (MAX2), which is a key component in the SL signaling pathway, and also can be degraded as the direct substrate of MAX2 to regulate shoot branching (Wang et al., 2013). BZR1 interacts in vitro and in vivo with REPRESSOR OF ga1-3 (RGA), which belongs to a member of the DELLA family of transcriptional regulators, to control cell elongation and plant growth (Li et al., 2012).

Plenty of researches on the characterization and functions of BES1/BZR1 have been conducted in Arabidopsis and rice, and some genome-wide analysis of BES1/BZR1 in tomato, maize, and Chinese cabbage have been performed to explore its gene structural and functional diversity during evolution. However, there is still lack of research on the phylogenetic relationship and function of the BES1/BZR1 gene family in cucumber. Cucumber (Cucumis sativus L.) is an economically significant vegetable crop around the world, as well as a model system for studying fresh fruit development not only due to its vascular bundle structure but also due to its diverse floral sex types (Tanurdzic and Banks, 2004). In this study, we comprehensively described the function of BES1 and systematically analyzed the relative complete profile of the BES1 gene family by using the bioinformatic method in cucumber plants. We identified the members and phylogenetic relationship of the CsBES1 gene family; analyzed the gene structure and promoter elements; and carried out the expression pattern of CsBES1 genes in different organs, under various abiotic, and biotic stresses by quantitative real-time PCR. In addition, these findings will provide an insight for understanding the biological function of CsBES1 and help for molecular breeding of cucumber in the future.



MATERIALS AND METHODS


Plant Material, Growth Conditions, and Stress Treatments

Cucumber (Cucumis sativus L.) cultivar “Xintaimici” was used for all the experiments. Cucumber seedlings were grown in a controlled-environment growth chamber under normal management (23/28°C, 10/14 h, dark/light, and 70–80% humidity). Seedlings with four mature leaves were treated with 150 mM NaCl or 10% PEG 6000 or transferred to a growth chamber set at 6°C as cold treatment. Leaves and roots were sampled on days 0, 6, 12, 24 h, 2 day, 3 day, 6 day, and 9 day after cold treatment and at 0, 1, 3, 6, 9, 12, and 24 h after NaCl and PEG treatments, respectively. All samples included at least three biological replicates. All samples were harvested, immediately frozen in liquid nitrogen, and stored at -80°C for further study.



Identification of the CsBES1 Gene Family in Cucumber

The BES1 genes and amino acid sequences of cucumber and melon were obtained in the Cucurbit Genomics Network1 (Huang et al., 2009). The hidden Markov model (HMM) profile of the BES1_N domain (PF05687) was downloaded from the Pfam database (Pfam 29.0)2 to identify BES1 genes in the cucumber genome using HMMER 3.0 software with an E-value cutoff of 1. Arabidopsis BES1 protein sequences3 were used as a query against the predicted cucumber proteome sequences to identify all cucumber BES1 proteins. The BES1 protein sequences of Arabidopsis, rice, maize, and tomato were searched from the Arabidopsis Information Resource (Huala et al., 2001), the Rice Genome Annotation Project4 (Kawahara et al., 2013), the Maize Genetics and Genomics Database5, and the Sol Genomics Network6, respectively, for sequence analysis.



Phylogenetic Relationship, Sequence Alignment, and Gene Structure Analyses

To investigate the phylogenetic relationships of CsBES1 genes, a total of 35 BES1 protein sequences were identified from six plant species including cucumber, Arabidopsis, melon, tomato, rice, and maize. Multiple sequence alignments of the 35 BES1 amino acid sequences were performed with ClustalW (Higgins et al., 1996) using default parameters. A phylogenetic tree, in which the degree of support for a particular grouping pattern was evaluated using bootstrap (1000 replicates) values, was constructed using the software MEGA 5.0 via the maximum-likelihood method (Tamura et al., 2011). The MEME server7 and Tbtools were employed to analyze the motif composition of BZR1/BES1 in cucumber and Arabidopsis. The protparam tool8 was use to analyze the physicochemical characteristics of deduced CsBES1 amino acid sequences, including theoretical molecular weight (MW), isoelectric point (pI), and grand average of hydropathicity (GRAVY). The Cell-PLoc 2.09 was used to analyze the subcellular localization of 6 CsBES1 amino acid sequences.



Gene Expression Analysis Upon the RNA-Seq Data

The transcription data of BES1 genes from different tissues (BioProject Name: PRJNA80169; PRJNA271595; and PRJNA258122) and under biotic stresses (BioProject Name: PRJNA376073; PRJNA388584; and PRJNA292785) in cucumber were collected from the Cucurbit genomics expression database10. Hi-seq data of 10 cucumber tissues containing root, stem, leaf, male flower, female flower, ovary, expanded fertilized ovary (7 days after flowering), expanded unfertilized ovary (7 days after flowering), base of the tendril, and tendril were used for expression of BES1. We used the Reads Per Kilobase per Million mapped reads (RPKM) values of BES1 genes and then plotted it using the Pheatmap package in R software. Three heat maps of BES1 genes in different cucumber organs were obtained and three heat maps of BES1 genes in response to gibberellic acid (GA), powdery mildew, and downy mildew.



RNA Extraction and qRT-PCR

Total RNA was extracted from frozen leaves and roots using RNeasy Plant kit (Huayueyang, Beijing, China) according to the manufacturer’s protocol. cDNA was synthesized from 1000 ng RNA using FastKing cDNA Dispelling RT SuperMix Kit (TIANGEN, Beijing, China). cDNA was diluted 1:10 for further quantitative reverse transcription polymerase chain reaction (qRT-PCR). The qRT-PCR reactions for detecting gene expression by using SYBR Premix Ex TaqTM (Tli RNase H Plus; TaKaRa Shuzo, Shiga, Japan) according to the manufacturer’s protocol. Relative gene expression was calculated using ΔΔCT values obtained from the formulas ΔCT = target CT – reference CT and ΔΔCT = treated sample ΔCT – untreated sample ΔCT/ΔΔCT = other organ ΔCT – root ΔCT, and the calculation of the gene expression levels followed the 2–△ △ CT method described by Livak and Schmittgen (2001). All qRT-PCR reactions were conducted at at least three biological replications and three technical repeats. The cucumber Tublin gene (Csa4G000580) was used as the reference gene. The primers used for qRT-PCR are listed in Supplementary Table 1.



RESULTS


Identification of the BES1 Gene Family in Cucumber and Phylogenetic Relationship Analysis

A total of six BES1 genes in cucumber were identified by comprehensive analysis in CuGenDB (available online: http://cucurbitgenomics.org/) and PlantTFDB (available online: http://planttfdb.cbi.pku.edu.cn/index.php?sp=Csg). The annotation IDs of BES1/BZR1 genes in cucumber were Csa1G467200, Csa2G361450, Csa4G083490, Csa4G056530, Csa6G003450, and Csa6G501930. CsBES1s were located on chromosomes 1, 2, 4, and 6. To better understand characteristics of CsBES1/CsBZR1, we carried out systematically the statistical analysis on the protein physicochemical indices (Table 1). The six CsBES1/CsBZR1 genes varied greatly in ORF length from 936 bp (Csa2G361450) to 2097 bp (Csa6G003450), and their encoded proteins ranged from 311 (Csa2G361450) to 698 (Csa6G003450) amino acids. The molecular weight ranged from 34.19 kDa (Csa2G361450) to 78.35 kDa (Csa6G003450), and the isoelectric point varied from 5.78 (Csa6G003450) to 9.17 (Csa2G361450). In addition, the GRAVY ranged from −0.689 (Csa6G501930) to 0.715 (Csa2G361450), and the subcellular localization predicted that all of the six CsBES1/CsBZR1 were localized in nucleus by Plant-mPLoc 2.011.


TABLE 1. The characteristics of BZR1/BES1 genes from cucumber.

[image: Table 1]To establish the functional and evolutionary relationship of the CsBES1/CsBZR1 gene family, we constructed a phylogenetic tree using the amino acid sequences of six putative cucumber BES1, eight Arabidopsis BES1, six melon BES1, nine tomato BES1, six rice BES1, and eleven maize BES1 (Table 2). Based on phylogenetic tree classification, all selected BES1 proteins were classified into three groups, in which Csa2G361450 and Csa6G501930, Csa1G467200 and Csa4G083490, and Csa4G056530 and Csa6G003450 belonged to group I, group II, and group III, respectively (Figure 1).


TABLE 2. Identified members of the BES1/BZR1 gene family in different plants.
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FIGURE 1. Phylogenetic relationships in BES1 proteins from cucumber (Cs), Arabidopsis (AT), melon (MELO), tomato (Soly), maize (GRMZM), and rice (Os). The neighbor-joining tree was generated including 6 BES1 proteins from cucumber, 8 from Arabidopsis, 6 from melon, 9 from tomato, 11 from maize, and 6 from rice.




Gene Structure and Conserved Motif Analysis in Cucumber

The distribution of exons and introns was the important information to understand gene structure. Thus, we analyzed the structural features of six CsBES1 genes and eight AtBES1 genes, including the number of exons and introns, and the length of exons, introns, and untranslated regions (Figure 2). The gene size varied from ∼1.5 kb in At3G50750 to 7.0 kb in At2G45880 and Csa4G056530. The structure analysis of BES1/BZR1 genes from cucumber and Arabidopsis showed that there were three different types of structure distribution: the majority of BES1/BZR1 genome contained two exons and one intron. However, only At1G19350 contained three exons and two introns, while At2G45880, At5G45300, Csa4G056530, and Csa6G003450 included ten exons and nine introns. Structural variation in BES1 genes might be generated due to the gene duplication or incorporation after transcription during evolutionary history. These results suggested that different BES1 genes may be functionally diversified.
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FIGURE 2. Exon and intron structures of BEs1 in Cucumis sativus and Arabidopsis thaliana. Exons are shown as yellow boxes; introns were shown as black lines. Upstream and downstream untranslated regions are shown as blue boxes. Scales are shown at the bottom of the diagram.


To better understand the diversity and similarity of CsBES1 proteins, the conserved motifs were analyzed. As shown in Figure 3, a schematic overview of these conserved motifs was provided and demonstrated that all BES1 from cucumber and Arabidopsis included at least four conserved motifs located in N- and C-terminals. DUF822, also known as BES1_N (turquoise and red in Figure 3 and Supplementary Figure 1A), was found in all CsBES1 and AtBES1 protein sequences. Besides, two glycosylation-conserved sites (yellow and purple colors in Figure 3 and Supplementary Figure 1B) were found in At2G45880, At5G45300, Csa4G056530, and Csa6G003450.
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FIGURE 3. Conserved motif analysis of BES1 amino acid from Arabidopsis and Cucumis sativus. Motif analyses were conducted using MEME online software and Tbtools as described in the method. Different color boxes represent various types of conserved motifs. The gene IDs were listed on the left part of this figure. The amino acid sequences of key motifs are listed at the bottom of this figure.




Analysis of Cis-Elements in the CsBES1 Promoters

To better understand the potential regulatory mechanisms of CsBES1 genes during growth and development stages, under abiotic or biotic stresses and in response to different hormones, we identified the presence of cis-elements in the promoter regions of CsBES1 genes. A 2.0-kb promoter region of all the CsBES1 genes was scanned, and the cis-elements, which could possibly control the expression of CsBES1, were predicted using PLANTCARE tools. The results are shown in Figure 4.
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FIGURE 4. Distribution of development and stress- and hormone-related cis elements in cucumber BES1 promoters. ∼2.0-kb promoter sequences of six CsBES1 genes were predicted. The gene IDs were shown in the left part of this figure. The elements were shown at the bottom of this figure. The number in squares showed the number of elements in promoter regions.


For stress-related elements, (1) the ARE element was found in four selected promoter regions of Csa1G467200, Csa2G361450, Csa6G003450, and Csa6G501930, among which two ARE elements were identified in Csa1G467200 and Csa6G003450. (2) The TC-rich repeat element was found in five selected promoter regions of Csa1G467200, Csa2G361450, Csa4G056530, Csa6G003450, and Csa6G501930, and at least two TC-rich repeats elements were predicted in Csa6G501930. (3) The LTR element was only found in two promoter regions of Csa6G003450 and Csa6G501930. (4) The GC-motif and MBS elements were only found in Csa4G083490 and Csa4G056530, respectively. This suggested that CsBES1 family genes played different roles in response to various stresses. For example, Csa6G003450 and Csa6G501930 with LTR elements might respond to low-temperature stress, while Csa4G056530 with MBS elements might respond to drought stress.

For hormone-related elements, (1) the ABRE element was found in five promoter regions of Csa1G467200, Csa2G361450, Csa4G083490, Csa6G003450, and Csa6G501930, of which at least four ABRE elements were found in Csa1G467200, Csa4G083490, and Csa6G501930. Since ABRE is an important ABA response element, CsBES1 is probably involved in the ABA signal pathway. (2) The CGTCA-motif and TGACG-motif elements were found in five promoter regions of Csa1G467200, Csa2G361450, Csa4G056530, Csa6G003450, and Csa6G501930, implying that CsBES1 may respond to jasmonic acid. (3) The TATC box and TGA element were found only in Csa6G501930, indicating that Csa6G501930 might be involved in the GA or auxin pathway.

For growth and development-related elements, (1) there were at least three BOX4 elements predicted in all six CsBES1 promoter regions. (2) The GT1 motif was found in promoter regions of Csa1G467200, Csa4G056530, Csa4G083490, and Csa6G003450. (3) The HD-Zip and O2-site elements were only found in the promoter region of Csa1G467200.



Expression Patterns of BES1 in Cucumber Various Organs

To explore the possible functional roles of CsBES1s in developmental processes, the expression patterns of CsBES1s in root (R), stem (S), leaf (L), female flower (FF), male flower (MF), and fruit (F) were performed by qRT-PCR. As shown in Figure 5, Csa1G467200 and Csa2G361450 had a relatively low expression level in L and F, while Csa2G361450 showed the highest expression in flowers, especially in female flowers. Csa4G083490 was expressed highly in roots and fruits compared to its low expression in stems. Csa4G056530 and Csa6G003450 exhibited a similar expression pattern and had relatively high expression levels in stems and fruits compared with other tissues, and they did also respond similarly to some, although not all, of the abiotic stresses as analyzed in Figures 6, 7. Interestingly, it is notable that Csa4G056530 and Csa6G003450 were from Group III of the phylogenetic tree and shared highly similar and distinct gene structures (nine exons compared with two exons for all other BES1 genes) and the particular long glycosylation-conserved site (Figures 2, 3).


[image: image]

FIGURE 5. The expression pattern of CsBES1 genes in different cucumber organs. The Cucumber Tublin gene was the reference gene used to calibrate the relative gene expression. Error bars represent ± SE (n = 3). One-way analysis of variance was conducted by Duncan’s new multiple-range test, n = 3; different letters above the bars indicate significant differences (P < 0.05). Abbreviation: Female F, female flower; Male F, male flower; and F, fruit.
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FIGURE 6. The expression profile of CsBES1 genes in cucumber leaves in response to different abiotic stresses. (A) Drought treatment (20% PEG6000); (B) salt treatment (150 mM NaCl); and (C) cold treatment (6°C). Error bars represent ± SE (n = 3). One-way analysis of variance was conducted by Duncan’s new multiple-range test, n = 3; different letters above the bars indicate significant differences (P < 0.05). Leaves were harvested at 0, 1, 3, 6, 9, 12, and 24 h after drought and salt treatments; the times of cold treatment were 0, 6, 12, 24 h, 2 day, 3 day, 6 day, and 9 day.
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FIGURE 7. The expression profile of CsBES1 genes in cucumber roots in response to different abiotic stresses. (A) Drought treatment (20% PEG6000); (B) salt treatment (150 mM NaCl); and (C) cold treatment (6°C). Error bars represent ± SE (n = 3). One-way analysis of variance was conducted by Duncan’s new multiple-range test, n = 3; different letters above the bars indicate significant differences (P < 0.05). Roots were harvested at 0, 1, 3, 6, 9, 12, and 24 h after drought and salt treatments; times of cold treatment at 0, 6, 12, 24 h, 2 day, 3 day, 6 day, and 9 day.


The RNA-sequencing database from the Cucurbit genomics database showed that the expression profiles of most CsBES1s were consistent with the results obtained by qRT-PCR except Csa2G361450. The Csa2G361450 transcription level showed the highest expression in flowers upon qRT-PCR data (Figure 5), but its expression was much higher in stems from the RNA-Seq database (Supplementary Figure 2). It is reasonable due to samples harvested in two different cucumber species and at different sampling times. Moreover, the expression profile of CsBES1s in different root development zones (differentiation, elongation, and meristematic zones) and fruit types (long and short fruits) were determined. The database indicated that Csa6G501930 was highly expressed in all tissues compared to other family genes, and in elongation zones and long fruits compared to other tissues (Supplementary Figures 2B,C). These results suggested the various expression patterns of each BES1 in different cucumber organs and indicated that they probably play different roles in cucumber different organs.



Expression Pattern of BES1 Under Different Abiotic Stress Conditions

To elucidate the functions of CsBES1s in response to hormones and under different stresses (abiotic and biotic stresses), the expression profiles of CsBES1s in leaves and roots were conducted by qRT-PCR (Figures 6, 7) and the RNA-sequence database (Supplementary Figure 3). We tested the expression level of CsBES1s in leaves and roots at 0, 1, 3, 6, 9, 12, and 24 h after NaCl (150 mM) and drought (20% PEG 6000) treatments, and at 0, 6, 12, 24, 2 day, 3 day, 6 day, and 9 day after cold (6°C) treatment.

After drought treatment, the expression of Csa1G467200, Csa2G361450, and Csa4G083490 in leaves significantly increased at 6 h and then decreased compared to the control, while the expression of Csa6G003450 and Csa6G501930 kept a relatively stable level until 6 h and then decreased about 4 folds after 9 h of treatment. The expression of Csa4G056530 had no obvious change after treatment in leaves (Figure 6A). In roots, all the CsBES1 genes had a sharp increase at 9 h to 24 h after treatment. In particular, Csa1G467200, Csa6G501930, and Csa6G003450 attached the peak point at 24 h, while Csa4G056530 and Csa4G083490 showed the highest point at 12 h after treatment (Figure 7A).

After NaCl treatment, Csa1G467200 showed an up-regulation between 8 and 10 folds at 3 h and 6 h after treatment compared to control in leaves; Csa2G361450 had a higher expression at 12 h and 24 h compared with control; Csa4G056530, Csa4G083490, and Csa6G003450 increased sharply at 9 h and 12 h after treatment; and Csa6G501930 exhibited a slight upregulation from 6 h to 24 h after treatment (Figure 6B). In roots, the expression of Csa1G467200, Csa6G501930, and Csa6G003450 increased steeply at 1 h after treatment; Csa2G361450 had a high expression at 6 h, and the Csa4G056530 expression attached the peak point at 24 h after treatment compared to the control; and Csa4G083490 showed no difference at all time points (Figure 7B).

After cold treatment, in leaves, Csa1G467200, Csa4G083490, Csa6G003450, and Csa6G501930 showed a decrease at all time points compared to the control; Csa2G361450 and Csa4G056530 showed the highest point at 3 day and then sharply decreased compared with control (Figure 6C). In roots, the expression of Csa4G056530, Csa4G083490, Csa6G003450, and Csa6G501930 was up-regulated at 2 day until to 9 day after treatment. The expression of Csa1G467200 and Csa2G361450 had similar changing patterns: increase–decrease–increase. Specifically, Csa1G467200 expressed an increase at 24 h, 6 day, and 9 day, while Csa2G361450 showed an increase at 6 h to 2 day and 9 day after treatment (Figure 7C).

In addition, we explored the expression pattern of CsBES1 genes in leaves after GA treatment, downy mildew treatment, and powdery mildew treatment based on the RNA-sequence database. The results showed that Csa6G501930 had the highest expression at 6 h after GA treatment, and Csa2G361450 and Csa4G083490 had an increasing and decreasing trend after GA treatment, respectively, (Supplementary Figure 3A). The downy mildew and powdery mildew treatments lead to an overall decrease in Csa6G501930. Csa2G361450 was up-regulated at 6 h after downy mildew treatment, and Csa6G003450 showed an increase at 48 h after powdery mildew treatment (Supplementary Figure 3B).



DISCUSSION

The BES1 gene family has been previously reported in several plants, including Arabidopsis, tomato, Chinese cabbage, maize, and Brassica napus (Yin et al., 2005; Wu et al., 2016; Gao et al., 2018; Song et al., 2018; Yu et al., 2018; Cao et al., 2020). To date, the regulation mechanisms of BES1 transcription factors have been identified and elucidated in Arabidopsis and rice (Yin et al., 2005; Bai et al., 2012). However, little information is available regarding the BES1 family in cucumber. Therefore, this study conducted a genome-wide analysis of BES1 genes and proteins in cucumber. Based on phylogenetic relationship, conserved motifs, and gene structures analysis, it was found that there were six CsBES1 genes distributed in three groups. Csa4G056530 and Csa6G003450, which belonged to group III, included ten exons and nine introns and possessed a particular long glycosylation conserved site. Accordingly, they had the longest amino acids and the largest molecular weight. By contrast, other four CsBES1s only included two exons and one intron. Specifically, Csa1G467200 and Csa4G083490 had a long segment of intron and were assigned to group II, while Csa2G361450 and Csa6G501930 contained a short segment of intron and were assigned to group I. Meanwhile, all of the CsBES1 proteins had one conserved DUF822 motif. These findings indicated that some intron (or motif) gain or loss events might be occurred during the evolution process in CsBES1 genes and that various structures probably endowed these CsBES1 genes with different functions.

The plant cis-element is an important molecular switch to regulate gene transcription during plant growth and development as well as in their responses to stresses and hormones. According to bioinformatics analysis, various cis-elements were found in CsBES1 promoters, in which some gene specific cis-element was predicted. Notably, TATC-box (GA response element), and TGA-element (auxin response element) were only found in the Csa6G501930 promoter. This result was consistent with the transcription database, which showed that Csa6G501930 expression could be induced by GA (Supplementary Figure 3A). In the GA signaling pathway, RGA is a transcription factor belonging to the DELLA family protein. In Arabidopsis, the RGA protein could decrease the abundance and transcription level of AtBZR1. AtBZR1 (At1G75080) could interact with RGA in vitro and in vivo to participate the BR and GA signaling pathway (Li et al., 2012). In addition, AtBZR1 (At1G75080) also belonged to Group I similar to Csa6G501930 (Figure 1), and they had a similar gene structure (Figure 2) and conserved motif (Figure 3), which indicates that Csa6G501930 might participate in the brand GA signaling pathway as well as AtBZR1 (At1G75080). Auxin response factors (ARFs) are key transcription factors that regulate auxin-responsive gene expression. ARF6 and ARF7 have been identified to interact with BZR1 to coordinate in the growth and development of plants through the auxin and BR signaling pathway (Youn et al., 2016). Besides, many stress-related cis-elements were also predicted in CsBES1 promoters, such as cold response element (LTR), and drought response element (MBS). In Arabidopsis, AtBES1 (At1G19350) was targeted for autophagy-induced degradation through directly interacting with DOMINANT SUPPRESSOR OF KAR 2 (DSK2) to respond abiotic stresses (Nolan et al., 2017). Together, these results provide referable evidence that CsBES1 may play important roles in the hormone regulation pathway and stress response in cucumber.

In this study, several experiments have been performed to characterize the expression profiles of CsBES1 genes in different cucumber organs in response to various abiotic stresses and hormones. It was noted that Csa2G361450 was highly expressed in flowers and showed a closer relationship with either At1G19350 or At1G75080 according to the phylogenetic tree (Figure 5). At1G75080 (BZR1) has been proven to be involved in photoperiodic flowering by regulating its target gene, BR ENHANCED EXPRESSION 1 (BEE), which directly binds to the FLOWERING LOCUTS T (FT) promoter to activate the transcription of FT and promote flowering initiation (Wang et al., 2019). Another study reported that AtBES1 (At1G19350) could directly bind to the promoter regions of SPL/NZZ, TDF1, AMS, MS1, and MS2 genes, which are important transcription factors controlling anther and pollen development (Ye et al., 2010). These results suggested that Csa2G361450 probably participates in flower development. The transcription database showed that GA treatment induced an increase in the expression of Csa6G501930 and Csa2G361450 (Supplementary Figure 3A). BES1/BZR1, as a class of master transcription factor in the BR signaling pathway, mediated a direct cross talk between GA and other plant hormones (Li et al., 2018). In rice, OsBZR1 (Os07g39220) directly binds to the promoters of GA biosynthesis-related genes to regulate GA content for promoting cell elongation (Tong et al., 2014). Moreover, Csa6G501930 and Csa2G361450 had a close relationship in Group I based on phylogenetic tree analysis (Figure 1). This result suggested that Csa6G501930 and Csa2G361450 are probably involved in the GA signaling pathway.

In plants, BR has been universally recognized as an important phytohormone involved in a variety of stress responses (Krishna, 2003). Accordingly, BES1/BZR1, which control BR-regulated gene expression, has also been demonstrated to be critical in mediating plant responses to abiotic stresses including salt, drought, cold, heat, and freezing (Nolan et al., 2020). In this study, after drought treatment, Csa1G467200 expression was induced in both leaves and roots, while Csa4G056530 and Csa6G003450 were induced only in roots. Csa6G003450 expression showed a significant increase in leaves but not in roots after salt treatment. However, the expression of Csa4G083490 was decreased in leaves but increased in root after cold treatment. It was interesting that Csa1G467200, Csa6G003450, and Csa6G501930 were reduced in leaves but induced in roots after cold treatment (Figures 6, 7). These results revealed the different expression patterns of CsBES1 genes under various abiotic stresses, thereby indicating that these genes may play different but essential roles in response to abiotic stresses.



CONCLUSION

In this study, we systematically analyzed the structures, conserved motifs, and phylogenetic relationships of CsBES1 genes and their expression profiles in different cucumber organs under various abiotic stresses. A total of six putative CsBES1 genes were identified in cucumber. These six genes exhibited different expression patterns in cucumber organs and response to variously abiotic stresses. The comprehensive analysis on CsBES1 was expected to provide basic information for further studying the functions of CsBES1 and for the molecular breeding of cucumber.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

LG, YT, and SM conceived and designed the experiments. SM, TJ, ML, and SL performed the experiments and collected the data. SM and TJ executed the data analyses. All authors contributed to the interpretation of the results. SM, LG, and YT wrote the drafts.



FUNDING

This work was financially supported by the National Key Research and Development Program of China (2019YFD1001903) and the China Agriculture Research System (CARS-23).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2020.583996/full#supplementary-material

Supplementary Figure 1 | Multiple alignments of BES1 domains from Arabidopsis and cucumber amino acid sequence.

Supplementary Figure 2 | The expression profile of CsBES1 genes in different cucumber organs based on RNA-sequence database.

Supplementary Figure 3 | Transcription data were used to analyze the expression profile of CsBES1 genes in cucumber leaves in response to different abiotic, biotic stresses and hormone.

Supplementary Table 1 | Primers used in the study.


FOOTNOTES

1http://cucurbitgenomics.org/organism/2

2http://pfam.sanger.ac.uk/

3http://www.arabidopsis.org

4http://rice.plantbiology.msu.edu/index.shtml

5https://www.maizegdb.org/

6https://solgenomics.net/organism/

7http://meme-suite.org/tools/meme

8https://web.expasy.org/protparam/

9http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/

10http://cucurbitgenomics.org/rnaseq/home

11http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/


REFERENCES

Bai, M. Y., Shang, J. X., Oh, E., Fan, M., Bai, Y., Zentella, R., et al. (2012). Brassinosteroid, gibberellin and phytochrome impinge on a common transcription module in Arabidopsis. Nat. Cell Biol. 14, 810–817. doi: 10.1038/ncb2546

Cao, X., Khaliq, A., Lu, S., Xie, M., Ma, Z., Mao, J., et al. (2020). Genome-wide identification and characterization of the BES1 gene family in apple (Malus domestica). Plant Biol. 22, 723–733. doi: 10.1111/plb.13109

Gampala, S. S., Kim, T. W., He, J. X., Tang, W., Deng, Z., and Wang, Z. Y. (2007). An essential role for 14-3-3 proteins in brassinosteroid signal transduction in Arabidopsis. Dev. Cell 13, 177–189. doi: 10.1016/j.devcel.2007.06.009

Gao, Y., Hu, J., Zhao, T., Xu, X., Jiang, J., and Li, J. (2018). Genome-wide identification and expression pattern analysis of BRI1-EMS-suppressor transcription factors in tomato under abiotic stresses. J. Am. Soc. Hortic. Sci. 143, 84–90. doi: 10.21273/jashs04312-17

Guo, R., Qian, H., Shen, W., Liu, L., Zhang, M., Cai, C., et al. (2013). BZR1 and BES1 participate in regulation of glucosinolate biosynthesis by brassinosteroids in Arabidopsis. J. Exp. Bot. 64, 2401–2412. doi: 10.1093/jxb/ert094

Higgins, D. G., Thompson, J. D., and Gibson, T. J. (1996). Using CLUSTAL for multiple sequence alignments. Methods Enzymol. 266, 383–402. doi: 10.1016/s0076-6879(96)66024-8

Huala, E., Dickerman, A. W., Garcia-Hernandez, M., Weems, D., Reiser, L., and Mueller, L. A. (2001). The Arabidopsis information resource (TAIR): a comprehensive database and web-based information retrieval, analysis, and visualization system for a model plant. Nucleic Acids Res. 29, 102–105. doi: 10.1093/nar/29.1.102

Huang, S., Li, R., Zhang, Z., Li, L., Gu, X., and Li, S. (2009). The genome of the cucumber, Cucumis sativus L. Nat. Genet. 41, 1275–1281.

Kawahara, Y., De La Bastide, M., Hamilton, J. P., and Kanamori, H. (2013). Improvement of the Oryza sativa Nipponbare reference genome using next generation sequence and optical map data. Rice 6:4. doi: 10.1186/1939-8433-6-4

Kim, T. W., Guan, S., Burlingame, A. L., and Wang, Z. Y. (2011). The CDG1 kinase mediates brassinosteroid signal transduction from BRI1 receptor kinase to BSU1 phosphatase and GSK3-like kinase BIN2. Mol. Cell. 43, 561–571. doi: 10.1016/j.molcel.2011.05.037

Kim, T. W., and Wang, Z. Y. (2010). Brassinosteroid signal transduction from receptor kinases to transcription factors. Annu. Rev. Plant Biol. 61, 681–704. doi: 10.1146/annurev.arplant.043008.092057

Krishna, P. (2003). Brassinosteroid-mediated stress responses. J. Plant Growth Regul. 22, 289–297. doi: 10.1007/s00344-003-0058-z

Krishna, P., Prasad, B. D., and Rahman, T. (2017). Brassinosteroid action in plant abiotic stress tolerance. Methods Mol. Biol. 1564, 193–202. doi: 10.1007/978-1-4939-6813-8_16

Li, J., Wen, J., Lease, K. A., Doke, J. T., Tax, F. E., and Walker, J. C. (2002). BAK1, an Arabidopsis LRR receptor-like protein kinase, interacts with BRI1 and modulates brassinosteroid signaling. Cell 110, 213–222. doi: 10.1016/s0092-8674(02)00812-7

Li, Q. F., Lu, J., Yu, J. W., Zhang, C. Q., He, J. X., and Liu, Q. Q. (2018). The brassinosteroid-regulated transcription factors BZR1/BES1 function as a coordinator in multisignal-regulated plant growth. Biochim. Biophys. Acta Gene Regul. Mech. 1861, 561–571. doi: 10.1016/j.bbagrm.2018.04.003

Li, Q. F., Wang, C., Jiang, L., Li, S., Sun, S. S., and He, J. X. (2012). An interaction between BZR1 and DELLAs mediates direct signaling crosstalk between brassinosteroids and gibberellins in Arabidopsis. Sci. Signal. 5:ra72. doi: 10.1126/scisignal.2002908

Livak, K., and Schmittgen, T. (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

Lozano-Durán, R., Macho, A. P., Boutrot, F., Segonzac, C., Somssich, I. E., and Zipfel, C. (2013). The transcriptional regulator BZR1 mediates trade-off between plant innate immunity and growth. eLife 2:e00983.

Marcos, R., Izquierdo, Y., Vellosillo, T., Kulasekaran, S., Cascón, T., Hamberg, M., et al. (2015). 9-lipoxygenase-derived oxylipins activate brassinosteroid signaling to promote cell wall-based defense and limit pathogen infection. Plant Physiol. 169:2324.

Miyaji, T., Yamagami, A., Kume, N., Sakuta, M., Osada, H., Asami, T., et al. (2014). Brassinosteroid-related transcription factor BIL1/BZR1 increases plant resistance to insect feeding. Biosci. Biotechnol. Biochemi. 78, 960–968. doi: 10.1080/09168451.2014.910093

Mora-García, S., Vert, G., Yin, Y., Caño-Delgado, A., Cheong, H., and Chory, J. (2004). Nuclear protein phosphatases with kelch-repeat domains modulate the response to brassinosteroids in Arabidopsis. Genes Dev. 18, 448–460. doi: 10.1101/gad.1174204

Nolan, T. M., Brennan, B., Yang, M., Chen, J., Zhang, M., Li, Z., et al. (2017). Selective autophagy of BES1 mediated by DSK2 balances plant growth and survival. Dev. Cell 41, 33–46. doi: 10.1016/j.devcel.2017.03.013

Nolan, T. M., Vukašinović, N., Liu, D., Russinova, E., and Yin, Y. (2020). Brassinosteroids: multidimensional regulators of plant growth, development, and stress responses. Plant Cell 32:295. doi: 10.1105/tpc.19.00335

Oh, E., Zhu, J. Y., and Wang, Z. Y. (2012). Interaction between BZR1 and PIF4 integrates brassinosteroid and environmental responses. Nat. Cell Biol. 14, 802–809. doi: 10.1038/ncb2545

Ryu, H., Kim, K., Cho, H., and Hwang, I. (2010). Predominant actions of cytosolic BSU1 and nuclear BIN2 regulate subcellular localization of BES1 in brassinosteroid signaling. Mol. Cells 29, 291–296. doi: 10.1007/s10059-010-0034-y

Song, X., Ma, X., Li, C., Hu, J., Yang, Q., and Wang, X. (2018). Comprehensive analyses of the BES1 gene family in Brassica napus and examination of their evolutionary pattern in representative species. BMC Genom. 19:346. doi: 10.1186/s12864-018-4744-4

Sun, Y., Fan, X. Y., Cao, D. M., Tang, W., He, K., and Wang, Z. Y. (2010). Integration of brassinosteroid signal transduction with the transcription network for plant growth regulation in Arabidopsis. Dev. Cell 19, 765–777. doi: 10.1016/j.devcel.2010.10.010

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011). MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. doi: 10.1093/molbev/msr121

Tang, W., Kim, T., Oses-Prieto, J. A., Sun, Y., Deng, Z., Zhu, S., et al. (2008). BSKs mediate signal transduction from the receptor kinase BRI1 in Arabidopsis. Science 321, 557–560. doi: 10.1126/science.1156973

Tang, W., Yuan, M., Wang, R., Yang, Y., Wang, C., and Wang, Z. Y. (2011). PP2A activates brassinosteroid-responsive gene expression and plant growth by dephosphorylating BZR1. Nat. Cell Biol. 13, 124–131. doi: 10.1038/ncb2151

Tanurdzic, M. B., and Banks, J. A. (2004). Sex-determining mechanisms in land plants. Plant Cell 16, S61–S71.

Tong, H., Xiao, Y., Liu, D., Gao, S., Liu, L., and Chu, C. (2014). Brassinosteroid regulates cell elongation by modulating gibberellin metabolism in rice. Plant Cell 26:4376. doi: 10.1105/tpc.114.132092

Unterholzner, S. J., Rozhon, W., Papacek, M., Ciomas, J., Lange, T., Kugler, K. G., et al. (2015). Brassinosteroids are master regulators of gibberellin biosynthesis in Arabidopsis. Plant Cell 27, 2261–2272. doi: 10.1105/tpc.15.00433

Wang, F., Gao, Y., Liu, Y., Zhang, X., Gu, X., and Liu, H. (2019). BES1-regulated BEE1 controls photoperiodic flowering downstream of blue light signaling pathway in Arabidopsis. New Phytol. 223, 1407–1419.

Wang, X., and Chory, J. (2006). Brassinosteroids regulate dissociation of BKI1, a negative regulator of BRI1 signaling, from the plasma membrane. Science 313, 1118–1122. doi: 10.1126/science.1127593

Wang, Y., Sun, S., Zhu, W., Jia, K., Yang, H., and Wang, X. (2013). Strigolactone/MAX2-induced degradation of brassinosteroid transcriptional effector BES1 regulates shoot branching. Dev. Cell 27, 681–688. doi: 10.1016/j.devcel.2013.11.010

Wang, Z. Y., Nakano, T., Gendron, J., He, J., Chen, M., and Chory, J. (2002). Nuclear-localized BZR1 mediates brassinosteroid-induced growth and feedback suppression of brassinosteroid biosynthesis. Dev. Cell 2, 505–513. doi: 10.1016/s1534-5807(02)00153-3

Wu, P., Song, X., Wang, Z., Duan, W., Hu, R., and Hou, X. (2016). Genome-wide analysis of the BES1 transcription factor family in Chinese cabbage (Brassica rapa ssp. pekinensis). Plant Growth Regul. 80, 291–301. doi: 10.1007/s10725-016-0166-y

Yan, H., Zhao, Y., Shi, H., Li, J., Wang, Y., and Tang, D. (2018). BRASSINOSTEROID-SIGNALING KINASE1 phosphorylates MAPKKK5 to regulate immunity in Arabidopsis. Plant Physiol. 176, 2991. doi: 10.1104/pp.17.01757

Ye, Q., Zhu, W., Li, L., Zhang, S., Yin, Y., Ma, H., et al. (2010). Brassinosteroids control male fertility by regulating the expression of key genes involved in Arabidopsis anther and pollen development. Proc. Natl. Acad. Sci. U.S.A. 107, 6100–6105. doi: 10.1073/pnas.0912333107

Yin, Y., Vafeados, D., Tao, Y., Yoshida, S., Asami, T., and Chory, J. (2005). A new class of transcription factors mediates brassinosteroid-regulated gene expression in Arabidopsis. Cell 120, 249–259. doi: 10.1016/j.cell.2004.11.044

Youn, J. H., Kim, M. K., Kim, E. J., Son, S.-H., Lee, J. E., Jang, M. S., et al. (2016). ARF7 increases the endogenous contents of castasterone through suppression of BAS1 expression in Arabidopsis thaliana. Phytochemistry 122, 34–44. doi: 10.1016/j.phytochem.2015.11.006

Yu, H., Feng, W., Sun, F., Zhang, Y., Qu, J., Liu, B., et al. (2018). Cloning and characterization of BES1/BZR1 transcription factor genes in maize. Plant Growth Regul. 86, 235–249. doi: 10.1007/s10725-018-0424-2


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.

Copyright © 2020 Ma, Ji, Liang, Li, Tian and Gao. 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-11-583996-g002.jpg
ATIG19350 - —"
ATIGTS080 —— —
ATIGTS700 —
AT2G45880 e ————————————
AT3GS0750 — e —

— e —

- —

— ———— -

- —

- —

AT4GIS590
AT4GI6780

ATSG45300

Cal G467200

Cs226361450

CsodGOS6S30 - - - — - — - —
CxGOR30 I —

CEGOI3S) ———— — - - e ——
I ——

H

E o EY o

Legend:
@B CDS W upercam/downstream  — Intron





OPS/images/fgene-11-583996-g001.jpg
5 8
= o :
3
o i
e Loy
e B,
e P 00, 0 *
G
5
19105, 1
G
06v€809ves) Iy
Solyc07g062260 @
pme1eTo0 *
o,
129%
%E.w% oo
)d)o
%%o,%
P Sy
§74
& %mmwv»-‘@@s
EI R RN
FEeEiinnne
FIfiiaes”
§83%%
LI
2

Groupl SRuzy





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Genome-Wide Identification, Structural, and Gene Expression Analysis of BRI1-EMS-Suppressor 1 Transcription Factor Family in Cucumis sativus



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material, Growth Conditions, and Stress Treatments



		Identification of the CsBES1 Gene Family in Cucumber



		Phylogenetic Relationship, Sequence Alignment, and Gene Structure Analyses



		Gene Expression Analysis Upon the RNA-Seq Data



		RNA Extraction and qRT-PCR







		RESULTS



		Identification of the BES1 Gene Family in Cucumber and Phylogenetic Relationship Analysis



		Gene Structure and Conserved Motif Analysis in Cucumber



		Analysis of Cis-Elements in the CsBES1 Promoters



		Expression Patterns of BES1 in Cucumber Various Organs



		Expression Pattern of BES1 Under Different Abiotic Stress Conditions







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-11-583996-g007.jpg
Relative expression =

Relative expression ™

Relative expression

1000
%0
500
700
600
500
w00
300
20
100
00

s
a0
38
30
25
20
15
10
0
00

400
350
300
250
200
150
100

50

00

= PEGROD
3 " PEGRID
PEG-R3H
= PEG.Reh
= PEGROh

= PEGRI2N

 PEGRUL

dgbo s.&“im.ilim-isu‘ll_nﬂw i

CHIGAETI0  Ca2GIES0  CoMGOSESI0  CxdGOSS  Ca6GOORS0  CrabGS0I930

= NaCEROM
NaCLRI
= NaCER3
o mnaren ol
= NaCERSh
B NaCERIZE

ENacHR2 b

CHIGHSTIO0  CdGIGLSD  CsmiGOSGSI0  CsndGOSS0  CsabGOORAS0  Ca6GSO1S30

= ColdR0h
ColdReh
= CodRIZh
= CodR2h
' ColdR2d
 ColdR3d
ColiRed
 CouRod

I A T R (0TS, A o T S R S A T T





OPS/images/fgene-11-583996-g004.jpg
- AuxRR-core

- - — | P-Box
TCA-element
TGACG-motif
CGTCA-motif
TGA-element
TATC-box

= MBS

= GC-motif
ARE

1
1
1
1
lll.l

| o | TC-rich repeats
- . LTR
= GCNd-motif
B GA-motif
—| | TCGC-motit
1-BOX
BOX4
CAT-BOX
GT1-motif
CCAAT-box
TCT-motif
02site
3-AF1 binding site
- |- | MRE
- = | = | AE-box
HD-Zip
GATA-motif

Circadian

1

1
1

CsalG467200.1
Csa2G361450.1
CsadG056530.1
CsadG083490.1
Csa6G003450.1
Csa6G501930.1

Hormone

Stress

Development





OPS/images/fgene-11-583996-g003.jpg
Name p -value Motif Locations

AT1G19350 14ge101NEEEM OO B 000
AT1G75080 23300 [N 00 W
AT1G78700 4750104 NN OO B
AT2G45880 5.71e-167 - jmm—_
AT3G50750 283100 THENML I B

AT4G18890 12600 CNNNN O W

AT4G36780 460e-106 THENE [ W

AT5G45300 4.49-167 n | 0 -

CsalG467200  570eios [N D W
5226361450 14se00 NN OO W

CsadG056530  4.74e-170 — e
CsadG083490  1pdeto3 TN I W
CsaG003450 g 51e-169 - 1/

CsaBG501930 ostet11 INNNN 00 W

Motif Symbol Motif Consensus.
ERRI TYAGLRAQGNYKLPKHCDNNEVLRA
RKPTWKERENNKRRE
ANPSPLSSYFPSPIPSYNPSPSSSSEPSP
IGKENPDI FFTDREGRRNPECLSHG] DKERVLRGRTGIEVYFDYM
VGIVEGWNPQEYNWSGYR
SPTSRD

(GHVVEEDGTTY

LENMIRDFKLKJQVVMAFHEC

ETTCRNR






OPS/images/fgene-11-583996-g006.jpg
Relative expression =

450
400
350
300
250
20
150
100

s0

00

Relative expression ™

Relative expression

= PEGLON
= PEGLIL

@ = PEGLh
= PEGL6h
u PEGLIN
= PEGLIZ
mPEGL2L

CHIGIT00  CdGIELSD  CidGOSGSI0  CindGOSS90  Ca6GOOMSO  Cs6GSOIS30

= NackLon
 NaCHLIL
CILsh
= NaCHLeh
= NaChioh
= NaCiLIzh
FReeteny

CaIGISTI00  Cu2GI64S0  CMGOSSI0  CMGOSS0  ChabGOOSS)  Caa6GR01S30

= Cold-Loh
= Cold-Leh
= Cold-Lizh
= Cold-L21h
ColdL2d
ColdLid
. Cold-Ld
= ColdL9d

e e s e e





OPS/images/fgene-11-583996-g005.jpg
ufF

wleal wFemale F mMale F

#®Root = Stem

" o
BRI S BN A =

uo1ssaIdxo aAnR[Y

Csa2G361450 CsadG056530 Csa4G083490 Csa6G003450 Csab6G501930

CsalG467200





OPS/images/cover.jpg
, frontiers

in Genetics

Genome-Wide Identification,
Structural, and Gene Expression
Analysis of BRI1-EMS-Suppressor
1 Transcription Factor Family in
Cucumis sativus





OPS/images/fgene-11-583996-t002.jpg
Species

Arabidopsis thaliana
Cucumis sativus
Cucumis melo
Solanum lycopersicum
Oryza sativa

Zea mays

Gene family (number)

AtBES1, BZR1 and BEH1 (8)
CsBZR1/BEST (6)
CmBZR1/BES1 (6)

SIBZR1/BES1/LAT61 (9)
OsBZR1 (6)
ZmBES1/BZR1 (11)





OPS/images/fgene-11-583996-t001.jpg
Genes Locusname  Chr. Location Subcellular  ORF length Protein physicochemical characteristics

localization

Length (aa) MW (KDa)  pl GRAVY

CSBESI-1  CsalG467200.1 1 16768701~16771593 () N 984 327 3635 897 ~0644
CSBES1-2  Csa2GI61450.1 2 17199641~17201363 (+) N 936 311 3419 917 0715
CSBES1-3  CsadGOSES30.1 4 4704832~4711322 (+) N 2010 669 7526 591 ~0404
CSBES1-4  CsadGOS3490.1 4 5606824~5610735 (+) N 978 325 3468 850 -0572
CSsBESI-5  CsabGO034S0.1 6 340459~346769 (- N 2007 698 7835 578 ~0.441
CSBES1-6  Csa6GS01930.1 6 25188710~25191519 (+) N 960 319 3464 896 ~0689

Abbreviation: Chr., chromosome; N, nucleus; Length (aa), length of amino acid: MW, molecular weight; pl, isoelectric point; and GRAVY, grand average of hydropathicity.
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