

[image: Genome wide characterization and expression analysis of CrRLK1L gene family in wheat unravels their roles in development and stress-specific responses]
Genome wide characterization and expression analysis of CrRLK1L gene family in wheat unravels their roles in development and stress-specific responses





ORIGINAL RESEARCH

published: 26 March 2024

doi: 10.3389/fpls.2024.1345774

[image: image2]


Genome wide characterization and expression analysis of CrRLK1L gene family in wheat unravels their roles in development and stress-specific responses


Nilesh D. Gawande and Subramanian Sankaranarayanan *


Department of Biological Sciences and Engineering, Indian Institute of Technology Gandhinagar, Palaj, Gujarat, India




Edited by: 

Emidio Albertini, University of Perugia, Italy

Reviewed by: 

Jun Tang, Jiangsu Academy of Agricultural Sciences, China

Zohreh Hajibarat, Shahid Beheshti University, Iran

*Correspondence: 

Subramanian Sankaranarayanan
 s.sankar@iitgn.ac.in


Received: 28 November 2023

Accepted: 11 March 2024

Published: 26 March 2024

Citation:
Gawande ND and Sankaranarayanan S (2024) Genome wide characterization and expression analysis of CrRLK1L gene family in wheat unravels their roles in development and stress-specific responses. Front. Plant Sci. 15:1345774. doi: 10.3389/fpls.2024.1345774



Catharanthus roseus receptor-like kinase 1-like (CrRLK1L) genes encode a subfamily of receptor-like kinases (RLK) that regulate diverse processes during plant growth, development, and stress responses. The first CrRLK1L was identified from the Catharanthus roseus, commonly known as Madagascar periwinkle. Subsequently, CrRLK1L gene families have been characterized in many plants. The genome of T. aestivum encodes 15 CrRLK1L genes with 43 paralogous copies, with three homeologs each, except for -2-D and -7-A, which are absent. Chromosomal localization analysis revealed a markedly uneven distribution of CrRLK1L genes across seven different chromosomes, with chromosome 4 housing the highest number of genes, while chromosome 6 lacked any CrRLK1L genes. Tissue-specific gene expression analysis revealed distinct expression patterns among the gene family members, with certain members exhibiting increased expression in reproductive tissues. Gene expression analysis in response to various abiotic and biotic stress conditions unveiled differential regulation of gene family members. Cold stress induces CrRLK1Ls -4-B and -15-A while downregulating -3-A and -7B. Drought stress upregulates -9D, contrasting with the downregulation of -7D. CrRLK1L-15-B and -15-D were highly induced in response to 1 hr of heat, and combined drought and heat stress, whereas -10-B is downregulated. Similarly, in response to NaCl stress, only CrRLK1L1 homeologs were induced. Fusarium graminearum and Claviceps purpurea inoculation induces homeologs of CrRLK1L-6 and -7. The analysis of cis-acting elements in the promoter regions identified elements crucial for plant growth and developmental processes. This comprehensive genome-wide analysis and expression study provides valuable insights into the essential functions of CrRLK1L members in wheat.
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1 Introduction

The plant receptor-like kinases (RLKs) are transmembrane receptor proteins localized in the cell membrane, constituting a well-studied family of kinases. RLKs are crucial in regulating various intercellular activities and plant growth and developmental processes by sensing numerous extracellular cues (Shiu and Bleecker, 2003). RLKs, comprising an intracellular serine/threonine kinase domain, a transmembrane domain, and a varied extracellular domain, facilitate cellular signaling through interactions with different partners via their transmembrane and juxtamembrane domains. The RLK families are sub-classified based on their N-terminal extracellular domain, determining their ligand specificity (Greeff et al., 2012).

The Catharanthus roseus receptor-like kinase 1-like (CrRLK1L) gene family belongs to a specific subfamily of RLKs and is characterized by three distinct domains: an extracellular ligand-binding domain, transmembrane domain, and kinase domain. The extracellular domain of CrRLK1Ls has homology with the carbohydrate-binding domain but lacks residues important for carbohydrate-rich ligand binding (Boisson-Dernier et al., 2011). CrRLK1L genes were first discovered as novel RLKs in Madagascar periwinkle (Schulze-Muth et al., 1996). CrRLK1L gene families have been widely characterized in various plant species, resulting in the identification of diverse members within the gene family.

CrRLK1L genes play crucial roles in plant growth, development, and stress responses (Stegmann et al., 2017; Zhang et al., 2020a). In Arabidopsis, six of the 17 subfamily members have been identified as cell growth regulators, and function in cell-cell communication, and cell wall remodeling during vegetative and reproductive development (Lindner et al., 2012). The Arabidopsis CrRLK1Ls have been clustered into ten clades, and their functional characterization has shed light on their involvement in plant reproduction. For instance, Arabidopsis CrRLK1Ls, including At-BUPS1 (AT4G39110.1), At-BUPS2 (AT2G21480.1), At-ANX1 (AT3G04690.1), and At-ANX2 (AT5G28680.2), form a complex that functions in maintaining the pollen tube integrity and preventing premature rupture of the pollen tube before reaching the female gametophyte (Ge et al., 2017). Other CrRLK1L members in Arabidopsis include At-FER (AT3G51550.1), At-HERK1 (AT3G46290.1), and At-ANJEA (AT5G59700.1), which are involved in pollen tube reception by the synergid cells and the prevention of polytubey (Bordeleau et al., 2022). The most versatile member, FERONIA (FER), named after the Etruscan goddess fertility, acts as a receptor for Rapid Alkalization Factors (RALFs) and regulates numerous plant developmental processes as well as stress responses (Duan et al., 2010; Yu et al., 2012; Li et al., 2015a; Zhao et al., 2018). FERONIA and ANJEA are also involved in establishing various pollination barriers through the regulation of reactive oxygen species (Zhang et al., 2021; Huang et al., 2023). FERONIA is additionally involved in mediating pathogen responses, as loss-of-function FER plants exhibit increased resistance to certain bacterial and fungal pathogens (Keinath et al., 2010; Kessler et al., 2010; Masachis et al., 2016). Besides these members, other CrRLK1Ls, like At-MDS1 (AT5G38990.1), At-MDS2 (AT5G39000.1), At-MDS3 (AT5G39020.1), and At-MDS4 (AT5G39030.1), are known to be involved in plant immunity and metal ion stress responses (Richter et al., 2017; Liu et al., 2021).

The common bread wheat, T. aestivum, is among the most important cereal crops in the world. Wheat was the first crop to be domesticated and is the primary staple food crop grown globally (Giraldo et al., 2019). Belonging to the Triticeae family, wheat encompasses nearly 300 species, including its closest relatives, Hordeum vulgare (barley) and Secale cerelae (rye). Allopolyploidation through hybridization with species from the Aegilops genus was a breakthrough in the evolution of Triticum species. The divergence between the diploid AA genome species of Triticum, T. urartu, and T. monococcum occurred less than a million years ago. The first polyploidization event occurred 0.5 million years ago between T. urartu (AA genome) and Aegilops speltoides (SS genome), which led to the origin of two species, namely, T. turgidum (AABB genome) and T. timopheevii (AAGG genome). Approximately 10,000 years ago, the second hybridization event occurred between T. turgidum (AABB genome) and the wild wheat species Aegilops tauschii (DD genome), which gave rise to T. aestivum (AABBDD genome) (Matsuoka, 2011).

Wheat occupies the largest total harvested area among cereal crops, yet its productivity remains the lowest (Abhinandan et al., 2018). The detrimental impact of various abiotic and biotic stresses on wheat plants throughout different growth stages results in significant production losses. Therefore, it is crucial to comprehend the effects of these stresses to drive advancements in wheat improvement programs. The availability of complete genome sequences, transcriptomics data, and the utilization of biotechnological approaches to unravel gene functions can open up new avenues for enhancing crop improvement. Previous genome wide analysis of the CrRLK1L gene family has been carried out in various plant species, including Arabidopsis thaliana (L.), Oryza sativa L., Solanum lycopersicum, Nicotiana benthamiana, and Gossypium raimondii. The rice genome has 16, the tomato has 24, Nicotiana benthamiana has 31, and the diploid cotton species G. raimondii has 44 CrRLK1L genes (Lindner et al., 2012; Nguyen et al., 2015; Niu et al., 2016; Rao et al., 2021; Ma et al., 2023). These studies prompted us to further research CrRLK1L gene families in wheat (T. aestivum) to unravel their role in plant growth, development, and stress responses. In this study, we analyzed conserved domains, gene structure, and functional motif analysis of CrRLK1L gene family members, along with inferring their evolutionary relationship with Arabidopsis and other monocot species. Additionally, we examined tissue-specific gene expression patterns and the changes in gene expression in response to abiotic and biotic factors using available transcriptome datasets. This research aims to investigate the potential roles of Ta-CrRLK1L genes in plant reproduction and abiotic and biotic stress responses, providing a valuable resource for functional characterization and crop improvement.




2 Materials and methods



2.1 Collection of sequences for CrRLK1L gene families in Triticum aestivum

Full-length coding and protein sequences for the 16 CrRLK1L from rice were retrieved from the Rice Genome Annotation Project database (http://rice.plantbiology.msu.edu/). CrRLK1L homologs in wheat, hereafter denoted as Ta-CrRLK1L, were searched by using rice FL coding sequences in the NR database at NCBI (https://www.ncbi.nlm.nih.gov/) in Triticum aestivum. Sequences with high-scoring hits and maximum similarity with rice CrRLK1Ls were collected, and duplicates were eliminated. The NR sequences were used to search for respective A, B, and D homeologs in the Ensembl plants database (https://plants.ensembl.org/index.html), and genomic, CDS, and protein sequences for Ta-CrRLK1L with high-scoring hits and more than 95% identity were collected. Transcript variants that cover the full-length coding sequences were selected. Ta-CrRLK1L nucleotide coding sequences from Ensembl plants were used to search against the TSA and EST databases at NCBI for further sequence confirmation. The start codon position in the wheat genome for each Ta-CrRLK1L homeolog was determined by a blastn search of coding regions in the International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v2.1 genome assembly at the WHEAT URGI database (https://wheat-urgi.versailles.inra.fr/). The physical properties, like the molecular weight of the protein and isoelectric point (pI), were calculated using the Expasy Compute pI/MW tool (https://web.expasy.org/compute_pi/). Subcellular localization for the proteins was predicted by WoLF PSORT (https://wolfpsort.hgc.jp/).




2.2 Compilation of gene sequences for CrRLK1L from other plant species

Protein sequences for genes encoding CrRLK1L for closely related species like Aegilops tauschii and Hordeum vulgare were retrieved from the NCBI database using balstp search with wheat protein sequences as queries. Protein sequences for Brachypodium distachyon were collected from Ensembl plants using T. aestivum nucleotide coding sequences as query, while sequences for Arabidopsis CrRLK1L gene families were retrieved from the TAIR database (https://www.arabidopsis.org/), and rice sequences were retrieved from the Rice Genome Annotation Project database (http://rice.plantbiology.msu.edu/). Sequences that share the highest sequence identity with wheat CrRLK1Ls were selected. E value cut-off of zero was used.




2.3 Conserved domain and phylogenetic analysis

Conserved domains for the Ta-CrRLK1L proteins were confirmed by the Simple Modular Architecture Research Tool (SMART) (http://smart.embl-heidelberg.de/) and Batch Conserved Domain (CD)-Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) at NCBI, and active sites in the Ta-CrRLK1L domains were predicted by PROISTE (http://prosite.expasy.org/). Multiple sequence alignment for Ta-CrRLK1Ls was carried out by ClusatlW, and conserved domain features and active sites were visualized using the Jalview program (https://www.jalview.org/). For phylogenetic analysis, the multiple sequence alignment for protein sequences was carried out by ClustalW (https://www.ebi.ac.uk/Tools/msa/clustalo/), and the evolutionary relationships for CrRLK1L in T. aestivum and other five species, namely Ae. tauschii, A. thaliana, B. distachyon, H. vulgare, and O. sativa, were inferred by analyzing full-length amino acid sequences in MEGA11 (Tamura et al., 2021). Ta-CrRLK1L A homeolog copies were used in the analysis, except for Ta-CrRLK1L7, for which D copy was used. In total, eighty-eight CrRLK1L protein sequences were used in the analysis. Sequences were aligned by ClustalW with default parameters, and a phylogenetic tree was constructed using the Jukes-Cantor model by the Neighbour-joining method and 1000 bootstrap iterations. The phylogenetic tree was visualized by Tree of Life (iTOL) (https://itol.embl.de/login.cgi).




2.4 Gene duplication, chromosomal location, gene structure prediction, and motif analysis

Gene duplication analysis for the Ta-CrRLK1L gene families was conducted using cut-off criteria that the sequence alignment had >80% coverage of that of the longer gene, and the aligned region had the identity of >80% at the nucleotide level among the gene pairs (Wang et al., 2016). The Ka/Ks (nonsynonymous substitution rate/synonymous substitution rate) ratio, which determines the selection pressure on the duplicated genes, was calculated for the paralogous gene pairs using TBtools (Chen et al., 2020). Gene duplications were illustrated using circos using shinyCircos-V2.0 (https://venyao.xyz/shinycircos/) (Wang et al., 2023). Chromosome length for each copy in wheat was collected from the Ensembl Plants database, and start and end positions for Ta-CrRLK1L genes were determined from the (IWGSC) RefSeq v2.1 genome assembly. The position of the Ta-CrRLK1L genes on the chromosomes was represented using MG2C v2.1 (http://mg2c.iask.in/mg2c_v2.1/) (Chao et al., 2021). Intron/exon junctions were determined by comparing Ta-CrRLK1L cDNA sequences from the NR database at NCBI with genomic sequences from Ensembl by using Splign (https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi?textpage=online&level=form), and the intron/exon junctions were visualized by Gene Structure Display Server 2.0 (GSDS) (http://gsds.gao-lab.org/). Conserved motifs in CrRLK1L proteins were predicted using Multiple Em for Motif Elicitation (MEME) Suite 5.5.2 (http://meme-suite.org/tools/meme) with ten motifs as the number of motifs parameter and the GenomeNet Database (https://www.genome.jp/tools/motif/).




2.5 Cis-acting elements prediction

The nucleotide sequences from the upstream 2 Kb regions of the start codons of Ta-CrRLK1L genes were retrieved from the Ensembl Plant database and analyzed for cis-acting elements. Cis-acting elements were determined by using PlantCARE (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/).




2.6 Gene expression and co-expression analysis of CrRLK1L gene families

Tissue-specific gene expression and gene expression in response to stress conditions for Ta-CrRLK1L gene families were analyzed using T. aestivum transcriptome datasets available at SRA (Sequence Read Achieve) repositories in the NCBI database (https://www.ncbi.nlm.nih.gov/sra). To determine the tissue-specific relative gene expression levels, the transcriptome dataset of seventy-one tissues of wheat cultivar Azhurnaya, available at eFP Browser (http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi), was used (Ramírez-González et al., 2018). Additionally, the gene expression levels in the different tissue types were analyzed from the tissue-specific expression data from BCS cv-1 Development in Wheatomics 1.0 database (http://wheatomics.sdau.edu.cn/expression/wheat.html).The relative gene expression levels in five tissue types, namely, inflorescence, leaf at the whole plant seed formation stage, root at the cotyledon emergence stage, seed at the fruit ripening stage, and stem, were analyzed from the transcriptome datasets available at SRA database at NCBI (Pingault et al., 2015). Tissue-specific expression in the stamen and pistil tissues was analyzed by using BioProject: PRJEB36244 datasets at SRA repositories (https://www.ncbi.nlm.nih.gov/sra). Differential gene expression in response to abiotic factors such as drought, heat, combined stress (Liu et al., 2015), cold (Li et al., 2015b), and salt stress induced by NaCl (Bio Project Accession: PRJNA632706) was carried out by using the transcriptome datasets available at SRA repositories at NCBI. The gene expression changes in response to infections by Claviceps purpurea, which causes ergot disease, and Fusarium graminiearum, responsible for head blight in wheat, were analyzed using transcriptome datasets obtained from SRA (Supplementary Table S1).

The relative gene expression levels across five different tissue types and changes in gene expression in response to abiotic and biotic stresses were calculated as FPKM (Fragments Per Kilobase Per Million). The FPKM changes in gene expression were determined by search of Ta-CrRLK1L gene Ensembl Plant database identifiers against the T. aestivum RNA-seq Database (http://ipf.sustech.edu.cn/pub/wheatrna/) at the Plant Public RNA-seq Database (Zhang et al., 2020b), using restricted SRA accessions search for biological replicates for each dataset for five tissue types or abiotic or biotic stresses. This database is comprised of a pipeline that uses tools such as HISAT2 (Kim et al., 2015; Kim et al., 2019) to align raw reads to the reference genome and StringTie (Pertea et al., 2015) to assemble and quantify transcripts. The heatmap for FPKM values for the relative level of gene expression and the fold change in response to stress conditions were visualized by TBtools (Chen et al., 2020).

Gene co-expression  network analysis for the moderately or highly expressed CrRLK1Ls in tissues was analyzed using tissue-specific RNA-Seq network in the Wheat co-expression network (WheatCENet) database using default parameters and positive co-expression. This database comprises of RNA-seq datasets for tissue specific gene expression in wheat (http://bioinformatics.cau.edu.cn/WheatCENet) (Li et al., 2023). The AgriGO v2.0 database (http://bioinformatics.cau.edu.cn/WheatCENet/GOanalysis.php) was utilized for the GO enrichment analysis of the co-expressed network nodes identified from the WheatCENet database using the Singular Enrichment Analysis (SEA) tool in the T. aestivum (Chinese spring species) with the default parameters and a False Discovery Rate (FDR) value of 0.05. The query consisted of the co-expressed network nodes Ensembl IDs of the genes.





3 Results



3.1 In silico analysis identified 15 members of the CrRLK1L gene family in T. aestivum

In total, forty-three genes encoding CrRLK1Ls were identified in the hexaploid genome of Triticum aestivum, which consists of fifteen paralogous genes with three homeologous copies each, namely A, B, and D, from their progenitor species, except for Ta-CrRLK1L2 and Ta-CRLK1L7, which had missing -2-D and -7-A copies. However, the blastn search for Ta-CrRLK1L2 at IWGSC RefSeq v2.1 and Ensembl plants had a hit with 88% identity within the coding regions of the genes on Chr3A. To confirm the presence of a -3-D copy in the diploid progenitor, a blastn search in the Ae. tauschii genome in the NCBI database was done, which also did not show a high sequence similarity hit and suggested that -2-D may also be missing in Ae. tauschii. Ta-CrRLK1L2-A and 2-B had 789 aa and 814 aa length sequences in the Ensembl database, which were more like transcript variants, and these sequences were corrected using TSA and wheat WGA_v0.4 scaffolds at the IWGSC database. Among CrRLK1Ls, -7-B was the shortest paralog with a length of 630 aa and showed missing amino acids in the N-terminal region, which was also confirmed using the IWGSC database and whole genome shotgun (WGS) contigs at the NCBI database. Sequences for CrRLK1Ls were confirmed from at least two independent databases, including Ensembl Plants and the NR, TSA, and EST databases at NCBI. The transcript variants for Ta-CrRLK1L gene family members, -11-B (two variants), -4-B (two variants), and -14-D (4 variants), were identified from the Ensembl plant database, and the correct variant that codes for FL protein was selected for further analysis (Table 1, Supplementary Table S2A).


Table 1 | Sequence confirmation for CrRLK1L genes in Triticum aestivum.



The protein lengths and molecular weights for Ta-CrRLK1Ls were 801–911 aa and 88.7-99.2 KDa, respectively. Ta-CrRLK1L6-A and -13-B were translocated from 4A to 5A and 7B to 4A chromosomes, respectively. Most homoeologous copies of Ta-CrRLK1L showed more than 93.5% similarity in the protein-coding regions within their homeologs, except for -5-B and -5-D, which had 91.0% similarity, respectively. The sub-cellular localization predicted by using the WoLF PSORT tool showed that 36 Ta-CrRLK1Ls were localized to the plasma membrane. Surprisingly, -14-B, -15-A, -15-B, and -15-D were found localized to the vacuole, while -9-D, -12-A, and -12-D were localized to the chloroplast (Table 1).

Blast searches using T. aestivum CrRLK1L protein-coding sequences in monocot species Ae. tauschii, B. distachyon, and H. vulgare identified 14, 11, and 15 CrRLK1L encoding genes, respectively. The CrRLK1L2-D copy was missing in Ae. tauschii (Supplementary Table S2B).




3.2 Ta-CrRLK1Ls members have highly conserved protein domains and show evolutionary conservation with closely related species

Multiple sequence alignment and conserved domain prediction using SMART and NCBI Batch-CD Search tool showed that T. aestivum CrRLK1Ls had highly conserved characteristic domains that included a malectin-like domain (PF12819) and a catalytic domain for serine/threonine protein kinases (SM000220) (Figure 1A). The lengths of the malectin-like domain in Ta-CrRLK1L varied between 270 and 378 aa, except for the -7-B gene copy, which had a 198 aa malectin-like domain. This suggests that the point mutation caused the truncated malectin-like domain in the -7B copy of Ta-CrRLK1L. The serine/threonine protein kinase domain lengths were ranged from 265 to 281 aa. Sequence analysis using PROSITE showed that Ta-CrRLK1Ls were comprised of featured domains that include an ATP-binding region signature (PS00107) and an active site signature for serine/threonine protein kinases (PS00108). The serine/threonine protein kinases had the active site residue D, which is directly involved in the catalytic functions predicted by PROSITE (Figure 1B).




Figure 1 | Conserved domains and multiple sequence alignment of CrRLK1L gene family in T. aestivum. (A) represent conserved characteristic domains such as a malectin-like domain and a catalytic domain for serine/threonine protein kinases determined by SMART ((http://smart.embl-heidelberg.de/) and Batch CD-search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) at NCBI. (B) Full-length protein sequences were aligned by ClustalW and visualized by Jalview (https://www.jalview.org/). Conserved motifs in the protein kinase domain, such as protein kinases ATP-binding region signature (PS00107) and serine/threonine kinases active-site signatures (PS00108) determined by PROSITE (https://prosite.expasy.org/) are represented by boxes, and active site residue (D) is marked by an asterisk*.



Phylogenetic analysis of CrRLK1Ls using full-length protein sequences showed that more closely related species like T. aestivum, Ae. tauschii, and H. vulgare were clustered together. The paralogs of Ta-CrRLK1Ls were clustered with Arabidopsis CrRLK1Ls, which have been known to be involved in plant reproduction and pollen-pistil interaction in Arabidopsis. At-FER was clustered with Ta-CrRLK1L5, -9, At-ANX1 and At-ANX2 were clustered with -12, At-HERK2 was clustered with -10, At-BUPS1 and At-BUPS2 were clustered with -13, At-CAP was clustered with -1, and At-HERK1 and At-ANJEA were clustered with -4, -8, -11 and -14 (Figure 2, Supplementary Figure S1), which suggests that these genes may also have a similar role in plant reproduction.




Figure 2 | Phylogenetic analysis of CrRLK1L in T. aestivum and other species. This analysis involved 88 amino acid sequences. All positions with less than 95% site coverage were eliminated, i.e., fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position. There was a total of 622 positions in the final dataset. Evolutionary analyses were conducted in MEGA11. Phylogenetic stress was visualized by iTOL (https://itol.embl.de/).



Phylogenetic analysis in T. aestivum revealed clustering of closely related CrRLK1Ls such as -1 and -13, -5 and -9, -6 and -7, -10 and -15, as well as -11 and -14 (Figure 3A). The intron/exon junctions determined by Splign showed that most Ta-CrRLK1Ls had no introns and were comprised of single exons, except for the paralog -11-D and homeologs of -14, which have a single intron and two exons, suggesting the structural diversity within gene family (Figure 3, Supplementary Table S3A). Ta-CrRLK1-11-D copy had the smallest and largest introns of 124 bp and 1149 bp, respectively. The homeolog of -14 had shorter first exons of 36 bp, 36 bp, and 111 bp for -14-A, -14-B, and -14-D, respectively. The MEME suite predominantly predicted motifs associated with serine/threonine protein kinase domains (Figures 3C, D, Supplementary Table S3B).




Figure 3 | Structural organization of CrRLK1L gene families in Triticum aestivum. (A) A phylogenetic tree was constructed using Neighbor-joining method and 1000 bootstrap iterations by MEGA11 (https://www.megasofware.net/). (B) Intron/exon structure for gene family members was displayed using the Gene Structure Display Server (http://gsds.gao-lab.org/). Blue boxes are the exons, green is the upstream or downstream region, and lines between boxes denote introns. (C, D) are the ten identified motifs in Ta-CrRLK1Ls protein sequences by using MEME Suite 5.5.2 (https://meme-suite.org/meme/index.html).






3.3 Ta-CrRLK1Ls display varied distribution in seven chromosomes and are absent in chromosome 6

Chromosome 4A, 4B, and 4D had the highest distribution of CrRLK1L genes and showed the distribution of four genes, including homeologs for Ta-CrRLK1L5, -8 and -12, and paralogs -6B and -6D. However, 4A showed the translocated -13-B paralog from 7B to 4A chromosome (Figure 4A, Table 1). Chromosomes 3D and 7B had a distribution of single CrRLK1L genes that included -4-D and -14-B, respectively. Chromosome 6 did not have any distribution of CrRLK1L genes and, hence, was eliminated (Figure 4A).




Figure 4 | Distribution of genes across chromosomes and gene duplication in CrRLK1Ls in Triticum aestivum. (A) The distribution of Ta-CrRLK1L genes on six chromosomes is given, and gene names are represented in red. Chromosome 6 did not have the distribution of the CrRLK1Ls. Genes were mapped by their physical locations, and the scale bar given is in megabases. Gene positions on the chromosomes were visualized using MG2C v2.1 (http://mg2c.iask.in/mg2c_v2.1/). (B) Gene duplication for CrRLK1Ls in T. aestivum is analyzed and illustrated using shinyCircos-V2.0 (https://venyao.xyz/shinycircos/). The lines between the paralogs indicate the duplication among gene family members.



Gene duplication analysis using the criteria of an 80% cut-off for alignment coverage and sequence identity at nucleotide level among Ta-CrRLK1L gene families showed that only the gene pair CrRLK1L6 and -7, and -5 and -9 paralogs had the gene duplication events (Figure 4B). Other CrRLK1L paralogs did not meet these criteria. The Ka/Ks ratio analysis suggested that these duplicated gene pairs had a value of less than 0.45, indicating that the evolution of these CrRLK1L genes is under purifying selection (Supplementary Table S4).




3.4 Ta-CrRLK1L transcripts show altered expression in different tissues with CrRLK1L-12 and -13 highly expressed in the anther

Gene expression analysis for CrRLK1Ls in T. aestivum across seventy-one tissues in Azhurnaya spring wheat showed that CrRLK1L-12 and -13 had higher expression levels in anther tissues. The homeolog -13-D exhibited the highest expression level at 158.4 TPM, making it the most highly expressed paralog in the CrRLK1L gene family. Similarly, paralog -12-B also showed a higher expression level of 61 TPM in anther tissues. (Figure 5A, Supplementary Table S5A). Gene expression for different tissue types analyzed from the Wheatomics database (http://wheatomics.sdau.edu.cn/) were also in agreement with the gene expression levels of -12 and -13 in anther as well as other tissues (Supplementary Table 5B). In the phylogenetic analysis, Ta-CrRLK1L-12 grouped closely with At-ANX1 and At-ANX2, whereas Ta-CrRLK1L-13 clustered with At-BUPS1 and At-BUPS2 (Figure 2, Supplementary Figure S1). These genes have a role in maintaining pollen tube integrity and preventing premature rupture before reaching synergid cells. This suggests that Ta-CrRLK1L-12 and -13 may have similar functions in wheat. Ta-CrRLK1L5, -9, and -14 exhibited moderate expression levels in the stigma and ovary tissues and were clustered with At-FER, whereas -11 and -14 were clustered with At-HERK1 and At-ANJ, known for their roles in pollen tube reception at synergid cells during reproduction, suggesting their involvement in pollen tube reception during fertilization.




Figure 5 | Gene expression analysis of CrRLK1L gene families in Triticum aestivum. Heatmaps represent the relative level of gene expression analyzed across (A) Seventy-one tissues in Azhurnaya spring wheat by using the wheat eFP browser (https://bar.utoronto.ca/). Values are expressed as Transcripts Per Million (TPM). (B) Relative gene expression levels in five tissue types namely seed, root, leaves, stem and inflorescence were analyzed from the transcriptome datasets by Pingault et al. (2015), and (C) Gene expression in immature stamen and pistil tissues was analyzed from the transcriptome datasets with Bio Project accession PRJEB36244 from the SRA database at NCBI. Values for B and C are expressed as Fragments Per Kilobase Per Million (FPKM).



The relative level of gene expression analyzed across five tissue types was in agreement with the analyzed expression for seventy-one tissue types for CrRLK1L3 and showed that it was highly expressed in leaf at whole plant fruit formation (30–50% moisture stage), with expression values of 29.2 to 36.3 FPKM (Figure 5B, Supplementary Table S6). Ta-CrRLK1L5 and -14 were expressed across five tissue types with different expression levels. Paralog -5-B was least expressed in seed with 8.8 FPKM, while -5-D was highly expressed in stem with 34.5 FPKM. Homeologs of -6 were expressed in stem, leaf, and root tissues from 3.43 to 13.89 FPKM.

To explore Ta-CrRLK1L’s role in plant reproduction, gene expression was analyzed in immature stamen and pistil tissues of a cultivar Fielder. Ta-CrRLK1L5, -9, and -14 exhibited higher expression than other family members in both stamen and pistil tissues; however, the gene expression levels in pistil tissues were higher than in stamen tissues. -5-A and -14-D had a higher level of expression than their homeologs, with 38.3 and 29 FPKM in pistil tissues, respectively, which was in agreement with the seventy-one tissues transcriptome data (Figure 5C, Supplementary Table S7). Similar paralogs were also expressed in stamen tissues at 27 and 31 FPKM values, suggesting dual roles of these genes in male as well as female side in pollen-pistil interaction.

Gene co-expression network analysis of seven moderately or highly expressed paralogs, namely -3A, -5A, -9A, -11A, -12A, -13A, and -14A using the WheatNet database revealed the functional and regulatory roles in morphogenesis and developmental processes (Supplementary Tables S8A–C). GO enrichment analysis for -3A co-expression network nodes showed the enrichment in enzyme linked receptor protein signaling pathway (GO:0007167), plant epidermal cell differentiation (GO:0090627), root epidermal cell differentiation (GO:0010053) and cell surface receptor signaling pathway (GO:0007166). Co-expression nodes for -5A showed the enrichment mostly in the signaling pathways such as cellular response to organic cyclic compound (GO:0071407), transmembrane receptor protein tyrosine kinase signaling pathway (GO:0007169), and steroid hormone mediated signaling pathway (GO:0043401). Co-expression network of -9A showed enrichment in cellular component organization (GO:0016043), embryo sac development (GO:0009553), ubiquitin protein ligase binding (GO:0031667), symplast (GO:0055044) and External encapsulating structure (GO:0030312). Similarly, for -12A and -13A co-expression network enrichment in the developmental growth (GO:0048589), unidimensional cell growth (GO:0009826), cell growth (GO:0016049) and developmental growth involved in morphogenesis (GO:0060560O) was observed, suggesting the redundancy in the functioning of these CrRLK1Ls. These results suggested that these CrRLK1Ls control the cell morphogenesis and developmental processes through different pathways while others act redundantly though similar pathways. The details of the positive interactions of the CrRLK1Ls with the co-expressed genes, and co-expression nodes, edges, and GO analysis is given (Supplementary Figure 2 and Supplementary Tables S8A-C).




3.5 Expression of CrRLK1Ls is altered in response to environmental stimuli

Most of the CrRLK1L paralogs were upregulated or downregulated in response to one or more abiotic factors. In response to the cold treatments, the paralogs Ta-CrRLK1L4-B and -15-A were up-regulated by 3.0 and 3.3-fold, respectively. The paralogs that were downregulated to 15%, 18%, and 21% compared to control conditions included -3-A, -7-B, and -11-A. CrRLK1L-3-A had the highest 18% decrease in gene expression, from 24.69 FPKM to 4.42 FPKM. Other paralogs had a 30–47% decrease in the gene expression level in response to cold stress, which included one of the homeologs of Ta-CrRLK1L3, -4, -6, -7, and -11 (Figure 6A, Supplementary Table S9).




Figure 6 | Gene expression analysis in response to abiotic and biotic stresses. Gene expression was analyzed for Ta-CrRLK1L genes in response to specific abiotic factors, including (A) Cold, (B) Drought (DH), heat (HT) and combined stress (DH+HT), and (C) NaCl (salt) stress, using transcriptome datasets from the NCBI Sequence Read Archive (SRA). Transcriptome analyses for biotic factors, such as (D) (F) graminearum (Fg) (Bio Project accession PRJNA522013), and (E) Infection to C. purpurea (dataset from Tente et al., 2021), were conducted with NCBI SRA datasets. In the figures, “MK” denotes mock control samples, “Cp” represents C. purpurea inoculated samples, and “TT” indicates ovary-transmitting tissues. The color scale reflects gene expression levels, measured in FPKM values (Fragments Per Kilobase Million).



The Ta-CrRLK1L gene family members showed changes in gene expression levels in response to drought, heat, and combined stress. The homeologs of -9 and paralogs -10-A, and -14-B were induced by more than 2.3-folds in response to drought stress of 1 hr and 6 hr, while homeologs of -2, -4, -7, -9, -10, and -15 were downregulated in the same, with 4-B exhibiting highest downregulation of 25% in the 6 hr drought stress treatment. The paralogs upregulated in response to 1 hr or 6 hr of heat stress included -4-B, -9-A, -10-D, -11, -15-B and -15-D. In contrast, -2, -3, -4, 6, -7, -9, -10, and -11 were downregulated, with the highest downregulation for 10-B from 1.04 to 0.04 FPKM. In combined stress, -15-B, was induced 13.9-fold, while 10-B was downregulated from 1.04 FPKM to 0.02 FPKM. The homeologs -7-B and -7-D were downregulated to 12% of their control levels, with FPKM values of 7.28 and 3.94 (Figure 6B, Supplementary Table S10).

Changes in gene expression analyzed in response to 100 mM NaCl treatments Ta-CrRLK1L-1-A had the highest induction of 5.77-fold compared to -1-B and -1-D, which were induced by 3.35 and 2.93-fold, respectively. However, the lower expression levels of 0.12, 0.08, and 0.23 FPKM for these homeologs were detected in control treatments. These results suggest that Ta-CrRLK1L1 may have a role in salt stress responses (Figure 6C, Supplementary Table S11).




3.6 Expression of CrRLK1L transcripts is altered in response to head blight and ergot funguses

In response to Fusarium graminearum (Fg) inoculation, Ta-CrRLK1L-7-D was highly induced from 0.08 FPKM in control to 0.81, 1.85, and 1.75 FPKM in 24 hr, 48 hr, and 72 hr post-inoculation treatments. -6-D was induced by a 6.93-fold increase in 48 hr post-Fg inoculation. However, in response to 72 hr post-inoculation, -15 homeologs were downregulated to 10-12% of their control values (Figure 6D, Supplementary Table S12).

Claviceps purpurea (Cp) infection in the stigma induced -6-D and -15-D paralogs from 0.06 FPKM in mock to 0.50 and 0.57 FPKM in 1 hr post-inoculation treatment, whereas the homeologs -12-A and -12-D were downregulated to 14% and 11% in the treatment compared to their control (Figure 6E, Supplementary Table S13). The paralogs -3-A and -6-D were induced by 10.26 and 10.92-fold in response to 48 hr post Cp inoculation in the ovule. However, in the control conditions, -3-A and -6-D have lower expression of 0.14 and 0.06 FPKM, respectively. -6-D and -3-A were also upregulated 48 hr post-inoculation in the ovary and transmitting tissue to a fold change of 7.04 and 4.26, respectively.




3.7 Various stress-responsive and hormonal-responsive cis-acting elements regulating plant development are present in the promoter regions of CrRLK1Ls in T. aestivum

The prediction of cis-acting elements in the putative promoter regions of CrRLK1L genes revealed that 54% consisted of core promoter and enhancer region elements, including TATA and CAAT boxes. The remaining 46% was categorized into three groups, namely, cis-acting elements associated with hormonal responses, plant developmental processes, and abiotic and biotic stress conditions (Figure 7A). These categories were further subcategorized. For instance, hormonal responses were divided into abscisic acid, auxin, gibberellin, and salicylic acid (Figure 7B), while other elements were grouped based on their functions (Figures 7C, D). All Ta-CrRLK1L genes are comprised of cis-acting elements for light and abscisic acid. Ta-CrRLK1L1 had cis-acting elements for palisade mesophyll cell differentiation, and -14 had meristem-specific activation elements, which fell under the plant developmental processes category. The paralogs -9-B, -12-A, -12-D, -13-A, and -13-B possessed elements for seed-specific regulation. Cis-acting elements associated with defense and stress were predicted in all CrRLK1L genes except -10, -11, and -14. Additionally, at least one of the homeolog CrRLK1L genes showed cis-acting elements for methyl jasmonate (Supplementary Table S14).




Figure 7 | Distribution of the predicted cis-acting elements in CrRLK1L gene families in T. aestivum. The cis-acting elements predicted by analysis of 2kb upstream regions of genes by PlantCARE (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) were categorized into (A) Promoter and enhancer regions and other responsive elements. Other responsive elements were categorized into three main subgroups that include cis-acting elements involved in (B) Hormonal responses (C) Plant developmental processes, and (D) Abiotic and biotic stress. (B–D) are further classified based on their specific roles.







4 Discussion

The CrRLK1L gene family in T. aestivum comprises 15 members and 43 paralogous genes. The coding regions of these genes exhibited a high similarity of more than 93.5%, as reported in various studies (Brunetti et al., 2018). The paralogs -2-D and -7-A in the progenitor species Ae. tauschii and T. urartu or T. dicoccoides did not have high sequence similarity in the coding regions, which suggests that these gene copies may also be absent in the progenitor species. The erroneous sequences for CrRLK1Ls from Ensembl Plants databases were corrected by wheat genome shotgun (WGS) contigs sequences at the NCBI database. The reverse translocations in the T. aestivum genome are most commonly observed, including the translocation between 4AL/5AL and 4AL/7 (Devos et al., 1995). Similar translocations were found in gene family members Ta-CrRLK1L6 and -13. Surprisingly, -13-D and -14 homeologs had introns, also found in T. dicoccoides when searched using blastn in the NCBI WGS assembly.

CrRLK1L gene families in Arabidopsis consist of 17 members, of which FER, ANJ, HERK1, BUPS1/2, and ANX1/2 are the critical players in plant reproduction and have roles in guiding the pollen tube to the synergid cells of the ovule for fertilization. The FER-ANJ complex acts in the stigma papillae and has an essential role in pollen germination, where it is proposed to maintain the ROS levels in the stigma papilla in the absence of the pollen and act as a negative regulator for stigma hydration (Zhou et al., 2021). Arabidopsis CrRLK1L members BUPS1/BUPS2 that complex with ANX1 and ANX2 act on the pollen tube side and function in the maintenance of pollen tube integrity and prevent its rupture before it reaches the synergid cells (Johnson et al., 2019). Phylogenetic analysis of CrRLK1L showed that ANX1/2 were clustered with Ta-CrRLK1L12, and BUPS1/2 were clustered with Ta-CrRLK1L13, which suggests that these genes are the Arabidopsis homologs for ANX and BUPS in wheat. This was supported by the tissue-specific gene expression analyzed across the seventy-one tissues of wheat, where Ta-CrRLK1L12 and Ta-CrRLK1L13 were highly expressed in anther tissues. However, gene expression analysis of immature stamen or pistil tissues during meiosis in wheat flowers at Zadok stages 41-49 did not show expression of these genes, which suggests the specificity of these genes to function in the later stages of plant reproduction when the pollen germinates on the stigma. Ta-CrRLK1L5, -9, and -14 were also expressed in stigma and ovary tissues in seventy-one tissue types and had a relative level of gene expression in the range 18.25–32 FPKM, 15.12–15.38 FPKM, and 21.16–28.17 FPKM. Similar genes were also expressed in the analyzed transcriptome datasets for immature stamen and pistil and in five tissue types transcriptome datasets. The clustering of these genes suggests that -5 and -9 belong to the FER, and -4, -11, and -14 belong to HERK, CURVY1, and ANJEA. Ta-CrRLK1L-1 and -14 copies showed the presence of specific palisade mesophyll cell differentiation and meristem-specific activation cis-acting elements in their promoter regions, which indicate that these genes may have a role in plant growth and regulation.

Co-expression network analysis of CrRLK1Ls and their GO enrichment using the network node genes for Ta-CrRLK1L-3A, -5A, -9A, -12A, and -13A provided a comprehensive detail about the multiple roles of CrRLK1L genes in the plant developmental processes in T. aestivum. Ta-CrRLK1L3-A is highly and moderately expressed in the leaf and root tissues based on the five tissue types expression datasets and the co-expressed node network of these genes showed the enrichment in the signaling and cellular differentiation process. Similarly, -9A is moderately expressed in different tissues such as root, leaf, stem and inflorescence and showed the enrichment in the GO terms associated with the cellular organization. The presence of early nodulin like-protein, members of which are involved in pollen tube reception in Arabidopsis (Hou et al., 2016), in the co-expression node network of Ta-CrRLK1L12-A and -13 A, which are mostly expressed in the pollens suggest possible regulatory networks between these genes. However, in the agriGO v2.0 database we were unable to find GOs for -11-A and -14A, which may be due to the smaller number identified co-expression node network for these genes below ten.

Characterization of various gene families in T. aestivum involved in developmental processes and stress responses have been studied using RNA-seq, and the diversity in the gene expression and responses in the tissues as well as abiotic stresses such as cold, drought, heat, and biotic stress conditions such as infection to F. graminearum, has also been observed (Riaz et al., 2021; Gawande et al., 2022; Ke et al., 2022; An et al., 2023). The gene expression in the specific tissues or in response to stress condition indicate the possible roles of the gene family members in the developmental processes or under stress conditions.

FER is a versatile CrRLK1L that functions in plant growth and development, abiotic stress, hormonal signaling, and plant immunity responses (Ji et al., 2020). In Arabidopsis, the responses to drought, cold, and heat in the FER mutant, fer-4, showed that FER acts as a negative regulator of drought stress and a positive regulator of the cold and heat stress responses (Chen et al., 2021). To determine the response of Ta-CrRLK1L genes, we analyzed the gene expression from the available transcriptome datasets. The cold stress-responsive gene -3-A was clustered with FER, which had the highest downregulation (18% downregulated compared to control) in response to cold stress. Another downregulated gene was the homeologs of -6, which clustered with AT5G24010.1 and AT2G23200.1. Ta-CrRLK1L15-A was induced more than 3.3-fold and clustered with HERK2 in Arabidopsis. At least one homeolog of -3, -4, -6, and -9 was downregulated in response to 1 hr of heat and 1 hr of combined stress, whereas -15-D was induced in similar treatments. Among these genes, most were clustered with FER, HERK1, and ANJEA, whereas the upregulated copy -15-D was clustered with HERK2. Ta-CrRLK1L-12 and -13 also responded to F. graminearum infections, suggesting that these genes may also have a role in the head blight caused by F. graminearum. HERK2 homolog Ta-CrRLK1L15 responded to varied stress conditions, including cold, heat, combined drought and heat, and F. graminearum infection.

Gene expression analysis and promoter mining for cis-acting elements showed interesting results. Abscisic acid and light-responsive elements were found in almost all the promoter regions of CrRLK1Ls, highlighting the role of CrRLK1L in plant developmental processes and ABA-mediated stress responses. In the moderately expressed root-specific homeologs of genes -5, -9, and -14, auxin-responsive elements, either TGA (AACGA) or AuxRR-core (GGTCCATC) were found, which indicates that these genes may have roles in the root development through auxin response (Supplementary Table S14).

The promoter analysis of stress-responsive CrRLK1L genes showed the presence of stress-responsive elements. For example, in the cold stress-induced CrRLK1L-3A gene promoter, low temperature or cold-responsive cis-acting element LTR (CCGAAA) was found. Similar cis-acting elements were found in the cold stress response genes -4-B, -7-B, -9-D, and -15-A, which were either upregulated or downregulated in response to cold stress. Interestingly, the MBS cis-acting element (CAACTG), which stands for MYB Binding Site and functions in drought stress responses, was identified in downregulated -paralogs -4-B and -7-D, and upregulated paralog -9B. Similar elements were also found in the downregulated -2-A and -2-B paralogs in response to combined drought and heat stress treatment for 1hr. Drought and salinity stress responses are also controlled through ABA-dependent signaling (Narusaka et al., 2003), we have observed ABRE elements (ACGTG) in the promoter region of homeologs of -1, which is induced by NaCl treatment. However, it is not essential that the presence of these cis-acting elements only affect gene expression and this requires the further experimental validations using molecular experiments that determines promoter activity.

Similarly, in biotic stress responses, the highly expressed paralog -7D contained a salicylic acid-responsive TCA element (CATCTTTTT). Salicylic acid application induces tolerance against fungal species in plant species (Chakraborty, 2021). Fg-induced paralogs -3-B and -3-D, induced 72 hours post-Fg inoculation, were composed of defense and stress-responsive TC-rich repeat elements (GTTTTCTTAC). The role of methyl jasmonate has been known to be in stress tolerance against pathogens and herbivores (Turner et al., 2002). Paralogs induced in response to C. purpurea, namely -3-A, -3-B, and -6-B, also showed the presence of Methyl jasmonate-responsive cis-acting elements. The presence of these cis-acting elements in the CrRLK1L genes, coupled with the expression data, supports the role of the CrRLK1L gene family in T. aestivum in plant developmental processes and adaptation to stresses.




5 Conclusions

We conducted an extensive in silico genome-wide analysis of the CrRLK1L gene family in wheat, providing valuable insights into the potential roles of these genes for the first time. In the wheat genome, we identified 15 CrRLK1L genes and 43 paralogs. Furthermore, our investigation of the Ta-CrRLK1L genes revealed the presence of the various cis-acting elements involved in specific biological processes, such as plant growth, development, and stress responses. Analyzing publicly available transcriptome data sets, we found diverse expression patterns of most Ta-CrRLK1s in different tissues, including reproductive tissues. Moreover, most CrRLK1L genes were upregulated or downregulated in response to abiotic or biotic factors. The data presented in our study will serve as a valuable resource for future functional characterization and validation of CrRLK1L proteins in wheat. Additionally, this knowledge will facilitate the development of targeted strategies for crop improvement, leveraging the potential of the CrRLK1L gene family.





Data availability statement

The original contributions presented in the study are included in the Supplementary Material. All the T. aestivum and other species sequences are given as a supplementary files with IDs from different databases. The source of transcriptome datasets used in this study are given as Supplementary Table S1.





Author contributions

NG: Formal analysis, Methodology, Writing – original draft, Writing – review & editing, Conceptualization. SS: Formal analysis, Supervision, 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 a DBT Ramalingaswami Re-entry fellowship grant and start-up grant from Indian Institute of Technology Gandhinagar to SS.




Acknowledgments

We thank the Indian Institute of Technology Gandhinagar for a post-doctoral fellowship to NG. We also acknowledge DBT for the Ramalingaswami Re-entry fellowship grant and the Indian Institute of Technology Gandhinagar for start-up grant to SS.





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.2024.1345774/full#supplementary-material




References

 Abhinandan, K., Skori, L., Stanic, M., Hickerson, N. M. N., Jamshed, M., and Samuel, M. A. (2018). Abiotic stress signaling in wheat – An inclusive overview of hormonal interactions during abiotic stress responses in wheat. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00734

 An, X., Zhao, S., Luo, X., Chen, C., Liu, T., Li, W., et al. (2023). Genome-wide identification and expression analysis of the regulator of chromosome condensation 1 gene family in wheat (Triticum aestivum L.). Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1124905

 Boisson-Dernier, A., Kessler, S. A., and Grossniklaus, U. (2011). The walls have ears: The role of plant CrRLK1Ls in sensing and transducing extracellular signals. J. Exp. Bot. 62. doi: 10.1093/jxb/erq445

 Bordeleau, S. J., Canales Sanchez, L. E., and Goring, D. R. (2022). Finding new Arabidopsis receptor kinases that regulate compatible pollen-pistil interactions. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1022684

 Brunetti, S. C., Arseneault, M. K. M., and Gulick, P. J. (2018). Characterization of the Esi3/RCI2/PMP3 gene family in the Triticeae. BMC Genomics 19. doi: 10.1186/s12864-018-5311-8

 Chakraborty, N. (2021). Salicylic acid and nitric oxide cross-talks to improve innate immunity and plant vigor in tomato against Fusarium oxysporum stress. Plant Cell Rep. 40. doi: 10.1007/s00299-021-02729-x

 Chao, J., Li, Z., Sun, Y., Aluko, O. O., Wu, X., Wang, Q., et al. (2021). MG2C: a user-friendly online tool for drawing genetic maps. Mol. Horticulture 1. doi: 10.1186/s43897-021-00020-x

 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. doi: 10.1016/j.molp.2020.06.009

 Chen, X., Ding, Y., Yang, Y., Song, C., Wang, B., Yang, S., et al. (2021). Protein kinases in plant responses to drought, salt, and cold stress. J. Integr. Plant Biol. 63. doi: 10.1111/jipb.13061

 Devos, K. M., Dubcovsky, J., Dvořák, J., Chinoy, C. N., and Gale, M. D. (1995). Structural evolution of wheat chromosomes 4A, 5A, and 7B and its impact on recombination. Theor. Appl. Genet. 91. doi: 10.1007/BF00220890

 Duan, Q., Kita, D., Li, C., Cheung, A. Y., and Wu, H. M. (2010). FERONIA receptor-like kinase regulates RHO GTPase signaling of root hair development. Proc. Natl. Acad. Sci. U.S.A. 107. doi: 10.1073/pnas.1005366107

 Gawande, N. D., Hamiditabar, Z., Brunetti, S. C., and Gulick, P. J. (2022). Characterization of the heterotrimeric G protein gene families in Triticum aestivum and related species. 3 Biotech. 12. doi: 10.1007/s13205-022-03156-9

 Ge, Z., Bergonci, T., Zhao, Y., Zou, Y., Du, S., Liu, M. C., et al. (2017). Arabidopsis pollen tube integrity and sperm release are regulated by RALF-mediated signaling. Sci. (1979) 358. doi: 10.1126/science.aao3642

 Giraldo, P., Benavente, E., Manzano-Agugliaro, F., and Gimenez, E. (2019). Worldwide research trends on wheat and barley: A bibliometric comparative analysis. Agronomy 9. doi: 10.3390/agronomy9070352

 Greeff, C., Roux, M., Mundy, J., and Petersen, M. (2012). Receptor-like kinase complexes in plant innate immunity. Front. Plant Sci. 3. doi: 10.3389/fpls.2012.00209

 Hou, Y., Guo, X., Cyprys, P., Zhang, Y., Bleckmann, A., Cai, L., et al. (2016). Maternal ENODLs are required for pollen tube reception in arabidopsis. Curr. Biol. 26. doi: 10.1016/j.cub.2016.06.053

 Huang, J., Yang, L., Yang, L., Wu, X., Cui, X., Zhang, L., et al. (2023). Stigma receptors control intraspecies and interspecies barriers in Brassicaceae. Nature 614. doi: 10.1038/s41586-022-05640-x

 Ji, D., Chen, T., Zhang, Z., Li, B., and Tian, S. (2020). Versatile roles of the receptor-like kinase feronia in plant growth, development and host-pathogen interaction. Int. J. Mol. Sci. 21. doi: 10.3390/ijms21217881

 Johnson, M. A., Harper, J. F., and Palanivelu, R. (2019). A fruitful journey: pollen tube navigation from germination to fertilization. Annu. Rev. Plant Biol. 70. doi: 10.1146/annurev-arplant-050718-100133

 Ke, Q., Sun, H., Tang, M., Luo, R., Zeng, Y., Wang, M., et al. (2022). Genome-wide identification, expression analysis and evolutionary relationships of the IQ67-domain gene family in common wheat (Triticum aestivum L.) and its progenitors. BMC Genomics 23. doi: 10.1186/s12864-022-08520-w

 Keinath, N. F., Kierszniowska, S., Lorek, J., Bourdais, G., Kessler, S. A., Shimosato-Asano, H., et al. (2010). PAMP (Pathogen-associated Molecular Pattern)-induced changes in plasma membrane compartmentalization reveal novel components of plant immunity. J. Biol. Chem. 285. doi: 10.1074/jbc.M110.160531

 Kessler, S. A., Shimosato-Asano, H., Keinath, N. F., Wuest, S. E., Ingram, G., Panstruga, R., et al. (2010). Conserved molecular components for pollen tube reception and fungal invasion. Science 330. doi: 10.1126/science.1195211

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12. doi: 10.1038/nmeth.3317

 Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol 37. doi: 10.1038/s41587-019-0201-4

 Li, C., Yeh, F. L., Cheung, A. Y., Duan, Q., Kita, D., Liu, M. C., et al. (2015a). Glycosylphosphatidylinositol-anchored proteins as chaperones and co-receptors for FERONIA receptor kinase signaling in Arabidopsis. Elife 4. doi: 10.7554/eLife.06587

 Li, Q., Zheng, Q., Shen, W., Cram, D., Brian Fowler, D., Wei, Y., et al. (2015b). Understanding the biochemical basis of temperature-induced lipid pathway adjustments in plants. Plant Cell 27. doi: 10.1105/tpc.114.134338

 Li, Z., Hu, Y., Ma, X., and Da, L. (2023). WheatCENet: A Database for Comparative Co-expression Networks Analysis of Allohexaploid Wheat and Its Progenitors. Genomics, proteomics & bioinformatics 21. doi: 10.1016/j.gpb.2022.04.007

 Lindner, H., Müller, L. M., Boisson-Dernier, A., and Grossniklaus, U. (2012). CrRLK1L receptor-like kinases: Not just another brick in the wall. Curr. Opin. Plant Biol. 15. doi: 10.1016/j.pbi.2012.07.003

 Liu, Z., Xin, M., Qin, J., Peng, H., Ni, Z., Yao, Y., et al. (2015). Temporal transcriptome profiling reveals expression partitioning of homeologous genes contributing to heat and drought acclimation in wheat (Triticum aestivum L.). BMC Plant Biol. 15. doi: 10.1186/s12870-015-0511-8

 Liu, Y., Zhong, X., Zhang, Z., Lan, J., Huang, X., Tian, H., et al. (2021). Receptor-like kinases MDS1 and MDS2 promote SUMM2-mediated immunity. J. Integr. Plant Biol. 63. doi: 10.1111/jipb.12978

 Ma, W., Liu, X., Chen, K., Yu, X., and Ji, D. (2023). Genome-wide re-identification and analysis of crRLK1Ls in tomato. Int. J. Mol. Sci. 24. doi: 10.3390/ijms24043142

 Masachis, S., Segorbe, D., Turrà, D., Leon-Ruiz, M., Fürst, U., El Ghalid, M., et al. (2016). A fungal pathogen secretes plant alkalinizing peptides to increase infection. Nat. Microbiol. 1. doi: 10.1038/nmicrobiol.2016.43

 Matsuoka, Y. (2011). Evolution of polyploid triticum wheats under cultivation: The role of domestication, natural hybridization and allopolyploid speciation in their diversification. Plant Cell Physiol. 52. doi: 10.1093/pcp/pcr018

 Narusaka, Y., Nakashima, K., Shinwari, Z. K., Sakuma, Y., Furihata, T., Abe, H., et al. (2003). Interaction between two cis-acting elements, ABRE and DRE, in ABA-dependent expression of Arabidopsis rd29A gene in response to dehydration and high-salinity stresses. Plant J. 34. doi: 10.1046/j.1365-313X.2003.01708.x

 Nguyen, Q. N., Lee, Y. S., Cho, L. H., Jeong, H. J., An, G., and Jung, K. H. (2015). Genome-wide identification and analysis of Catharanthus roseus RLK1-like kinases in rice. Planta 241. doi: 10.1007/s00425-014-2203-2

 Niu, E., Cai, C., Zheng, Y., Shang, X., Fang, L., and Guo, W. (2016). Genome-wide analysis of CrRLK1L gene family in Gossypium and identification of candidate CrRLK1L genes related to fiber development. Mol. Genet. Genomics 291. doi: 10.1007/s00438-016-1169-0

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33. doi: 10.1038/nbt.3122

 Pingault, L., Choulet, F., Alberti, A., Glover, N., Wincker, P., Feuillet, C., et al. (2015). Deep transcriptome sequencing provides new insights into the structural and functional organization of the wheat genome. Genome Biol. 16. doi: 10.1186/s13059-015-0601-9

 Ramírez-González, R. H., Borrill, P., Lang, D., Harrington, S. A., Brinton, J., Venturini, L., et al. (2018). The transcriptional landscape of polyploid wheat. Science 361. doi: 10.1126/science.aar6089

 Rao, S., Wu, X., Zheng, H., Lu, Y., Peng, J., Wu, G., et al. (2021). Genome-wide identification and analysis of Catharanthus roseus RLK1-like kinases in Nicotiana benthamiana. BMC Plant Biol. 21. doi: 10.1186/s12870-021-03208-x

 Riaz, M. W., Lu, J., Shah, L., Yang, L., Chen, C., Mei, X. D., et al. (2021). Expansion and molecular characterization of AP2/ERF gene family in wheat (Triticum aestivum L.). Front. Genet. 12. doi: 10.3389/fgene.2021.632155

 Richter, J., Ploderer, M., Mongelard, G., Gutierrez, L., and Hauser, M. T. (2017). Role of CrRLK1L cell wall sensors HERCULES1 and 2, THESEUS1, and FERONIA in growth adaptation triggered by heavy metals and trace elements. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01554

 Schulze-Muth, P., Irmler, S., Schröder, G., and Schröder, J. (1996). Novel type of receptor-like protein kinase from a higher plant (Catharanthus roseus): cDNA, gene, intramolecular autophosphorylation, and identification of a threonine important for auto- and substrate phosphorylation. J. Biol. Chem. 271. doi: 10.1074/jbc.271.43.26684

 Shiu, S. H., and Bleecker, A. B. (2003). Expansion of the receptor-like kinase/Pelle gene family and receptor-like proteins in Arabidopsis. Plant Physiol. 132. doi: 10.1104/pp.103.021964

 Stegmann, M., Monaghan, J., Smakowska-Luzan, E., Rovenich, H., Lehner, A., Holton, N., et al. (2017). The receptor kinase FER is a RALF-regulated scaffold controlling plant immune signaling. Science 355. doi: 10.1126/science.aal2541

 Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38. doi: 10.1093/molbev/msab120

 Tente, E., Ereful, N., Rodriguez, A. C., Grant, P., O’Sullivan, D. M., Boyd, L. A., et al. (2021). Reprogramming of the wheat transcriptome in response to infection with Claviceps purpurea, the causal agent of ergot. BMC Plant Biol. 21. doi: 10.1186/s12870-021-03086-3

 Turner, J. G., Ellis, C., and Devoto, A. (2002). The jasmonate signal pathway. Plant Cell 14. doi: 10.1105/tpc.000679

 Wang, Y., Jia, L., Tian, G., Dong, Y., Zhang, X., Zhou, Z., et al. (2023). shinyCircos-V2.0: Leveraging the creation of Circos plot with enhanced usability and advanced features. iMeta 2. doi: 10.1002/imt2.109

 Wang, M., Yue, H., Feng, K., Deng, P., Song, W., and Nie, X. (2016). Genome-wide identification, phylogeny and expressional profiles of mitogen activated protein kinase kinase kinase (MAPKKK) gene family in bread wheat (Triticum aestivum L.). BMC Genomics 17. doi: 10.1186/s12864-016-2993-7

 Yu, F., Qian, L., Nibau, C., Duan, Q., Kita, D., Levasseur, K., et al. (2012). FERONIA receptor kinase pathway suppresses abscisic acid signaling in Arabidopsis by activating ABI2 phosphatase. Proc. Natl. Acad. Sci. U.S.A. 109. doi: 10.1073/pnas.1212547109

 Zhang, L., Huang, J., Su, S., Wei, X., Yang, L., Zhao, H., et al. (2021). FERONIA receptor kinase-regulated reactive oxygen species mediate self-incompatibility in Brassica rapa. Curr. Biol. 31. doi: 10.1016/j.cub.2021.04.060

 Zhang, X., Yang, Z., Wu, D., and Yu, F. (2020b). RALF–FERONIA signaling: linking plant immune response with cell growth. Plant Commun. 1. doi: 10.1016/j.xplc.2020.100084

 Zhang, H., Zhang, F., Yu, Y., Feng, L., Jia, J., Liu, B., et al. (2020a). A comprehensive online database for exploring ∼20,000 public arabidopsis RNA-seq libraries. Mol. Plant 13. doi: 10.1016/j.molp.2020.08.001

 Zhao, C., Zayed, O., Yu, Z., Jiang, W., Zhu, P., Hsu, C. C., et al. (2018). Leucine-rich repeat extensin proteins regulate plant salt tolerance in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 115. doi: 10.1073/pnas.1816991115

 Zhou, L. Z., Qu, L. J., and Dresselhaus, T. (2021). Stigmatic ROS: regulator of compatible pollen tube perception? Trends Plant Sci. 26. doi: 10.1016/j.tplants.2021.06.013




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 Gawande and Sankaranarayanan. 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-15-1345774-g002.jpg





OEBPS/Images/fpls-15-1345774-g005.jpg
B C

- Firstleaf sheath - Tilering stage " Ta-CrRLKIL

i 1-A
:s:m":ﬁf:fw m'fr}?q?’nf‘f' $&ing stage 0 Ta.CrRLK1L1-B
Eriloat ol Seeding sage 20 Ta-CrRLK1L1-D
Fiog g o - Ffbod o TaCrRLKILZA
B ot s
=m gl o ol (0 250) 0645 w Ta-CrRLK1L2-B
dEin. f0 TeSmiGa
e - Thes oarsge O $
smam— g T4 Faremeroence %  Ta-CrRLK1L3-D
Sicsptie 2  Ta-CrRLK1L4-A
Rodre M eariage Ta-GrRLK1L4-B
Efiaf s HE5 et sage - °  Ta-CrRLK1L4-D
oot accal o Three Ta-CrRLK1L5-A
£ RS e et o Ta-CrRLK1L5-B
= Haglds enih S percantpie Ta-CrRLK1L5-D
Radgl Sseaing sege Ta-CrRLK1L6-A
TRicieaiee™ T ot e Ta-CrRLK1L6-B
R et P oo stage Ta-CrRLK1L6-D
Gran " Kpering sage Ta-CrRLK1L7-B
e cmerercs Ta-CrRLK1L7-D
BB s T SRkie8
5 Biace - . a-Cri g
e sheath it s Ta-CrRLK1L8-D
i jeaf blage mght (025n) 2745 Ta-CrRLK1L9-A ==l |
R Ry, . TeCRLKILOE =
g af b [‘s%ﬁ%oen&ei penng Soge Ta-CrRLKILO-D
5 icotbide e Aol ¥
o ii%ﬂéi‘?é:?"s’:'g‘ﬂ"‘““ = Ta-CrRLK1L10-B
= Tmicition
ifth lez - Fif a-Crl i
FH e G5 ?’:1076*5 Ta-CrRLK1L11-B I
-t g‘,?%‘ Jeat Dade night 0.25h) 21:45 Ta-CrRLK1L11-D
e
Stem axis - Frs et siage Ta-CrRLK1L12-A
[ B} Ta-CrRLK1L12-B
Pedundle - 50 percant spke Ta GIRLKAL12.D
B cheatr ol oot Ta-CrRLK1L13-A
[ e TaCRIKILITE
S Eor emergence Aol 2
H el Bk ot 40 250 22:15 Ta-CrRLK1L14-A
- g eafblde ik gri tage Ta-GrRLK1L14.B
- m lag lea sheath ik gra stage Ta-CrRLK1L14-D
=m Fiih oafbide (senescance) - Mik grain stage Ta-CrRLK1L15-A
iy -s%ii‘e-"F"xﬂ\ ?E‘E&’ Ta—ngR{::m LisB
=E BRI e Ta-crl &
R L Lt O F S L
REARE AR RN
R e R R e R R R s Sy S S EsEEEss
SO SSSSSSI OIS $9995SSESEESIIIISEESE
GO AIIIIIII AL S SRR AR AL SRR R AR A






OEBPS/Images/fpls-15-1345774-g007.jpg
m Other responsive elements
m Promoter and enhancer regions

Hormonal responses
= Plant developmental processes
= Abiotic and biotic stress

A

i Abscisic acid

W Auxin

H Gibberellin

H Methyl jasmonate
M Salicylic acid

M Cell cycle regulation

H Cicardian control

m Endosperm expression

B Endosperm-specific negative expression
M Flavonoid biosynthetic genes regulation
W Meristem expression

W Meristem specific activation

m palisade mesophyll cells differentiation

W Phytochrome down-regulation expression
M Seed-specific regulation

M Anaerobic induction

® Anoxic specific inducibility
u Defense and stress

M Light

W Low temperature

W MYB-Drought inducibility
= MYB-Light

 Wound





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome wide characterization and expression analysis of CrRLK1L gene family in wheat unravels their roles in development and stress-specific responses

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Collection of sequences for CrRLK1L gene families in Triticum aestivum

          



          		

            2.2 Compilation of gene sequences for CrRLK1L from other plant species

          



          		

            2.3 Conserved domain and phylogenetic analysis

          



          		

            2.4 Gene duplication, chromosomal location, gene structure prediction, and motif analysis

          



          		

            2.5 Cis-acting elements prediction

          



          		

            2.6 Gene expression and co-expression analysis of CrRLK1L gene families

          



        



        



        		

          3 Results

        

          		

            3.1 In silico analysis identified 15 members of the CrRLK1L gene family in T. aestivum

          



          		

            3.2 Ta-CrRLK1Ls members have highly conserved protein domains and show evolutionary conservation with closely related species

          



          		

            3.3 Ta-CrRLK1Ls display varied distribution in seven chromosomes and are absent in chromosome 6

          



          		

            3.4 Ta-CrRLK1L transcripts show altered expression in different tissues with CrRLK1L-12 and -13 highly expressed in the anther

          



          		

            3.5 Expression of CrRLK1Ls is altered in response to environmental stimuli

          



          		

            3.6 Expression of CrRLK1L transcripts is altered in response to head blight and ergot funguses

          



          		

            3.7 Various stress-responsive and hormonal-responsive cis-acting elements regulating plant development are present in the promoter regions of CrRLK1Ls in T. aestivum

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1345774-g004.jpg
oMy
BMy
166Mb.
29\
3320
415 M
4980\
S81Mb
664\
TN
830 M

chriA chrig chrip chrA chr28 chr2p Chr3A chr3g chr3p
TaCIRLKIL2-A
Ta-CRLK1L2.8
Ta-CRLKILTI-A Ta-CRLK1L11-D THORLKILAD,
Ta-CRLKILE-A
Ta-CRLKIL11-8 Ta-CRLK1LE-B
[a-CrRLK1|
™ =3 Ta-CRLKILIS S .
i g Ta-CRLKILIS-A
Ta-CRLK1LS-S
Ta.CIRLK1L10.D)
Ta-CRLKILT-D
Ta.CRLKIL10.8
Ta-crrLK1L10-4 T2 SRLKILIOS
Chr4A chr4 chr4D chrsA chrse chrsD Cchi7A chi7e ch7D
Ta-CrRLK1L12-A g Ta-CrRLK1L12-B g Ta-CrRLK1L12-D
Ta-CRLKIL13-A Ta-CIRLKIL13-D
Ta-CRLKILE-A
Ta-CRLKILS-A
Ta-CRLK1LS-D
Ta-GRLK1LB-D
Rats S
-
B e Ta-CrRLK1L14-5 [ Ta-CrRLKIL14-D
Ta-CRLKILG-D Ta.CIRLKILID
oLk TEORIILS Ta-CRLKIL14-A
Ta.CIRLK Ta-CIRLKIL1B
Ta-CIRLKILGS AN
Ta-CrRLK1LS-A
Ta-CrRLK1L13-8
Ed <
] & 3 F o
o 3 3 3 <
3 2 z g g =
q - z s £ I 9
3 & & § § § 4
% ° ® 2 9 g g )
v ] o [ rl (5] & o
i3 ] & & N
® / § FR
Chria /

<& Chra
« s& 1)
> Q
F& ¢ 2
& =
& &5 5 =%
& g5 =
Ja 99
&R g

g-Z TN T ’L——
g TN L——





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1345774-g001.jpg
A

TaCRLKILIA
TaCRLKILIB
TaCRLKILID — —
Ta-CRLK1L2-A

TaCRLKILZB — —
Ta-CRLKILSA

Ta-CrRLK1L3-8

TaCRLKILID  —
Ta-CRLK1LA-A
Ta-CrRLK1LA-8
Ta-CrRLK1L4-D
Ta-CrRLKILS-A
Ta-CrRLKILS-8
Ta.CrRLKILS-D
Ta-CrRLK1L6-A
Ta-CrRLK1L6-8
Ta-CrRLK1LG-D
Ta-CrRLKILT-8
Ta-CRLKIL7-D
Ta-CrRLK1LS-A
Ta-CrRLK1LS-8
Ta-CRLKILSD
Ta-CrRLKILO-A
Ta-CrRLK1LS-8
Ta-CRLK1LS-D
Ta-CRLKIL10-A

TaCRLKILIOB  —

Ta-CRLKIL10-D
Ta-CRLKIL11-A
Ta-CRLKIL11-8
Ta-CRLKIL11-D
Ta-CRLKIL12-A
Ta-CrRLKIL128
Ta-CRLKIL12.D
Ta.CRLKIL1SA
Ta.CrRLKIL1SS
Ta-CRLKIL13D
Ta-CrRLKIL14-A
Ta-CrRLK1L14-8
Ta-CRLKIL14-D
Ta-CRLKIL1S-A
Ta.CRLKIL1S8

TaCRLKILIED  —

Malectin_ike superfamily

PKe_like superfamily

0

200 400 600

B

Ta-CRLKIL1-A
Ta-GiRLKIL1B
Ta-CIRLKIL1-D
Ta-CIRLKIL2-A
Ta-CIRIK1L28
TaCIRLKIL3-A
Ta-CiRLKIL3-8

Ta-GiRLKILS-A
Ta-CIRIKIL5B
TaCiRLK1L5D
Ta-CIRLKILG-A
TaCIRLK1L6-8
Ta-CIRLKILG-D
TaCRLK1LT-B
Ta-CIRLK1LT-D
Ta-CiRLKILB-A
Ta-CIRLKILE-8
Ta-CiRUK1L8-D I
Ta-CIRLKILS-A
TaCrRiK1L98 I
Ta-CiRLK1LS-D

Ta.CrRLKIL10-A.
Ta-CiRLKIL10.B.
Ta-CiRLK1L10-D)
Ta-GiRLKILT1-A.
Ta-CiRLKIL11-8.
Ta.CRLK1L11-D.
Ta-CrRLKIL12-A.
Ta-CIRLKIL12-B. g
TaCrRLK1L12.D) POEEGSR |
Ta-CrRLKIL13-A DEEGSR |
Ta-CiRLKIL13.8. SR1
Ta-CiRLK1L13.D| -

Ta-CIRLKIL14-A]
Ta.CiRLK1L14.B|
Ta-CiRLK1L14-D.
Ta-CIRLKIL15-A.
Ta-CiRLKIL15-8.
Ta-CIRLKIL15-D)

AR
ok 55,
22!

e

=<2
2322
===
"
R R AR

<~
=
=
22522

RS22280882

L

22

erppmmmooe

EEEEE ELEC e e

82222

ATP binding region signature

800

EHLY - - NEKNPP
EHLY - - NTKNPPLS

IDHLYGOTN - 1P

S o o8R8 0005555522:

EEea|
zzzZ

2D D D D D Y D D 000000022208
E SEEE]
Sezoe

5005500000233

Ser/Thr active-site signatures





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





OEBPS/Images/fpls.2024.1345774_cover.jpg
& frontiers | Frontiers in Plant Science

Genome wide characterization and
expression analysis of CrRLK1L gene family
in wheat unravels their roles in development

and stress-specific responses





OEBPS/Images/fpls-15-1345774-g006.jpg
A D

DH HT DH+HT NaCl F. graminearum E C. purpurea

Cold

2 u 120
2 2 100
18 I

15 %
12

Ta-CrRLK1L1-A
Ta-CrRLK1L1-B
Ta-CrRLK1L1-D
Ta-CrRLK1L2-A
Ta-CrRLK1L2-B
Ta-CrRLK1L3-A
Ta-CrRLK1L3-B
Ta-CrRLK1L3-D
Ta-CrRLK1L4-A
Ta-CrRLK1L4-B
Ta-CrRLK1L4-D
Ta-CrRLK1L5-A
Ta-CrRLK1L5-B
Ta-CrRLK1L5-D
Ta-CrRLK1L6-A
Ta-CrRLK1L6-B
Ta-CrRLK1L6-D
Ta-CrRLK1L7-B
Ta-CrRLK1L7-D
Ta-CrRLK1L8-A
Ta-CrRLK1L8-B
Ta-CrRLK1L8-D
Ta-CrRLK1L9-A
Ta-CrRLK1L9-B
Ta-CrRLK1L9-D
Ta-CrRLKIL10-A
Ta-CrRLK1L10-B
Ta-CrRLK1L10-D
Ta-CrRLKIL11-A
Ta-CrRLK1L11-B .
Ta-CrRLKIL11-D [ =
Ta-CrRLK1L12-A
Ta-CrRLK1L12-B
Ta-CrRLK1L12-D
Ta-CrRLKIL13-A
Ta-CrRLK1L13-B
Ta-CrRLK1L13-D
Ta-CrRLK1L14-A
Ta-CrRLK1L14-B
Ta-CrRLK1L14-D
Ta-CrRLK1L15-A
Ta-CrRLK1L15-B
Ta-CrRLK1L15-D

o w o
88 &5 38 3

|
=)






OEBPS/Images/fpls-15-1345774-g003.jpg
62
100

e8| L

93400

53

™ 100
‘7?E

73

100
84
84

98 100 [
oL
80
100 {

9

100
sl
92

100 _[

100

10| —

100
o

100 F—

00
0ot

100
100

100 —

00
ol
100[

Ta-CrRLK1L11-A
Ta-CrRLK1L11-D
Ta-CrRLK1L11-B
Ta-CrRLK1L14-B
Ta-CrRLK1L14-A
Ta-CrRLK1L14-D
Ta-CrRLK1L4-8
Ta-CrRLK1L4-A
Ta-CrRLK1L4-D
Ta-CrRLK1L8-B
Ta-CrRLK1L8-A
Ta-CrRLK1L8-D
Ta-CrRLK1L7-8
Ta-CrRLK1L7-D
Ta-CrRLK1L6-8
Ta-CrRLK1L6-A
Ta-CrRLK1L6-D
Ta-CrRLK1L1-A
Ta-CrRLK1L1-D
Ta-CrRLK1L1-B
Ta-CrRLK1L13-B
Ta-CrRLK1L13-A
Ta-CrRLK1L13-D
Ta-CrRLK1L10-A
Ta-CrRLK1L10-D
Ta-CrRLK1L10-B
Ta-CrRLK1L15-D
Ta-CrRLK1L15-A
Ta-CrRLK1L15-B
Ta-CrRLK1L12-B
Ta-CrRLK1L12-A
Ta-CrRLK1L12-D
Ta-CrRLK1L5-B
Ta-CrRLK1L5-D
Ta-CrRLK1LS-A
Ta-CrRLK1L9-D
Ta-CrRLK1LS-A
Ta-CrRLK1L9-B
Ta-CrRLK1L2-A
Ta-CrRLK1L2-B
Ta-CrRLK1L3-A
Ta-CrRLK1L3-B
Ta-CrRLK1L3-D

()

=
Bomupoamn= 2

i

‘snsuasuod oW Ioa:

QaNSAATIVNAINASDA

VISOOSNSTNIFTONTIVD
TORSSAVEAIIHTAA IO

ONSALTYaDOANTHANLZ TYODS TOaRAD
MSATQDHTINTRAIOVAATIONLTNANTN

YAM15000IONAAED IDONO TATS A0 ALY YOLEYSS I

IO TY T TNTAGONS AMOAOAQY ISV LSY DTS TN IHONCHITNT

30YANEATNEOTT INLIIAGHH ] ION¥YD LN AH TONVYS 1O L THONM
FEIAGIVOTATITAND IS AATSH AL TODNH SAGATTROSSTAAY IS AHLE
THEHTLOHVMATAAT IANDEO XD ITSATHHHHTHS THA T 31D 4THTI0

@

2
2
&

Kb 2Kb 3Kb aKb 5kb 6Kb 7Kb

Bl cDS ™ Upstream/downstream = Intron

T

:

|

:

iE Om N EmEmeE .
im = om
nEm omom
n_im = m
5 im = m
[T I |
im = m
- =
[ ]
n = m
[ - m
n = m
[ ] = .
n =-_m
] | ]
n .
[ | ]
L] - .
'] - m
[ =
] = m
- .
- .






OEBPS/Images/table1.jpg
Gene Chr aa MW p! Start codon Alignment Ensembl IDs TSA IDs EST IDs NR IDs ocalization
Ta-CrRLKILI-A 5A 846 9 688 593319527 @) TraesCS5A02G397100.1 NA NA XM_044527090.1 PM
Ta-CrRLKILI-B 5B 848 932 666 582057336 ®) TraesCS5B02G402100.1 NA NA XM_044537865.1 PM
Ta-CrRLKILI-D 5D 846 929 666 475127910 ) TraesCS5D02G406800.1 NA NA XM_044546050.1 PM
Ta-CrRLKIL2-A 3A 839 927 63 44901081 (+14) TraesCS3A02G072500.1° NA NA XM_044482702.1 PM
Ta-CrRLKIL2-B 3B 840 930 661 65473404 (+14) TraesCS3B02G086600.1% GILY01003800.1 NA XM_044491216.1 PM
Ta-CrRLKIL3-A 54 911 992 618 540676639 (+14) TraesCS5A02G330500.1 GILY01022517.1 HX029436.1 XM_044526491.1 PM
Ta-CrRLKIL3-B 5B 910 99.1 658 518340138 (+14) TraesCS5B02G330700.1 GILY01026266.1 HXI141661.1 XM_044533983.1 PM
Ta-CrRLKIL3-D 5D 885 964 674 428697175 (+14) TraesCS5D02G336300.1 TAALO1004003.1 CJ906519.1 AK448106.1 PM
Ta-CrRLKIL4-A 3A 908 973 612 109466537 ) TraesCS3A02G308100.1 GILY01002072.1 HX072674.1 XM_044483324.1 PM
Ta-CrRLKIL4-B 3B 909 975 583 154502792 ®) TraesCS3B02G151200.1 GILY01004238.1 NA XM_044491877.1 PM
Ta-CrRLKIL4-D 3D 902 97 59 93598471 (+14) TraesCS3D02G134400.1 GILY01008167.1 NA XM_044499947.1 PM
Ta-CrRLKIL5-A A 890 9% 616 181465287 (+14) TraesCS4A02G133800.1 GEWU01281019.1 CJ667826.1 XM_044507489.1 PM
Ta-CrRLKILS-B B 893 962 61 373930661 ) TraesCS4B02G171100.1 JV866858.1 NA XM_044513925.1 PM
Ta-CrRLKIL5-D. 4D 890 9% 623 301285682 ) TraesCS4D02G173100.1 NA 12888240.1 XR_006447369.1 PM
Ta-CrRLKIL6-A 5A 873 9% 549 679888473 () TraesCS5A02G514500.1 GJAR01010904.1 GIJS01080162.1 XM_044528115.1 PM
Ta-CrRLKIL6-B 4B 869 97 563 637896073 (+14) TraesCS4B02G345400.1 GILY01017244.1 B288583.1 XM_044515803.1 PM
Ta-CrRLKIL6-D D 872 942 534 497695663 (+14) TraesCS4D02G340500.1 GJAR01010903.1 D862711.1 AK454253.1 PM
Ta-CrRLKIL7-B 28 630 692 6 740594727 (+14) TraesCS2B02G536700.1% GJAR01082108.1 NA XM_037631706.1 PM
Ta-CrRLKIL7-D. D 822 893 591 604946059 (+14) TraesCS2D02G509800.1 NA NA XM_044478779.1 PM
Ta-CrRLKILS-A 4A 849 912 7.59 115710317 (+14) TraesCS4A02G102900.1 GILY01011736.1 NA XM_044507140.1 PM
Ta-CrRLKILS-B B 818 911 673 430809222 ) TraesCS4B02G201600.1 GILY01016151.1 NA XM_044514343.1 PM
Ta-CrRLKILS-D 4D 849 911 693 349251680 ) TraesCS4D02G202300.1 GILY01019194.1 GH724703.1 AK447161.1 PM
Ta-CrRLKIL9-A 1A 892 9% 611 399730575 (+14) TraesCS1A02G227300.1 JP843605.1 BQI70203.1 XM_044476330.1 PM
Ta-CrRLKILS-B 1B 892 961 611 434871334 (+14) TraesCS1B02G241400.1 GFFI01002932.1 CA6443421 XM_044549574.1 PM
Ta-CrRLKIL9-D 1D 893 96.1 5.98 319190397 (+14) TraesCS1D02G228900.1 JP843602.1 CJ776640.1 XM_044594081.1 PM
Ta-CrRLKILIO-A 24 845 93 7.64 712778715 ) TraesCS2402G463000.1 GILY01056615.1 Bj3113321 XM_044603099.1 PM
Ta-CrRLKIL10-B 28 845 941 7.1 690085072 ) TraesCS2B02G484700.1 GFFI01006924.1 CJ828757.1 XM_044470162.1 PM
Ta-CrRLKILI0-D D 845 943 7.93 572179262 ©) TraesCS2D02G463600.1 GEFI01023000.1 BJ305745.1 XM_044478390.1 M
Ta-CrRLKILII-A 1A 844 95 7 108940325 ® TraesCS1A02G108100.1 GILY01047392.1 NA XM_044462494.1 PM
Ta-CrRLKILI1-B 1B 845 938 7.94 167737188 ® TraesCS1B02G130300.2 GILY01018384.1 BQ240349.1 XM_044535279.1 M
Ta-CrRLKILII-D 1D 801 887 8.69 109363772 (+14) TraesCS1D02G110900.1 NA GH726518.1 XM_044592692.1 Chl
Ta-CrRLKILI2-A A 892 967 596 891038 (+14) TraesCS4A02G001100.1 NA NA XM_044506147.1 PM
Ta-CrRLKILI2-B 4B 889 966 551 707871 (&) TraesCS4B02G002300.1 AAL01003834.1 NA AK447962.1 PM
Ta-CrRLKILI2-D 4D 890 966 5.66 624327 (+14) TraesCS4D02G001000.1 NA LU084346.1 AK455935.1 PM
Ta-CrRLKILI3-A 7A 845 912 514 27396002 ) TraesCS7A02G055000.1 GAEF01048892.1 LU004232.1 XM_044570699.1 PM
Ta-CrRLKILI3-B A 844 911 514 714717418 ) TraesCS4A02G441600.1 NA BF482703.1 XM_044505410.1 PM
Ta-CrRLKILI3-D 7D 844 912 512 26712831 ) TraesCS7D02G050100.1 GAEF01049320.1 LUO61168.1 XM_044585135.1 PM
Ta-CrRLKILI4-A 7A 841 9 646 504309871 ) TraesCS7A02G340700.1 GILY01042054.1 12884359.1 XM_044567157.1 Chl
a-CrRLKILI4-B 7B 873 97 646 454608446 () TraesCS7B02G241900.1 GILY01045260.1 CKI62158.1 XM_044580593.1 Vac
Ta-CrRLKILI4-D 7D 841 96.8 675 434948804 (+14) TraesCS7D02G338800.3 GILY01048908.1 CJ707292.1 XM_044587009.1 Chl
Ta-CrRLKILI5-A 24 847 928 646 389183312 ) TraesCS2402G253200.1 GFFI01088856.1 NA XM_044600996.1 Vac
Ta-CrRLKILIS-B 28 843 926 653 375538545 (+14) TraesCS2B02G272800.1 GILY01059171.1 NA XM_044467908.1 Vac
Ta-CrRLKILI5-D B 845 926 666 308836841 (+14) TraesCS2D02G253800.1 JV890479.1 CJ918402.1 XR_006425141.1 Vac

Chr represent Ta-CrRLKILs gene locations on chromosomes, aa is amino acid lengths, MW- Molecular Weight in Kilo Dalton, and localization represent subcellular localization for proteins determined by using WoLF PSORT. Ensembl plants, NR, TSA and ESTs database:
lentifiers for genes are given. TraesCS3A02G072500.1° and TraesCS3B02G086600.1" genes in Ensembl plants database showed transcripts that code for 789 aa and 814 aa, these genes were corrected using wheat-WGA_v0.4-scaffolds at IWGSC database (bitps://wheat
urgiversailes inra /). TraesCS2B02G536700.1° code for 630 aa and has missing N-terminal amino acids, which was confirmed by Whole Genome Shotgun (WGS) contigs at NCBI and wheat WGA_v0.4-scaffolds at IWGSC database. PM, Chl, and, Vac denote plasma
membrane, chloroplast, and vacuole localization for CrRLKILs, respectively.






