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The C&C/cation antiporters (CaCA) superfamily proteins play vitéunction in C&£< ion
homeostasis, which is an important event during developmenand defense response.
Molecular characterization of these proteins has been pesfmed in certain plants, but
they are still not characterized infriticum aestivum(bread wheat). Herein, we identi ed
34 TaCaCA superfamily proteins, which were classi ed intodCAX, TaCCX, TaNCL, and
TaMHX protein families based on their structural organizan and evolutionary relation
with earlier reported proteins. Since thel. aestivumcomprises an allohexaploid genome,
TaCaCA genes were derived from each A, B, and D subgenome and homeolgous
chromosome (HC), except chromosome-group 1. Majority of gees were derived from
more than one HCs in each family that were considered as homdogous genes (HGS)
due to their high similarity with each other. These HGs showk comparable gene
and protein structures in terms of exon/intron organizatio and domain architecture.
Majority of TaCaCA proteins comprised two Na_Ca_ex domainsHowever, TaNCLs
consisted of an additional EF-hand domain with calcium binidg motifs. Each TaCaCA
protein family consisted of about 10 transmembrane and twoa-repeat regions with
speci cally conserved signature motifs except TaNCL, whib had single a-repeat.
Variable expression of most of theTaCaCAgenes during various developmental stages
suggested their speci ed role in development. However, costitutively high expression
of a few genes likeTaCAX1-Aand TaNCL1-B indicated their role throughout the plant
growth and development. The modulated expression of certai genes during biotic
(fungal infections) and abiotic stresses (heat, droughtadt) suggested their role in stress
response. Majority ofTaCCXand TaNCL family genes were found highly affected during
various abiotic stresses. However, the role of individualene needs to be established. The
present study unfolded the opportunity for detail functioal characterization of TaCaCA
proteins and their utilization in future crop improvementimgrams.
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Taneja et al. ca2?C/cation Antiporters (CaCA) in Bread Wheat

INTRODUCTION consists of clusters of ve TM helices in each half, separbted
a cytosolic loop, with certain exceptions. For instance, th&XCC

Calcium ion (C&°) is a vital element in plants due to its roles proteins contain additional TM helix in C-terminal halfC(ai
as an essential nutrient and secondary messengjesdhi, 2004;  and Lytton, 2004) Further, the length of N-terminal region and
Case etal., 2004t is involved in signal transduction in response cytosolic loop also varies in various groups of CaCA superfamil
to various internal and/or external stimulPQovaiah and Reddy, proteins Emery et al., 2092
1993; Dodd et al., 2010; Spalding and Harper, 20The Large scale genome analysis of numerous archaea, bacteria,
concentration of C& increases during perturbation of stimuli, fungi, algae, land plants, and animals established that-Hg) t
which get recognized by calcium binding proteins or sensolyBRG proteins are exclusively present in prokaryotes, (2) the
proteins. These proteins further transfer the signal dowestn  CAX proteins are present in all organisms, (3) CCXs are present
to start phosphorylation cascade that ultimately lead to then all eukaryotes but not in prokaryotes, while (4) NCX and
regulation of gene expressioffii(teja and Mahajan, 200.7The  NCKX proteins are present in animal cells and algae, but are
elevation in C&° concentration inside the cell is also reported in lacking in higher plants$higaki et al., 2006; Lytton, 2007; Emery
response to various growth regulators, plant nutrients, pgfs et al., 2012: Khananshvili, 2013, 2014: Pittman and Hirschi
and abiotic stresses, which established the role of CalCiUIZD]_6a_ However, land p|ants have evolved two additiona]groups
signaling during development and stress responses in plangf CaCA proteins- M&°/HC exchanger (MHX) proteins and EF-
(Tuteja and Sopory, 2008; Kader and Lindberg, 2010; Zhang et é{and domain containing CAX (EF-CAX) protein&(nery et al.,
20144 2012; Gaash et al., 201Fhe EF-CAX was also found in algae

The modulation in C&° concentration across the (Emery et al., 20)2and later named as NCX like protein (NCL)

cell membrane is basically mediated by three classes @fie to their functional divergence from CAX proteinsvang
transporters- C#-ATPases (PMCAs), Ga permeable etal., 2012; Lietal., 2016

channels, and G4/cation antiporters (CaCAs), which function A plant MHX was rst identi ed in Arabidopsis thaliana
in combination of each otherHaug-Collet et al., 1999; Sanders(AtMHX) as a member of NCX family, which enhanced Rfg
etal., 1999; Axelsen and Palmgren, 20The CaCA superfamily concentration in vacuole without NaCa? exchange activity
proteins are reported in diverse group of organisms from(Shaul et al., 1999Recently, the MHX proteins were identi ed
bacteria to higher plants and animals as well. These proteirffom numerous land plants, which formed a distinct group with
usually facilitate the eux of C& against concentration tight phylogenetic clusteringEmery et al., 2012; Gaash et al.,
gradient across the membrane, and in ux of monovalent aagio 2013; Pittman and Hirschi, 2015a he plant MHX proteins also
like H®, N&©, or K© in exchange $aier et al., 1999; Cai and di er from NCX proteins in certain key amino acid residues in
Lytton, 2004a; Emery et al., 2012; Pittman and Hirschi, 2)16 a1 and a2 repeat regions responsible for N€a?C exchange
CaCA proteins basically form a composite superfamily, whiclctivity (Nicoll et al., 1996a; lwamoto et al., 2000; Philipson and
consists of ve di erent families of exchanger proteins- YRBG,Nicoll, 2000; Ottolia et al., 2005; Emery et al., J0E@rthermore,
Na“/Ca?“ exchanger (NCX), Na/Ca?“, K© exchanger (NCKX), the MHX proteins consist of smaller central loop without¥&a
cation/C&© exchanger (CCX), and ®cation exchanger pinding domain (ytton, 2007; Gaash et al., 2013
(CAX), which are classi ed on the basis of their function and  The CAX proteins comprised the largest proportion of CaCA
evolutionary relationship@ai and Lytton, 2004a; Emery et al., superfamily, and present in each group of organis&nigaki
2012; Pittman and Hirschi, 201aRecentlySingh et al. (2015) et al., 2006; Manohar et al., 2011; Emery et al., 2012; Rittma
proposed the classi cation of all the CaCA superfamily proteinsand Hirschi, 2016); except mammals and insects. These are
as NCX family due to the occurrence of Na_Ca_ex (PF01699)oadly classied into type 1, type 2, and type 3 categories
domain and tight evolutionary relationship between them.on the basis of phylogenetic clusteringh(gaki et al., 2006
However,Pittman and Hirschi (2016ay phylogenetic analysis Plants generally consist of type 1 CAX proteins, which are
and structure modeling further established that the CaCAurther divided into type 1A and type 1B groupsSl{igaki et al.,
superfamily members exhibit diverse structural and funeéb  2006; Emery et al., 20.2The CAX proteins usually exist
characteristics, and all of them cannot be classied as NCXs multi-gene families in higher plants. Generally, 5-6 CAX
proteins. proteins are identi ed in various monocot and dicot plants,
The CaCA superfamily proteins consist of comparablavith a maximum of 14 CAX proteins irGlycine max about
topological structure with an average of 10 transmembramé)(T half of them belonging to each type 1A and 1B groupsnéry
domains and twoa-repeats region inside the TM 2-3 and 7-8. et al., 2012; Pittman and Hirschi, 20)6k has been suggested
These repeats play vital role during ion-selectivity, bigdand  that both the groups dier in their ion selectivity; type 1B
transportation by various groups of CaCA proteifi&(mniya and  members like AtCAX2 and AtCAXS5 facilitate the transportatio
Maeshima, 2004; Ottolia et al., 2005; Shigaki et al., 20@56JIN of several ions such as €g Cd®, and Mr’®, while type 1A
et al., 200y. Recent crystallography analyses of certain CaCproteins like AtCAX1 and AtCAX3 are thought to be specic
proteins from archaea, bacteria and yeast provided detaglns for C&° homeostasisHirschi et al., 2000; Shigaki et al., 2003;
into the structure (iao etal., 2012; Nishizawa et al., 2013; WaighEdmond et al., 2009; Conn et al., 2)1However,in-planta
et al., 2013; Wu et al., 20L3rhe length of CaCA superfamily and heterologous expression of type 1A CAX proteins in yeast
proteins varies from 300 to 1000 amino acid (AA) residues witHacilitate transport of multiple ions{amiya et al., 2005; Shigaki
almost similar topological structure. A typical CaCA proteinet al., 2005, 2010; Koren'kov et al., 2007; Mei et al., )2009
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Hence, CAX family proteins are recently referred ds/ehtion  there characterization becomes essential in an importaat fo
exchangers. crop likeT. aestivum.

The NCL proteins are reported as a new member of CaCA Herein, we have performed the genome wide identi cation
superfamily (Vang et al., 2012 separated from CAX family due and comprehensive characterization of CaCA proteins
to the presence of long cytoplasmic loop with EF-hand domain§TaCaCA) in T. aestivum genome. They were further
(Emery et al., 2012; Pittman and Hirschi, 20).6&hese are characterized for gene and protein structural organization
identi ed in numerous land plants, and AtNCL is reported to and phylogenetic relationship. Furthermore, the expression
perform N&/Ca2 exchange activitymery et al., 2012: Li et al., analysis of individualTaCaCA genes was carried out during
2016. However, tight phylogenetic clustering in consenad  various tissues developmental stages, and in biotic andiabio
repeat tree established that these proteins are evolutianarg  stress conditions as well. The present study provided ingdusi
closer to CAX proteins than NCX protein&(nery et al., 2012; information about TaCaCA superfamily proteins that would be
Pittman and Hirschi, 2016a very useful in future crop development programs.

The CCX family of proteins were identi ed from diverse
groups of organisms including protozoa, invertebrate, and
vertebrate animals, fungi and plant€4i and Lytton, 2004a; MATERIALS AND METHODS
Emery et al.,, 2012; Pittman and Hirschi, 20)J.6Bunctional . . ) )
characterization revealed R&LiC)/Ca?C exchanger activityina |d€nti cation, Classi cation and
mammalian CCX protein, earlier named as NCKX&(ty et al., Chromosomal Distribution
2004; Cai and Lytton, 200%bHowever, CCX3 of Arabidopsis To identify the CaCA superfamily proteins (TaCaCA) in the
showed H/KC exchanger activity and it could also transport genome ofT. aestivum BLASTp searchefvalue 0.00001) of
Na® and M but not C&#© (Morris et al., 200R Phylogenetic known CaCA proteins sequences from rice and Arabidopsis
analysis classi ed CCX proteins from various organisms intgqEmery et al., 2012; Gaash et al., 2013; Singh et al., 2015;
three subgroups. These results indicated functional vanath  Pittman and Hirschi, 2016a was performed against the
CCX family of proteinsEmery et al., 2012; Pittman and Hirschi, protein model sequences of aestivunobtained from IWGSC
20163. Normally 3-6 CCX proteins are reported in land plantsserver {ussbaumer et al.,, 2013; IWGSC, 2D1http://
with a maximum of 8 inGlycine maxThese are also found highly www.wheatgenome.org/, http://wheat-urgi.versailles.ii/Seg-
conserved across the organisms especialplimnda2 -repeat Repository/Genes-annotations). A total of 6 CAX, 5 CCX and 1
regions Emery et al., 2012 each MHX and NCL sequences from Arabidopsis, and 6 CAX,

The CaCA superfamily proteins are functionally charactetize 5 CCX, 2 MHX, and 2 NCL sequences from rice were used
in several plant species, which established their basic role in BLAST search as described earli¢tititnan and Hirschi,
cation transport and homeostasis. Modulated expression ¢f0163. The putatively identied CaCA protein sequences
these proteins have also been observed in various plantsglurivvere also searched against the newly reported protein model
numerous abiotic stresses, which indicated their role iest sequences (TGACv1) @f. aestivurgenerated by The Genome
response Kirschi et al., 1996, 2000; Shaul et al., 1999; KamiyAnalysis Centre (TGAC), available at Ensembl Plants (http://
et al., 2005; Morris et al., 2008; Wang et al., 2012; Singh, et glants.ensembl.org/Triticum_aestivum/Info/Index) andther
2015; Lietal., 20)6Functional characterization of certain CaCA available sequences at NCBI database. The FGENESH pipeline
proteins like AtNCL, AtCAX1, OsCAX4, SsCAX1 and others(http://www.softberry.com/) was used for the prediction of
further established their role in various kinds of abiotitess coding sequence Splovyev et al., 2006 The hydropathy
response (lei et al., 2007; Han et al., 2012; Wang et al., 201&nalysis of putatively identi ed sequences was performed using
Yamada et al., 2014; Li et al., 2016; Pittman and Hirschi6201 TMHMMv2.01 (Krogh et al., 2001; Petersen et al., 0fd
Zhang et al., 2006 further con rm their identity as CaCA proteins. The presence of

Despite being very important proteins, CaCA superfamilyEF-hand (PfamID: PFO0036) and Na_Ca_ex (PfamID: PF01699)
has not been identi ed and characterized Tmiticum aestivum domains were con rmed by BLAST search against local pfam
(bread wheat), a staple food crop of about one-third populatiordatabase (ftp://ftp.sanger.ac.uk/pub/databases/Pfaniwiivig
of world. T. aestivumconsist of an allohexaploid genome (2nthe method established in our laboratoryi(n et al., 2014;

D 6x D 42), evolved by hybridization events of three sub-Shumayla et al., 20163,bCaCA superfamily proteins were
genomes A, B, and DMarcussen et al., 20).4The unavailability also identied in T. urartu (TuCaCA) and Aegilops tauschii

of genomic information, composite nature of genome and(AeCaCA) genomes, which are reported as progenitors of A
complexity in application of modern functional genomics toolsand D subgenome oF. aestivumrespectivelylarcussen et al.,
could be the probable reason for the same. In recent years, t®19. The identi ed CaCA superfamily proteins were further
genome sequence and numerous development and stress relattaissi ed into CAX, CCX, MHX, and NCL protein groups based
high throughput RNA sequence data have been available froon their relative sequence homology with known sequences fro
T. aestivum(IWGSC, 2014; Zhang et al., 2014b, 2016; Liu ZArabidopsis and rice.

et al., 2015; Pingault et al., 2Q,Llwhich enabled the genome  The chromosomal localization GaCaCAgenes was obtained
wide characterization of various gene famili&(@mayla et al., by BLASTn search against available chromosome sequences of
2016a,b; Zeng et al., 2Q18ince the CaCA proteins are involved T. aestivumat URGI and Ensembl Plants (https://urgi.versailles.
in several vital functions from development to stress responsinra.fr/blast/, http://plants.ensembl.org/Triticum_desim/).
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Homeologs, Orthologs and Duplication at Ensembl Plants. The exon/ intron organization was areyz
Events Prediction using GSDS 2.0 (gsds.cbi.pku.edu.cn/) serderet al., 201n

Bi-directional best hit approach a¢value 1010 was used
for the prediction of homeologous and orthologous genes aprotein Characterization
reported in earlier studiesShumayla et al., 20169.bThe  The trans-membrane (TM) regions in individual TaCaCA
identi cation of homeologousfaCaCAgenes was based on their protein was predicted using ve di erent programs- TMHMM
chromosome group, chromosome arm location and high percenj, g (http://www.cbs.dtu.dk/servicess TMHMM/), TMMOD,
(' 90%) identity. The identi ed homeologous genes were furthebhobius, SosuiG v.1.1 and DAS-Tm lteHifokawa et al.,
con rmed by clustering them withT'. aestivununigene clusters  ggg- Krogh et al., 2001; Cserzo et al., 2004; Kall et al.; 2004
(http://www.nc_bi._nIm.ni_h.gov/UniGene). Further, the know Kahsay et al., 2005; Petersen et al., p0The PROTTER
pericentromeric inversion of chromosome 4AS-4Ali(et al., 1.0 (http://wlab.ethz.ch/protter/start/) was also used foe t
199) and chromosomal _translocapon 4AL-5A|J—_|(arna}nde.z prediction of TM topology Omasits et al., 20)4The domain
etal., 201pwere also considered during homeolog identi cation. composition was established using Prosite-scan (http://prosite
A unique name was assigned to edaCaCAgene on the basis expasy.org/scanprosite/), InterProScan  (https://www.ebi.ac
of their homeologous group and subgenome following the ru'eﬁk/interpro/search/sequence-search), SMART  (http://smart
recommended for gene symbolization ih aestivum(http://  empl-heidelberg.de/) and NCBI conserved domain blast (Http:/
wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm). www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) s
The orthologous proteins were identi ed by BLASTp searchjones et al., 2014; Letunic et al., 2014; Marchler et al.)2015
of TaCaCA protein sequences\(alue 10 *°) against the protein  The domain architecture map was prepared using IBS (http://
model sequences af. urartu, Ae. tauschijirice and Arabidopsis ibs.biocuckoo.org/online.php) serveri( W. et al., 2015 The
downloaded from thgir respegtive databases (http://plants\ycp| plast server (https://blast.ncbi.nim.nih.gov/Blagt) was
ensembl.org, http:/rice.plantbiology. msu.edu/, httpWw.  ,se for similarity analysis with other sequences in the liasa.
arabidopsis.org). Prediction of paralogous genes origthéi¢  The |ocalization of the protein within the cell was predicted
duplication events were carried out by BLASTn searck-{&tlue  sing pSORT (http://wolfpsort.org/), CELLO v.2.5 (http://cello
10 19 with high sequence similarity than the usual Sim”arityIife.nctu.edu.tw/), TargetP_v1, PredSL, ngLOC and Praifo
betweenfaCaCAgenes from di erent homeologous groups.  (hitp:/ww.softberry.com/berry.phtml) serverEifianuelsson
et al., 2000; Petsalaki et al., 2006; Yu et al., 2006; Hottah, e
2007; King et al., 20)2 Occurrence of signal peptide was
The phylogenetic analysis of TaCaCA superfamily proteins Witre';g(r)]gﬂ:lj)e dTr:Jsllr—:]?(Pif;?:;*nSie(gr;&nggg.iﬁibq;fw(igz(?(?)lasy

various orthologs was performed using full-length, core doma . . . .
. . . .org/compute_pi/) was used to compute the isoelectric point and
and a2-repeat region sequences as reported in earlier studies

(Emery et al.,, 2012; Pittman and Hirschi, 201.6&he core molecular weightGasteiger et al., 2005
domain of individual proteins was obtained by removing the
non-conserved N- and C-terminus portions, and central loopEXpression Analysis
region as well. However, the conserved-repeat region in The expression prole ofTaCaCA genes was performed in
each protein was determined by aligning them with previouslyarious tissue developmental stages, and biotic and alsitvéss
determined consensus sequence of CaCA proteibsi @nd conditions using the high throughput RNA seq data. The tissue
Lytton, 2004a; Emery et al., 2012; Pittman and Hirschi, 2016 speci ¢ expression was analyzed using the data generated from
The sequences were aligned using muscle progeaigdr, 200  three developmental stages of each root, leaf, stem, spike and
and phylogenetic tree was constructed by maximum likelihoodjrain in duplicatesRingault et al., 20)5The data is available for
method using MEGA7 with 1000 bootstrap replicatésifhar  download at https://urgi.versailles.inra.fr/ les/IRNAS&Qeat/.
etal., 201p The expression value was calculated as fragments per kilobase
of transcript per million fragments mapped (FPKM) using RNA-

. Seq by Expectation-Maximization (RSEM) protocol from Trinity
Sequence Alignment and Exon/Intron package (i and Dewey, 2011; Haas et al., 2D1Bhe tissue
Organization speci ¢ expression of individual gene was also conrmed at
The multiple sequence alignments were carried out by usingvheatExp server (http://wheat.pw.usda.gov/WheatExp/#) using
ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalwJAFFT  the data (accession number: ERP004714) developed fromisimila
(Katoh et al., 2002 muscle Edgar, 200y and Multalin tissues and developmental stagébdulet et al., 2004
(Corpet, 1983 programs. The genomic sequencelofaestivum The e ect of biotic stress on the expression ®@CaCA
was downloaded from URGI (https://urgi.versailles.inra.&fid  genes was analyzed using the RNA seq data (accession number
Ensembl Plants (http:/plants.ensembl.org/Triticum_aest/) PRJINA243835) developed from leaves after 24 h of inoculation
databases. The number of exons and introns in ed@@BaCA of fungus Blumeria graminis f. sp. tritic(Bgt) and Puccinia
gene were determined by aligning the coding sequences wittriiformisf. sp.tritici (Pst), separatelyZhang et al., 2019bThe
genomic sequences. The number was further con rmed by blaRNA seq data was generated in triplicates and expression was
search against. aestivumgenome dataset of IWGSC availablecalculated using Trinity package as describedds et al., 20)3

Phylogenetic Analysis
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The e ect of heat (HS), drought (DS), and combination of higher plants, a total of 14 (6 AtCAX, 5 AtCCX, 2 AtNCL, and 1
these stresses (HD) was analyzed using RNA seq data developgiHX), 15 (6 OsCAX, 5 OsCCX, 2 OsNCL, and 2 OsMHX),
in duplicates (accession number SRP045409) from leaf sampbasd 14 (6 ZmCAX, 6 ZmCCX, 1 ZmNCL, and 1 ZmMHX) CaCA
after one and 6 h of incubation_{u Z. et al., 201p The e ect protein are reported in Arabidopsis, rice, and maize, respegtive
of salt (NaCl) stress was studied using RNA seq data producé&mery et al., 2012; Singh et al., 2015; Pittman and Hirschi,
in three biological replicates (accession number SRP062745)163. It was earlier established that. aestivumconsisted
from root tissues after 6, 12, 24, and 48 h of treatmefitang of higher number of genes in each gene familyh(mayla
et al., 201p The fold expression change of eathCaCAgene et al., 2016a)cdue to their large allohexaploid (2D 6x D 42;
under various stresses was also calculated in comparisdreiio t AABBDD) nature of genome\(arcussen et al., 20).4Therefore,
respective controls using TrinityHaas et al., 2033 it was also expected in TaCaCA superfamily. Occurrence of 27

The genes having less than 10 FPKM expression value @aCA proteins (14 CAX, 8 CCX, 4 NCL, and 1 MHX) in a
each stage of an experiment were not included for evaluatiotetraploid soybean further established that the polyploid gan
or fold change calculations. ThdaCaCA genes showing may contain more number of CaCA proteins than the diploid
more than 2-fold up or down regulation were considered agplants Gchmutz et al., 2010; Emery et al., 2012

di erentially expressed. The Hierarchical Clustering Expt8& Genome-wide analysis established that ff&CaCA genes
(http://Iwww.cs.umd.edu/hcil/hce/) was used for the getiera  were derived from each subgenomeslofaestivumas reported
of heat-maps from various expression data. in case of other gene familieSi{umayla et al., 2016a,b; Zeng

et al., 2015 A total of 10 (5 TaCAX, 2 TaCCX, 2 TaNCL,
and 1 TaMHX), 10 (4 TaCAX, 3 TaCCX, 2 TaNCL, and 1

RESULTS AND DISCUSSION TaMHX) and 14 (5 TaCAX, 5 TaCCX, 3 TaNCL, and 1 TaMHX)

) ) . . genes were located on A, B, and D subgenomes, respectively
Identi cation, Classi cation and Genome (Figure 1A). Since the A and D sub-genomes are derived from
Wide Distribution T. urartu and Ae. tauschi{Marcussen et al., 20),4ve analyzed

A total of 34 TaCaCA superfamily proteins were identi ed the occurrence o€CaCAfamily genes in their recently reported
in T. aestivumgenome by extensive BLAST search of knowrgenomic sequencedié et al., 2013; Ling et al., 2)f8llowing
sequences from rice and ArabidopsiBilé S). These were the similar procedure. A total of 7 (3 TUCAX, 1 TuCCX, 2
further con rmed by hydropathy analysis for the presence ofTuNCL, and 1 TuUMHX) and 11 (4 AeCAX, 4 AeCCX, 2 AeNCL,
TM domains, and conserveél and a2-repeat regions by and 1 AeMHX)CaCAgenes were found offi. urartu and Ae.
aligning them with known sequences as suggested in earlitauschiigenome, respectivelfFile S1), which was quite lower
studies Emery et al., 2012; Pittman and Hirschi, 20).6Bhe than genes detected on A and D sub-genomeg§ .ofestivum
identi ed TaCaCA proteins were classi ed into 14 TaCAX, 10The results indicated occurrence of duplication events dyrin
TaCCX, 7 TaNCL, and 3 TaMHX proteins on the basis of theirevolution of TaCaCAgenes after hybridization of various sub-
close similarity and tight phylogenetic clustering withpestive genomes. The detail about duplication is discussed in later
known proteins from various plant${gure S1 File SJ. Inother  section.

2A 3A 4A 5A
LN TaCaX2-A TaCaxd—A
- TaNCL1-A Q TaNCL2-A
TaMHX1-A ¢ TaCCXS5-A
I} TaCaX1a-A .%Taccxz-A
A TaCaX1b-A
L ] TaCaX3-A
28 3B 4B 58
v Tacoa-B TGS l-a-:ml‘ln TaNCL2-B
TaCaX4-B
* TaCCX5-B
A TaCaX1b-B ™ TaCCX1-B
o TaCax3-B
2D 3D 2 5D T o
TaCCX3-D g TaMHX1-D aNC
v 4 TaNCL1-D - T:CCXLDI TaCCX4a-D TaCaxA—D 2
[ Tacax2-D & TaCCX5-D
TaCaX1b-D
: e TaCaX1a-D - I
FIGURE 1 | Distribution of the TaCaCA superfamily genes on A, B, and D subgenomes and chromosomes. Figure shows the frequency ofTaCaCAgenes
on A, B, and D sub-genomes(A) and pictorial representation on various chromosome¢B). The gures of various chromosomes are adapted from the IWNGSC
website (www.wheatgenome.org). TheTaCAX, TaCCX, TaNCLand TaMHX genes are represented by red, green, blue and yellow bars, spectively. The
homeologous genes in each family are shown by similar symbol
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The TaCaCAgenes were distributed on each chromosomemong various families of geneBile S3. The genes found on
group of A, B, and D sub-genome, except chromosome groupame subgenome and showed relatively higher similarity tha
1 (Figure 1B. A maximum of four genes were located onthe other genes were considered as putatively duplicated genes
chromosome 4D. In total four (chromosomes 2B, 2D, 4A, and-urther, the information abou€aCAgenes was merely available
4B), ve (chromosomes 2A, 3A, 3D, 5D, and 7D) and eightfrom A (T. urartu) and D (Ae. tausch)isubgenome progenitors,
(chromosomes 3B, 5A, 5B, 6A, 6B, 6D, 7A, and 7B) chromosomd#serefore the DEs ifaCaCAgenes were only predicted on these
comprised three, two and one genes, respectively. Furthsubgenomes.
analysis indicated that the various families of CaCA supeilfa The A subgenome of. aestivumconsisted of veTaCAX
were basically located on a particular group of chromosore. F and two TaCCX genes, while their progenitof. urartu had
instance, theTaCAXswere found on chromosome groups 2, 3,three TUCAX and oneTuCCX This indicated occurrence of at
4, and 6;TaCCXson chromosome groups 2, 4, and BNCLs least two and one DEs during evolution ®ACAX and TaCCX
on chromosome groups 3 and 7; whilaMHXs were located genes, respectively. ProbablgCAX3-Dand TaCAX4-Dwere
on chromosome group 4. Occurrence of CaCA genes on variows/olved by putative duplication afaCAX2-D(File S3. In case
chromosomes has also been reported in Arabidopsis and ricef TaCCX,though both the genesTeCCX2-Aand TaCCX5-A
where these genes are distributed on four out of ve, andeaghh  shared less than 50% sequence similarity, still these might b
of twelve chromosomes, respectively. Five genes of Araliglopgutative paralogous genes. The chromosomal translocatientev
are located on chromosome I, while three genes are reported dretween 4AL-5AL Klernandez et al., 20)2also supports the
each of chromosome II, 11l and Xl of rices(ngh et al., 2095 same. Similarly, one DE was predicted in edalCAX, TaCCX,

andTaNCLgene family on D subgenome, because the progenitor

L L. Ae. tauschiwas short of one gene in these families. The gene
Prediction of Homeologs and Duplication pairs TaCAX1a-Dand TaCAX1b-D TaCCX2-Dand TaCCX4-
Events D, TaNCL1-D and TaNCL3-D could be predicted as putative
Due to the composite allohexaploid (AABBDD) nature ofduplicated genes in D subgenome. Role of duplication events
genome, each progenitor diploid subgenome has contributeth evolvement ofCaCAsuperfamily genes has also been earlier
in the composition of various gene families ih. aestivum reported from both plant and animal specieSr( et al., 2008;
(Shumayla et al.,, 2016a,b; Zeng et al., P0IMdajority Emeryetal., 2012
of genes are derived from homeologous chromosome
groups from A, B, and D subgenomes, and those ar€hylogenetic Analysis
considered as homeologous genes in various studies. Thdseearlier studies, usually three phylogenetic trees have bee
genes mostly share high 900%) sequence homology. constructed using full length, core domain aa@-repeat motif
The homeologous relation off. aestivumgenes has also sequences to get better separation of various members of CaCA
been considered in gene symbolization and nomenclatursuperfamily proteins. It is due to the poor alignment of full
(http://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm). Wdength CaCA protein sequences especially in N- and C-terminus
had also identied the homeologou3aCaCA gene on the regions, variation in length of cytoplasmic loop and lack of
basis of similarity. A total of 14 distinct clusters TaCAX, 5 al-repeat motif in NCL proteins Emery et al., 2012; Wang
TaCCX, 3 TaNCLand 1 TaMHX) of homeologous genes were et al., 2012; Pittman and Hirschi, 20)6&imilar phylogenetic
identi ed, majority of them consisted of at least one genenfr  trees were constructed in the present study using CaCA protein
each subgenomd-{le S9. However, a few homeologous genessequences from various plant species. Four distinct clades of
were localized on either one or two subgenome. For instanc€AX, CCX, NCL, and MHX family proteins were found in each
homeologous group§aCCX1and TaCCX3were located on tree, which clearly depicted high homology within each family,
two (B and D) subgenomes, whillaCCX4and TaNCL3were and evident distinction between di erent familieFigure 2,
found on only D subgenomeHle S2. The number of distinct Figure SJ. Though, the NCL and MHX proteins formed distinct
homeologous groups dfaCaCAgenes was comparable to the clades but showed tight phylogenetic relation with CAX and CCX
total number ofCaCAgenes reported in diploid plant genomes proteins, respectively. Similar clustering is reported in earli
like Arabidopsis and rice Emery et al.,, 2012; Pittman and studies Emery et al., 2012; Pittman and Hirschi, 20).6a
Hirschi, 20163 The identi ed homeologous TaCaCA proteins from A, B, and

Gene duplication is earlier reported as a vital source foD subgenomes of. aestivumwere closely clustered due to the
gene evolution lagadum et al., 20)3which basically occurs high homology between them. The CaCA proteins identi ed
due to retro-transpositions, imbalanced crossing over, anfrom T. urartu and Ae. tauschiigenomes were located in
duplication of genome or chromosome. Occurrence 0%  proximity to the related proteins from A and D subgenome of
repeat sequences and various transposable element$. in T. aestivumrespectivelyKigure S). It was probably due to their
aestivumgenome highly favors duplication as an importantorigin from respective subgenomesgdrcussen et al., 20).4~or
event during evolution Iflarcussen et al., 2014; Glover et al.instance, TaNCL2-A and TaNCL2-D were proximally clustered
2015. Several duplication events (DEs) are earlier predictedith TUNCL2 and AeNCL2, respectively. Most of the predicted
in various gene families of. aestivumon the basis of high orthologous sequences from Arabidopsis and rice were clustere
( 80%) similarity Shumayla et al., 20163, but it was di cult ~ together with their respective TaCaCA proteins in various el&d
in case offaCaCAsuperfamily genes because of high divergencsuch as CCX5 proteins from Arabidopsis, rice ahdaestivum
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FIGURE 2 | Phylogenetic analysis of the CaCA superfamily prote  ins. The evolutionary relationship between CaCA proteins df. aestivum,Arabidopsis, and rice
was analyzed using conserved core domaiffA) and a2-repeat motif (B). Figure shows tight clustering of the CAX, CCX, NCL, and MH>afily proteins from various
plants, which are shown with red, purple, green, and blue calr lines and fonts, respectively. The CAX and CCX family peihs are further classi ed into two (Type 1A
and Type 1B) and three (group 1, 2, and 3) categories, respeistely. Orange and pink shaded regions show Type 1A and Type 1BAX proteins, while yellow, blue and
purple shaded regions represent group 1, 2, and 3 CCX proteis respectively.

genome were grouped togethdfigure 2A). The evolutionary were clustered with group 3 CCX proteins in core domain
relation between orthologous CaCA proteins across the vario phylogeny Figure 2B) as reported in earlier study=(nery et al.,
plant species has also been observed eatlierefy et al., 2012; 2012, while they were found closer to group 2 BR-repeat
Pittman and Hirschi, 2016a Since the land plants are evolved motif phylogeny Figure 2A). It is probably due to the conserved
from a common ancestorMcClung, 201} they are found to nature of this motif.
be evolutionary related in the form of orthologous genese Th
orthology of various other gene families ®f aestivurrhas also
been earlier established with several land plaitsi et al., 2016; Gene and Protein Characterization
Shumayla et al., 20163,b Several standard methods are reported for the charact@izat
Since the CAX and CCX proteins are further classi ed intoand comparison of dierent features of various genes in a
various groups on the basis of signicant variation in theirgene family §ingh et al., 2015; Shumayla et al., 2016a,b;
sequences and functional divergencea( and Lytton, 2004b; Zhou et al., 2016 The TaCaCA superfamily genes and
Palty et al., 2004; Shigaki et al., 2006; Morris et al., 20@81dn  proteins were analyzed in terms of various characteristic
et al., 2009; Manohar et al., 2010; Emery et al., Rothie  features like exon/intron organization, intron phase, ldng
phylogenetic trees developed from core domain @2drepeat molecular weight, pl, transmembrane, cytoplasmic loop size,
motif were also analyzed in terms of separation of those groupsellular localization and domain architecturBigure 3 Table 1,
(Figures 2A,B. The OsCCX5 sequence did not conta@2-  Files S4S8. Out of 34 TaCaCAgenes, 31 consisted of one or
repeat motif, therefore it was not included aR-repeat motif more introns, while three genedgCCX1-B, TaCCX2-Aand
phylogeny. In plants, CAX proteins are basically divided intoTaCCX4-D were intron less. The average number of introns
TypelA and TypelB groups, while CCXs comprised group 1, present inTaCAX TaCCX TaNCL,and TaMHX gene families
and 3 Emery et al., 20)2TypelA and TypelB CAX groups were were 10, 0.8, 5.5, and 7, respectively. A maximum of 12
clearly separated in both the trees, which indicated evaatry  introns were found in eacfiaCAX4-Aand TaCAX4-Dgene. The
divergence in TaCAX proteins, as earlier reported in otheidenti ed homeologus genes consisted of almost similar patter
plants Emery et al., 2092 In case of CCX, the phylogenetic of exon/ intron distribution (Figure 3A; Table 1, Files S4. The
tree developed from core domain sequences showed distingnalysis of intronic phase indicated occurrence of 62, 23 @ 1
separation of group 1, 2, and 3 proteins than tiferepeat motif introns in 0, 1, and 2 phase, respectiveRigure 3A). Similar
phylogeny Figures 2A,B. For instance, AtCCX1 and AtCCX2 distribution of these intron phases has been earlier reported
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FIGURE 3 | Gene and protein structure analysis. (A)  Intron/exon con guration of TaCaCAsuperfamily genes. Exons and introns are shown as yellow bes and
black lines, respectively. Un-translated regions (UTRsfeashown as blue boxes. Various intron phases are representeas- O; intron phase 0, 1; intron phase 1, 2;
intron phase 2. (B) Figure shows domain architecture of TaCaCA proteins. The d¢ yellow and blue colored boxes represent Na_Ca_ex, Caca2ral EF-hand
domains, respectively.

in various organisms, which suggested the conserved nature TABLE 1 | General characteristic features of TaCaCA superfamil y proteins.
evolution of eukaryotic gene structureddorov et al., 1992

The average length of TaCAX, TaCCX, TaNCL, and TaMHX
family proteins were 438, 543, 507, and 520 AA residues gicin length (AAs) Maximum 462 636 580 504
respectively. However, the average molecular weight (MW) and

TaCAXs TaCCXs TaNCLs TaMHXs

Minimum 419 445 427 517

pl of these families were 47, 57, 55, and 57 kDa, and 5.3, 7.7, Average 4383 5432 5074 520
5.5, and 5.1, respectivelyable 1, File S4. The TaCCX1-D and
TaCAX3-A with MW 68.3 and 45.7 kDa were the biggest andaw (kDA) Maximum 49.1 68.3 63.1 58.2
smallest TaCaCA proteins. Variation in length and size ofoas Minimum 457 479 473 575
CaCA superfamily proteins has also been observed in earlier Average 473 57.4 55.7 57.8
studies. The AtCCX4 (AT1G54115; 645 AAs) and OsCCX1
(LOC_0s03g08230; 639 AAs) are the largest, while AtCCXh Maximum  6.21 8.84 5.97 5.17
(ATlGOBQGO; 416 AAS) and OsCCX5 (LOC_OSllgO5070; 265 Minimum 4.85 5.06 5.3 5.08
AAs) are the smallest CaCA proteins reported from Arabidopsis Average 531 771 55 513
and rice, respectivelf=(mery et al., 2012; Singh et al., 2p15

Since the CaCA proteins are membrane bound in natur@ransmembrane Maximum 11 15 12 11
(Cai and Lytton, 2004a; Emery et al., 2))1the occurrence Minimum 8 9 6 7
of TM regions and sub-cellular localization was also prestict Average 10.17 11.7 9.03 9.2
using various tools. Further, the number of TMs predicted by
various tools was varied in majority of proteins as reported in-oop size Maximum 56 123 164 118
earlier studiesEmery et al., 2012; Pittman and Hirschi, 20),6a Minimum 23 69 161 118
therefore the average occurrence was calculdtdd £3. The Average 33.4 86.1 163.5 118
average number of TM regions found in TaCAX, TaCCX, TaNCL,
and TaMHX family proteins was 10, 11, 9, and 9, respectivelyntron Maximum 12 2 6 7
However, the average TMs in total TaCaCA proteins was 10 Minimum 7 0 5 7
(Table 1; File S§. Similar occurrence of TMs is reported in Average 10 0.8 5.5 7
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various other plants specigsrfery et al., 20)2which supported instead of classifying them in several families. HoweVee, t
the accuracy of our nding. As reported in other organismsvarious families of CaCA superfamily di er signi cantly in &ir
(Cai and Lytton, 2004a,b; Emery et al., 2)%he TM regions structure, conserved motifs and functiof i and Lytton, 2004a;
were found in two groups in N- and C-terminus half of each Emery et al., 20)2Further, these formed distinct phylogenetic
TaCaCA protein, which were separated by a cytoplamic loogroups in each organism, which suggested that their clagsbica
(CL) (Figures S2S6. The average N- and C-terminus TMs indi erentfamilies is more meaningful rather than namind af
ratio was 6:5, 5:6, 6:5, and 5:5 in TaCAX, TaCCX, TaNCL, anithem as NCX proteinsKittman and Hirschi, 2016a
TaMHX family proteins, respectively. The length of CL also Since the numerous conserved motifs and AAs play signi cant
varied in various families due to the presence and absentewft role in functional divergence of various families of CaCAtgins
respective domains in this regiofrile S§. The TaNCL proteins (Cai and Lytton, 2004a; Shigaki et al., 2006; Emery et al.,
consisted of longest CL (163 AAs), which is due to the presence2012; Gaash et al., 2Q13heir occurrence and conservation
of EF-hand domainkigure S4File S§. The average size of CLin was also analyzed in TaCaCAs by multiple sequence alignments
TaCAX, TaCCX, and TaMHX proteins was33, 86 and 118 with the known proteins. As reported in other plant species,
AAs, respectively. About similar length of CL is reported ihet  all the TaCAX proteins consisted of both tleerepeat motifs
plant speciesEmery et al., 2012 and various other conserved AA residues. The signature fmoti
The sub-cellular localization analysis indicated larg¢GNxxXE” was also found conserved arepeats of TaCAX
discrepancy in prediction of various toolsFile S7). The proteins, which was followed by a conserved H and A residue
CELLO server predicted localization of each protein in plasmin the a2-repeat regionKigure S3. Both the acidic E residues
membrane, while ProtComp predicted most of them as vacuolaare reported as essential for ion transport. The conserved H
However, other tools showed assorted results. The incatygru residue is also found important, which could not be exchanged
in prediction of these servers has also been reported in earligrith R or A residue Kamiya and Maeshima, 20Q4urthermore,
studies {/aid et al., 201 This might be due to the di erences we observed “GGLLNAT” and SLLGS(I/V)LSN(L/M)LLV(L/V)G
in the algorithm of prediction of each tool. To validate thein al-repeat, and “FIS(I/V)IL(L/I)PIV” ina2-repeat as highly
prediction, we analyzed the localization known proteins likeconserved motif in TaCAX protein along with the CAXs of
AtCAX1, AtCAX2, and AtMHX, which are established asArabidopsis and rice. Besides above motifs, numerous coederv
vacuolar proteins $haul et al., 1999; Hirschi et al., 2000;G residues were also found, which may provide conformational
Kamiya et al., 2006 We found ProtComp prediction was exibility to the CAX proteins as reported in earlier studiesan
quite reasonable, which predicted vacuolar localizatiantie = and Sun, 1997; Shigaki et al., 2n0bhe TaCAX proteins also
majority of proteins except TaCCX5 homeologs. However, iformed two distinct groups, which could be easily marked as
could not provide localization of NCLs. The occurrence of @aC Type 1A and Type 1B on the basis of their similarity with the
proteins in plasma membrane and vacuole has been earligenown proteins from other plant speciekigure SJ. Although,
reported {Vang et al., 1994, 2012; Bickerton and Pittman, 201%he a-repeats were quite conserved, but both group of proteins
Singh et al., 20)5but the actual localization of each TaCaCAdi er signi cantly in AAs composition especially between TM-4
superfamily protein need to be established. and TM-8, and beyond TM-9. The Type 1A CAX appeared to be
The domain composition and their organization play vital role more hydrophilic along with the numerous acidic residues like
in determining the fundamental function of a protein. Numer® E and D. Similar observation is earlier reported in other ptant
in-silico methods and databases like SMARIefunic et al., (Shigaki et al., 2006; Emery et al., 2)However, role of these
2019, Scan-Prosite, InterProScadofies et al., 20J,ANCBI-  conserved motifs and residues needs to be establishedurefut
Conserved Domain Databasedrchler et al., 200)=are available studies.
to analyse the domain architecture of proteins. These haea be  Similar to the CCX proteins in other organism&gi and
used for the domain analysis of a variety of proteins inclgdin Lytton, 2004a; Emery et al., 2Q1the TaCCXs also comprised
CaCAs from various plants and animal speciesddhyay et al., two a-repeat motifs around TM2-TM3 and TM9-TM10
2013, 2016; Singh et al., 2015; Shumayla et al., 201&a¢h (Figure 4, Figure S3. The signature motifs “GNG(A/S)PD” in
TaCaCA protein consisted of one or more Na_Ca_ex domaimal-repeat and “G(N/D)SxGD” ina2-repeat were too found
(PF01699) Figure 3B, File S§, as reported in case of other conserved in TaCCX proteins except TaCCX2-D, which lacked
plants Gingh et al., 20)5All the TaCAX, TaCCX, TaMHX, and former one. Further, motifs “A(G/A)VTLL" and “LGXTVLAW”"
TaNCL1 group proteins comprised two Na_Ca_ex domains, oneere highly conserved in proximity to the signature motifs
in each N- and C terminus halFigures 4-5; File S§ Figures S2  in al and a2-repeats, respectively. The TaCCX proteins could
S6. However, the TaNCL2 and TaNCL3 proteins consisted obe classi ed into three groups on the basis of their sequence
a single Na_Ca_ex domain, which was located in C-terminusimilarity with known CCX proteins of rice and Arabidopsis.
half. Additionally, TaCAXs and TaNCLs consisted of caca®espite of high similarity ira-repeat regions, the CCX sequences
(TIGR00846) and EF-hand (PF00036) domain, respectively. THem various groups showed signi cant divergence, which may
caca2 domain was basically located throughout the core domaalso be responsible for functional diversi cation as repdrte
of each TaCAX protein, whereas the Ef-hand domain wag earlier studies Cai and Lytton, 2004a; Palty et al., 2004;
positioned in CL region of TaNCLsHgure 5B, File S§. Since Morris et al., 2008; Emery et al., 201Moreover, functional
each CaCA superfamily protein consisted of Na_Ca_ex domaigharacterization of each group of CCX protein needs to be
Singh et al. (2015roposed their nomenclature as NCX proteinsindividually established especially for their substrate spiggi
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FIGURE 4 | Multiple sequence alignment of CCX proteins. Figure shows alignment of CCX protein sequences of. aestivum,Arabidopsis and rice. The group 1,
2, and 3 CCX sequences are separated by green lines. Conserdeal and a2-repeat regions are shown in black colored boxes. The sigrtare motifs “GNG(A/S)PD” in
al-repeat and “G(N/D)SxGD” ina2-repeat motif reported by Cai and Lytton (2004a)are shown in purple boxes. The predicted transmembrane (TMjpans are
over-lined in blue color.
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FIGURE 5 | Multiple sequence alignments of NCL and MHX protein
from T. aestivum,Arabidopsis, and rice. Pink asterisks indicate calcium bifing sites in EF-hand domain(B) Alignment ofa-1 and a-2 repeat regions of human NCXs
(HsNCX1; NP_066920, HSNCX2; NP_055878 and HsSNCX3; NP_897F) with MHX proteins fromT. aestivum,Arabidopsis and rice. The signature motifs “GSSAPE”
in al-repeat and “GTSVPD"a2-repeat of human NCX protein are shown in pink coloured box@ Residues involved in N&/Ca2C exchange in HsNCX1 are indicated

o2 repeatregion

s. (A) Figure shows alignment of EF-hand domain an@-2 repeat region of NCL proteins

residuewhich are not conserved in the MHX proteins.

Despite of similar 6:5 topology
NCL proteins are separated from
dissimilarity in their sequences=(nery

of TM domains, theet al.,, 201p However, the detailed functional and structural
CAXs due to the highcharacterization of individual NCL proteins is still requite
et al., 20)2 Sequence The NCL proteins varied from CAXs in signature sequence of

alignment showed signi cant variation between TaCAX anda2-repeat motif as wellKHigure S5. In contrary to the NCX

TaNCL family proteinsFigure S§. The

TaNCLs merely comprisea-repeat motif and lackedl-repeat
It has been earlier demonstrated CL regions Figure S, but consisted a small (65 AAs) EF-

(Figure 5A; Figure S4S5.

NCL proteins including proteins (icoll et al., 1990, 19969,bthe TaNCL proteins
lacked long (230 AAs) calcium binding domain (CBD) in

that the occurrence of twa-repeats are necessary to form ahand domain with calcium binding motifs (CBMsF{gure 5A).

functional protein (Nicoll et al.,
terminus portions of AtCAX1 could not perform transportation
(Zhao et al., 2009 but the mutated NCKX6 with singla-

200Y. The separated N- and C- The CBMs mostly comprised acidic and/or negatively charged

amino acid residues such D, E, S, and N, which suggested

their electrostatic interaction with positively charged®€aons.

repeat motif appeared functional after the oligomerization ofThe binding of C&° ions persuade conformational shifting

protein (Palty et al., 2006 Moreover, AtNCL is established
as functional protein, and it is suggested that certain caiti
AA residues like E or D fromal and a2-repeats, S or T
from extracellular N& binding site, and T, S and N from
intracellular N& region are conserved in this protein\{ang

in EF-hand domain, which is responsible for activation and
inactivation of the target proteinsiura, 199¢. The CBMs
of EF-hand domain were also found conserved in NCL
proteins reported from other plant speciesery et al,
2019.
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The MHX proteins are recently reported to be evolved asamily were relatively high expressing genes in one or more
new family within the CaCA superfamilyJaash et al., 20).3 developmental stageBigure 6, File S9. The majority ofTaCAX
These are exclusively reported to be present in plants, whiagpenes were highly expressed in grain exda@AX3group genes,
are probably evolved from NCX proteins after separation ofvhich were highly expressed in root and steRigure 6A). The
the streptophytes and chlorophyteSdon et al., 2004; Gaash high expression o€AX genes is also reported in seed of rice and
et al., 201} Similar to the NCX proteins, MHXs also consisted Arabidopsis (Goel et al., 2012; Bickerton and Pittman, 2p15
of two a-repeats, but diered in signature motifs and lacked In case ofCCX family genes,TaCCXland TaCCX4were
long cytoplasmic C% binding domain Eigure 5B Figure SJ.  highly expressed in grainfaCCX5in leaf and stemJaCCX3
The MHX proteins comprised signature motifs “GTSFPQ” andin leaf and grain, whileTaCCX2 in root, spike and grain
“GTSWPD” in place of “GSSAPE” and “GTSVPD” in NCX (Figure 6B). The orthologous CCX genes from rice and
at al and a2-repeats, respectively. Some of the key residuésrabidopsis also showed comparable expression pattéomr(s
like E and D inal-repeat, and D and F ira2-repeats are et al., 2008; Singh et al., 201%he TaMHX genes were highly
substituted with other AA residues in the MHX&nery et al.,, expressed in stem, leaf and spike up to certain exteigufe 60
2012; Gaash et al., 2Q1Similar changes had been marked inas observed in case of other plan&rgh et al., 20)5 Since
case of TaMHXs. These residues play vital role if“Cmn  MHX transporter is usually involved in M transportation
transport in NCX (Nicoll et al., 1996p Mutation in these regions (Shaul et al., 1999which plays vital role in chlorophyll synthesis,
substantially reduced their a nity (vamoto et al., 200Qwhich  this might be the reason for their high expression in green
explained the lack of NalCa® exchange activity by MHX tissues. Furthermore, we could not observe signi cant exgices
proteins. Moreover, the MHX transporters also lacked thé%Ca of TaMHX in grain and root developmental stages. The over
binding domain in central loop regionL{ytton, 200). Certain  expression of AtMHX caused reduced growth in transgenic
other motifs like “ASKIA,” “TADSAI” and “ELGGP” reported tobacco and Arabidopsis plants, which indicated their role in
as conserved in plant MHXs3@ash et al., 20).&ould also be development Berezin et al., 2008 An interesting expression
found in TaMHXs (Figure S7. Since the AA residues errepeat  pattern of TaNCL genes was observed. TA@NCL1 group
regions play important role in ion selectivitysfiigekawa et al., genes were high expressing in root, whilaNCL2 in grain
2002; Ottolia et al., 2005sequence variation in these might beand leaf. TaNCL3showed assorted expression in various tissues
responsible for diversi cation in ion selectivity of varislCaCA  (Figure 6D). Comparable expression of these genes is reported in
proteins. AtMHX is earlier reported to be involved in vacuolarother plants also%ingh et al., 20)5The variable expression of
transportation of Mg®, Zn?®, Cd?®, and probably F& against TaCaCAgenes in di erent tissue developmental stages indicated
protons (Shaul et al., 1999; Berezin et al., 20&nce the plant their speci c role during development. However, constitutive
MHXs share comparable structural organization with signnta high expression of certain genes likaCAX1-Aand TaNCL1-B
conservation, they may also be involved in analogous funstio suggested their role throughout the various tissue develgm
but that needs to be established in individual proteins.

Expression Analysis in Biotic and Abiotic
Expression Analysis in Tissue Stresses

Developmental Stages Various abiotic and biotic stresses a ect numerous biocleahi
Calcium ion is an essential secondary messenger in planthwhiand physiological pathways in plants and ultimately respossibl
play vital roles in various developmental, biochemical, andor yield loss {lunns and Tester, 2008; Prasad et al., 2011;
physiological processes. The expression analysis is a methodriadhan et al., 2012; Izadi et al., 2R1Phe calcium signaling
predict the putative function of an unknown gengeng et al., has been reported as an important mechanism for these kinds
2016. Further,CaCAsuperfamily genes are also reported to playof stress sensing in plant$i(teja and Sopory, 2008; Kader and
vital role in plant developmentShaul et al., 1999; Cheng et al.,Lindberg, 2010; Zhang et al., 20)4&odulation in expression
2005; Wang et al., 2012; Pittman and Hirschi, 2Q18herefore, of CaCA superfamily genes such &AXsand NCL has been
their expression was analyzed in various developmentalste#ge earlier reported during abiotic stresses in various plant sgeci
T. aestivurrusing high throughput transcriptome dat&iphgault  (Wang et al., 2012; Li et al., 2016; Pittman and Hirschi, 2D16b
et al., 201 EachTaCaCAgene showed signi cant but varied Therefore, it becomes necessary to study the impact of these
expression in di erent developmental stages of all the analyzestresses on expression patternTeCaCAgenes. In the present
tissues. Expression dfAX genes was usually high in eachstudy, we analyzed the e ect of fungal pathogeBufneria
developmental stage as compared to the other genes. Likewgmaminis;Bgt, andPuccinia striiformisPst) under biotic stress,
high expression of CAX genes in di erent tissues has also beeand heat, drought and salt under abiotic stredsig(re 7;
reported in Arabidopsis and riceCheng et al., 2002, 2005; Files S16S12.

Pittman et al., 2004; Kamiya et al., 2005, 2006, 2012; Mei, et al The expression ofaCAX genes were not much a ected after
2009; Wang et al., 2012; Bickerton and Pittman, 2015; Sirgjh e fungal infestation. OnlyfaCAX2group genes were slightly —
2015. The TaCAXla-A, TaCAXla-D, TaCAX1b-A, TaCAX1b-3-folds) up-regulatedRigure 7A; File S10. The results indicated

B, and TaCAX1b-Din CAX family, TaCCX1B, TaCCX1-D, that the CAX genes are probably not much involved in fungal
TaCCX2-Aand TaCCX2-Din CCXfamily, TaNCL1-A, TaNCL1- stressresponse. TRaCAX4group genes were found highlyS up-
B, and TaNCL1-Din NCL family, and TaMHX1-D in MHX  regulated during heat, drought and combination of thesesses,
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FIGURE 6 | Relative expression pro le of =~ TaCaCA superfamily genes in various tissue developmental stages. Heat map shows relative expression pro le of
(A) TaCAX (B) TaCCX (C) TaMHX,and (D) TaNCL genes in three developmental stages of each root, leaf, stepspike, and grain tissue. The developmental stages
are shown in Zadoks scale.

while TaCAX1b-Band TaCAX1b-D were up-regulated solely TaCCX2and TaCCX4group genes were 2—18-folds up-regulated
during heat stressHigure 7B; File S1). Comparable expression in di erent conditions. TheTaCCX4-Dwas highly up-regulated
of orthologous OsCAX4 (LOC_0s02g04630) an®sCAX1b in each stress. ThEaCCX1, TaCCXand TaCCX5group genes
(LOC_0s05g51610) genes of rice, alCAX5 (AT1G55730) were 2—17-folds down-regulated in one or more stress caolit
and AtCAX2 (AT3G13320) genes of Arabidopsis has beemhe TaCCX3-Dwas extremely down-regulated gene during all
observed during similar stressesifgh et al., 20)5During salt  the stresses. Modulation @CX genes expression during heat
stress,TaCAX1a-A, TaCAX1la-D, TaCAX1b-And TaCAX1b-D and drought stress is also reported in other plant species. For
were highly down-regulated, whil@aCAX4 group genes were instance, AtCCX1 (AT5G17860) and AtCCX2 (AT5G17850) of
up-regulated Figure 7C File S13. Modulated expression of Arabidopsis are up-regulated in similar stresses, while OsCCX4
numerousCAX genes has been reported in various plants unde(LOC_0s12g42910) is up-regulated in dehydration and down-
salt stressghigaki and Hirschi, 2006; Mei et al., 2007; Manoharegulated in heat stressSihgh et al., 2015 During exposure
etal., 2011; Han et al., 2012; Yamada et al., RTh& expression to the high salt conditions, majority of theaCCXgenes were
pattern and role ofCAX genes during di erent stresses has beer3—110-folds up-regulated. ThdaCCX2-D (9-58-folds) and
recently listed from several plant speciBsckerton and Pittman, TaCCX3-D(11-110-folds) were highly a ected genes at various
2015, however the speci ¢ function of individudlaCAX genes stages of treatment{gure 7F, File S13. The results indicated
is required to be established. that theTaCCXgenes were more a ected during various abiotic
A total of six TaCCX genes showed di erential expression stresses as compared to the otf@CaCAsuperfamily genes.
during biotic stress. Majority of them were 2-3-folds up- The CCXgenes are also found up-regulated during salt stress in
regulated after Pst infestation, while twolaCCX2-A and rice and ArabidopsisNlorris et al., 2008; Singh et al., 2015
TaCCX3-D were down regulated after Bgt infestation Expression ofaNCLgenes were also a ected during various
(Figure 7D; File S10. Likewise, the expression of orthologousbiotic and abiotic stresses as reported in other plant species
CCX genes of Arabidopsis (AtCCX1; AT5G17860, AtCCX2(Wang et al., 2012; Singh et al., 2R1%he TaNCL2 group
AT5G17850) are found up-regulated after woundingingh genes were found 2-8-folds down-regulated during both Pst
et al., 201} which is usually considered as similar to pathogerand Bgt infestation, whildaNCL1and TaNCL3were not much
infection. Heat, drought and their combination stressesa ected (Figure 7G File S10Q. TaNCL2-Aand TaNCL2-Bwere
modulated the expression of eacfaCCX gene Figure 7E  highly ( 8-folds) down-regulated during Pst and Bgt invasion,
File S13, which indicated their role in these conditions. The respectively. Variation in expression &tNCL (AT1G53210)
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FIGURE 7 | Differential expression analysis of TaCaCA superfamily genes under biotic and abiotic stresses. The heat map shows differential expression
pattern of (1)TaCAXgenes under (A) biotic, (B) heat/drought, and (C) salt stress, (2)TaCCXgenes under (D) biotic, (E) heat/drought and (F) salt stress (F), (3) TaNCL
genes under (G) biotic, (H) heat/drought and (1) salt stress, and (4)TaMHX genes under (J) biotic, (K) heat/drought stress and (L) salt stress. The symbols shown in
gure indicate-HS; heat stress, DS; drought stress, HD; comlination of heat and drought stress, Bgt; afteBlumeria graminisinfection, Pst; afterPuccinia striiformis
inoculation.

is also observed during woundingsifigh et al., 20)5which  File S13). Such aJaNCL1group genes were up-regulated during
indicated role of NCL genes in pathogen response. Bothdrought, while down-regulated during heat stress. Ta®&lCL2-
TaNCL1land TaNCL2group genes showed assorted expressioA was down-regulated in most of the treatment, wHitNCL2-B
during heat, drought and their combination stressegjire 7H;  andTaNCL2-Dwere found up-regulated. These results indicated
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functional divergence inmfaNCL genes, despite of their similar their role in stress response. THaCCX and TaNCL family
structural organization. Moreover, tii&NCL (AT1G53210) and genes were found more responsive thHEaCAXsand TaMHXs
OsNCL1(LOC_0s01gl11414) genes were up-regulated durinduring various abiotic stresses. The present study enligiie
heat stress in Arabidopsis and rice, respectivéljngh et al., various characteristic features of CaCA superfamily pratéin
2015. During salt stressJTaNCL2 group genes were (2—17- T. aestivumhowever the function of individual gene needs to be
folds) up-regulated during all the treatments, in whithNCL2-B  investigated using functional genomics tools in futuredsés.

was highly up-regulated in most of the treatmentdure 7I;
File S13. TaNCL3-D showed slight up-regulation till 24 h of
treatment, while down-regulated at 48 h. BotaNCL1-Aand AUTHOR CONTRIBUTIONS

TaNCL1-Bwere 3-folds down-regulated at 48h of treatment. SU conceived the idea and designed the experiments. MT, ST, and

Increased expression AfNCL and OSNCLIgenes has also been gq o formed the experiments. MT and SU analyzed the data, and
reported in earlier studies/(ang et al., 2012; Singh et al., 2p15 wrote the manuscript

The expression dfaMHX genes was not signi cantly a ected
during biotic stress; but these were 2—4-folds down-retgala
during heat, drought and salt stressd&gure 7J-L; Files S16 = ACKNOWLEDGMENTS
S19. However, the up-regulation of orthologou®sMHX
(LOC_0s11g43860) atMHX (AT2G47600) genes is reported Authors are thankful to Panjab University, Chandigarh, ladi
during similar stress conditionsS(ngh et al., 20)5The results and National Agri-Food Biotechnology Institute, Mohali, liad
indicated that the similar genes from dierent plants might for research facilities. We are grateful to Department of

behave di erently during comparable stress conditions. Science and Technology, Government of India for nancial
support under Promotion of University Research and Scienti ¢
CONCLUSIONS Excellence (PURSE) grant scheme.

Transporter proteins are an integral part of an organism togUPPLEMENTARY MATERIAL
exchange the various mineral or metal ions. The*€Caons

play vital role in numerous development and defense relategthe Supplementary Material for this article can be found
mechanisms in various plant species. The CaCA superfamibnline at: http://journal.frontiersin.org/article/10889/fpls.2016.
proteins are a kind of transporters involved in exchange obH1775/full#supplementary-material
various metal IOHS. '”C'Pd'”g ég 1on homeOStaSI.S' In the. Figure S1 | Phylogenetic clustering of putatively identi e d CaCA
present study, we identi ed 34 TaCaCA superfamily proteinSuperfamily proteins. The tree was constructed using full length sequences of
in T. aestivumwhich were further classi ed into TaCAX (14 putatively identi ed CaCA proteins fromT. aestivum T. urartu, and Aegilops
genes), TaCCX (10 genes), TaNCL (7 genes), and TaMHX (@schiiwith the rep_orted se_quences from ri(_:e and arabidopsis. The 8X, CCX,
genes) families on the basis of their structural organiatind ~ '\c- @nd MHXfamily proteins are shown with red, purple, gree and blue color

. . . . lines and fonts, respectively. Tight phylogenetic clusterg con rmed the identity of
phylogenetic relation with known proteins from other plant igojaieq caca proteins from these plants.
SpeCieS' Similar to the other geqe families T aeStivum’ Figure S2 | Multiple sequence alignment of CAX proteins. The amino acid
the TaCaCA genes were also derived from each A, B, an@equences of CAX proteins fromT. aestivum Arabidopsis thaliana,and Oryza
D SUb'genome and chromosome. The predlcted h0m90|090|~!§tivaare aligned. Type 1A and Type 1B group of CAX proteins are sepated by
genes showed similar gene and protein structure organizatiogreen line. Theal and a2-repeat regions are shown in black boxes. The reported
in each TaCaCA fam”y The hydropathy ana|ysis indicatedignature motif (GNxxE) ira-repeat regions Kamiya and Maeshima, 2004; Cai
the occurrence of 10, 11, 9, and 9 TMs in TaCAX, TaCCXe,md Lyttont,) 2004(a) is indicated)by green shadedI reg(;on.k;ll'he pr;d;:ted )

. . fransmembrane (TM1 to TM11) spans are over-lined in blue. Ehother conserve

TaNCL, and TaMHX proteins, respectlvely. Most of the Tacacpl’esidues reported in CaCA superfamily proteinsdai and Lytton, 20044) are
proteins consisted of two Na_Ca_ex domains except TaNCL2 angicated by asterisk. Hyphens indicate gaps introduced tanaximize the
TaNCL3 group proteins, which had single Na_Ca_ex domairelignment. The identi ed Na_Ca_ex domains are shown as red sitled regions in
The TaNCL proteins comprised an additional EF-hand domairPoth N- and C-terminus half of CAX proteins.
in CL region with conserved calcium binding motifs. As replt  Figure S3 | Multiple sequence alignment of CCX proteins.  The amino acid
in other organisms, twaa-repeats with speci caIIy conserved sequences of CCX proteins fromT. aestivum A. thaliana,and O. sativaare
signature motifs were also detected in each family of TaCaC#9ned: The group 1, 2, and 3 CCX sequences are separated byrgen line.

. . . . Conservedal and a2-repeat regions are shown in black colored boxes. The
SuPerfam”y except TaNCL, which contained Sm@ee.peat' signature motifs “GNG(A/S)PD” irm1-repeat and “G(N/D)SxGD” ina2-repeat
The TaCAXs and TaCCXs were further classied int0 tWOmotits Cai and Lytton, 20044 are shown by green shaded region. The predicted
(Type 1A and Type 1B) and three (group 1, 2, and 3) groupsansmembrane (TM) spans (TM1 to TM11) are over-lined in lelicolor. The
on the basis of similarity with the earlier known proteins, identi ed Na_Ca_ex domains are shown as red shaded regions iboth N- and

; [ ; C-terminus half of CCX proteins.
respectively. The signi cant expression of eaiCaCAgene
during various developmental stages suggested their role Higure S4 | Multiple sequence alignment of NCL proteins.  The amino acid
growth and development. Th&aCAXlaand TaCAlegroup sequences of NCL proteins fromT. aestivum A. thaliana,and O. sativaare
genes were speci cally highly expressed in grain WRANCL1 aligned. Thea-2 repeat region and EF-hand domain is shown in black and red
s T boxes, respectively. Calcium binding sites within EF-handomain are indicated by
in root developmental stages. Modulated expression of certaif asterisks. The Na_Ca_ex domains are shaded red. The plected
TaCaCAgenes during various biotic and abiotic stresses reveal@@nsmembrane spans (TM1 to TM11) are over-lined in blue.
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Figure S5 | Multiple sequence alignment of CAX and NCL protein s. The
amino acid sequences of CAX and NCL proteins fronT. aestivum A. thaliana,and
O. sativaare aligned together. Thea-1 and a-2 repeat regions of are boxed in
black while the signature motif (GNxxE) in dark red. The EFahd domain is shown
green box. Figure shows that NCL proteins lacla-1 repeat region and signature
motif of CAX proteins.

Figure S6 | Multiple sequence alignment of NCL and NCX protein s. The
amino acid sequences ofT. aestivumNCL proteins and human NCX proteins are
aligned. The calcium binding domain of HSNCX proteins is ovdined in yellow,
EF-hand domain of TaNCLs is red under-lined. The calcium bifing sites in
EF-hand domain is shown by red asterisks. Figure shows largeariation between
long ( 230 AAs) calcium binding domain of HsSNCXs and short (65 AAs)
EF-hand domain of TaNCL proteins.

Figure S7 | Multiple sequence alignment of MHX and NCX protein s. The
amino acid sequences of MHX proteins fronT. aestivum A. thaliana,and O.
sativaand NCX proteins from human are aligned. Tha-1 and a-2 repeat regions
are boxed in black. Te predicted transmembrane (TM1 to TM1(®pans are
over-lined in blue, while Calcium binding domain HsNCX is Jlew over-lined.
Residues involved in N&/Ca2C exchange in HsSNCX1 are indicated by asterisks,
while the red asterisks indicates the residues which are natonserved in the MHX
proteins. The Na_Ca_ex domains are shown as red shaded regis in both N- and
C-terminus half of proteins.

File S1 | List of protein sequences identi ed as putative CaC A proteins

from various databases. Green highlighted sequences showed comparable size
and hydropathy to the reported sequences, therefore these were used during
further characterization.

File S2 | Clustering of TaCaCA superfamily genes into homeologous
groups. The genes derived from homeologous chromosomes and showed 90%
similarity are considered as homeologous genes.

File S3 | Similarity matrix between various families of TaCaCA superfamily

genes obtained by bi-directional best blast hit approach. The genes
highlighted with same color are predicted as putatively dulrated genes in each
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