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ARTICLE INFO ABSTRACT

Keywords: Two-pore K (TPK) channels are voltage-independent and involved in stress response in plants.
2 Lk .

Ca®" signalling Herein, we identified 12 TaTPK genes located on nine chromosomes in the Triticum aestivum

EF-Hand

genome. The majority of TaTPK genes comprised two exons. Each TaTPK channel comprised four
transmembrane (TM) helices, N- and C-terminal ion-channel domains, two EF-hand domains and
one 14-3-3 binding site. Additionally, highly conserved ‘GYGD’ motif responsible for K* ion
specificity, was found in between the TMs in both the ion-channel domains. Nine TaTPK channels
were predicted to be localised at the plasma membrane, while three were vacuolar. The protein-
protein and protein-chemical interactions indicated the coordinated functioning of the TaTPK
channels with the other K* transporters and their possible interaction with the Ca?*-signaling
pathway. Expression studies suggested their importance in both vegetative and reproductive
tissues development. Significantly modulated expression of various TaTPK genes during heat,
drought, combined heat and drought and salt stresses, and after fungal infestation, depicted their
function in stress responses. The miRNAs and transcription factors interaction analyses suggested
their role in the hormone, light, growth and development-related, and stress-responsive signaling
cascades. The current study suggested vital functions of various TaTPK genes, especially in stress
response, and would provide an opportunity for their detailed characterization in future studies.
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1. Introduction

Potassium ion (K") is an important micronutrient as it regulates various physiological phenomenon such as membrane potential,
cell elongation, osmoregulation, and turgor generation in plants [1]. K' is also engaged in pH equilibrium and required for the
activation of a diverse group of enzymes [2]. Additionally, it is also an important regulator in conferring tolerance against numerous
abiotic and biotic stress conditions [3-6]). In plants, K* is present in various cellular compartments such as cytosol, mitochondria,
vacuole, chloroplast and nucleus, in which cytosol consists of higher concentration (60-160 mM) and therefore, needs regulated
homeostasis for appropriate functioning [7,8]. A complex transport system including carrier and channel proteins play a vital role in
K" ions homeostasis. The K™ channels are multimeric transmembrane proteins consisting of pore domains and highly conserved motif
GYGD/E. These channels are classified as voltage-gated shaker channels, tandem or two-pore K* (TPK) channels and K'-inward
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rectifier (Kir)-like channel (KCO) [9-11].

The TPK channels consist of two ion transporter domains (PF07885) lying at N- and C-terminus, a binding site for 14-3-3 proteins at
N-terminus and one or two Ca®* binding EF-hand domains at C-terminus [12]). They are voltage-independent membrane channels, but
depend upon cytosolic pH and Ca2" for their functioning [13,14]. Moreover, phosphorylation, 14-3-3 proteins, membrane stretching,
and osmotic disturbances also affect the functioning of TPK channels [15,16]. The TPK1 channel of Nicotiana tabacum also showed
sensitivity to spermine and spermidine [17]. TPK channels have been identified and characterized in various plant species including
Arabidopsis thaliana, Oryza sativa, Solanum tuberosum, Cicer arietinum, N. tabacum, Cajanus cajan, Gossypium raimondii, etc. [17-24].

In A. thaliana, a total of five TPK isoforms (AtTPK1-AtTPK5) have been identified [18]. Through the knockout and overexpressing
approaches, the role of AtTPK1 has been established in intracellular K homeostasis. It also promotes vacuolar K release at the time of
stomatal closure and reported to be involved in seed germination at later stages [13,25]. Another study suggested the involvement of
AtTPK4 in the regulation of membrane voltage of pollen tube and K homeostasis [26].

In O. sativa, three TPK isoforms such as OsTPKa, OsTPKb, and OsTPKc are reported. The OsTPKa and OsTPKb are located in the lytic
and storage vacuoles, respectively [20]. The transgenic lines with over-expressed OsTPKa and OsTPKb exhibit improved K™ homeo-
stasis and higher tolerance during osmotic and salt stress conditions [27,28]. Similarly, both NtTPK1a and NtTPK1b of N. tabacum are
involved in hypoosmotic stress responses [17,19]. However, these channels have not been explored in T. aestivum.

In our current analysis, we have identified and characterized TPK channels in the genome of T. aestivum L. The identified channels
were characterised for their chromosomal localization, gene and protein structure, and phylogenetic relationship. The expression
patterns of TaTPKs were analysed to predict their functions in tissue developmental stages and stress conditions. In addition, the other
functions of TaTPKs were explored by performing miRNAs interaction, transcription factor binding, protein-protein, and protein-
chemical interaction studies. This study would provide insight into the various characteristics of TPK channels, and facilitate an
avenue for detailed functional characterization in future studies.

2. Materials and methods
2.1. Identification and nomenclature of TaTPK genes

The BLASTp search approach at the Ensembl Plant database was used to scan the T. aestivum genome for the identification of
TaTPKs using the known TPK sequences of A. thaliana and O. sativa at e-value e ' as done in earlier studies [29-31]. The HMMER and
Pfam database searches were also carried out to validate the identification of retrieved sequences through domain confirmation [32].
Furthermore, the presence of characteristic domains of the TPK proteins was reconfirmed by the Simpler Modular Architecture
Research Tool (SMART) and the NCBI conserved domain database (CDD) searches [33,34]. The homeologous grouping of identified
genes was done on the basis of >90% similarity and subsequently, the nomenclature was given following the rules specified by in-
ternational rules for gene symbolization in T. aestivum (http://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm). The duplicate event
analysis has been performed by predicting the >80% sequence similarity between TaTPK genes. The existence of identified TaTPK
genes at transcript level was confirmed by TSA (transcriptome shotgun assembly) BLAST at the NCBI-TSA database. Some of the
incomplete sequences at the Ensembl Plants were also completed using TSA sequences as described in the earlier studies [35-37].

2.2. Multiple sequence alignment and phylogenetic studies

The TPK protein sequences of A. thaliana, O. sativa and T. aestivum were used for the multiple sequence alignment in order to study
the various conserved residues and regions using the MultAlin and MUSCLE programs at default parameters [38]. Moreover, the
full-length protein sequences were also used for the construction of a phylogenetic tree using the Molecular Evolutionary Genetics
Analysis (MEGA) 11 software along with the parameters like Neighbor-joining method and 1000 bootstrap value [39].

2.3. Gene structure analysis

The TaTPK exon/intron analysis methodology included the alignment of genomic and its respective coding sequences (CDS) se-
quences. The pictorial representation of gene architecture including intron phase distribution and exon-intron patterns was prepared
through the Gene Structure Display Server (GSDS 2.0) server [40].

2.4. Physicochemical properties and motif analyses

The various features, like peptide length, MW (molecular weight), pI (Isoelectric point), aliphatic index, instability index, and
GRAVY (Grand average of hydropathy) values were traced out using the Expasy tool [41]. Moreover, the subcellular localization and
presence of transmembrane (TM) helices and the signal peptide were confirmed by WoLF PSORT, TMHMM 2.0 (https://services.
healthtech.dtu.dk/service.php?TMHMM-2.0), and SignalP 5.0 0 (https://services.healthtech.dtu.dk/service.php? TMHMM-2.0)
tools, respectively. In the case of the motif study, the TaTPK peptide sequences were scanned for the identification of the 15 most
conserved motifs, and a pictorial representation was made using MEME 5.1.1 (Multiple Expectation Maximization for Motif Elicitation
5.1.1) suite servers [42].
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2.5. Expression profiling in tissues developmental stages

The expression study is an important way to understand the functionality of genes. Therefore, the TaTPK genes were analysed for
expression profiling using high throughput RNA-sequence (RNA-seq) data, downloaded from the publicly available URGI database
(https://urgi.versailles.inra.fr/files/RNASeqWheat). In our analysis, we have used the RNA-seq data generated under three devel-
opmental stages of five different tissues of T. aestivum. These tissues include the root, stem, leaf, spike, and grain. The used RNA-seq
data was generated in the biological replicates [43,44]. Subsequently, the Trinity package was used to calculate the Fragments Per
Kilobase of transcript per Million mapped reads (FPKM) values from available RNA-seq data and further used for the heat map
preparation through the Hierarchical Clustering Explorer (HCE.3.5) tool [45,46].

2.6. Expression profiling under abiotic and biotic stress conditions

The expression profiling was also performed under various abiotic and biotic stress conditions to elucidate their possible
involvement in stress resistance. In the case of abiotic stress, biologically replicated RNA-seq data (accession number SRP045409) was
generated from the leaf tissue after the 1 and 6 h of heat stress (HS) (40 °C), drought stress (DS) (20 % of PEG 6000), and their
combined heat drought (HD) treatments, and used for the expression analysis [47]. However, under salt stress, used high throughput
RNA-seq data (accession number SRP062745) was generated in triplicates from the root tissues, after the intervals of 6, 12, 24, and 48
h of salt treatment (150 Mm NaCl) [48].

Moreover, in the case of biotic stress, we have used the RNA-seq data (PRJNA243835), which was generated in triplicates from the
leaf tissue of seven days old seedlings after the infestation of two fungal pathogens, Blumaria graminis f. sp. tritici (Bgt) and Puccinia
striiformis f. sp. tritici (Pst). The high throughput RNA-seq data was generated after 24, 48, and 72 h of infestation [49]. The heat map
generation of both abiotic and biotic stress conditions was carried out using HCE 3.5 tool.

2.7. qRT-PCR analysis

The qRT-PCR was performed following the method established in our laboratory [50,51]. Firstly, the sterilization of seeds of
T. aestivum cv Chinese spring was done using sodium hypochlorite (1.2%) and 10% ethanol, further washed with double autoclaved
water. Seeds were stratified by keeping them at 4 °C overnight. Next day, seeds wereallowed to grow as hydroponics at room tem-
perature, 16 and 8h light/dark period and 60% relative humidity. To analysis the effects of DS, the seven-day old seedlings were
treated with 20% Polyethylene glycol (PEG). The control and treated plants were collected after 1h and 6h in liquid nitrogen. The
Trizol method was employed for the extraction of total RNA from both control and treated samples, which was further purified using
the TURBO DNA-free TM kit (Invitrogen USA). The quality of RNA samples was assessed through agarose gel electrophoresis and
concentration through Nanodrop spectrophotometer. The cDNA was prepared using the RevertAid First Strand cDNA synthesis kit
(Thermo Scientific™) from 1ug of RNA sample. The qRT-PCR experiment was performed in triplicates at CFX96 Real-Time PCR
(BioRad, USA) using SYBR Green master mix, gene specific primers (Supplementary Table S6) and internal control (ADP ribosylation
factor, TaARF) [52]. Fold change was calculated by delta-delta CT (2724€Ty method.

2.8. Interactions analyses

The interacting partners of TaTPK proteins were identified by means of protein-protein, protein-chemical, protein-transcription
factor and protein-miRNA interactions. The STITCH and STRING servers were used for the protein-chemical and protein-protein in-
teractions, respectively. The interacting transcription factors of TaTPK genes were predicted using the PlantRegMap database (http://
plantregmap.gao-lab.org/). Cytoscape (https://cytoscape. org/download.html) tool was used for the web network preparation [53,
54]. Furthermore, to understand the regulatory aspects of TaTPK, the interacting miRNA partners were identified by the use of known
miRNA sequences of T. aestivum through the psRNATarget server. The interaction web was prepared using Gephi 0.9.1 tool [55].

Table 1

Physico-chemical characteristics of TaTPKs of Triticum aestivum.
Gene ID Chromosome Strand Exons Peptide length MW(kDa) Isoelectric point Sub-cellular localization
TaTPK1-A 3A Forward 2 404 44.6 8.69 Plasma membrane
TaTPK1-B 3B Forward 2 404 44.7 8.69 Plasma membrane
TaTPK1-D 3D Forward 2 404 44.6 8.79 Plasma membrane
TaTPK2-A 4A Reverse 1 366 39.1 6.97 Vacuolar
TaTPK2-B 4B Reverse 1 366 39.2 6.61 Vacuolar
TaTPK2-D 4D Forward 1 366 39.2 7.66 Vacuolar
TaTPK3-A 5A Reverse 3 459 48 8.91 Plasma membrane
TaTPK3-B 5B Reverse 2 458 50.1 9.11 Plasma membrane
TaTPK3-D 5D Reverse 2 458 50 9.11 Plasma membrane
TaTPK4-A 5A Reverse 3 349 39.4 8.7 Plasma membrane
TaTPK4-B 5B Reverse 3 349 39.4 8.7 Plasma membrane
TaTPK4-D 5D Reverse 2 349 39.3 8.58 Plasma membrane



https://urgi.versailles.inra.fr/files/RNASeqWheat
http://plantregmap.gao-lab.org/
http://plantregmap.gao-lab.org/
https://cytoscape

A. Kaur et al. Heliyon 10 (2024) e27814

3. Results and discussion
3.1. Identification and genome-wide distribution of TaTPK genes

In the T. aestivum genome, 12 TaTPK genes were identified in four homeologous groups and named as, TaTPK1-A, TaTPK1-B,
TaTPK1-D, TaTPK2-A, TaTPK2-B, TaTPK2-D, TaTPK3-A, TaTPK3-B, TaTPK3-D, TaTPK4-A, TaTPK4-B and TaTPK4-D following the
standard guidelines (Table 1, Supplementary Table S1). The occurrence of these genes were also confirmed by BLASTn search against
the transcriptome shotgun assembly (TSA) sequences available at the NCBI. The majority of the sequences showed 100 % query cover
with more than 98% similarity with various TSA sequences, which confirmed their existence at transcript level. Further, the sequence
for TaTPK3-A that was incomplete in the Ensembl Plant database, was retrived and completed using the TSA database. Besides,
TaTPK4-A gene was lacking in the high confidance gene sequences reported at the Ensembl Plant database,. It was identified as
TraesCS5A02G541400LC. 1, reported as low confidance gene sequence. Moreover, it was confirmed at TSA datasets, and by domain
analysis. According to previous studies, three TPK genes are reported in the O. sativa, two in each of N. tabacum and Saccharum
spontaneum, four in Vigna radiata, and five in each of A. thaliana and C. arietinum L. All of them are diploid species. However, 9 and 10
TPK genes are reported in tetraploid Glycine max and triploid Populus tomentosa [17,18,21,22,56-58]. These reports revealed the
occurrence of a variable number of TPK genes in various diploid and polyploid plant species. Therefore, the occurrence of 12 TaTPK
genes in the allohexaploid genome of T. aestivum wasas per the expectation and in agreement with the previous reports representing
the higher number of genes in other families of T. aestivum including various channels [12,31,59-61].

In all the homoeologous groups of TaTPKs, the genes were derived from each A, B and D-subgenome of T. aestivum (Fig. 1A). The
number of TaTPK homeologous groups wasconsistent with the number of TPK genes in the diploid plant species [18,21,22]. The TaTPK
genes were localized on nine different chromosomes (i.e., 3A, 3B, 3D, 4A, 4B, 4D, 5A, 5B and 5D), the first six of them comprised of one
gene each, while each of chromosomes 5A, 5B and 5D consisted of two genes (Fig. 1A). The TaTPK genes, TaTPK1-A, TaTPK1-B,
TaTPK1-D and TaTPK2-D were present at the forward strand, while other genes were located on the reverse strand (Supplementary
Table S2). The distribution of TPK genes at diverse chromosomes wasalso reported in other crop species such as C. arietinum L.,
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Fig. 1. Chromosomal localization, gene structure and motif analyses. A. Figure represents the localization of TaTPK genes on chromosomes 3A, 3B,
3D, 4A, 4B, 4D, 5A 5B and 5D. B. Figure shows the pattern of exon/intron distribution and intron phase of TaTPKs. C. Figure shows the 15 conserved
motifs of TaTPK proteins predicted by MEME Suite 5.1.1. Each motif is represented by different colours. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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C. cajan, V. radiata and S. spontaneum [21,24,58,62]. In our study, no paralogous genes were identified in TaTPK gene family.
3.2. Gene structure, exon-intron distribution and intron phase analysis

To understand the structural divergence across the various TaTPK genes, their coding sequence (CDS) length, number and length of
exons, exon-intron pattern and intron phase analyses were carried out. The CDS length varied from 1047 to 1374 base pairs (bp), while
exons length ranged from 206 to 312 bp. The largest and smallest exons were identified in TaTPK2-B and TaTPK4-B genes, respectively
(Supplementary Table §2). TaTPK1 and TaTPK2 group genes consisted of two and one exons, respectively. However, in the case of
TaTPK3 and TaTPK4 group genes, TaTPK3-A, TaTPK4-A and TaTPK4-B comprised three exons, and TaTPK3-B, TaTPK3-D and TaTPK4-
D enclosed two exons (Fig. 1B). The exon-intron patterns were alike in the majority of homoeologous group genes. Further, the number
of exons and exon-intron pattern in TaTPK genes werecomparable to other crop species including C. arietinum L., A. thaliana, C. Cajan,
V. radiata, Brassica rapa ssp. pekinensis etc. [21-24,63]. Intron phase distribution governs the exon shuffling process that ultimately led
to protein domain shuffling during evolution. During the current analysis, the majority of introns of TaTPK genes were found in intron
phase 2 (Fig. 1B), which signifies the insertion of introns between the second and third bases of triplet codons.

3.3. Physicochemical features, domains and motifs analyses

Various bioinformatic approaches were used to get insight into the characteristics of TaTPK proteins, which are responsible for
their stability and functioning. The length of TaTPK proteins ranged from 349 to 459 amino acid (AA) residues. The largest TaTPK

A
TaTPK1-A HPPATNENTN IVSVILYISI GVTVYMTNVE GFK--GKSTF KLVDALYFTI ISLCTIEVGD] IVPCTTFTKV FTCLFLLIGY RFVDIMLNGL LTNVLDKQRT
TaTPK1-D HPPATNENTD IVSVILYISI GVIVYMTNVE GFK--GKSTF KLVDALYFTI ISLCTIGY TKV FTCLFLLIGY RFVDIMLNGL LTNVLOKQRT
TaTPK1-B HPPATNENTN IVSVILYISI GVIVYMTNVE GFK--GKSTF KLVDALYFTI TKV FTCLFLLIGV RFVDIMLNGL
TaTPK3-A PQPTTPSLEN FLFLLAYLAL GVSFYAAFPA NFTSSAGPTH PVVDALYFCT ITPASPAAKL FAISFVLIGF GFVDILLSGM
TaTPK3-B PQPTTPSLEN FLFLLAYLGL GVSFYAAFPA NFTSSAGPTH PVVI ITPASPAAKL FAISFVLIGF GFVDILLSGM VSYVLOLOEH
TaTPK3-D PQPTTPSLFN FLFLLAYLGL GVSFYAAFPA NFTSSAGPTH PVVI K ITPASPAAKL FAISFVLIGF GFVDILLSGM VSYVLOLQEH
0sTPKc PPPNPPSLD FLFLLAYLAM GVTFYAALPG NFTSSAGPTH PVADALYFC GYGD| ITPATPAAKL FSISFVLIGF GFYDILLSGM VSYVLDLQEH
AtTPK2 KPVRKSKPTI VALLVVYLSL GVLIYWLNRD SYN--VKQTH PVWDALYFCI YGD| ITPDSWTKL FSIFFVLVGF GFMDILLSGM VTYVLDLQEN
AtTPK3 PEPWLSDQIS FALLVVYLSL GVLIYWLNRD HYV--VNQTH PVVDGLYFCI V YGD| ITPNSVWWTKL FSIMFVLVGF GFIDILLSGM VSYVLOLQES
AtTPKS QDSDSDETNR IFLLIVYLTL GVSIYSFNRD HYS--GIETH PVVDALYFCI YGD| IAPLTPWTKI FAVVFVLFGF GFLDILLSGY VNYVLOLQES
TaTPK2-A FRRCRTAPSA GLLLFAYVVA GTTAFYLAMD HMSG-HRSGS RVIDAVYFCV YGD| LVPSSDTGKL LASAFAFGGY AVVGTSLSKS ADYLVEKQES
TaTPK2-D FRRCRTAPSA GILLFAYVVA GTTAFYLAMD HMSG-HRSGS R GYGD| LVPSSDTGKL LASAFAFGGY AVVGTSLSKS ADYLVEKQES
TaTPK2-B  FRRCRTAPSS GLLLLAYWVA GTTVFYLFMD HMSG-HRSGS RVID, 5YGD| LVPSSDTSKL LASAFAFGGY AVVGTSLSKS ADYLVEKQES
OsTPKb  FRRCRTAPSS GLLLVAYLLL GTIAFYLAMD HMSG-TRT-T RALDALYFCV SYGD| LVPASDAAKL LACAFVFAGY AVVGTFLSKA ADYLVEKQEA
TaTPK4-A FRRCRSAPRS GFLLFLYLLA GVVIFYLVMD QLSG-KRT-N RVLDALYFCI GYGD| LVPNTDTTKL LACVFVFTGM AITALFVSKS ADYLVEKQEV
TaTPK4-D FRRCRSAPRS GFLLFLYLLA GVIVFYLVMD QLSG-KRT-N RVLDALYFCI VTHTSUGYGD| LVPNTDTTKL LACVFVFTGM AITALFVSKS ADYLVEKQEV
TaTPK4-B  FRRCRSAPRS GFLLFLYLLV GVWVFYLVMD QLSG-KRT-N RVLDALYFCI VTMTSUGYGD| LVPNSDTTKL LACVFVFTGM AITALFVSKS ADYLVEKQEV
OsTPKa FRRCRSTPST GLLLFIVLLV GVLAFYAVMD EISG-KRT-N RVLDALYFCV VIMTTVGYGD|LVPNNDTTKL LACAFVFMGM AVVALFVSKY ADYLVEKQEV
AtTPK1 LRRSRSAPRG IMFLALYLTI GTLCFYLVRD QISG-HKT-S GVVDALYFCI YGD| LVPNSSASRL LACAFVFSGM VLVGHLLSRA ADYLVEKQEA
AtTPKA MILLLVYLTF GVCTYSFFRD QFSG--TETN LFVDAFYFSI GYGD| TVPSTSTTKI LTIVLVSTGY VFLDYLLNRY VSHVLSLOEN

1833 binding fon channel domain
site

TaTPK1-A LLALGUWAGT ISICTIIVHE VEGLNWIDSF YLSVISVTTV [EVEDIGFSTT AGRLSATVCL LVSTLAVGKA FLFLTDLRMO| LAMDLDNNAA VSKSDFHIVK
TaTPK1-D LLALGVVAGT ISICTIIVHE VEGLNWIDSF YLSVISVTTV JGYGO TVCL LVSTLAVGKA FLFLTOLRMO| PASDLDNDAA VSKSDFHIYVK
TaTPK1-B  LLALGWAGS ISICTIIVHE VEGLNWIDSF YLSVISVTTV [6YGL TVCL LVSTLAVGKA FLFLTDLRMO| LAYDLDNDAS VSKPDFHIVK
TaTPK3-A ALALGUVAIC VGIGATVLRK VENMGWLDAV YLAVMSVTTV [GYG SGHL LVSTLAVARA FLYLAEMRID| LASDIDNNGY VTKSEF|IVK
TaTPK3-B  ALALGWAIC VGIGATVLRK VENMGWLDAV YLAVMSVTTV [GYG SGHL LVSTLAVARA FLYLAEMRID| LA#DIDNNGY VTKSEF|vYK
TaTPK3-D ALALGUVAIC VGIGATVLRK VENMGWLDAV YLAVMSVTTV [GYG SGWL LVSTLAVARA FLYLAEMRID| LAADIDNNGY VTKSEFPVYK
0sTPKc  ALALTVVAIC VGVGAAVLKR VENLGWLDAV YLAVMSVTTY [GYG SAWL LVSTLAVARA FLYLAEMRID| LASDIDNNGY VTKSEFjvvk
AtTPK2 GLALGVWVLC LGFGULIMHF VEKIGWLDSF YFSVMSVTTV [GYGD LAAMHL LVSTLAVARA ILFLAESRVD| LDADIDCNGC VSKAEFPIVK
AtTPK3 ALALGVWVLC TAVGVGIMHF IEEIGWLDSF YLSVMSVTTV [GYGD ATWL LVSTLAVARA FLYLAEARVD| FAADIDNNGC VSKAEYPIVK
AtTPKS CLALQVWLC IGVGALVLHF VEELGFVDSV YLSVMSVTTV [GYG AVWL LVSTLAVARA FLYLAEARID| LKADTYQHGF ISKSEYEVLK
TaTPK2-A AGAL{-LAAS VASGTLVLWK GEGMRPVDAL YCVCATVTTL [GYGE FLYVAELYAE | EABDLDGORR VGAAEFLYK
TaTPK2-D AGAL{-LAAS VASGTLVLWK GEGMRPVDAL YCVCATVTTL [GYGE FLYVAELYAE | EASDLDGDRR VGAAEFLYK
TaTPK2-B  AGAL{-LAAS VASGTWLWK GEGMRPVDAL YCVCATVTTL [G FLYVAELYAE | EAJDLDGDRR VGAAEFpLYK
OsTPKb  AGLL{-LVAA VASGTWLWK VEGMRAVDAF YCVCATVTTL [6YG FLYAAELYTE| EAADLDGDHR VGAADFJLYK
TaTPK4-A AALL--LVTA IWGTVFLWK VEKLSLVDSF YCVCATITTL [GYG FMYLAEIYTE| EASDLDSORK VGAAEFJVYK
TaTPK4-D AALL-LVTA TWGTVFLWK VEKLSLVDSF YCVCATITTL [GYGO FMYLAEIYTE| EASDLDSDRK VGAAEF VYK
TaTPK4-B  AALL{-LVTA IWGTVFLWK VEKLSLVDSF YCVCATITTL [GYG FMYLAELYTE| EASDLDNDRK VGAAEFJVYK
0sTPKa NALL-LVLS IISGTVFLWK VEKLSLVDSF YCVCATITTL [GYGD FMYLAEIYTE| EASDLDDORQ VGAAEF VYK
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Fig. 2. Multiple sequence alignment and domain analysis of TaTPK proteins of A. thaliana, O. sativa and T. aestivum. Fig. A represents 14-3-3
proteins bind sites and N-terminal ion channel domain, B shows the C-terminal ion channel domain and EF-hand domains, and C depicts the vi-
sual representation of TPK protein’s transmembrane domains, conserved GYGD domain, 14-3-3 binding site, and EF-hand domains.
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protein was TaTPK3-A, while the smallest were TaTPK4-A, TaTPK4-B and TaTPK4-D. The MW of TaTPKs ranged from 39.1 to 50.2 kDa
(kDa), whilepI) varied from 6.6 to 9.2 (Table 1). The majority TaTPKs showed more than 7 pl, suggesting their basic nature. GRAVY,
instability and aliphatic index of TaTPK proteins varied from —0.045 to 0.14, 33.57 to 47.31 and 84.59 to 99.43, respectively
(Supplementary Table S2). The protein length, MW and pI of TaTPKs wereconsistent with the previously published reports [21-24,58,
63]. The occurrence of ~40 computed instability index of TaTPK proteins indicated their stable architecture. A higher aliphatic index
(above 80) suggested their thermo-stable nature. The negative GRAVY values indicated the hydrophilic nature of TaTPK1-D,
TaTPK2-D, TaTPK3-A, TaTPK3-B and TaTPK3-D, while positive GRAVY values of the remaining TaTPK proteins reveal their hydro-
phobic nature. Moreover, the analysed GRAVY value indicated the overall nature of TaTPK proteins, not for a specific domain/portion.
Since all these channels are located in the membrane, they will have both hydrophobic and hydrophilic portions in the TM and
cytosolic portions, respectively.

The subcellular localization analysis predicted the plasma membrane localization for the members of TaTPK1, TaTPK3 and TaTPK4
group channels, and vacuolar membrane for TaTPK2 group proteins (Table 1). In the case of A. thaliana, AtTPK1, AtTPK2, AtTPK3, and
AtTPKS5 are localized on the vacuolar membrane, while AtTPK4 on the plasma membrane [64]. In O. sativa, OsTPKa and OsTPKb have
been reported in lytic and storage vacuoles, respectively [20].

The domain composition is a major factor in determining the functionality of any protein. The conserved domains and motifs were
analysed in the TaTPK proteins. Two ion channel domains (PF07885) were identified, one each at N- and C-terminal regions in all the
TaTPK proteins (Supplementary Table S3). A total of four TM helices, two in each half were present in each TaTPK protein (Fig. 2). The
results are in agreement with the earlier reports [20-24,58,63]. Additionally, various conserved residues identified using the multiple
sequence alignments of TPK protein sequences of A. thaliana, T. aestivum and O. sativa. Two GYGD motifs present between TM1 and
TM2, and TM3 and TM4 of the N- and C-terminal domains were detected as highly conserved motifs (Fig. 2A-C). In addition, one
14-3-3 protein binding site and two EF-hand domains were found highly conserved in the N- and C-terminal domains, respectively.
Moreover, TaTPK1-D lacked a second EF-hand domain. These conserved domains and motifs play a vital role in determining the
function of proteins. The above-identified domains and motifs have also been reported in TPK channels in previous studies [20-24,58,
63,651.). The conserved GYGD motif is responsible for ion selectivity, where Y and D residues are vital for K' selectivity and gating
[66]. The presence of EF-hand domains in the C-terminal cytoplasmic region revealed the connection of TaTPK channels with the
cytoplasmic concentration of Ca?* as earlier reports suggested that dependence of TPK channel gating on the Ca®* ions [20]. A few
studies suggested the role of the 14-3-3 domain in channel trafficking from the endoplasmic reticulum (ER) to the plasma membrane
[67-69]. On the contrary, another report in A. thaliana could not support the above finding in the case of TPK1 and suggested that the
14-3-3 domain has no role in ER and vacuolar trafficking [64]. In another study, domain swapping between TPKa and TPKb of O. sativa
suggested that 14-3-3 might be associated with ER release but not play a vital role in vacuolar trafficking [20].

Additionally, the occurenrence of 15 conserved motifs in TaTPK proteins were analysed using the MEME suite. Motifs 1, 2, 3, 4, 5,6,
8,9 and 14 were conserved in all the TaTPK proteins (Fig. 1C). Motifs 7 and 12 were present in 6, motifs 10 and 11 in 3, and motif 13 in
9 and motif 15 in 2 TaTPK proteins. Motif 1 was identified as a part of Ca%t binding EF-hand domains. Motif 2 was part of C-terminal
ion transporter domain, while motif 3 is a part of the N-terminal ion transporter domain. Motif 4 was recognised as part of the TM
domain.

3.4. Protein-protein interaction analysis

The protein-protein interaction study was performed using bioinformatic approaches, to study the coordination of TaTPK channels
with other channels and proteins. A total of 18 different proteins showed interaction with TaTPK proteins (Fig. 3A, Supplementary
Table S4). Most of the interacting proteins included K* transporters and channels such as K* efflux antiporter (KEA), Shaker family K"
channel (KT), High-affinity K* transporter (HKT), KT2/3 potassium channel, shaker family of voltage-gated potassium channel (KAT),

A

Fig. 3. Protein-protein and protein-chemical interaction analyses. The figure demonstrates the interaction network of TaTPK proteins with (A) other
proteins and (B) chemical compounds.
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Gated outwardly-rectifying K* channel (GORK), and Kup system potassium uptake protein (KUP). They also showed interaction with
other ion transporters such as two-pore calcium channel protein (TPC), magnesium/proton exchanger (MHX) and chloride channel
protein. In addition, calcium-dependent protein kinase (CDPK), 14-3-3-like protein GF14 lambda (RCI), 14-3-3-like protein GF14 Q
and thiamine-phosphate diphosphorylase also showed interaction with TaTPK channels. The interaction of TaTPK channels with other
K" channels and transporters suggested their co-ordinated function in K™ homeostasis and abiotic stress response such as drought, salt,
cold etc. [70,71]. The interaction of TaTPK channels with TPC and CDPK, and the presence of EF-hand domains suggested their
regulation by Ca?*-related signaling pathways [72,73]. Since, TaTPK channels consisted of 14-3-3 binding sites, their interaction with
14-3-3 proteins was obvious. Moreover, 14-3-3 proteins play diverse roles in plants from growth to abiotic stress response [74], which
indicated the involvement of TaTPKs in diverse functions.

3.5. Protein-chemical interaction analysis

To study the involvement of TaTPK proteins in catalytic mechanisms and their regulation by other biochemicals, their interaction
with various chemical compounds and metal ions was studied. TaTPKs showed interaction with nine different biochemical molecules
such as diphosphopyridine nucleotide (DPN), adenosine monophosphate (AMP), cyclic AMP (cAMP), MgADP, reduced glutathione and
glutamic acid along with various metal ions including Na*, Ca*" and K* (Fig. 3B-Supplementary Table $4). DPN might act as a co-
enzyme, AMP and ADP interactions indicate energy-driven active transport by TaTPKs, cAMP might play regulatory role, while in-
teractions with reduced glutathione and glutamic acid depicted their role in stress responses [75-78]. However, these interactions
need to be experimentally validated in future studies. Interaction with K* further depicted their involvement in K™ transport, while
Ca?* interaction showed the putative functioning of EF-hand domain in TPK channels and their Ca?* ~mediated regulation, while Na*
interaction indicated their role in salt stress response.

3.6. Phylogenetic analysis

Evolutionary connection was analysed among the TPK proteins of A. thaliana, O. sativa and T. aestivum through the phylogenetic
tree (Fig. 4). The TPK proteins were clustered into two groups (I and II) as reported in earlier studies [21-23,62,79]. Group I and II
comprised 9 and 11 TPK proteins, respectively. A total of six TPKs of T. aestivum, two of O. sativa (TaTPKa and TaTPKb) and one of
A. thaliana (AtTPK1) closely clustered in group I, while six TPKs of T. aestivum, one of O. sativa and four of A. thaliana clustered in group
II of the phylogenetic tree. The TPKs of both monocots; T. aestivum and O. sativa clustered tightly. Additionally, the homeologous
TaTPK proteins, for instance, TaTPK1-A, TaTPK1-B and TaTPK1-D; TaTPK2-A, TaTPK2-B; TaTPK2-D; TaTPK4-A, TaTPK4-B and
TaTPK4-D etc. were clustered together in the phylogenetic tree, due to a higher sequence similarity among them.
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Fig. 4. Phylogenetic analysis of TPKs of A. thaliana, O. sativa and T. aestivum. The phylogenetic tree displays the clustering of TPK proteins into two
groups: I and II. TPKs of each A. thaliana, O.sativa, T. aestivum are denoted by different markers.
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3.7. Expression profiling of TaTPKs in tissues developmental stages

High throughput RNA-seq data collected from three developmental stages of the root, stem, leaf, spike, and grain tissues have been
used for expression profiling. TaTPK genes are clustered into two groups on the basis of their expression trend (Fig. 5A). In group I,
TaTPK4-B and TaTPK4-D showed significant expression in all the tissues and exhibited higher expression in root and grain tissues.
TaTPK2-A, TaTPK2-B and TaTPK2-D expressed in later stages of the leaf i.e., leaf z23 and leaf z71. In group II, TaTPK1-A, TaTPK1-B
and TaTPK1-D showed expression in spike_z65 and all the leaf developmental stages. On the other hand, TaTPK3-A, TaTPK3-B and
TaTPK3-D showed expression at spike_z65 and grain_z85 tissues. These results showed that TaTPK genes exhibited differential
expression in various stages of vegetative and reproductive tissues. Earlier, TPK1 of Fragaria ananassa was reported to play an
important role in fruit development [80]. In A. thaliana, TPK1 was involved in seed germination and stomatal activity [13] and TPK4
regulated the membrane voltage of the rising pollen tube [26]. The specifically higher expression of certain TaTPK genes in spike and
grain tissues suggested their role in reproductive development, while others that showed specifically higher levels in various organs
suggested roles in vegetative growth and development.

3.8. Expression profiling of TaTPKs under biotic stress

To study the effect of pathogens on TaTPK genes, high throughput RNA seq data of leaf tissues treated with two fungal pathogens
were used for expression profiling. The TaTPK genes clustered in two groups under biotic stress conditions (Fig. 5B). In group I, the
TaTPK1-D showed upregulation and TaTPK3-B showed downregulation after each hour (h) of Bgtand Pst infestation. However,
TaTPK2-A, TaTPK2-B and TaTPK2-D were upregulated after Pst infestation. In group II, the gene TaTPK3-D showed upregulation after
each h of Bgt and Pst inoculation, except 72 h of Pst. TaTPK3-A exhibited upregulation after Bgt infestation only. TaTPK1-A and
TaTPK1-B were upregulated after each h of Bgt and Pst inoculation except 24 h of Pst. TaTPK4-B was upregulated after Bgt and 24 h of
Pst inoculation, while TaTPK4-D showed upregulation after 48 and 72 h of Bgt infestation. The differential expression of TPK genes of
T. aestivum at different hours of Bgt and Pst infestation suggested their role in biotic stress responses. Earlier studies also suggested the
role of K channels in biotic stress responses [4,81]. For example, a study suggested the role of TPK1 of F. ananassa in plant resistance
against the pathogen Botrytis cinerea [80].
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Fig. 5. Expression analysis of TaTPK genes in different tissues and during abiotic and biotic stresses and qRT-PCR analysis The expression profiles of
TaTPK genes are represented in the form of heat maps for (A) different developmental stages, (B) biotic stress including Bgt and Pst infestation for
24,48 and 72 h, (C) 1 and 6 h of DS, HS and HD, and (D) 6, 12, 24 and 48h of salt stress. Figure (E) show the qQRT-PCR results of three TaTPK genes
under DS stress at 1 and 6h of treatments. The bar graphs indicate the fold change of each TaTPK gene expression and a vertical line indicate
standard deviation.
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3.9. Expression analysis of TaTPKs under abiotic stresses

Abiotic stresses are a major concern to wheat production as they cause an average of 50% losses to wheat yield [82]. Therefore, to
understand the role of the TaTPK family under abiotic stresses, the expression analysis is carried out under DSHS), HD and salt stress
conditions using high throughput RNA-seq data. Based on expression data, two main groups were formed in heat maps under DS, HS
and HD (Fig. 5C). In group I, the majority of TaTPK genes were highly upregulated at both 1 and 6 h of DS, except TaTPK4-D. On the
other hand, the group II genes showed upregulated expression at 6h of HS and some of the TaTPKs, for instance, TaTPK4-B and
TaTPK3-D showed higher expression at later h of HD.

Similarly, using high throughput RNA-seq data, the expression of TaTPKs was analysed under salt stress. Here also two groups were
formed based on expression trend (Fig. 5D). The group I genes such as TaTPK2-B, TaTPK2-D and TaTPK3-A were upregulated at 24 h of
salt stress. However, in group II, TaTPK1-A and TaTPK3-D genes exhibited higher expression at 6 h of salt stress, and TaTPK3-Bat 12 h
of treatment. Most of the genes in group II demonstrated downregulated expression under salt stress.

The qRT-PCR analysis of TaTPK1-A, TaTPK3-A and TaTPK4-B was carried out at 1 and 6 h of DS (Fig. 5E). The expression of
TaTPK1-A and TaTPK4-B was comparable to the high throughput RNA-seq data. the TaTPK1-A showed downregulation at both 1h and
6h of DS. TaTPK4-B showed downregulation at 1 h and upregulation at 6 h of DS. However, TaTPK3-A showed downregulation at both
1 h and 6 h of DS (Fig. 5E).

Similarly, the expression of NtTPK1 also increased about 2-fold under osmotic and salinity stress [17]. In another report, it has been
shown that in C. arietinum, the CarTPK3.2 was slightly up-regulated under HS [20]. In addition, the OsTPKb overexpressing transgenic
lines showed better growth under drought stress than non-transgenic lines [28]. Likewise, in V. radiata, VrTPK3 gene has upregulated
under DS, HS and salt stresses [62]. Furthermore, in G.raimondii, three TPK genes, GrTPK5.2, GrTPK1.1, GrTPK5.1 showed upregu-
lation under salt stress [23]. The modulated expression of TaTPKs under various stress conditions revealed their role in abiotic stress
response in T. aestivum, as reported in other crop species [23,28].

3.10. Gene regulatory networks analyses

To understand the regulatory mechanism of TaTPK genes, their interaction with miRNAs and transcription factors was analysed.
The miRNA binding analysis suggested the interaction of 21 miRNAs with TaTPKs of T. aestivum (Fig. 6A). The majority of the TaTPKs
were targeted via a cleavage process followed by translation inhibition (Supplementary Table S5). Six miRNAs targeted the TaTPKs via
translation, while 15 miRNAs targeted the TaTPKs via cleavage. Some of the miRNAs targeted the homoeologous genes, for instance,
ta-miR170a targeted the TaTPK1-A and TaTPKI1-B, ta-miR012a targeted the TaTPK3-A, TaTPK3-B and TaTPK3-D, tae-miR1536a
targated TaTPK4-B, TaTPK4-D etc.

A total of 38 transcription factors showed interaction with TaTPK genes (Fig. 6B). Most of the identified transcription factors were
related to light, hormone, stress responses and growth and development. Hormone-responsive interacting transcription factors were
BESI, ERF, EIL and ARF etc., while stress-responsive interacting transcription factors were WRKY, MYB_related, CAMTA, MYB, C3H
etc. The growth and development-related interacting transcription factors were LFY, WOX, TALE, SBP, CPP, LBD, AP2, YABBY etc
(Fig. 6B).

The role of interacting tae-miR159 in salinity, cold and wound stress response further indicates the involvement of TaTPKs in
abiotic stress responses [83]. The miR159 and miR164 are key players in the hormone-responsive signalling cascade. miR159 regu-
lated the abscisic acid (ABA) and gibberellin signalling via MYC transcription factor, while miRNA164 regulated the auxin signalling
process via ARF transcription factor [84-86]. The interaction of TaTPKs with these miRNAs, and transcription factor MYC and ARF
revealed the regulation of TaTPKs through hormone-related signalling processes. The interacting tae-miR395a is reported to be
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Fig. 6. miRNA and transcription factor interaction analyses. A. Figure represents the interaction network of TaTPK genes with known miRNA of
T. aestivum. B. Figure shows the transcription factors interaction network generated by Cytoscape. The probable regulating transcription factors of
TaTPKs are predicted by the PlantRegMap database.
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significantly upregulated in K* deficient conditions which indicated the 'role of TaTPKs in plant survival at the time of K* ion deficit
[87]. Another study in T. aestivum reported an HyOy-mediated response of tae-miR395a which indicates ROS-mediated regulation
[88]. Furthermore, the involvement of miR1136a in drought stress revealed the role of interacting TaTPKs in drought response [89].
The identified transcription factor suggested the role of TaTPK genes in light, hormone, stress responses, and growth and development.
The interaction of TaTPK proteins with CAMTA and MYC transcription factors suggested their putative functioning in drought and salt
tolerance [90,91].

4. Conclusions

In the current study, we explored various features of TaTPKs, an important K ion channel, in a staple crop T. aestivum. The
interaction of TaTPKs with miRNA, transcription factors, and bio-chemicals suggested their connection with hormone-responsive
signaling, drought stress, salt stress response and plant growth and development. Protein-protein interaction analysis indicated co-
ordinated functioning of TaTPKs with other K* channels and transporters during K homeostasis and might be regulated by Ca®*
signaling cascades. The transcript abundance of TaTPKs in roots, grains and leaves suggested their role in both vegetative and
reproductive tissues. Their modulated expression suggested an implicit role in biotic and abiotic stress response. Moreover, the specific
functions of each TaTPK should be revealed in future studies. This study would facilitate the functional characterization of important
TaTPK genes in future studies, which might also be useful in crop improvement programs.
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