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Abstract

:

Piezo channels belong to an important class of cell membrane-bound, Ca2+-permeable, mechanosensitive channels consisting of a pore and multiple transmembrane helices. In plants, the functional aspects of Piezo channels have been less studied than other mechanosensitive channels. However, a few studies that have been carried out indicate the involvement of Piezo channels in stress response and developmental processes. In our analysis, we identified a total of three Piezo genes in the Triticum aestivum genome. The phylogenetic analysis revealed the monocot and dicot-specific clustering of Piezo proteins. The gene and protein structure analysis indicated their conserved architecture. The promoter region of each of the three Piezo genes contained light-, growth-and development-, hormone-, and stress-responsive cis-regulatory elements. Moreover, the differential expression of Piezo genes in tissue developmental stages and under abiotic and biotic stress conditions indicated their probable role in plant growth and development and various stresses. The quantitative real-time polymerase chain reaction (qRT-PCR) analysis suggested that TaPiezo1-D might be involved in Ca2+ homeostasis. In addition, protein–protein interaction indicated their precise role in glucose, hormone and stress responses. The miRNA interaction analysis further suggested their participation in signaling cascades and biological processes. The present study will extend our understanding about Piezo channels in Ca2+ mediated signaling in plants under various stresses and provide a path for the functional validation of TaPiezo genes in future research.
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1. Introduction


Plants sense various mechanical stimuli, including touch, sound, gravity, osmotic pressure etc., throughout their life cycle. These mechanical stimuli cause plasma membrane deformation, leading to the activation of various channels, which allow the ion permeation and downstream signaling cascade [1]. These channels are known as stretch-activated channels or mechanosensitive (MS) channels. Five types of MS channels have been identified: mechanosensitive channel of small conductance-like (MscS-like or MSL); mid1-complementing activity (MCA); two-pore potassium channel (TPK); hyperosmolality-induced [Ca2+] increase (OSCA) and Piezo channels in plants [2]. In contrast to the MSL, MCA, TPK and OSCA, the Piezo channels are relatively less explored.



Piezo channels are primarily known for their contribution in various aspects of animal mechanosensation [3,4,5]. Initially, Piezo1 and Piezo2 were discovered in mouse (Mus musculus) as Ca2+-permeable ion channels [6]. Moreover, Piezo proteins were reported as regulator of membrane potential and Ca2+ signaling [5,6,7,8]. The structural studies of Piezo1 by high-resolution cryo-electron microscopy revealed its three-bladed propeller shape, consisting of an arched transmembrane region and ion-conducting central pore [9,10,11]. The homologous proteins of Piezo have been reported in fungi, animals and plants [6]. In the majority of plants, one to three Piezo genes have been reported [12]. Most of the species of algae, bryophytes and pteridophytes comprised only one Piezo gene. However, Ostreococcus lucimarinus, Physcomitrella patens and Sphagnum fallax, each harbor two Piezo genes [12,13]. Monocot species, for instance, Brachypodium distachyon, Brachypodium stacei, Oryza sativa Japonica, Sorghum bicolor, Setaria italica, Setaria viridis, Zea mays etc., consisted of only one Piezo gene [12,13]. In the case of dicot species, one Piezo gene was found in each of Arabidopsis thaliana, Nicotiana attenuate, Solanum species etc., two genes in each of Medicago truncatula, Vigna radiata, Vitis vinifera, Eucalyptus grandis, Ricinus communis, Brassica rapa etc., and three genes in Glycine max and Gossypium raimondii [12,13].



In A. thaliana, the mutant AtPiezo showed abnormal root growth on agar medium, which indicated their involvement in normal root growth. Additionally, AtPiezo channel facilitates the influx of Ca2+ ions in the root cap upon mechanical stimuli, and therefore, it acts as a mechanosensory protein [12,14]. Furthermore, AtPiezo mutants show enhanced susceptibility to viral infection, which revealed the role of AtPiezo in biotic stress responses [15]. In P. patens, the vacuolar morphology is reported to controlled by PpPiezo1 and PpPiezo2 by facilitating the Ca2+ efflux from the vacuole in response to hypo-osmotic stress [16]. In O. sativa, the Piezo gene exhibited significant expression in roots, leaves, pistils, lemmas and ovaries [13]. Moreover, the occurrence of gibberellin-, abscisic acid (ABA)- and jasmonic acid-related cis-regulatory elements in the Piezo gene of O. sativa suggested its participation in stress-related signal transduction [13].



To date, no Piezo channel has been identified in major food crop, i.e., T. aestivum. In the current study, we identified three Piezo genes in the genome of T. aestivum. Furthermore, using in silico approaches, various analyses such as that of chromosomal localization, phylogenetic, gene structure, cis-regulatory elements, and protein structure have been carried out. To elucidate the functioning of Piezo genes, their expression patterns were analyzed in three developmental stages of five tissues and heat, drought, salt and fungal stresses using the available high-throughput RNA sequence data. To validate the functioning of Piezo protein in Ca2+ homeostasis, the quantitative real-time polymerase chain reaction (qRT-PCR) of one Piezo gene homeolog, i.e., TaPiezo1-D, was performed. Protein–protein and miRNA interaction analyses were also carried out. Collectively, this study will create a path for the functional validation of TaPiezo proteins in the future.




2. Materials and Methods


2.1. Identification of TaPiezos and Their Chromosomal Distribution


Firstly, the bidirectional BLAST hit approach was used to find the Piezo proteins of T. aestivum. The protein model sequences were retrieved from the IWGSC (IWGSC RefSeq assembly v2.0, accessed on 13 June 2022) and Ensembl Plant databases. The known protein sequences of Piezo channel of A. thaliana and O. sativa were used as queries in the BLASTp search as opposed to the above-retrieved protein sequences of T. aestivum. The occurrence of a functionally conserved domain in all TaPiezo proteins was confirmed using the Conserved Domain Database search and SMART server [17,18].



The sub-genomic and chromosomal information of TaPiezo genes was retrieved from the Ensembl Plant database. Furthermore, the chromosomal maps were prepared through MapInspect (mapinspect.software.in-former.com/, accessed on 14 January 2023). The homeologous clustering of identified Piezo was based on ≥90% sequence similarity [19,20,21]. The Piezo of T. aestivum were named according to the recommended guidelines of gene symbolization (http://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm, accessed on 17 July 2022).




2.2. Phylogenetic Analysis


The full-length protein sequences of Piezo channels from eight plants, namely, A. thaliana, B. rapa, B. distachyon, G. max, N. attenuate, O. sativa, S. bicolor, and Z. mays, along with T. aestivum, were used for the phylogenetic analysis. Firstly, the Muscle algorithm program was used for the alignment of protein sequences. Then, the phylogenetic tree was created using the protein sequence alignment on MEGA X software [22]. The neighbor-joining method was employed with 1000 bootstrap replicates.




2.3. Gene Structure Analysis


To construct the gene structure, the coding sequence (CDS) and genomic sequence of each TaPiezo gene were aligned using the GSDS 2.0 server [23]. The gene structure was demonstrated in the form of exon–intron patterning and intron phase distribution.




2.4. Cis-Regulatory Element Analysis


The cis-regulatory elements were predicted among the 1.5 kb upstream promoter of each TaPiezo gene using the PlantCARE database [24].




2.5. Physicochemical, Motif Analyses and Multiple Sequence Alignment


The physicochemical characterizations of Piezo proteins including length, isoelectric point (pI), molecular weight (MW) and grand average of hydropathicity (GRAVY) value were carried out using the online Expasy tool [25]. The number of transmembrane helices, the signal peptide and the subcellular localization of each Piezo protein were examined through the TMHMM-2.0 (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0, accessed on 19 July 2022), SignalP 5.0. (https://services.healthtech.dtu.dk/service.php?SignalP-5.0, accessed on 19 July 2022) and Cello server [26], respectively. Moreover, the 15 conserved motifs were predicted through MEME (Multiple Expectation Maximization for Motif Elicitation) suite version 5.1.1 server at default parameters, which were further scanned through the scan motif server [27] (https://myhits.sib.swiss/cgi-bin/motif_scan, accessed on 21 July 2022). Furthermore, to analyze the conserved residues, the multiple sequence alignment of Piezo proteins was carried out using the ClustalW in Bioedit [28]. The 3-dimensional (3D) structure of TaPiezo1-A was predicted using the Pyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index, accessed on 13 January 2023) and illustrated by the Pymol (https://pymol.org/2/, accessed on 15 January 2023).




2.6. Expression Profiling of Piezo Genes


To decipher the putative functioning of Piezo genes, the expression profiling of these genes was performed under several tissue developmental stages and stress treatments. An openly accessible URGI database (https://urgi.versailles.inra.fr/files/RNASeqWheat, accessed on 26 July 2022) was used to retrieve high-throughput RNA sequence data.



To investigate the expression profiling of TaPiezo in tissue developmental stages, the high-throughput RNA sequence data, derived from the root, leaf, stem, spike, and grain tissues generated in two biological replicates, were used [29,30]. The developmental stages were: z10, z13, z39 for roots; z30, z32, z65 for stem; z10, z23, z71 for leaf; z32, z39 z65 for spike; and z71, z75, z85 for grain. The expression values were calculated in the form of fragments per kilobase of transcripts per million mapped (FPKM) reads through Trinity packages. Furthermore, the Expression ATLAS was used for the confirmation of expression data [31,32].



The effect of abiotic stresses on TaPiezo was studied by performing the expression profiling with the usage of high-throughput RNA sequence data produced in duplicates after 1 and 6 h of heat stress (HS) (40 °C), drought stress (DS) (20% Poly Ethylene Glycol (PEG) and combined heat and drought stress (HD) from leaf tissue [33]. During salt stress, 6, 12, 24 and 48 h of salt-treated (150 mM NaCl) root tissue was used for the production of RNA sequence data [34].



Moreover, the effect of. Blumeria graminis (Bgt) and Puccinia striiformis (Pst) were studied by performing expression profiling. The high-throughput RNA sequence data was extracted after 24, 48 and 72 h of fungal infestation in triplicate [35]. The expression readings were computed into FPKM reads through the Trinity package [31]. Furthermore, the heat maps were made through the Hierarchical Clustering Explorer (HCE) 3.5 software and hierarchical clustering was performed with the Euclidean distance method [36].




2.7. qRT-PCR Analysis


Firstly, sodium hypochlorite (1.2%) along with 10% ethanol were used for surface sterilization of T. aestivum (cv. Chinese spring) seeds. After washing with double autoclaved water, the seeds were kept at 4 °C for stratification. The next day, seeds were allowed to germinate at room temperature. Thereafter, the germinated seedlings were placed in a plant growth chamber at 16 h of light and 8 h of the dark period, 60% relative humidity and 22 °C temperature. After 7 days, the CaCl2 (20 mM) treatment was given to the seedlings with Murashige and Skoog media. Subsequently, the samples were collected in liquid nitrogen after 6, 12, 24 and 48 h of stress treatment. The total RNA from root tissues was isolated using Spectrum TM Plant Total RNA kit (Sigma, Saint Louis, MI, USA). For the production of contamination free RNA, the isolated samples were treated using the TURBO DNA-free™ Kit (Invitrogen, Carlsbad, CA, USA). The quality of isolated RNA samples were examined via agarose gel electrophoresis, and quantity via Nanodrop spectrophotometer. Subsequently, the cDNAs were prepared with the Superscript III First-Strand Synthesis Super-mix (Invitrogen, Carlsbad, CA, USA) from one microgram of RNA. The qRT-PCR experiment was carried out at CFX96 Real-Time PCR (BioRad, Hercules, CA, USA) using SYBR Green, cDNA and gene-specific primers, following recommended procedures [37]. Moreover, for the internal control, an ADP-ribosylation factor of T. aestivum (TaARF1) was utilized during the experiment (Table 1). The delta-delta CT (2−ΔΔCT) method was employed to compute the expression values, and the experiment was practiced in three biological replicates (n = 3), which were displayed as mean standard deviation (SD) [38,39].




2.8. Protein–Protein and miRNA-Interaction Analysis


The protein–protein interactions of TaPiezo proteins were predicted through the STRING server (http://stringdb.org, accessed on 27 July 2022) accessed on 27 July 2022) [40]. The psRNATarget database (http://plantgrn.Noble.org/psRNATarget/, accessed on 28 July 2022) was explored to find the interacting miRNAs of TaPiezo genes [41]. Furthermore, the interaction networks have been prepared using the Cytoscape tool (https://cytoscape.org/download.html, accessed on 14 November 2022).





3. Results


3.1. Identification and Chromosomal Localization of TaPiezo


A total of three TaPiezo genes (TraesCS3A02G192500.1, TraesCS3B02G222000.1 and TraesCS3D02G196400.1) were identified in the T. aestivum genome through a BLASTp search of Piezo sequences of A. thaliana (AT2G48060) and O. sativa (Os01g0388500). These three genes shared ≥90% sequence similarity with and were derived from A, B and D sub-genome and were therefore considered homoeologous genes. The genes TraesCS3A02G192500.1, TraesCS3B02G222000.1 and TraesCS3D02G196400.1 were named as TaPiezo1-A, TaPiezo1-B and TaPiezo1-D, respectively. The chromosomal positions of TaPiezo1-A, TaPiezo1-B and TaPiezo1-D were on the short arm of chromosome 3A, 3B and 3D, respectively (Figure 1; Table S1). All the TaPiezo genes were found on the forward strand of their respective chromosomes.




3.2. Phylogenetic Analysis


To study the evolutionary relationships, the phylogenetic tree was constructed with full-length Piezo protein sequences of A. thaliana, G. max, B. rapa, B. distachyon, N. attenuate, O. sativa, T. aestivum, S. bicolor and Z. mays (Figure 2). The phylogenetic tree showed the clustering of Piezos into two groups: I and II. Piezo proteins of dicot species were clustered in group I, while Piezo proteins of monocots were clustered in group II. Moreover, the Piezo proteins of T. aestivum were closely clustered in the phylogenetic tree (Figure 2).




3.3. Gene Structure Analysis


The gene structure analysis was carried out to investigate the length of CDS, the number of introns and exons, their organization, and intron phase distribution. The predicted length of CDS for each TaPiezo1-A and TaPiezo1-D was 7494 base pair (bp), while TaPiezo1-B was 7492 bp. Each of the TaPiezo genes showed the presence of 21 exons and 20 introns. The patterns of exons and introns were found to be similar among all Piezo genes of T. aestivum (Figure 3; Table S1). The majority of the introns (42%) of TaPiezo genes were found in intron phase 1, followed by phase 0 (35%) and phase 2 (23%) (Figure 3).




3.4. Cis-Regulatory Element Analysis


The analysis of cis-regulatory elements is a significant approach for studying the involvement of Piezo channels in a diverse range of biological processes. In the current analysis, we have identified a wide range of cis-regulatory elements that were light, growth and development, stress and hormone responsive (Table 2). The predicted light-responsive cis-regulatory elements were G-Box, Sp1, G-box, TCCC-motif, AE-box, ACE, TCT-motif, I-box and Box 4. The cis-regulatory elements which showed their connection with various plant growth and developmental processes were O2-site (zein metabolism regulation), RY-element (seed-specific regulation), CAT-box (meristem expression), GCN4_motif (endosperm development), CCGTCC-box (meristem specific activation), etc. (Table 2). Several identified stress-related cis-regulatory elements were LTR (low-temperature responsive), GC-motif (anoxic specific inducibility), ARE (anaerobic induction), W-box (responsive to pathogenic attack), MBS (involved in drought inducibility), TC-rich repeats (defense and stress-responsive), DRE (dehydration responsive element), MYB, MYC (drought-responsive elements), WRE3 (wound responsive), etc. In addition to these, the most common hormone-responsive cis-regulatory elements found in the Piezo genes were ABRE, ABRE4, ABRE3a, AT~ABRE (Abscisic acid-responsive), TGA-element (Auxin responsive), P-box (gibberellin responsive), CGTCA-motif and TGACG-motif (methyl jasmonate responsive), and TCA-element (salicylic acid-responsive) (see Table 2).




3.5. Protein Characterization


The length of each TaPiezo1-A and TaPiezo1-D protein was 2497 amino acid (aa) residues, while the length of TaPiezo1-B protein was 2496 aa residues. The calculated MW of TaPiezo1-A and TaPiezo1-D was 286.7 kilodaltons (kDa) (Table S1), while the MW of TaPiezo1-B was 286.4 kDa. The isoelectric points calculated for TaPiezo1-A, TaPiezo1-B and TaPiezo1-D were 8.17, 8.24 and 8.21, respectively (Table S1). The GRAVY values for TaPiezo1-A, TaPiezo1-B and TaPiezo1-D were 0.229, 0.230 and 0.226, respectively. The sub-cellular localization analysis predicted the plasma membrane localization of TaPiezo channels. In addition, no signal peptide was found in the TaPiezo proteins (Table S1).



Domains are considered the structural and functional units of proteins, and therefore, it is important to study the domain composition of a protein. In the current study, domain analysis at Pfam and SMART server suggested the occurrence of a very conserved domain, known as the Piezo R-Ras-binding domain (PF12166) in all the identified Piezo proteins of T. aestivum (Figure 4A; Table S2). This conserved domain comprised 392 aa residues in each TaPiezo protein. Additionally, the TaPiezo1-A and TaPiezo1-B consisted of 31 transmembrane helices, while TaPiezo1-D consisted of 33 transmembrane helices (Figure 4A).



A total of 15 motifs have been predicted in Piezo proteins of T. aestivum (Figure 4B). All the motifs were predominately found in each TaPiezo protein and revealed their conserved nature. Motifs 2, 6 and 14 were identified as part of the conserved Piezo R-Ras-binding domain, and motifs 7 and 9 were identified as part of transmembrane helices. Furthermore, casein kinase II phosphorylation and protein kinase C phosphorylation sites were also found in the majority of the motifs of TaPiezo proteins. However, cAMP- and cGMP-dependent protein kinase phosphorylation, ASN-glycosylation, tyrosine kinase phosphorylation and N-myristoylation sites were detected in motifs 8, 9 and 13, and, 5 and 13, and, 3, 9, 11 and 14, respectively.



Furthermore, the Piezo protein sequences of A. thaliana, T. aestivum, O. sativa and M. musculus were aligned using the ClustalW to highlight the conversed residues (Figure S1). All the Piezo proteins consisted of a beam domain, outer helix (OH), central cap domain (CED), inner helix (IN) and C-terminal domain (CTD) (Figure S1). Moreover, it was analyzed that OH, CED, IN and CTD were evolutionarily more conserved as compared to the beam domain in all the species. All the domains were also highlighted in the 3D structure of the TaPiezo1-A protein (Figure 5).




3.6. Expression Profiling of Piezo Genes in Tissue Developmental Stages


To study the probable functioning of TaPiezo genes in plant growth and development, their expression profiling was carried out in three developmental stages of the root, stem, leaf, spike and grain tissues using the high-throughput RNA sequence data [29,30]. Furthermore, the reliability of expression was confirmed by correlation analysis. The Pearson correlation value was 0.95 for various tissue developmental stages and 0.99 for stress conditions (Figure 6A,B). TaPiezo1-A exhibited low expression values during the various tissue development stages, except spike tissues (Figure 6C). On the other hand, TaPiezo1-D showed comparatively elevated expression during multiple tissue development stages including stem, leaf, root, spike and grain tissues, while TaPiezo1-B showed expression in stem, leaf and spike tissues. All the TaPiezo genes showed significant upregulation in the spike developmental stages. Overall analysis indicated that TaPiezo genes expressed in several tissue developmental stages, however, lacked tissue specificity.




3.7. Expression Profiling of Piezo Genes in Abiotic and Biotic Stresses


To analyze the effect of abiotic stresses on TaPiezo genes, their expression values are retrieved from leaf tissues under HS, DS and HD, and from root tissues under salt stress using the respective high-throughput RNA sequence data as described in Materials and Methods [33,34]. All the genes showed significant upregulation at one hour of HS and HD. TaPiezo1-A showed a 5.9- and 9.2-fold higher expression at one hour of HS and HD stress as compared to control, respectively (Figure 6D). However, TaPiezo1-B exhibited a 4.6- and 5.9-fold upregulated expression at one hour of HS and HD, respectively. The gene TaPiezo1-D was 3.5- and 5.2-fold upregulated at the one hour of HS and HD stress, respectively. Moreover, TaPiezo1-A and TaPiezo1-D also showed upregulation to some extent at six hours of HS and HD treatments (Figure 6D).



During salt stress, the gene TaPiezo1-A showed upregulation (two-fold) at six hours of stress, and downregulation at 12, 24 and 48 h (Figure 6E). The gene TaPiezo1-D was found to be downregulated at 6, 12, 24 and 48 h, while TaPiezo1-B at 48 h of salt stress (Figure 6E).



To study the effect of biotic stresses on TaPiezos, their expression values were retrieved from leaf tissues under the stress of two fungal pathogens, i.e., Bgt and Pst using the high-throughput RNA sequence data [35]. The gene TaPiezo1-A was upregulated (two-fold) at 72 h of Bgt infestation (Figure 6F). The gene TaPiezo1-B exhibited significant upregulation, i.e., 3-, 3.2- and 6.5-fold at 24, 48 and 72 h of Bgt infestation and 4-fold at 48 h of Pst infestation, respectively. The gene TaPiezo1-D showed 1.7- and 3.2-fold upregulation after 48 and 72 h of Bgt infestation, and 1.6- and 1.3-fold after 48 and 72 h of Pst infestation, respectively (Figure 6F).




3.8. qRT-PCR Analysis


The qRT-PCR analysis was carried out to study the effect of CaCl2 on the Piezo genes of T. aestivum in the root tissues and its role in Ca2+ homeostasis and signaling. One of the homeologous gene, TaPiezo1-D, was chosen for the qRT-PCR analysis because all the identified genes showed very high similarity. TaPiezo1-D gene expression was almost unaffected at six hours, while it was significantly downregulated at 12 and 24 h of CaCl2 treatment (Figure 6G). At 48 h, its expression was restored.




3.9. Protein–Protein Interaction


To explore the coordinated functions of TaPiezo proteins in developmental processes, plant metabolism, and stress responses, the protein–protein interaction analysis was performed using the STRING server. The results indicated the interaction of TaPiezo1-A, TaPiezo1-B and TaPiezo1-D with seven proteins, including RNA-dependent RNA polymerase 1 (RDR1), Dolichyl-diphosphooligosacchar—e--protein glycosyltransferase subunit STT3A and STT3B, putative E3 ubiquitin-protein ligase XBAT31, Gamma-soluble NSF attachment protein (GSNAP), Protein pleiotropic regulatory locus 1 (PLR1), and Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (RBCL) (Figure 7A).




3.10. miRNAs Interaction Analysis


A total of 13 known miRNAs of T. aestivum showed interaction with TaPiezo genes. Among them, 11 miRNAs (tae-miR2676a, ta-miR125a, ta-miR2004a, tae-miR1132a, tae-miR535a, ta-miR007b, ta-miR056a, ta-miR101a, ta-miR104a, ta-miR145a and ta-miR2081) showed interaction with their targeted transcripts through cleavage mechanism (Figure 7B; Table S3). However, two miRNAs (ta-miR007a and tae-miR168a) showed translation inhibition as their mode of action. The majority of miRNAs interacted with all the Piezo genes of T. aestivum. However, the ta-miR007a interacted with TaPiezo1-A and TaPiezo1-D, and ta-miR056a interacted with only TaPiezo1-B gene (Figure 7B).





4. Discussion


In our study, the identification and characterization of TaPiezo channels have been performed to explore their structural features and roles in T. aestivum. After an extensive BLAST search, three TaPiezo genes were identified in the allohexaploid genome of T. aestivum, which were comparatively greater as compared to diploid plants such as O. sativa, A. thaliana and Z. mays, etc., due to its higher ploidy level [12,13]. In addition, previously, the relationship between a higher number of Piezo genes and ploidy composition was observed in tetraploid plant species such as G. max and G. hirsutum [12,13].



During evolutionary analysis, the clustering of Piezo proteins of monocots and dicots in separate groups of phylogenetic tree pointed towards the divergence among them. As reported in previous studies, the monocots possess only single Piezo and dicots possess variable number of Piezo genes [12,13].



The length of CDS, the number of exons and introns of the Piezo genes of T. aestivum were found comparable with the Piezo of A. thaliana [12]. The presence of a similar pattern of exons and introns among the Piezos of T. aestivum and intron distribution revealed their conserved architecture..



Furthermore, the existence of numerous cis-regulatory elements in the promoter of TaPiezo pointed towards their diverse functionality. They were predicted to be involved in stress (abiotic and biotic), hormone, light-related signaling, and plant growth and developmental processes. Previous research also indicated the presence of light, methyl jasmonate, ABA, and meristem specific cis-regulatory elements in the promoter of Piezo of O. sativa [13]. Several studies reported the elevation of Ca2+ ions in response to stress response and developmental processes [42,43,44,45]. Therefore, we have speculated that TaPiezo genes could facilitate the influx of Ca2+ ions, which further triggers the downstream signaling cascade.



The length of TaPiezo proteins and the number of transmembrane helices were comparable with Piezo proteins studied in various animals and plants [12,13,46]. The predicted subcellular localization of TaPiezo was plasma membrane, similarly to previous studies [13,46,47]. The presence of transmembrane helices further confirmed the plasma membranous localization of the TaPiezo proteins. In the current analysis, we have found the conserved beam, OH, CAP, IH and CTD, and similar findings were reported in earlier studies [10,12,13,48]. The OH, CAP, IH and CTD were the core-forming structure of Piezo proteins and were found to be highly conserved in animals as well as plants [10]. In contrast to them, the beam domain facilitates the transmission of mechanical signals to the CTD of Piezo proteins [10]. The less the beam domain was conserved suggested that there might be diversity between the signal transmission in Piezo proteins of different species.



The significant expression of all the TaPiezo genes in the spike indicated their probable contribution in reproductive development. TaPiezo1-A might be specifically involved in spike development due to its higher expression in this tissue only. However, the higher expression of TaPiezo1-B and TaPiezo1-D in numerous tissues suggested their involvement in both vegetative and reproductive tissue development. An earlier study demonstrated the GUS activity of AtPiezo gene in the root, leaf petioles, flower petals, silique, stalks, guard tissues, vascular tissues and pollen tissues [12,15]. Moreover, the AtPiezo was reported to be expressed in the columella and cap cells of the root tip, where it showed mechanical activity through Ca2+ elevation at the time of root growth [14]. The Piezo of O. sativa was reported to be significantly expressed in vegetative (root and leaf) and reproductive organs (pistil, ovary and lemmas) [13].



The modulated expression of TaPiezo genes at different hours of HS, DS, HD, salt, Bgt and Pst stresses suggested their putative functioning in defense, which was also supported by the presence of various stress-related cis-regulatory elements. An earlier report also demonstrated a precise role of AtPiezo in the suppression of systemic infection of the Cucumber and Turnip mosaic virus [15]. The altered expression of TaPiezo1-D gene under CaCl2 stress suggested that it might be associated with Ca2+ homeostasis and signaling.



The interaction of TaPiezos with other proteins and miRNAs suggested their involvement in several biological processes as well as stress-responsive signaling pathways. For instance, the involvement of RDR1 in plant defense and resistance against viruses and fungus suggested that the TaPiezo proteins might be an important player in biotic stress responses [49,50,51,52]. The interaction of TaPiezo proteins with the STT3a subunit suggested their roles in adaptive responses to salt/osmotic stress [53,54]. Another identified interacting protein, PRL1, was reported as the global regulator of sugar, stress and hormone responses [55,56,57], thus revealing the diverse functionality of TaPiezo proteins. Moreover, the interaction of TaPiezo proteins with RBCL indicated their linkage with carbon dioxide fixation during photosynthesis. The involvement of interacting miRNAs in blast disease resistance and controlling the plant height, panicle architecture and grain shape [58,59] pointed toward the precise role of TaPiezo in plant immunity as well as growth. The induced expression of miRNA168a under ABA and other abiotic stresses suggested the probable involvement of TaPiezos in plant stress responses [60]. The miRNA168a was reported to be responsive to a fungal pathogen Phytophthora infestans in Solanum lycopersicum [61,62]. Furthermore, the involvement of miRNA1132 in fruit development revealed the probable functioning of TaPiezo in reproductive development [63].



In conclusion, an inclusive analysis of the Piezo gene family in T. aestivum indicated their plausible participation from development to defense. The presence of cis-regulatory elements of TaPiezo genes revealed their probable functioning in a wide range of physiological processes. The expression profiling of TaPiezo genes indicated their role in plant developmental processes and stress responses. Their interaction with other proteins and miRNAs associated with defense responses further suggested their participation in stress response. Hence, the present analysis will facilitate a way to further explore the functions and their validation in future studies.
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Figure 1. The chromosomal position of TaPiezo genes. TaPiezo genes are found on chromosomes 3A, 3B and 3D of T. aestivum. 
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Figure 2. Phylogenetic analysis of Piezo proteins of A. thaliana (AtPiezo1), O. sativa (OsPiezo1), T. aestivum (TaPiezo1-A, TaPiezo1-B and TaPiezo1-D), B. rapa (Bra004418|Bra004418.1, Bra021452|Bra021452.1), B. distachyon (BRADI_2g13251v3|KQK04385), G. max (GLYMA_19G238300|KRG96876, GLYMA_10G023700|KRH31967, GLYMA_02G150200|KRH71480), N. attenuate (A4A49_01634|OIT06222), S. bicolor (SORBI_3003G170700|KXG32572), and Z. mays (Zm00001eb131990|Zm00001eb131990_T001). The phylogenetic tree represents the clustering of Piezo proteins into two clades, and each clade is colored differently. 
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Figure 3. Gene structure analysis of TaPiezo genes. The figure represents the exon–intron organization and intron phase distribution in each TaPiezo gene, generated by the GSDS 2.0. 
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Figure 4. Protein structure analysis of TaPiezo proteins. (A) represents the schematic diagram of TaPiezo proteins obtained from the SMART server. (B) represents the arrangement of 15 conserved motifs of each TaPiezo protein, represented as colored boxes. 
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Figure 5. The three-dimensional structure of TaPiezo1-A protein. The figure displays the predicted 3D structure of TaPiezo1-A protein. The beam domain, outer helix (OH), central cap domain (CED), inner helix (IN) and C-terminal domain (CTD) are highlighted in the figure with different colors. 
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Figure 6. Correlation, expression and qRT-PCR analysis. Figure shows correlation analyses between replicates of expression data in (A) tissue developmental stages and (B) stress conditions. Heat map (C) shows the clustering and expression profiling TaPiezo genes in tissue developmental stages. The Heat maps (D–F) show the expression profile of TaPiezo genes under (D) drought stress, heat stress, and heat–drought stress, (E) salt stress and (F) during the treatment of Blumeria graminis (Bgt) and Puccinia striiformis (Pst), respectively. The low and high expressions are represented by green and red colors, respectively, in the color bar. Graph (G) shows the qRT-PCR results of TaPiezo1-D under CaCl2 stress at 6, 12, 24, and 48 h of treatments. The bar graphs indicate the fold change in TaPiezo1-D gene expression under treatments as compared to the control condition. 
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Figure 7. Protein–protein and miRNA interaction analysis of Piezo of T. aestivum. The network (A) shows the protein–protein interactions, where TaPiezo proteins are represented with red and predicted interacting proteins with blue. The interaction network (B) of predicted miRNA with TaPiezo genes. The interaction networks were built using the Cytoscape tool. 
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Table 1. List of qRT-PCR primers.
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	Gene Name
	5′-3′





	TaARF_Forward primer
	TGATAGGGAACGTGTTGTTGAGGC



	TaARF_Reverse primer
	AGCCAGTCAAGACCCTCGTACAAC



	TaPiezo1-D_Forward primer
	AGGAGAGGATTTCACAATTGGAGGCTG



	TaPiezo1-D_Reverse primer
	CTTCAACCAAAGAAAGGACAGCAGCAG
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Table 2. Various types of Cis-regulatory elements of TaPiezo genes.
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	Gene Name
	Light Response
	Growth and Development
	Stress Response
	Hormone Response





	TaPiezo1-A
	G-box, TCT-motif, I-box, TCCC-motif, G-Box, Box 4
	CCGTCC-box, GCN4_motif,

CCGTCC motif,

AAGAA-motif
	ARE, as-1, LTR, STRE, WRE3, A-box, W box, MYB, GC-motif, Myb-binding site, MYB-like sequence, TC-rich repeats
	TCA-element, ABRE, CGTCA-motif,

TGA-element,

TGACG-motif



	TaPiezo1-B
	AE-box, G-box,

G-Box,
	O2-site, RY-element, CCGTCC-box,

CCGTCC motif
	MYC, Myb-binding site, STRE, MYB recognition site, MYB, WRE3, LTR, ARE, Myb, as-1, A-box
	TGACG-motif, ABRE, CGTCA-motif



	TaPiezo1-D
	Sp1, G-box,

TCT-motif, ACE
	CCGTCC motif, O2-site, CCGTCC-box, CAT-box
	W box, LTR, MYB-like sequence, WRE3, GC-motif, TC-rich repeats, MYC, A-box, box S, Myb, MBS, STRE, as-1, Myb-binding site, DRE core, MYB recognition site, MYB
	CGTCA-motif, AT~ABRE, ABRE4, TGACG-motif, TATC-box, P-box, ABRE3a, ABRE
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