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Calreticulin (CRT) is a calcium-binding endoplasmic reticulum (ER) protein that has been identified for multiple cellular processes, including protein folding, regulation of gene expression, calcium (Ca2+) storage and signaling, regeneration, and stress responses. However, the lack of information about this protein family in tomato species highlights the importance of functional characterization. In the current study, 21 CRTs were identified in four tomato species using the most recent genomic data and performed comprehensive bioinformatics and SlCRT expression in various tissues and treatments. In the bioinformatics analysis, we described the physiochemical properties, phylogeny, subcellular positions, chromosomal location, promoter analysis, gene structure, motif distribution, protein structure and protein interaction. The phylogenetic analysis classified the CRTs into three groups, consensus with the gene architecture and conserved motif analyses. Protein structure analysis revealed that the calreticulin domain is highly conserved among different tomato species and phylogenetic groups. The cis-acting elements and protein interaction analysis indicate that CRTs are involved in various developmental and stress response mechanisms. The cultivated and wild tomato species exhibited similar gene mapping on chromosomes, and synteny analysis proposed that segmental duplication plays an important role in the evolution of the CRTs family with negative selection pressure. RNA-seq data analysis showed that SlCRTs were differentially expressed in different tissues, signifying the role of calreticulin genes in tomato growth and development. qRT-PCR expression profiling showed that all SlCRTs except SlCRT5 were upregulated under PEG (polyethylene glycol) induced drought stress and abscisic acid (ABA) treatment and SlCRT2 and SlCRT3 were upregulated under salt stress. Overall, the results of the study provide information for further investigation of the functional characterization of the CRT genes in tomato.
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1 Introduction

Calreticulins (CRTs) are ubiquitous proteins localized in the eukaryotic cells’ endoplasmic reticulum (ER). These chaperones fold newly synthesized proteins and act as buffering proteins to regulate Ca2+ homeostasis (Thelin et al., 2011). The first purified CRT-like Ca2+ storage protein in plants was obtained from spinach leaves (Menegazzi et al., 1993). Later many genes encoding CRT as a potential calcium-binding protein were cloned and characterized in various plant species like Arabidopsis (Arabidopsis thaliana), barley (Hordeum vulgare), Chinese cabbage (Brassica rapa), maize (Zea mays), tobacco (Nicotiana tabacum), wheat (Triticum aestivum), castor bean (Ricinus communis), rice (Oryza sativa) and petunia (Petunia species) (Chen et al., 1994; Denecke et al., 1995; Kwiatkowski et al., 1995; Lim et al., 1996; Coughlan et al., 1997; Nelson et al., 1997; Li and Komatsu, 2000; Jia et al., 2008; Lenartowski et al., 2014). Structurally, plant CRT is similar to animal CRT; however, the number of CRT varies among animals and plants. In animals, the CRT family contains two CRT genes (CRT1 and CRT2) (Persson et al., 2002). At the same time, three CRT members exist in plants, classified into two different subgroups, CRT1 and CRT2, designated as one group and CRT3 as another group (Persson et al., 2003; Christensen et al., 2010). The plant CRT proteins mainly comprise 420 amino acids with three major structural domains. The N terminus of the protein contains a highly conserved N domain, categorized by the existence of two calreticulin-specific motifs. The central region contains a rich sequence of proline residues and is designated as the P domain. This protein region has high affinity but low calcium binding capacity. The remaining region towards the C-terminus represents a high calcium binding capacity C domain ending with an ER retention sequence (Matsuoka et al., 1994; Joshi et al., 2019).

The CRT participates in cellular and biological processes, such as cell signaling, protein folding, Ca2+ binding and storage, gene expression, ER targeting and retention signals, cell-to-cell communication and plant developmental and stress responses (Jia et al., 2009; Komatsu et al., 2009; An et al., 2011; Thelin et al., 2011). Ca2+ deficiency-like symptoms cause yield losses in crops. However, the maize CRT gene enhanced Ca2+ accumulation and improved plant nutrient content in co-expressed tobacco and tomato plants (Wu et al., 2012). The overexpression of CRT1 modulates calcium homeostasis and enhances root and shoot regeneration in transgenic plants (Jin et al., 2005). Earlier, it was shown that the petuna PhCRT gene is highly expressed in germinating pollen, pistil-transmitting tract cells, fertilization and early embryogenesis (Lenartowski et al., 2014). In sexual reproduction, growing pollen tubes require stabilization of the Ca+2 gradient and CRT translation on ER membrane-bound ribosomes controlled Ca+2 concentrations within the tube cytoplasm (Suwińska et al., 2015; Suwińska et al., 2017). The high expression of CRT1 regulates Ca2+ homeostasis during sexual reproduction and pollen grain formation and maturation (Lenartowski et al., 2015; Wasąg et al., 2017; Suwińska et al., 2022).

CRT plays a key role in plant defense responses and resistance to biotic and abiotic stresses (Chen et al., 2005; Jia et al., 2009; Qiu et al., 2012). In Arabidopsis, salicylic acid level and transcript of genes associated with systemic acquired resistance increased after Pseudomonas syringae pv. tomato DC3000 infection. It was found that the increase in endogenous salicylic acid level was due to the CRT2 C-terminus domain calcium buffering activity in response to pathogen attack (Qiu et al., 2012). Another study revealed that CRT3 loss of function resulted in low accumulation of the elongation factor Tu receptor (EFR), an important pattern recognition receptor that performed functions in pathogen-associated molecular pattern-triggered immunity (PTI), and this low accumulation of EFR enhanced the susceptibility of the crt3 mutant to both virulent and non-virulent strains of pathogen compared to the wild type (Li et al., 2009). The efficient plant-mycorrhiza symbiotic association requires proper Ca2+ storage and mobilization. This association is important for plant survival in severe environmental and heavy metal stress conditions (Cheng et al., 2021; Riaz et al., 2021). The CRT was found to be essential for calcium mobilization and aluminum stress response in the mycorrhizal roots of Medicago truncatula (Sujkowska-Rybkowska and Znojek, 2018).

In Arabidopsis, CRT1, CRT2 and CRT3 triple knockout mutants increased sensitivity to drought stress, suggesting that CRT is involved in folding proteins related to drought stress in plants (Kim et al., 2013). In wheat, the TaCRT1 and TACRT3 expressions were induced under drought stress conditions, and the TaCRTs overexpressed lines maintained higher physiological indices related to drought tolerance (Li et al., 2009; An et al., 2011). Similarly, salt stress-induced expression of wheat CRT genes and TaCRT1 enhanced antioxidant activities to reduce salt stress damage in transgenic tobacco plants (Xiang et al., 2015). In rice, calreticulin interacting protein 1 (CRTintP1) accumulated higher in the cold-tolerant variety compared to the intermediate varieties, and CRTintP1 transgenic lines showed a higher survival percentage in cold stress conditions (Komatsu et al., 2007).

Although several CRT genes are identified in different plant species, however, few analyses of the CRT family in evolution have been conducted. Therefore, it is a pressing need and of great importance to better understand the CRT family members in tomato, because of their essential role in various biological processes and stress responses. Tomato is an important vegetable crop and model research plant with wide consumption and demand worldwide. Due to climate change and diverse growing conditions, tomatoes are exposed to different environmental stresses that harm their development and productivity. In this study, we performed a detailed bioinformatics analysis and comprehensive characterization of the CRT gene family in cultivated and wild tomato species, including physicochemical properties, gene structure, chromosomal location, cis-acting element analysis, intra- and interspecific homology, gene localization and synteny analysis. The tissue-specific expression of SlCRTs was performed using digital data. We also investigated the expression pattern of SlCRTs under drought, salt, and ABA treatments. The findings of this study will provide the foundation for further detailed functional analysis of the tomato CRT gene family.




2 Materials and methods



2.1 Sequence retrieval and characterization of CRT genes in tomato

The CRT family members in the four tomato species were identified in the protein sequences retrieved from the Solanaceae Genomics Network (https://solgenomics.net/, accessed November 15, 2023). The HMM profile of the CRT domain (PF00262) was downloaded from Pfam (http://pfam.xfam.org/, accessed November 15, 2023), and searched against downloaded protein sequences by using HMMER search (https://www.ebi.ac.uk/Tools/hmmer/, accessed November 15, 2023). All the predicted CRT family members were further confirmed through hmmscan and SMART database (http://smart.embl.de/, accessed November 17th, 2023) for the presence of CRT domains. The CRT protein’s physicochemical parameters, such as amino acid number, molecular weight, theoretical pI, isoelectric point, grand average of hydropathicity (GRAVY) and instability index were computed through the EXPASY ProtParam Tool (http://www.expasy.org/tools/protparam.html, accessed November 19, 2023) and the proteins subcellular localization were predicted with the SubCELlular Localization Predictor Tool (http://cello.life.nctu.edu.tw/, accessed November 19, 2023).




2.2 Gene structure, conserved domain and motif identification

The CDS and genomic sequences of CRT family members were used to survey the exon/intron organization and analyze the gene structure by the genes structure display Server program (GSDS) online server (http://gsds.cbi.pku.edu.cn, accessed November 22, 2023). For the evaluation of conserved motifs and domain, the CRT protein sequences were searched using the Multiple Expectation Maximization for Motif Elicitation (MEME) (http://meme-suite./org/tools/meme, accessed November 22, 2023) and HMMER online tools, respectively. Further, the Gene Structure View package in the TBtools toolkit was used for visualization (Chen et al., 2020).




2.3 Phylogenetic analysis

In addition to four tomato species, amino acid sequences of five other monocot and dicot plants were used for the phylogenetic analysis (Supplementary Table S1). The CRT protein sequences of these species were retrieved using HMMER search. All the protein sequences were aligned with the MUSCLE method and the phylogenetic tree was constructed in Mega 11 using the neighbor-joining method with 1000 bootstrap values. Further, the tree was designed with the ITOL tree online tool (https://itol.embl.de/, accessed November 25, 2023).




2.4 Chromosomal location, gene duplication and synteny analysis

The chromosomal position of the 21 candidate CRT genes was retrieved from the genome annotation file and visualized using the Show Genes on Chromosomes- Gene Location Visualize package in TBtools (Chen et al., 2020). The MCScanX toolkit (https://github.com/wyp1125/MCScanX, accessed November 28, 2023) was used to calculate the gene duplication for tomato CRT genes (Wang et al., 2012). The homologous gene duplication and divergence events and the selection pressure on duplicated genes indicated by Ks and Ka, respectively were determined in the TBtools software. The times of duplications in each gene pair were calculated through the formula T = Ks/2λ, where λ= 1.5 x10-8 substitutions/synonymous site/year (Blanc and Wolfe, 2004). The degree of homology and evolutionary divergence tree for the CRT genes of the tomato and six other plant species was computed and visualized using the Dual Synteny Plotter implemented package in the TBtools.




2.5 Promoter region analysis for cis−acting regulatory elements

To predict the cis−acting regulatory elements in the promoter region, sequences of 2000bp (upstream of the transcription start site) were extracted for the CRT members of both cultivated and wild-type tomato species. The acquired sequences were examined in PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed November 23, 2023) and the obtained results were visualized and classified.




2.6 Protein modeling prediction and protein-protein interactions

The Phyre2 online portal (http://www.sbg.bio.ic.ac.uk/phyre2/html, accessed December 09, 2023) at the intensive modeling mode was used to predict the structure of the of CRT proteins in the cultivated tomato (Kelley et al., 2015). To further depict the role of the CRT protein family, the functional interactions between SlCRTs were obtained using amino acid sequences for protein-protein in STRING database (https://string-db.org/, accessed December 10, 2023).




2.7 RNA sequencing analysis of SlCRT genes

Expression profiles for the SlCRT genes were carried out from the Tomato Functional Genomics Database (http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi, accessed December 15, 2023). The expression patterns of SlCRTs were investigated in various tissues including leaf, root, bud, flower and fruit stages (1cm, 2 cm, 3 cm, mature green, breaker, and breaker+ 10). TBTools software was utilized to visualize and create a heat map for analysis of the data.




2.8 Plant material, growth conditions and treatments

Tomato (Solanum lycopersicum) cv. M82 was used to study the expression patterns of SlCRT genes. First, the seeds were washed and soaked with warm distilled water and then placed in water-saturated filter paper for germination. The healthy germinated seeds were transferred to seedling trays containing a mixture of soil, peat, and vermiculite and placed in the growth room under control conditions at 25°C/18°C, 16 h light/8 h dark photoperiod with a relative humidity 60-70%. One-month-old seedlings were exposed to ABA treatment and abiotic stress conditions. In ABA treatment, 100 µM solution was sprayed on seedlings until the solution dripped from the leaves and an equal amount of mock solution was used as a control. The drought and salt stresses were imposed by applying 15% polyethylene glycol (PEG-6000) and 200 mM sodium chloride solutions, respectively. The composite leaf samples were collected from five uniform seedlings at 0, 3, 6, 12 and 24 hours. The samples were immediately frozen in liquid nitrogen and stored at -80 °C for further analysis.




2.9 RNA extraction and qRT-PCR analysis

Total RNA Extraction Kit, Polysaccharide Polyphenol Plant (DP441, Tiangen, Beijing, China) was utilized to extract the RNA from the selected samples, following the manufacturer’s instructions. The first strand of cDNA was synthesized using 5 × All-In-One RT MasterMix (G492, ABM, Vancouver, Canada) according to the labeled instructions. NCBI primer design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast) was used to design SlCRT genes qRT-PCR specific primers (Supplementary Table S2). The total reaction mixture was 20 µl containing 1 µl of cDNA template, 10 µl of SYBR qPCR Master Mix (Q711, Vazyme, Nanjing, China), 0.5 µl each primer and 8 µl of sterile distilled water. Quantitative RT-PCR was carried out using LightCycler® real-time fluorescent quantitative PCR system (Roche, Basel, Switzerland) with PCR conditions: at 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30s. The relative expressions of the genes were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001) with the SlActin gene as a normalized control.




2.10 Statistical analysis

SPSS (IBM, Armonk, New York, USA) software was used for data analysis. One-way ANOVA post hoc Least Significant Difference (LSD) test was used for multiple comparisons with a level of significance p ≤ 0.05 and were expressed as the mean ± standard error (SE) of three replicates.





3 Results



3.1 Genome-wide analysis reveals consistency of CRT in tomato

The hidden Markov model (HMMER) 3.0 was used to identify the tomato CRT family candidate genes. The predicted amino acid sequences were verified using hmmscan and SMART for the presence of the CRT domain “PF00262”. Finally, 5, 5, 5 and 6 CRT genes were identified in S. lycopersicum, S. pennellii, S. pimpinellifolium, and S. lycopersicoides, respectively. The identified genes were named SlCRT1 to SlCRT5, SpiCRT1 to SpiCRT5, SpCRT1 to SpCRT5, and SlydCRT1 to SlydCRT6 based on their chromosomal location (Supplementary Table S3).




3.2 Physiochemical properties of CRT proteins and prediction of localization

Important characteristics of 21 CRT proteins from four tomato species are presented in Table 1. In case of SlCRT, the CDS length ranged from 1242 (SlCRT3) to 1617 (SlCRT2), with an average length of about 1400 bp. The length of amino acids ranged from 413 (SlCRT3) to 538 (SlCRT2), molecular weight in the range of 47. 60 to 48.54, isoelectric point values in the range of 4.50 to 6. 55, an aliphatic index in the range of 56.64 to 72.34 and an instability index between 35. 53 to 44.30. Similarly, the CDS length varied from 645 to 1617 in the other three species and the amino acid length from 214 to 538. Whereas the molecular weight, instability index and aliphatic index in the three wild species varied from 24.97 to 60.97, 34.03 to 43.1 and 56.64 to 98.41. Proteins CRT1 and CRT3 were stable in nature with lower instability index in all four species. The results of isoelectric points indicated that all CRT proteins are acidic with low pi (pI < 7) values except SpiCRT3 (8.37). Hydrophilicity analysis showed that all 21 CRT proteins are hydrophilic with negative GRAVY values. The subcellular localization prediction of each member of CRT was performed and it was found that CRT proteins were located in the endoplasmic reticulum, nucleus and cytoplasm (Table 1). CRT1 and CRT2 proteins of cultivated and wild tomato species were predicted to be located in the endoplasmic reticulum and CRT3 in the nucleus, except SpiCRT3, which is in the cytoplasm.


Table 1 | Detailed information and protein properties of identified calreticulin genes in different tomato species.






3.3 Evolutionary relationship of CRT genes

To investigate the evolutionary history of the CRT family members, all the CRT protein sequences, 21 from tomato and 29 from other monocot and dicot species were utilized to construct an unrooted phylogenetic tree with the MEGA 11.0 software. Based on the bootstrap and the tree’s topology, the CRT genes were categorized into three groups designated as I, II and III (Figure 1). Group III harbored 20 CRTs, represented the biggest and groups I and II contained 17 and 13 CRTs respectively. The CRT members from all selected plant species were distributed in all three groups, among which cultivated tomato SlCRT2 and SlCRT5 were distributed in group I, SlCRT1 in group II and SlCRT3 and SlCRT4 in group III. The wild tomato CRT genes showed a similar distribution pattern as the cultivated tomato, except for S. lycopersicoides in which SlydCRT2 and SlydCRT6 clustered in group I, SlydCRT1 in group II and SlydCRT3, SlydCRT4 and SlydCRT5 in group III. The cultivated tomato SlCRT genes are more closely related to the members of the CRT gene families of its wild progenitors and the clustering of different species CRT members into the same group suggested that they have similar origins, evolutionary history and relationships.




Figure 1 | Phylogenetic analysis among CRT members. A total of fifty proteins in nine plant species were identified and used for phylogenetic tree construction. The number of proteins from each species includes; S. lycopersicum (5 members), S. pimpinellifolium (5 members), S. pennellii (5 members), S. lycopersicoides (6 members), A. thaliana (5 members), S. tuberosum (6 members), Vitis vinifera (6 members), O. sativa (5 members), and Z. mays (7 members). The MEGA 11 with MUSCLE method for protein alignments and NJ method (1000 iteration) was used for tree construction. The different colors showed different phylogenetic groups.






3.4 Gene structures and motif analyses of the tomato CRT gene family

To study the structural diversity of CRT genes of different tomato species, we compared the intron and exon structures with their corresponding genomic DNA sequences by constructing an unrooted phylogenetic tree of CRT genes (Figure 2A). The analysis showed that the CRT gene members in four tomato species were clustered into three groups. Group III was the dominant with 9 members followed by group I (8 genes) and group II had 4 genes. The intron and exon numbers varied in each group, ranging from 4 to 13 and 5 to 14 respectively (Figure 2B). Furthermore, members clustered in the same group shared similar exon-intron structures, including the number of exons and introns. For instance, all the genes in group one contained 7 introns and 6 exons. In contrast, CRTs in group III showed diversity in the exon and intron numbers with SlydCRT5 containing only 5 exons and 4 introns. Protein structure analysis of the CRTs revealed that the length and position of the calreticulin domain were highly conserved among different tomato species and phylogenetic groups (Figure 2C). The domain positions in group one, group two and most of the group three members were slightly towards the N-terminal, while in group three the SlydCRT4 and SlydCRT5 candidates domains were more towards N-terminal and C-terminal than other members, respectively. Furthermore, the identity percentage of all the CRT protein sequences in the four tomato species was 51.77%, which varied in each group, with 97.72%, 89.87% and 64.1% in I, II and III groups, respectively. To further describe the structural diversity of CRT members from the four tomato species, the analysis of the conserved motif using MEME tool depends on the amino acid sequences with twenty motifs (Figure 2D; Supplementary Table S4). The detected motifs length ranged from 11 to 50 amino acids and almost all CRT genes studied here contained motifs 1 and motif 3. Further, members within group one and group two shared exactly similar motif numbers and patterns. In both groups, motifs 12 and 15 were distributed at the C-terminus and N-terminus of motif patterns, respectively. However, it was found that the variation in the domain position of the two members (SlydCRT4 and SlydCRT5) changed the motif numbers and patterns in group three. In conclusion, CRT genes from both cultivated and wild types showed a high degree of homology in structure and motif, implying that they may be closely related and have similar functions.




Figure 2 | Phylogenetic relationship, genomic architecture, conserved domains & motifs of CRT genes in tomato. (A) Phylogenetic tree; different shapes and colors represent different species and groups. (B) Exon, intron and untranslated regions (UTRs) of tomato CRT genes (C) Distribution of conserved domain of CRT. The green boxes represent the conserved calreticulin domain. (D) The motif composition of CRT proteins. The 20 different motifs are visualized in different colors.






3.5 Putative cis-regulatory element analysis in the CRTs gene promoters

Cis-regulatory elements are essential in the transcriptional initiation of various developmental, hormonal and stress-related genes (Marand et al., 2023). In order to explore the cis-elements in the CRT genes of the four tomato species, 2000 bp upstream promoter regions were retrieved from the Sol Genomics Network. The promoter sequences were then uploaded to the PlantCARE database to identify the putative cis-acting elements. Overall, 47 types of elements were detected in the 21 genes of four tomato species (Figure 3). Based on their regulatory and biological functions, the elements were further classified into four categories: light-responsive (17), stress-responsive (11), phytohormone-responsive (10), and plant growth and development cis-elements (9). Two light-responsive cis-elements (Box-4 and G-box), three stress-responsive (ARE, MYC and MYB), three phytohormones responsive (ERE, ABRE, and TGACG-motif), and one plant growth and development cis-element (as-1) were identified in the high ratio in the promoter regions of the different tomato species CRTs genes. Here, the presence of various types and numbers of cis-elements at different positions in the gene promoter region reveals the potential function of the gene.




Figure 3 | Cis-elements in the promoter regions of SlCRT, SpiCRT, SpCRT and SlydCRT genes. Division of cis-elements into four major categories according to their function. Each color and shape characterize a specific element and the digit in the box represents the number of each element in the promoter region.






3.6 Chromosome mapping and synteny analysis

To examine the chromosomal distribution, each CRT from one cultivated and three wild species was searched and mapped on the respective chromosomes according to the number and position of the chromosome. The results demonstrated that twenty-one CRTs were positioned on six of the twelve tomato chromosomes including chromosomes 1, 3, 4, 5, and 6 (Figure 4). Among the species, the distribution of CRT on S. lycopersicum, S. pennellii and S. pimpinellifolium was exactly similar with one gene on each chromosome, while one extra gene of S. lycopersicoides mapped on chromosome 5. Almost all the genes of the four species were distributed on one side of the chromosomes except CRT3 which was centrally mapped.




Figure 4 | Chromosomal mapping of calreticulin genes on different tomato species. The different color columns and the number displayed on the top of each column represent the chromosomes and chromosome numbers in each species, respectively. The scale is expressed in megabase (Mb).



Gene duplication events are the key factors involved in the gene amplification and expansion of gene families during the genome’s expansion (Cannon et al., 2004). In this study, we did not find any tandemly duplicated gene pair in the four tomato species, while eight CRTs were found to exhibit four pairs (single pair for each species) of segmental duplication events positioned on the different chromosomes (Figure 5). The matching pair genes CRT2-CRT5 were common in S. lycopersicum, S. pimpinellifolium and S. pennellii, while different in S. lycopersicoides (CRT2-CRT6). Further, the species evolution assessment revealed that the Ka/Ks ratios for all segmentally duplicated CRTs gene pairs were less than 1, which implies that during the evolution process, tomato CRTs have gone through pure selection (Supplementary Table S5). The predicted divergence time showed that duplication of SlCRT2 & SlCRT5 in S. lycopersicum, SpiCRT2 & SpiCRT5 in S. pimpinellifolium, SpCRT2 & SpCRT5 in S. pennellii, and SlydCRT2 & SlydCRT6 in S. lycopersicoides occurred approximately 24.55, 24.46, 24.78 and 23.52 Mya, respectively. Segmental duplication is suggested to play a crucial role in amplifying the CRT family in tomato species.




Figure 5 | Synteny analysis for CRT gene family in different tomato species. Circle, outside to inside, chromosome number and density (first circle), heat map for gene density on each chromosome (second circle) and ideogram along with coordinates of chromosome (third circle). The different color lines represent the synteny pairs of CRT genes and the gray lines illustrate the synteny of all genes in different tomato species.



Further, interspecies collinearity analysis was performed to identify the homologs of the CRT genes between four tomato species, two monocots (O. sativa and Z. mays) and four dicots (A. thaliana, S. melongena, S. tuberosum and Vitis vinifera) species. The results showed that five tomato CRT genes were collinear with S. tuberosum, four were collinear with S. melongena and only two were with other plant species (Figure 6). However, the divergence time revealed higher intraspecific homology among different Solanaceae members and a distant relationship with other plant species. This homology was probably because of their close kinship.




Figure 6 | Divergence times and the syntenic relationship between homologous CRT genes of tomato and other plant species. The evolutionary divergence tree is on the left side of the figure with divergence time and name of species in each branch. The horizontal bars of different colors and numbers characterize the chromosomes of different species. The lines in red color represent the synteny pairs of CRTs between different plant species.






3.7 Predicted protein modeling and interaction networks

The five predicted models of the SlCRTs were generated using the Phyre2 online tool based on c3rg0A and c1jhnA templates with a 100% probability (Figure 7A). The prediction results showed that SlCRT1, SlCRT3 and SlCRT4 shared similar protein structures, however, SlCRT4 and SlCRT5 have more coiled structures compared to the other members. The protein interaction results showed different interactions of SlCRTs, where the total number of nodes was 11 with 8.91 average node degree. The STRING analysis revealed 49 edges and three representative local network clusters: CL: 4111, CL: 4113 and CL: 4117. The SlCRTs showed interactions with heat shock proteins (Hsps) SlHSP90 and SlHSP70 and lumenal binding protein (Bip/GRP78) (Figure 7B). Moreover, the protein analysis exhibited a common calreticulin domain (PF00262) in all five members.




Figure 7 | Protein analysis: (A) Predicted 3-D structures of CRT proteins. (B) Tomato CRT family members interaction network with other proteins.






3.8 Expression of SlCRTs in different plant tissues

To observe the expression profiles, already published RNA-seq data was used to examine the expression of SlCRTs genes in various plant tissues and development stages. The result showed that all five tomato SlCRT genes were differentially expressed among the examined tissues (Figure 8; Supplementary Table S6). SlCRT1 showed a significantly higher expression level than the other SlCRTs in all detected tissues, whereas SlCRT5 exhibited the lowest transcript accumulation in most tissues except the bud. Furthermore, SlCRT1, SlCRT2 and SlCRT3 showed maximum expression patterns in roots, buds and different fruit developmental stages, while SlCRT4 and SlCRT5 were highly expressed in fruits and buds, respectively. Interestingly, the transcript level of all the CRT genes was lowered in the leaf tissue than in other tissues except for SlCRT3, which was expressed at a high level in leaf tissues.




Figure 8 | Heatmap of expression profiling of tomato CRT genes in different tissues. RNA-seq data in different tissues of tomato cultivar Heinz (Log2-based RPKM values). Color score from blue to red; low to high expression.






3.9 Expression analysis of SlCRTs under abiotic and ABA treatments

To determine the expression profiling of tomato CRT genes, quantitative RT-PCR analysis was performed at different time intervals under drought, salt and ABA treatments (Figure 9). In drought stress, the expression of SlCRT1 and SlCRT2 significantly up-regulated and reached a maximum of 7 and 13 folds at 24 h and 12 h respectively. The SlCRT3 showed a similar expression to that of control at 1 h, however, increased at 6, 12 and 24 h and peaked 10 folds at 3 h treatment. SlCRT4 expression plummeted at 1 h but after that steadily increased and rose to 2 folds at 24 h treatment. Interestingly, a gradual decrease was observed in the expression of SlCRT5 at 3, 6 and 12 h before recovering at 24 h. Under salt stress treatment, the expressions of SlCRT2 and SlCRT3 showed similar expression trends as both were initially up-regulated and then fell back. The maximum expression level of SlCRT2 (3.5 folds) and SlCRT3 (4 folds) was recorded at 6 h treatment. The expression level of SlCRT1, SlCRT4 and SlCRT5 significantly downregulated under salt treatment. In SlCRT1, the transcript level was lowered at all treatment time points in comparison to control, however, SlCRT4 and SlCRT5 expressions were recovered and induced up to 2 folds at 24 h. In ABA treatment, the expression of SlCRT1, SlCRT2 and SlCRT4 exhibited similar expression to that of control at 3 h before reaching a maximum of 18, 16 and 6 folds, at 12, 24 and 6 h, respectively. Additionally, the expression of SlCRT3 initially downregulated at 3h, however, significantly increased at 6, 12 and 24 h with a maximum expression of 5 folds. The SlCRT5 showed a gradually low expression level from 3 to 12h time points, but significantly induced (2 folds) at 24 h compared to the control. The differential expression and response to abiotic stresses and ABA treatments implied the potential role of SlCRT genes in mediating the tolerance mechanism of tomato.




Figure 9 | Expression analysis of SlCRT genes under drought, salt and ABA treatments at different time points (0, 3, 6, 12 and 24 h). Bars represent the mean values of three replicates ± standard error (SE). Different and the same letters indicate significant and non-significant differences at p ≤ 0.05, respectively.







4 Discussion

Calreticulin is a Ca2+-binding ER protein that helps fold proteins and performs functions in the maintenance of cellular homeostasis and molecular chaperoning during key developmental processes and stress responses (Wasąg et al., 2017; Hetz and Papa, 2018; Pröbsting et al., 2020). The typical characteristics of CRT proteins are the N-terminus globular domain, the middle proline-rich P domain and the ER-retention sequence domain at the C-terminus with the different functional roles of each domain (Joshi et al., 2019). The calreticulin family has been extensively studied in animals, and described in a few plant species. However, there is a paucity of information about the careticulin genes in solanaceous crops.

Plant CRTs were first described in 1998 and initially classified into two homologous groups (Crofts and Denecke, 1998). In this study, we identified CRT family members in four tomato species and performed comprehensive bioinformatics and expression analysis. The cultivated tomato CRT family contains 5 genes, the same number as that of Arabidopsis, rice, and two wild tomato species but less than that of maize, grapes, potato and S. lycopersicoides. The equal number of genes in both cultivated and wild species implies that the cultivated tomato has maintained the CRT gene number during domestication. As continued domestication and selection result in the loss of genes, comparatively wild tomato species characterize a rich gene pool and substantial gene loss makes the cultivated tomato genetic diversity too narrow (Gao et al., 2019; Szymański et al., 2020; Li et al., 2021a). The CRT family is distributed on chromosomes 1, 3, 4, 5 and 6, which was highly consistent in all tomato species except S. lycopersicoides, which contained two CRT genes on chromosome 5. Most of the CRT genes were mapped at the same position and towards the terminal ends of the tomato chromosomes. Based on their similar distribution characteristics, the CRT genes showed consistency in their physiochemical properties such as molecular weight, amino acid, isoelectric point, and instability index.

The phylogenetic analysis divided the CRT genes of tomato and other plant species into three groups. Group III contained the most (40%) genes, with one gene from Arabidopsis, two from cultivated and other species, three from S. lycopersicoides and four from potato. Previously, the CRT genes of various monocotyledon and dicotyledon species were classified into three subgroups based on their cDNA sequences (Wasąg et al., 2019). Structure analysis of CRT members showed that the phylogenetic groups I and II were more conserved concerning exon/intron numbers or conserved motif, but the group I members had relatively low intron numbers compared to the other two groups, suggesting that group I experienced a significant loss of intron during the evolutionary process. Interestingly, in S. lycopersicoides the one extra gene on chromosome 5 (SlydCRT5) contained 5 exons and 4 introns, probably a duplicated pseudo gene containing low exons (Persson et al., 2003).

In the analysis of promoter sequences of the CRT genes, we found 47 types of cis-elements in tomato, showing that the CRT family is involved in numerous growth and developmental processes, hormonal regulations, stress responses and other functions. In cis-acting elements, mainly box 4, G-box, MYB, MYC, ERE and ABRE were most significantly enriched in all four species, which proves the involvement of CRT genes in different responses and may affect the life activities of tomato by regulating various biological and molecular processes, which is consistent with previous reports (An et al., 2011; Qiu et al., 2012; Sun et al., 2023).

The gene duplication process is a prevailing feature involved in whole genomes and gene family evolution, consisting of four different events, such as segmental duplication, tandem duplication, whole genome duplication and transposition events (Paterson et al., 2010). However, the prior two duplication mechanisms played a more crucial role in the expansion and evolution of the gene family (Cannon et al., 2004). Previously, it has been demonstrated that both tandem and segmental duplication are involved in the expansion of various tomato gene families, for instance, the NAC and SRO gene families (Jin et al., 2020; Li et al., 2021b). It was observed that only segmental duplication contributed to the evolutionary process of CRT genes in tomato species. Out of five genes, segmental duplication has occurred in one gene pair, with identical genes and chromosomal positions in the cultivated tomato and two wild species (S. pennellii and S. pimpinellifolium), however different in S. lycopersicoides. The Ka/Ks ratio measures the evolution process as neutral (Ka/Ks=1), positive (Ka/Ks>1) and negative (Ka/Ks<1) (Hurst, 2002). The Ka/Ks ratios of duplicated gene pairs in both cultivated and wild tomatoes were less than 1, and the finding proposed that the duplicated gene pairs were subjected to negative (purifying) selection. Therefore, we hypothesize that the segmental duplications contributed to the expansion of the tomato CRT family, which is a slow-evolving gene family. Previously it was believed that the MYB gene family evolved slowly and that the segmental duplication mechanism occurred in the MYB family (Wang et al., 2015).

Generally, whole genome duplication is an important event in the evolution and expansion of gene family, as it isn’t easy to attain the expansion through single-gene duplication events (Van De Peer et al., 2009). The CRT genes are widespread in living organisms and it indicated that they were initially derived from ancestral gene duplication before the divergence between chlorophyta and embryophyta (Del Bem, 2011). The second round of duplication occurred before the evolutionary split of plants into monocots and dicots, which advocates the existence of CRT orthologs in different plant species (Soltis et al., 1999; Persson et al., 2003). At 14.5 Mya, 117 Mya and 160 Mya tomatoes began to separate with solanaceous crops (potato and eggplant), dicots and monocots, respectively, which shows that the evolution of the CRT genes is slowed. SlCRT1 and SlCRT2 are two conserved members of solanaceous crops that maintain a certain degree of identity with ancestral genes. The dicots and monocots shared two homologous CRT pairs, while three to four pairs were between the Solanaceae and other dicots. Similarly, the tomato species shared more syntenic genes with S. tuberosum compared to S. melongena, the same as among the cultivated and wild tomato species.

The cell requires ER activities to synthesize proteins during growth and under stress conditions. Most secretory and transmembrane proteins mature and fold in the ER, and ER stress repose pathways activate during stress conditions to induce the expression and splicing of transcription factors (Kaur and Kandoth, 2021). The prediction results for SlCRT protein interaction showed that CRT proteins interacted with various transcription factors such as heat shock proteins (Hsps) SlHSP90 and SlHSP70 and lumenal binding proteins (Bip/GRP78). Heat shock proteins are molecular chaperones essential to diverse processes such as heat shock transcription factors (Hsfs) regulation, protein folding, signal transduction, growth and development, linked to hormonal responses and biotic and abiotic stress responses (Hahn et al., 2011; Xu et al., 2012; Yadav et al., 2021; Pascual et al., 2023). Similarly, plant BiPs genes are involved in regulating various physiological and molecular mechanisms such as the accumulation of solutes, restoration of alpha-amylase enzyme, stomatal conductance and stress tolerance (Leborgne-Castel et al., 1999; Alvim et al., 2001; Yan et al., 2011; Coutinho et al., 2019; Aghaie and Tafreshi, 2020; Herath et al., 2020). Interestingly, the BiP4 and CRT3 also formed a complex during virus infection and facilitated the movement of viruses in plants (Huang et al., 2023). The interaction of SlCRTs with the described proteins indeed enhances the tomato plant ability to regulate function and resist adverse environmental conditions.

Expression pattern of genes in plant tissues can explore important information about their characterization and functional role in different processes. The digital data analysis showed that the three genes SlCRT1, SlCRT2 and SlCRT3 specifically expressed in roots, which may be related to root development or growth regulation. SlCRT4 was highly expressed in all fruit stages from the young to the breaker stage, indicating that it may be involved in early fruit development. SlCRT5 has higher expression in the flower and bud stages than in the other detected tissues. This gene may be related to the regulation of tomato flowering or the transition to the reproductive stage from the vegetative stage. Previous findings justify our observations, as PhCRTs have been well-studied in petunia for their critical role in key reproductive events (Suwińska et al., 2022). In Brassica rapa, the BrCRT1 gene has a role in Ca2+ signaling mechanisms related to regeneration and improved shoot and root initiation and regeneration in transgenic tobacco plants (Jin et al., 2005).

Abiotic stress conditions are the major limiting factors for normal plant growth and development. The increased in frequency of extreme weather and changes in climatic conditions exacerbated the adverse effects of the abiotic stresses (Dietz et al., 2021; Razzaq et al., 2021). The primary signals caused by drought and salt stresses are osmotic stress and their secondary effects include oxidative damage. Osmotic stress agents cause an increase in the cytosolic free calcium concentration in plants (Zhu, 2016). As an important inner cellular Ca2+ balance regulator, calreticulin is differentially expressed by diverse stress conditions (An et al., 2011). In our study, the qRT-PCR analysis revealed that both drought and salt stress significantly enhanced the transcript level of SlCRT2 and SlCRT3. However, the expression of SlCRT1 and SlCRT4 significantly increased and decreased under drought and salt stress, respectively. TaCRT1, TaCRT2 and TaCRT3-1 genes were previously reported to be strongly induced by salt stress in wheat and TaCRT1 overexpression improved tolerance against salt stress (Xiang et al., 2015). Similarly, PEG-induced drought stress significantly enhanced the expression of CRT3 in wheat seedlings (Jia et al., 2008). However, it was also reported that the expression of some calreticulin genes was downregulated by stress treatment (An et al., 2011), and these findings were consistent with our current study results. The abiotic stress-induced hyperosmotic signal regulates ABA accumulation, which stimulates various adaptive responses in plants, such as stomatal closure, water potential balance and osmotic pressure balance of cells (Yang et al., 2022). As inferred from the qRT-PCR data, the expression of four SlCRTs significantly increased under ABA treatment at different time intervals, whereas the expression of SlCRT5 was initially downregulated and recovered after 24 h. Here, our cis-element analysis revealed that the SlCRT1 and SlCRT2 genes harbor a relatively higher number of phytohormone cis-elements in their promoter regions, which resulted in much higher expression under ABA treatment. Previous studies have reported that exogenous application of ABA upregulated CRT gene expression in B. napus young seedlings, and the ABA-induced salt tolerance is regulated by the CRT expression in Solanum tuberosum (Shaterian et al., 2005; Liu and Li, 2013). These results indicate the involvement of CRTs in diverse mechanisms related to plant development and abiotic stress tolerance.




5 Conclusion

In the present study, for the first time, a detailed integrated analysis including gene identification, physical and chemical properties, gene architecture, chromosomal location, cis-elements, protein interactions, abiotic stress, and ABA-induced specific expression pattern of the tomato CRT genes was performed. 21 CRT members were identified in cultivated tomato and their wild relatives. These genes were clustered in three groups and mapped in similar patterns on the chromosomes of different species. Previously published RNA-Seq data analysis reveals that CRT genes may be involved in tomato growth and developmental changes. qRT-PCR-based expression profiles showed that SlCRT2 and SlCRT3 significantly changed under drought, salt, and ABA treatment, which verified their role in tomato abiotic stress tolerance. Overall, these data are helpful for further investigation and provide research directions for gene functional verification studies to identify the role of CRTs in tomato abiotic stress tolerance.





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 authors.





Author contributions

TM: Conceptualization, Methodology, Writing – original draft. TY: Writing – original draft. BW: Formal analysis, Software, Writing – review & editing. HY: Formal analysis, Methodology, Writing – original draft. DT: Data curation, Software, Writing – original draft. JW: Conceptualization, Resources, Writing – review & editing. QY: Project administration, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Project of Fund for Stable Support to Agricultural Sci-Tech Renovation (xjnkywdzc-2023001, xjnkywdzc-2023008), the Key Research and Development Task Special Project of Xinjiang Uygur Autonomous Region (2022B02002) and the earmarked fund for XJARS (XJARS-07).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1397765/full#supplementary-material




References

 Aghaie, P., and Tafreshi, S. A. H. (2020). Central role of 70-kDa heat shock protein in adaptation of plants to drought stress. Cell Stress Chaperones 25, 1071–1081. doi: 10.1007/s12192-020-01144-7

 Alvim, F. C., Carolino, S. M. B., Cascardo, J. C. M., Nunes, C. C., Martinez, C. A., Otoni, W. C., et al. (2001). Enhanced accumulation of BiP in transgenic plants confers tolerance to water stress. Plant Physiol. 126, 1042–1054. doi: 10.1104/pp.126.3.1042

 An, Y. Q., Lin, R. M., Wang, F. T., Feng, J., Xu, Y. F., and Xu, S. C. (2011). Molecular cloning of a new wheat calreticulin gene TaCRT1 and expression analysis in plant defense responses and abiotic stress resistance. Genet. Mol. Res. 10, 3576–3585. doi: 10.4238/2011.November.10.1

 Blanc, G., and Wolfe, K. H. (2004). Widespread paleopolyploidy in model plant species inferred from age distributions of duplicate genes. Plant Cell 16, 1667–1678. doi: 10.1105/tpc.021345

 Cannon, S. B., Mitra, A., Baumgarten, A., Young, N. D., and May, G. (2004). The roles of segmental and tandem gene duplication in the evolution of large gene families in Arabidopsis thaliana. BMC Plant Biol. 4, 1–21. doi: 10.1186/1471-2229-4-10

 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

 Chen, F., Hayes, P. M., Mulrooney, D. M., and Pan, A. (1994). Identification and characterization of cDNA clones encoding plant calreticulin in barley. Plant Cell. 6, 835–843. doi: 10.1105/tpc.6.6.835

 Chen, M. H., Tian, G. W., Gafni, Y., and Citovsky, V. (2005). Effects of calreticulin on viral cell-to-cell movement. Plant Physiol. 138, 1866–1876. doi: 10.1104/pp.105.064386

 Cheng, S., Zou, Y. N., Kuča, K., Hashem, A., Abd-Allah, E. F., and Wu, Q. S. (2021). Elucidating the mechanisms underlying enhanced drought tolerance in plants mediated by Arbuscular mycorrhizal Fungi. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.809473

 Christensen, A., Svensson, K., Thelin, L., Zhang, W., Tintor, N., Prins, D., et al. (2010). Higher plant calreticulins have acquired specialized functions in arabidopsis. PLoS One 5, e11342. doi: 10.1371/journal.pone.0011342

 Coughlan, S. J., Hastings, C., and Winfrey, R. (1997). Cloning and characterization of the calreticulin gene from Ricinus communis L. Plant Mol. Biol. 34, 897–911. doi: 10.1023/A:1005822327479

 Coutinho, F. S., dos Santos, D. S., Lima, L. L., Vital, C. E., Santos, L. A., Pimenta, M. R., et al. (2019). Mechanism of the drought tolerance of a transgenic soybean overexpressing the molecular chaperone BiP. Physiol. Mol. Biol. Plants 25, 457–472. doi: 10.1007/s12298-019-00643-x

 Crofts, A. J., and Denecke, J. (1998). Calreticulin and calnexin in plants. Trends Plant Sci. 3, 396–399. doi: 10.1016/S1360-1385(98)01312-0

 Del Bem, L. E. V. (2011). The evolutionary history of calreticulin and calnexin genes in green plants. Genetica 139, 255–259. doi: 10.1007/s10709-010-9544-y

 Denecke, J., Carlsson, L. E., Vidal, S., Höglund, A. S., Ek, B., Van Zeijl, M. J., et al. (1995). The tobacco homolog of mammalian calreticulin is present in protein complexes in vivo. Plant Cell 7, 391–406. doi: 10.2307/3870078

 Dietz, K. J., Zörb, C., and Geilfus, C. M. (2021). Drought and crop yield. Plant Biol. 23, 881–893. doi: 10.1111/plb.13304

 Gao, L., Gonda, I., Sun, H., Ma, Q., Bao, K., Tieman, D. M., et al. (2019). The tomato pan-genome uncovers new genes and a rare allele regulating fruit flavor. Nat. Genet. 51, 1044–1051. doi: 10.1038/s41588-019-0410-2

 Hahn, A., Bublak, D., Schleiff, E., and Scharf, K. D. (2011). Crosstalk between Hsp90 and Hsp70 chaperones and heat stress transcription factors in tomato. Plant Cell 23, 741–755. doi: 10.1105/tpc.110.076018

 Herath, V., Gayral, M., Adhikari, N., Miller, R., and Verchot, J. (2020). Genome-wide identification and characterization of Solanum tuberosum BiP genes reveal the role of the promoter architecture in BiP gene diversity. Sci. Rep. 10, 1–14. doi: 10.1038/s41598-020-68407-2

 Hetz, C., and Papa, F. R. (2018). The unfolded protein response and cell fate control. Mol. Cell 69, 169–181. doi: 10.1016/j.molcel.2017.06.017

 Huang, Y. W., Sun, C. I., Hu, C. C., Tsai, C. H., Meng, M., Lin, N. S., et al. (2023). A viral movement protein co-opts endoplasmic reticulum luminal-binding protein and calreticulin to promote intracellular movement. Plant Physiol. 191, 904–924. doi: 10.1093/plphys/kiac547

 Hurst, L. D. (2002). The Ka/Ks ratio: Diagnosing the form of sequence evolution. Trends Genet. 18, 486–487. doi: 10.1016/S0168-9525(02)02722-1

 Jia, X. Y., He, L. H., Jing, R. L., and Li, R. Z. (2009). Calreticulin: Conserved protein and diverse functions in plants. Physiol. Plant 136, 127–138. doi: 10.1111/j.1399-3054.2009.01223.x

 Jia, X. Y., Xu, C. Y., Jing, R. L., Li, R. Z., Mao, X. G., Wang, J. P., et al. (2008). Molecular cloning and characterization of wheat calreticulin (CRT) gene involved in drought-stressed responses. J. Exp. Bot. 59, 739–751. doi: 10.1093/jxb/erm369

 Jin, J. F., Wang, Z. Q., He, Q. Y., Wang, J. Y., Li, P. F., Xu, J. M., et al. (2020). Genome-wide identification and expression analysis of the NAC transcription factor family in tomato (Solanum lycopersicum) during aluminum stress. BMC Genomics 21, 1–14. doi: 10.1186/s12864-020-6689-7

 Jin, Z. L., Joon, K. H., Kyung, A. Y., Ja, C. K., Young, J. C., Woo, S. C., et al. (2005). Over-expression of Chinese cabbage calreticulin 1, BrCRT1, enhances shoot and root regeneration, but retards plant growth in transgenic tobacco. Transgenic Res. 14, 619–626. doi: 10.1007/s11248-005-5694-6

 Joshi, R., Paul, M., Kumar, A., and Pandey, D. (2019). Role of calreticulin in biotic and abiotic stress signalling and tolerance mechanisms in plants. Gene 714, 144004. doi: 10.1016/j.gene.2019.144004

 Kaur, N., and Kandoth, P. K. (2021). Tomato bZIP60 mRNA undergoes splicing in endoplasmic reticulum stress and in response to environmental stresses. Plant Physiol. Biochem. 160, 397–403. doi: 10.1016/j.plaphy.2021.01.033

 Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. E. (2015). The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10, 845–858. doi: 10.1038/nprot.2015.053

 Kim, J. H., Nguyen, N. H., Nguyen, N. T., Hong, S. W., and Lee, H. (2013). Loss of all three calreticulins, CRT1, CRT2 and CRT3, causes enhanced sensitivity to water stress in Arabidopsis. Plant Cell Rep. 32, 1843–1853. doi: 10.1007/s00299-013-1497-z

 Komatsu, S., Yamada, E., and Furukawa, K. (2009). Cold stress changes the concanavalin A-positive glycosylation pattern of proteins expressed in the basal parts of rice leaf sheaths. Amino Acids 36, 115–123. doi: 10.1007/s00726-008-0039-4

 Komatsu, S., Yang, G., Khan, M., Onodera, H., Toki, S., and Yamaguchi, M. (2007). Over-expression of calcium-dependent protein kinase 13 and calreticulin interacting protein 1 confers cold tolerance on rice plants. Mol. Genet. Genomics 277, 713–723. doi: 10.1007/s00438-007-0220-6

 Kwiatkowski, B. A., Zielińska-Kwiatkowska, A. G., Migdalski, A., Kleczkowski, L. A., and Wasilewska, L. D. (1995). Cloning of two cDNAs encoding calnexin-like and calreticulin-like proteins from maize (Zea mays) leaves: identification of potential calcium-binding domains. Gene 165, 219–222. doi: 10.1016/0378-1119(95)00537-G

 Leborgne-Castel, N., Jelitto-Van Dooren, E. P. W. M., Crofts, A. J., and Denecke, J. (1999). Overexpression of BiP in tobacco alleviates endoplasmic reticulum stress. Plant Cell 11, 459–469. doi: 10.1105/tpc.11.3.459

 Lenartowski, R., Suwińska, A., and Lenartowska, M. (2015). Calreticulin expression in relation to exchangeable Ca2+ level that changes dynamically during anthesis, progamic phase, and double fertilization in Petunia. Planta 241, 209–227. doi: 10.1007/s00425-014-2178-z

 Lenartowski, R., Suwińska, A., Prusińska, J., Gumowski, K., and Lenartowska, M. (2014). Molecular cloning and transcriptional activity of a new Petunia calreticulin gene involved in pistil transmitting tract maturation, progamic phase, and double fertilization. Planta 239, 437–454. doi: 10.1007/s00425-013-1971-4

 Li, J., Chu, Z. H., Batoux, M., Nekrasov, V., Roux, M., Chinchilla, D., et al. (2009). Specific ER quality control components required for biogenesis of the plant innate immune receptor EFR. Proc. Natl. Acad. Sci. U.S.A. 106, 15973–15978. doi: 10.1073/pnas.0905532106

 Li, Z., and Komatsu, S. (2000). Molecular cloning and characterization of calreticulin, a calcium-binding protein involved in the regeneration of rice cultured suspension cells. Eur. J. Biochem. 267, 737–745. doi: 10.1046/j.1432-1327.2000.01052.x

 Li, N., Xu, R., Wang, B., Wang, J., Huang, S., Yu, Q., et al. (2021b). Genome-wide identification and evolutionary analysis of the SRO gene family in tomato. Front. Genet. 12. doi: 10.3389/fgene.2021.753638

 Li, J., Yuan, D., Wang, P., Wang, Q., Sun, M., Liu, Z., et al. (2021a). Cotton pan-genome retrieves the lost sequences and genes during domestication and selection. Genome Biol. 22, 1–26. doi: 10.1186/s13059-021-02351-w

 Lim, C. O., Kim, H. Y., Kim, M. G., Lee, S. I., Chung, W. S., Park, S. H., et al. (1996). Expressed sequence tags of Chinese cabbage flower bud cDNA. Plant Physiol. 111, 577–588. doi: 10.1104/pp.111.2.577

 Liu, Y., and Li, J. (2013). A conserved basic residue cluster is essential for the protein quality control function of the Arabidopsis calreticulin 3. Plant Signal. Behav. 8, e23864. doi: 10.4161/psb.23864

 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

 Marand, A. P., Eveland, A. L., Kaufmann, K., and Springer, N. M. (2023). Cis-regulatory elements in plant development, adaptation, and evolution. Annu. Rev. Plant Biol. 74, 111–137. doi: 10.1146/annurev-arplant-070122-030236

 Matsuoka, K., Seta, K., Yamakawa, Y., Okuyama, T., Shinoda, T., and Isobe, T. (1994). Covalent structure of bovine brain calreticulin. Biochem. J. 298, 435–442. doi: 10.1042/bj2980435

 Menegazzi, P., Guzzo, F., Baldan, B., Mariani, P., and Treves, S. (1993). Purification of calreticulin-like protein(s) from spinach leaves. Biochem. Biophys. Res. Commun. 190, 1130–1135. doi: 10.1006/bbrc.1993.1167

 Nelson, D. E., Glaunsinger, B., and Bohnert, H. J. (1997). Abundant accumulation of the calcium-binding molecular chaperone calreticulin in specific floral tissues of Arabidopsis thaliana. Plant Physiol. 114, 29–37. doi: 10.1104/pp.114.1.29

 Pascual, S., Rodríguez-Álvarez, C. I., Kaloshian, I., and Nombela, G. (2023). Hsp90 gene is required for mi-1-mediated resistance of tomato to the whitefly Bemisia tabaci. Plants 12, 641. doi: 10.3390/plants12030641

 Paterson, A. H., Freeling, M., Tang, H., and Wang, X. (2010). Insights from the comparison of plant genome sequences. Annu. Rev. Plant Biol. 61, 349–372. doi: 10.1146/annurev-arplant-042809-112235

 Persson, S., Rosenquist, M., and Sommarin, M. (2002). Identification of a novel calreticulin isoform (Crt2) in human and mouse. Gene 297, 151–158. doi: 10.1016/S0378-1119(02)00880-6

 Persson, S., Rosenquist, M., Svensson, K., Galvão, R., Boss, W. F., and Sommarin, M. (2003). Phylogenetic analyses and expression studies reveal two distinct groups of calreticulin isoforms in higher plants. Plant Physiol. 133, 1385–1396. doi: 10.1104/pp.103.024943

 Pröbsting, M., Schenke, D., Hossain, R., Häder, C., Thurau, T., Wighardt, L., et al. (2020). Loss of function of CRT1a (calreticulin) reduces plant susceptibility to Verticillium longisporum in both Arabidopsis thaliana and oilseed rape (Brassica napus). Plant Biotechnol. J. 18, 2328–2344. doi: 10.1111/pbi.13394

 Qiu, Y., Xi, J., Du, L., Roje, S., and Poovaiah, B. W. (2012). A dual regulatory role of Arabidopsis calreticulin-2 in plant innate immunity. Plant J. 69, 489–500. doi: 10.1111/j.1365-313X.2011.04807.x

 Razzaq, A., Wani, S. H., Saleem, F., Yu, M., Zhou, M., and Shabala, S. (2021). Rewilding crops for climate resilience: Economic analysis and de novo domestication strategies. J. Exp. Bot. 72, 6123–6139. doi: 10.1093/jxb/erab276

 Riaz, M., Kamran, M., Fang, Y., Wang, Q., Cao, H., Yang, G., et al. (2021). Arbuscular mycorrhizal fungi-induced mitigation of heavy metal phytotoxicity in metal contaminated soils: A critical review. J. Hazard. Mater. 402, 123919. doi: 10.1016/j.jhazmat.2020.123919

 Shaterian, J., Georges, F., Hussain, A., Waterer, D., De Jong, H., and Tanino, K. K. (2005). Root to shoot communication and abscisic acid in calreticulin (CR) gene expression and salt-stress tolerance in grafted diploid potato clones. Environ. Exp. Bot. 53, 323–332. doi: 10.1016/j.envexpbot.2004.04.008

 Soltis, P. S., Soltis, D. E., and Chase, M. W. (1999). Angiosperm phylogeny inferred from multiple genes as a tool for comparative biology. Nature 402, 402–404. doi: 10.1038/46528

 Sujkowska-Rybkowska, M., and Znojek, E. (2018). Localization of calreticulin and calcium ions in mycorrhizal roots of Medicago truncatula in response to aluminum stress. J. Plant Physiol. 229, 22–31. doi: 10.1016/j.jplph.2018.05.014

 Sun, Y., Jia, X., Yang, Z., Fu, Q., Yang, H., and Xu, X. (2023). Genome-wide identification of PEBP gene family in Solanum lycopersicum. Int. J. Mol. Sci. 24, 9185. doi: 10.3390/ijms24119185

 Suwińska, A., Lenartowski, R., Smoliński, D. J., and Lenartowska, M. (2015). Molecular evidence that rough endoplasmic reticulum is the site of calreticulin translation in Petunia pollen tubes growing in vitro. Plant Cell Rep. 34, 1189–1199. doi: 10.1007/s00299-015-1777-x

 Suwińska, A., Wasąg, P., Bednarska-Kozakiewicz, E., Lenartowska, M., and Lenartowski, R. (2022). Calreticulin expression and localization in relation to exchangeable Ca2+ during pollen development in Petunia. BMC Plant Biol. 22, 1–19. doi: 10.1186/s12870-021-03409-4

 Suwińska, A., Wasąg, P., Zakrzewski, P., Lenartowska, M., and Lenartowski, R. (2017). Calreticulin is required for calcium homeostasis and proper pollen tube tip growth in Petunia. Planta 245, 909–926. doi: 10.1007/s00425-017-2649-0

 Szymański, J., Bocobza, S., Panda, S., Sonawane, P., Cárdenas, P. D., Lashbrooke, J., et al. (2020). Analysis of wild tomato introgression lines elucidates the genetic basis of transcriptome and metabolome variation underlying fruit traits and pathogen response. Nat. Genet. 52, 1111–1121. doi: 10.1038/s41588-020-0690-6

 Thelin, L., Mutwil, M., Sommarin, M., and Persson, S. (2011). Diverging functions among calreticulin isoforms in higher plants. Plant Signal. Behav. 6, 905–910. doi: 10.4161/psb.6.6.15339

 Van De Peer, Y., Maere, S., and Meyer, A. (2009). The evolutionary significance of ancient genome duplications. Nat. Rev. Genet. 10, 725–732. doi: 10.1038/nrg2600

 Wang, Q., Liu, J., Wang, Y., Zhao, Y., Jiang, H., and Cheng, B. (2015). Systematic analysis of the maize PHD-finger gene family reveals a subfamily involved in abiotic stress response. Int. J. Mol. Sci. 16, 23517–23544. doi: 10.3390/ijms161023517

 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, 1–14. doi: 10.1093/nar/gkr1293

 Wasąg, P., Grajkowski, T., Suwińska, A., Lenartowska, M., and Lenartowski, R. (2019). Phylogenetic analysis of plant calreticulin homologs. Mol. Phylogenet. Evol. 134, 99–110. doi: 10.1016/j.ympev.2019.01.014

 Wasąg, P., Suwińska, A., Zakrzewski, P., Walczewski, J., Lenartowski, R., and Lenartowska, M. (2017). Calreticulin localizes to plant intra/extracellular peripheries of highly specialized cells involved in pollen-pistil interactions. Protoplasma 255, 57–67. doi: 10.1007/s00709-017-1134-8

 Wu, Q., Shigaki, T., Han, J. S., Kim, C. K., Hirschi, K. D., and Park, S. (2012). Ectopic expression of a maize calreticulin mitigates calcium deficiency-like disorders in sCAX1-expressing tobacco and tomato. Plant Mol. Biol. 80, 609–619. doi: 10.1007/s11103-012-9970-6

 Xiang, Y., Hai Lu, Y., Song, M., Wang, Y., Xu, W., Wu, L., et al. (2015). Overexpression of a triticum aestivum calreticulin gene (TaCRT1) improves salinity tolerance in tobacco. PLoS One 10, 1–20. doi: 10.1371/journal.pone.0140591

 Xu, Z. S., Li, Z. Y., Chen, Y., Chen, M., Li, L. C., and Ma, Y. Z. (2012). Heat shock protein 90 in plants: Molecular mechanisms and roles in stress responses. Int. J. Mol. Sci. 13, 15706–15723. doi: 10.3390/ijms131215706

 Yadav, P. K., Gupta, N., Verma, V., and Gupta, A. K. (2021). Overexpression of SlHSP90.2 leads to altered root biomass and architecture in tomato (Solanum lycopersicum). Physiol. Mol. Biol. Plants 27, 713–725. doi: 10.1007/s12298-021-00976-6

 Yan, M., Li, J., and Sha, B. (2011). Structural analysis of the Sil1-Bip complex reveals the mechanism for Sil1 to function as a nucleotide-exchange factor. Biochem. J. 438, 447–455. doi: 10.1042/BJ20110500

 Yang, X., Jia, Z., Pu, Q., Tian, Y., Zhu, F., and Liu, Y. (2022). ABA mediates plant development and abiotic stress via alternative splicing. Int. J. Mol. Sci. 23, 3796. doi: 10.3390/ijms23073796

 Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. doi: 10.1016/j.cell.2016.08.029




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 © 2024 Muhammad, Yang, Wang, Yang, Tuerdiyusufu, Wang and Yu. 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.


OEBPS/Images/fpls-15-1397765-g004.jpg
120 Mb 90 Mb 60 Mb 30 Mb 0 Mb

150 Mb

Solanum lycopersicum

Chr 01 Chr03 Chr04 Chr05 Chr06
|S’CRT3 | ISICRT5
SICRT2: | | SICRT4
SICRT1
Solanum pennellii
Chr01 Chr03 Chr04 Chr05 Chr06

SpCRT3
SpCRT5
SpCRT2
'SpCRT4
pCRT1

Solanum pimpinellifolium

Chr 01 Chr03 Chr04 Chr05 Chr06

SPICRT?2
| SpICRT4
SPICRT1

Solanum lycopersicoides

Chr01 Chr03 Chr04 Chr05 Chr06

SlydCRT3

SlydCRT SlydCRT6

- SlydCRT4
SlydCRT5

lydCRT1





OEBPS/Images/fpls.2024.1397765_cover.jpg
& frontiers | Frontiers in Plant science

Comprehensive genomic characterization
and expression analysis of calreticulin gene
family in tomato





OEBPS/Images/fpls-15-1397765-g002.jpg
B C D
= siydcRTS  ————— ] == HEHEE o 1e
{E-smm T — | —— SEE W e
Alescrr b e Wl e e e ot 1
*SpCRT4 @ ————HHHH N e B e e =i 10
=syackre S H—HHH——H I -HEE - - hois
—eScRTS M B e SR R S R s,
L —espcrs  HHHHHHHH . S e e e St 20
*#SpCRTS  HHHHHHHH = 49 — e e — e e — vl
L —asyacrts HHHHHHH— ] EEE T - - Ve
=syacRT1  —HHRHHH | —— o W e
* SpiCRT1 aﬁ? —_— B 09200= EHEERETE - FE- I Calreticulin
T —escRT 5 —HHEHHHEE | s @ W e — s
L—espcrrt  —HHRHHHE —— B e e — —onen
==esicRT2 |1 H—EHHE e B e B
L_sspicr2  H——H ] B e B R
[ —=swcrr2 H—HH I B T B BT -
L _espcrr2 @ H—HH =] EogE s e B E e
= syicrTe S [ M . o e Ee e w e
| —espcRTs  H—HH [ EoRE e B B o
escRTs  H— NN e Fode o e B E e
- Losspcrts | h—EHH i —- . EoRE . R B B o @
5l L L - - - - 13' 5 L L 1 L 1 L 1 L - - - L L L L L L L i3

0 1000 2000 3000 4000 5000 6000 70000 50 100 150 200 250 300 350 400 450 500 550 O

50 100

150 200 250 300 350 400 450 500 550





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comprehensive genomic characterization and expression analysis of calreticulin gene family in tomato

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Sequence retrieval and characterization of CRT genes in tomato

          



          		

            2.2 Gene structure, conserved domain and motif identification

          



          		

            2.3 Phylogenetic analysis

          



          		

            2.4 Chromosomal location, gene duplication and synteny analysis

          



          		

            2.5 Promoter region analysis for cis−acting regulatory elements

          



          		

            2.6 Protein modeling prediction and protein-protein interactions

          



          		

            2.7 RNA sequencing analysis of SlCRT genes

          



          		

            2.8 Plant material, growth conditions and treatments

          



          		

            2.9 RNA extraction and qRT-PCR analysis

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Genome-wide analysis reveals consistency of CRT in tomato

          



          		

            3.2 Physiochemical properties of CRT proteins and prediction of localization

          



          		

            3.3 Evolutionary relationship of CRT genes

          



          		

            3.4 Gene structures and motif analyses of the tomato CRT gene family

          



          		

            3.5 Putative cis-regulatory element analysis in the CRTs gene promoters

          



          		

            3.6 Chromosome mapping and synteny analysis

          



          		

            3.7 Predicted protein modeling and interaction networks

          



          		

            3.8 Expression of SlCRTs in different plant tissues

          



          		

            3.9 Expression analysis of SlCRTs under abiotic and ABA treatments

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1397765-g005.jpg
Solanum lycopersicum Solanum pimpinellifolium

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
N
()
&
(€)
Q
E)
(=}
o
60 50 40 30 7-00 0
chr 03
Solanum pennellii Solanum lycopersicoides
24.00 21.00
21.00 18.00
Ll 15.00
15.00
12.00
12.00
9.00
9.00
6.00 6.00
3.00 3.00
0.00 0.00






OEBPS/Images/fpls-15-1397765-g007.jpg
SICRT3 SIHSP90

SIHSP90

. "&\\\//SIHSP%

.. &
O SICRT4





OEBPS/Images/fpls-15-1397765-g009.jpg
SICRT1

© < AN

uoissaidxe aAlje|ay

o

~

SICRT2

< N O 00 © < N ON
v - =

-~

uoissaidxe aAlje|ay

SICRT3

Q

o (o] < AN
—

uoissaldxe aAle|oy

ow
N

SICRT4

o v o v
N @ e O

uoissaldxe aAlje|ay

SICRTS

® © % o Q9
o o o o o

uoissaldxa aAneey

3h 6h  12h  24h
ABA

Oh

3h 6h 12h 24h
Salt

Oh

3h 6h 12h 24h

Oh

Drought





OEBPS/Images/fpls-15-1397765-g008.jpg
SICRT1 SICRT2

10.00 8.40
9.50 8.10
9.00 7.80
8.50 7.50
8.00 7.20
7.50 6.90
7.00 6.60

Fruit-B10

Root

SICRTS

SICRT3

SNNOLEROOO0
283888838388

Fruit Mature Green

\
Fruit-810 Fruit Breaker Bud )

Root

— 0000000000 scr

0000000000 scrm

0000000000 scr
— 0000000000 sc:
0000000000 sc:s
° =

§ ® © € EQO @2
283858858323
[ :.-_'.':‘éu_'s

ggegr &

250
2,00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
-2.00
-2.50





OEBPS/Images/fpls-15-1397765-g003.jpg
Plant hormone response cis-acting elements

Light respons cis-acting elements

= =
© e ©
< ()
Sw I gegp
< x o © &5 3 0O
©c2 2 £ 923560
k= 23560
i SHENR
- Y ..W
5 5 3
£ 3
-~ -— x
eMx c L 9
3¢ 2 28 g
N
P2l §203
°
e B z N
© -
= -— c
B g 2 ©
£ g s 5
< o 8 £ °
O ¢ w M <
£ W < S _ 3 ©
O O m 5% o T
Bl FE s z 8k
C
<L« T EHEN
Qo
7
(@)]
£
T S .
C 0 =
5 E 9 m
~ g £ o w9
085 zEs
H O F <+ 0 <
0000 > >
= )
L %mmm
< AMnmnub
w CCm 0 b%
> 828 PESE S
©
A\ A 1
SIS Y Y I i
ea
2 3
= O
= % 8 - g
5. 2y 25823
E 35838 £2£559¢g
CTeOnoyx 2P=33
< O<<Oa 0
® e ® O
000000 P>
uelpeollod
ow” yNOO

ow 901920
Juswia|a Yyou-1 vy

Plant growth and
development cis-acting
elements

X0g-1VD
a)s-z0
X0q M
X0Qg-4
L-se
Jow-99vy9 |
© 3yav
2 o X0Q-
m w g-d
m c 1OW-YYO VY
e O
S0 Juswisje-y9 |
m > EE
5% ec3y gy
o Juswaje-y oL
cC O
i 343
mow-y9 199
sdan
SIUM
@
.- ENIES
£ m Y11
>0 JAN
O D
= £ aAN
n O
0 © sjeadal yo1-o|
IS =N
mow-NNM
mow-9091
30V
=N
X 0g-deg
n
= X0g-|
= BLYIND-SYo
< yow-119
2 BZVIND-SYD
w How-y1vo
m ays Bulpulq | 4v-¢
@ mow-9 1y
S Jow-191
3 X0Q-3v
b= X0g-9
o)
- p xog
ymow-| |y

N
4

@& =084
———F—r oo iV -

ydCRT1 —@—W"—oF+o-&F——0—1—50—— V108 #1——1—00——00Vi-

—aa—-@

3

7

ke —— e~ —— o — —

——i— 00— Voiri—4OL— 000V

&
4

4 ’—! -

-—@—i—¥—0——0- 00— @o—o- o ore—F+—VWa—O-e

e T R R

—EO—— 00— DV 1O+

— 00— @ 0——= -V ih——
—F V o—————F——a—0—
Yo /g r ) _'—@—( L)—v-\\ ~

ydCRT4 —+¥V—Fe—er—a—F+—F++H— V7@

ydCRT5 = i

o—@1t—@— 8§ —@—1—0— VWi @il—0-F—R-BFHi=
Yo g

—2—@—i—Vi-eo—eo—6—— e —s e ora—F+—VWa—x—Oe

Wy Y
V4

ydCRT3 i ¥——

A4

00— oram-———WVe—Li——

+—F 0 —ireo—F i+ 0=@—
——e-a—e——Fi—+- o vr———F—Ya—

—i————i 00—l +—WVe¢—i——

e

—VHF@& i — 014 €

P

3 S S Sl ES S M e

ydCRT6 -—W¥¥—F—@—@—4A—0+ 00—+ @ +HI—0—0i— F+F—

ydCRT2 —e-ve

~ O D ¥ IO
EE -EE
[0 o o < s ol
Q) €& & OO

1| | | |SPiCRT2

(1] [ [1] |SpiCRT5 -m—m—e-a—io+—0—o—Fi+—F o y—=i—@¢—Fo——
——e— e — O — ——
e —

5 I

7lll
0 =
| &
H (N
HEEEENE
| |
AR
O
=SS
N I
TE S
=~ SN
T &
Bl ~ [aVai = —
lolol Iviv

]
v o
Es
1]
ENE
ol
-]
No[-[e
[of~
=
oo
=N
N
T I
B
Nl
_
=

[ 12 0 A 0 2 OO 55 I | PR T
lﬂ-llllll-llllll--lﬂl-lll--ll-lll SpCRT3
l--llllll-llllll-llll-ﬂlll-lll-ll SpCRT4

5 T O 0 5 i |
[ 55T 5 T O 2 o oo o
(1{f4l | (a2l ) f ] ] [3i4] 8f4it] | ] ] F ] ]

J D A = A T < 0 T T 2 I T O O

B3 3 2 Y A 3 2 - < A
N 20 0 0 22 5223 o

200 400 600 800 1000 1200 1400 1600 1800 2000

0





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1397765-g001.jpg
i
1
G
o
(0))]
x






OEBPS/Images/fpls-15-1397765-g006.jpg
160 MYA

50 MYA
110 MYA
117 MYA
5.9 MYA
14.5 MYA 1.8 MYA
0.675 MYA

Chr 01 Chr 02 Chr 03 Chr 04 Chr 05 Chr 06 Chr 07 Chr 08 Chr 09 Chr 10 Chic1d Chr12
E ——————] —) —— [————0] (——————]
O .sativa

e
Z.mays
Chr 01 Chr 03 Chr 04 Chr 05 Chr 06 Ghr'op Chr 08 Chr 09 Chr 10 Gh i Chr 12 €hr13 Chr 14 Chrsds Chr 16 Ghnnl 7 (hr 18 Chr 19
VVinifera ————] U/ /s o/ e/ U/ e/ e/ 0/ MU/ e/ U/ o/ e/ Y/, =/=>—>™> ——
Chr 02 Chr 03 Chr 04 Chr 05
= cC— ———————> C—————— C————————————————>
Chr 01 Ghi02 Chr 03 Chr 04 Chr 05 Chr 06 Chr 07 Chr 08 Chr 09 Chr 10 Chr 11 Chr 12
C—————————————> —————) Y C————> [——0] ——————) ————) —————] ———————— —————————] ——"0) C—
S .tuberosum
Chr 01 Chr 02 Chr 03 r 04 Chr 05 Chr 06N Chr 07 Chr 08 Chr 09 Chr 10 Chr 11 Chr 12
CY—————— () ) —_— [C—) ) ————————] (———————————] [————) —)

S .lycopersicoides

S .pennellii

S .lycopersicum — =

Chr 01 Chr 02 r 07 Chr 08 Chr 09 Chr 10 Chr 11 Chr 12

S pimpinellifolium ————0— c0Fr 006 0606 0/ &/ C——— = ————3 C— C——— C———
e
Chr 01 Chr 02 Chr 03 Chr 04 Chr 05 Chr 06 Chr 07 Chr 08 Chr 09 Chr 10 Chr 11 Chr 12

S _melongenajin ) ) ) ) ) ) ) ) ) G ) t—





OEBPS/Images/table1.jpg
Species CDS \[e} MW pl Alliphatic GRAVY In§tability Subqellqlar
(bp) of AA  (kDa) index index localization

SICRT1 s | o417 47602 4.50 56.64 0.989 3553 ER

SICRT2 1617 538 61.033 469 7234 073 42.66 ER

S. lycopersicum SICRT3 1242 413 48.541 5.97 61.14 -0.992 37.88 Nucl
SICRT4 1335 444 52.252 6.55 63.04 -1.073 44.3 Nucl

SICRTS 1599 532 60.837 475 72.63 0.778 42.65 Cyto

SpiCRT1 1173 390 44606 4.76 60.28 -0.87 36.80 ER

SpiCRT2 1617 538 61033 4.69 7234 073 42.66 ER

S. pimpinellifolium SpiCRT3 1326 441 51236 837 77.14 0534 3557 Cyto
SpiCRT4 1248 415 47.922 525 72.82 -0.705 35.40 Cyto

SpiCRT5 1617 538 61.422 4.79 72.55 -0.773 4273 Cyto

SpCRTI 1254 417 47602 4.50 56.64 -0.989 3553 ER

SpCRT2 1617 538 61.008 4.68 70.54 -0.764 42.82 ER

S. pennellii SpCRT3 1242 413 48557 | 6.09 62.08 0.979 3735 Nucl
SpCRT4 1302 433 51003 612 64.64 -1.038 4252 Nucl

SpCRTS 1605 534 61.049 4.75 7345 -0.774 42.47 Cyto

SlydCRT1 1242 413 47.190 4.50 58.14 -0.966 37.99 ER

SlydCRT2 1617 538 60.977 4.68 72.16 -0.728 42.09 ER

S. lycopersicoides SlydCRT3 1152 383 44.627 6.38 64.13 -0.915 34.03 Nucl
SlydCRT4 1113 370 43.071 57T 61.68 -0.991 3433 Cyto

SlydCRT5 645 ‘ 214 24973 533 98.41 0228 43.19 Extr

SlydCRT6 1617 538 61.355  4.80 7327 0.769 4255 Cyto

Amino acid (AA), molecular weight (MW), isoelectric point (pl), endoplasmic reticulum (ER), nucleus (Nucl), cytoplasm (Cyto) and extracellular space (Extr).





