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Abiotic Stresses Cause Differential
Regulation of Alternative Splice
Forms of GATA Transcription Factor
In Rice
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! Stress Physiology and Molecular Biology Laboratory, Schdwf Life Sciences, Jawaharlal Nehru University, New Dellpdia,
2 Plant Stress Biology, International Centre for Genetic Enwgering and Biotechnology, New Delhi, India

The GATA gene family is one of the most conserved families ofanscription factors,

playing a signi cant role in different aspects of cellular ppcesses, in organisms ranging
from fungi to angiosperms. GATA transcription factors are BA-binding proteins, having
a class IV zinc- nger motif C%CX17 20CXC followed by a highly basic region and
are known to bind a consensus sequence WGATAR. In plants, GABAare known to

be involved in light-dependent gene regulation and nitrateassimilation. However, a
comprehensive analysis of these GATA gene members has not yéeen highlighted in
rice when subjected to environmental stresses. In this stug we present an overview
of the GATA gene family in rice@sGATA in terms of, their chromosomal distribution,
domain architecture, and phylogeny. Our study has revealethe presence of 28 genes,

encoding 35 putative GATA transcription factors belongindo seven subfamilies in the
rice genome. Transcript abundance analysis in contrastinggenotypes of rice—IR64
(salt sensitive) and Pokkali (salt tolerant), for indivilluGATA members indicated their
differential expression in response to various abiotic #sses such as salinity, drought,
and exogenous ABA. One of the members of subfamily VHOSGATA233 emerged as a

multi-stress responsive transcription factor giving eleated expression levels in response
to salinity and drought. ABA also induces expression dDsGATA23aby 35 and 55-folds

in IR64 and Pokkali respectively. HowevelDsGATA23b, an alternative splice variant of
OsGATA23did not respond to above-mentioned stresses. Developmentaregulation of
the OsGATAgenes based on a publicly available microarray database sheed distinct

expression patterns for most of the GATA members throughoutlifferent stages of rice
development. Altogether, our results suggest inherent rek of diverse OsGATA factors in
abiotic stress signaling and also throw some light on the tigt regulation of the spliced
variants of OsGATAgenes in response to different environmental conditions.

Keywords: rice, OsGATA, abiotic stress, gene family, ABA, alt  ernative splice variants, transcription factor

INTRODUCTION

Genetic material present in all living system as DNA evemyuahcodes and governs almost
all the fundamental processes in live forms. Selective ufmégn and downregulation of
the set of genes encoded by DNA, allows an organism to respeondlistinct stimuli.
Transcription factors (TFs) act as synchronizing elemengtwien action (stimuli) and
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reaction (gene expression). Plants being sessile, requaire m In plants, GATA TFs have not yet been studied extensively
e ciently regulated gene expression to cope with the plethoraand the knowledge about this class of transcription factors
of environmental stresses. TFs are one such key regulataemains elusive. The rst plant GATA transcription factor
governing gene expression by specically binding to theNTL1 identi ed from tobacco is a homolog of NIT-2 from
promoter/enhancer sequences of the gene. TFs can be groupsdurospora cras$iaat functions in nitrogen metabolisniyaniel-
into di erent categories based on the ability to bind thisacting  Vedele and Caboche, 199Recent studies carried out in other
elements in the promoter region. These transcription fackage  plants have revealed the involvement of GATA transcription
so far been named as MADS, WRKY, MYB, bZIP (basic leucinfactors in regulation of various stress responsive gengsgein
zipper), PHD (plant homeodomain), zinc- nger, NAC (NAM, metabolism, owering, developmental related genes, and in
ATAF1/2, and CUC1/2), and AP2/EREBP (Apetala2/ethylendormone signaling such as GA, auxin, and cytokinRidchter
responsive element binding protein), depending upon thest al., 2010, 2013; Chiang et al., 2012; Hudson et al.,,
presence of DNA binding motifsShore and Sharrocks, 1995;2013; Behringer et al., 2014; Behringer and Schwechheimer,
Krishna et al., 2003; Mizoi et al., 2012; Alves et al., 2012015; Zhang et al., 200L.5~urthermore, active involvement of
Ambawat et al., 2013; Sun et al., 2D1Some of these TFs are ArabidopsisGATA TFs in the prevention of photooxidative
speci ¢ only to plants viz. NAC and AP2/EREBRIi¢oi et al., damage viatetrapyrrole biosynthesis (TPB) has been docteden
2012; Shao et al., 201Extensive studies have been carried ouvery well Kobayashi and Masuda, 201Arabidopsisclass-B
to understand the role of these transcription factors in mot GATA TFs with C-terminal LLM domain, have been widely
and abiotic stress as well as in crosstalk between thessesren  studied and characterized as regulator of vegetative drawt
several crop plantsdheong et al., 2002; Pandey and Somssicldevelopment Behringer et al., 20)4In an interesting nding
2009; Chen et al., 2010; Lindemose et al., 2013; Gupta €¥;, 2 by Kobayashi et al. (201,7it has been observed th&NC-LIKE
Nutan et al., 202)7 (GNL-class B GATA) TF functioned downstream to type B ARRs
Based on the conserved domain structure, members of thie Arabidopsignd hence interplayed at the junction of auxin and
zinc- nger TFs are further classied into dierent families cytokinin signaling.
(Takatsuji, 1998 GATA transcription factors, as the name  With the progression of genomic tools and availability of
suggest, are characterized by their ability to bind W-G-A-T huge genomic data, studies related to whole genome mining
A-R (W D T/A, R D G/A) sequence in the promoter region have become more precise and informative. In rice, 28 gene
(Merika and Orkin, 199R These are type-1V zinc- nger motif loci encoding GATA proteins have been reported more than a
with the consensus GCX17 20CX2C sequence followed by a decade agoReyes et al., 20R4Since the database is evolving
basic region facilitating DNA binding. GATA zinc- nger Wit  continuously and with the availability of re ned tools, wevea
17-18 residues in the binding loop is a characteristic featf carried out the search for GATA family members again to
animal and fungal GATA TFs. While, the plant GATA factorsidentify the new proteins. In the present work, we report 28 rice
possess 17-20 residues in the zinc- nger loBpyes et al., 2004, loci encoding 35 putative GATA transcription factors. Taking
Behringer and Schwechheimer, 2).TFhe DNA binding domain  alternative splice variants into consideration along witmge
of these GATA transcription factors have been well-studigd bstructure, number and position of GATA domain as well as
NMR structures in chicken GATAL and AreA zinc- nger protein the presence of accessory domains other than GATA, we have
of Aspergillus nidulangOmichinski et al., 1993; Starich et al., categorized them into seven subfamilies. Further, a dstail
1999. Based on their studies, it is now known that the interatio analysis of the conserved GATA domain, sequence similarity
between zinc- nger loop and speci ¢ DNA element is facilitdte between the genes, and the phylogenetic relationship has bee
by hydrophobic interactions with the nitrogenous bases pnese performed. To investigate the role of GATA transcription farst
in the major groove of the DNA. in abiotic stress signaling, we have carried out expression
The role of these GATA transcription factors have beeranalysis ofOsGATAgenes in two contrasting rice genotypes
widely studied in fungi and animalsi§ai et al., 1994; Marzluf, i.e., salt sensitive variety—IR64 and salt tolerant lareac
1997; Scazzocchio, 2000; Tong et al., 2000; Marzluf, 20@®bkkali. Transcript abundant analysis suggests the di eéadnt
Pikkarainen et al., 2004First identi ed in chicken, the GATA expression of alternative splice productfOfGATAgenes under
TFs have been reported to be involved in haematopoiesenvironmental signals. Taken together, our results may open
(Omichinski et al., 1993 Apart from their active involvement new path to explore the potential role of GATA transcription
in cell di erentiation, GATA TFs are also documented to befactors in abiotic stresses in model crop plantrice.
involved in regulation of various stress signaling and rbet&
pathways Crespo et al., 2001; Xu and Kim, 201ZFungal
GATA TFs are the combination of both plant and animal MATERIALS AND METHODS
GATA transcription factors in terms of the amino acid residue L
present in the zinc- nger loop. Diverse roles governed by GATACharac'[eHzatIon and Nomenclature of the
transcription factors in fungal cells include controllingimogen ~ GATA Gene Family in Rice
metabolism, circadian regulation, and siderophore produrcti  To identify all the putative GATA gene members of rice, MSU
(Teakle and Kay, 1995; Arguello-Astorga and Herrera-Hairel rice genome annotation project (RGAP) release 7 database
1998; Haas et al., 1999; Garcia-Salcedo et al., 2006; Chi et (http://rice.plantbiology.msu.edu/) was scanned with GATA
2013. pfam (http://pfam.xfam.org/) domain ID PF00320. List of
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genes retrieved from MSU rice genome database was furthEzxtraction of Total RNA

conrmed by BLASTP (protein BLAST) in three dierent Total RNA was isolated from the shoots of seedlings using TRIzol
databases: NCBI (https://blast.ncbi.nim.nih.gov/), plzaytme Reagent (Life Technologies, USA). For extraction, 100 mgetiss
V.11 (https://phytozome.jgi.doe.gov/pz/portal.html), and glan was homogenized to a ne powder with liquid nitrogen using
genome database release 187 (http://www.plantgdb.orgfre-chilled mortar and pestle. RNA was extracted as described
using ArabidopsisGATAL protein sequence as the referenceearlier by Soda et al. (2013)Purity and integrity of the total
Redundant sequences were omitted manually. Function&NA was analyzed using spectrophotometry (Thermo Scienti c,
domains in the full-length protein sequence were identiedUSA) and denaturing agarose gel electrophoresis respectively
using pfam, Interpro (https://www.ebi.ac.uk/interpro/), and The quality of RNA was checked by&/A2gpratio and samples
SMART (http://smart.embl-heidelberg.de/) databases. Taidav having Aed/A280> 1.8 were used for further analysis.

ambiguity because of multiple names, nomenclature of these ) )

GATA genes was retained same as thaRefjes et al. (2004) Synthesis of First Strand cDNA

However, newly identied alternative spliced products wereFirst-strand cDNA was synthesized using rst strand
denoted as gene number extended with sux “a’ and “b” ascDNA synthesis kit (Fermentas Life Sciences, USA) as per
suggested earlier jareek et al. (2006) manufacturer's instructions. For removing genomic DNA
contamination, DNAse (Epicenter, USA) treatment was done
before proceeding for the cDNA synthesis as described earlie

Chromosomal Distribution of the GATA (Soda et al., 20)3

Gene Members

For locating the GATA members on rice chromosomes, CD$rimer Designing and Quality Check

coordinates were retrieved from MSU RGAP database versidPrimers for OsGATA genes were designed from the region

7 for each GATA gene and were placed on each of the riceorresponding to the junction of unique®dJTR region and

chromosomes according to the physical location of the gene&€DS sequence, using Primer Express 3.0 software (Applied

Plant genome duplication database (http://chibba.agtec.ugBiosystems, USA). In the case of alternative splice variants,

edu/) was used to search for the duplication events (segrhentarimers were designed from a unique region within the CDS

duplication and tandem duplication) of th®©sGATA genes. sequence. The uniqueness of each primer pair to amplify a

Duplicated genes have been connected by dotted lines. selected gene was conrmed by BLASTN using the RGAP
database and NCBI databases.

Multiple Sequence Alignment and Real-Time Quantitative PCR Analysis

Phylogenetic Tree Construction The gRT-PCR analysis was performed with a Sequence Detection
Multiple sequence alignment of protein sequences of only GATASystem ABI Prism 7500 (Applied Biosystems, USA). Reactions
domain was performed using ClustalW program available in nal volume, 10m) were set up with the 2X SYBR Green PCR
MEGA 7. The Neighbor-Joining tree was generated based Q@iaster Mix (Applied Biosystems, USA) 3 cDNA sample and

the MUSCLE alignment of the full-length OsGATA protein 9.5 mM of gene-speci ¢ forward and reverse primers. All the
sequences using Jones-Taylor-Thornton (JTT) model undgsCR reactions were performed under the following conditions
default setting in the MEGA 7 program. To infer phylogeny,2 min at 50C, 10 min at 95C and 40 cycles of 15s at @5
1,000 bootstrap replicates were taken. Gene structure displaynin at 58—62C (annealing temperature range for di erent
server version 2.0 (http://gsds.cbi.pku.edu.cn) was used ienes)and 30s at 72 in 96-well optical reaction plates (Applied
analyze the gene structure and for calculating the numbexofi  Bjosystems, USA). The speci city of the ampli cation was tdste
and intron in the gene sequence. Thisacting elements in the py dissociation curve analysis. Three technical replicae® w
promoter region 0l0OsGATAgenes were deduced using PlantPamnalyzed for each sample and the data analysis was performed

version 2 (http://plantpan2.itps.ncku.edu.tw/). using SDS 1.4 software (Applied Biosystems, USA). For data
normalization, the rice eukaryotic elongation factor 1 aljegF-
Plant Material and Stress Treatment la) was taken as internal control. Transcript abundance of the

Seeds obryza sativd.. cv IR64 and landrace Pokkali were rinsedseld‘fj‘g[Tecj grougcgf genes was analyzed by gRT-PCR using the
thoroughly in sterile water, germinated in hydroponic set-and and 2 method for the calculation of fold change
raised for 7 days on half-strength Yoshida medium, at 28 and transcript abundance respectivelyiigk and Schmittgen,

2 C for 12 h light and dark cycles in a plant growth chamber.200.

For stress treatment, 7 days old seedlings were transferr . .

to half-strength Yoshida medium supplemented with eitheﬁnalygs of the Transcrlpt_ Abundance of

200 mM NaCl (for salinity), 20% PEG (for drought) or 10  the OSGATA Genes at Different

ABA and shoot samples were harvested after 4 and 24h &evelopmental Stages of Rice

stress application. Un-treated seedlings growing in halfrggth  To analyze the expression of tl@sGATAgenes at di erent
Yoshida medium were taken as control. After harvesting,/dam developmental stages of rice, publicly available microarray
were frozen immediately in liquid nitrogen and stored aB0 C  database (https://www.genevestigator.com/gv/) was shnn
until further use. with locus ID listed inTable 1 Expressions of these GATA genes
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were analyzed at germination, seedling, tillering, steangstion, The GATA TFs vary in amino acid length from 101 to 742 with
booting, heading, owering, milking, and dough stages aferi a predicted isoelectric point (pl) ranging from 4.56 to 10.08lan
plant development. molecular weight ranging from 10.98 to 84.43 kDa. OsGATA8b

was found to be the smallest protein having amino acid len@th 1
and molecular weight 10.98 kDa. On the other hand, OsGATA23a
RESULTS was the largest protein with an amino acid length of 742 and

Members of the GATA Family Show Huge molecular weight of 84.43kDa.

D|verS|ty_|n Thelr Size, Gene Structure, and Chromosomal Location and Phylogenetic
Isoelectric Point (pl)

BLASTP search in NCBI using full-length protein sequencé:\)elatlonsmps among the GATA Family

from ArabidopsiGGATAL as query identi ed 35 sequences whichMembers Reveal Their Random
contain at least one GATA zinc- nger domaifTéble 1). Further,  Distribution in Rice Genome
MSU RGAP database version 7 was scanned for putative numbéree OsGATA family members are randomly distributed on
of GATA genes using GATA domain ID PF00320 retrievedall the rice chromosomes, except VIII and IXFi§ure 1).
from pfam. Domain search also yielded 35 putative GATAMaximum GATA genes i.e., six have been found to be present
transcription factors encoded by 28 gene loci. Our analysisn chromosome l1ll. On the other hand, only one each
yielded additional DsGATAtranscripts which were not reported GATA gene has been annotated each on chromosomes VIl
earlier. Protein BLAST searches in RGAP database also ¢ieldend XI. The number of GATA genes vary from two to four
similar results. These 28 GATA genes were nameds(BATAL  on other rice chromosomeOsGATA5and OsGATA21were
OsGATA2&s described earlier byeyes et al. (2004Table ).  clustered on chromosome IV between 27 and 27.2 Mb segments.
The alternative spliced forms were named as “a” and “b” alon@sGATAl4and OsGATAl5were present on chromosome V
with the GATA gene numberTable 1). between 28.2 and 28.9 Mb regioRigure 1). Gene duplication

All the 35 GATA proteins contain at least one conservechas always been one of the well-known basis for the expansion
GATA domain with a typical C¥CXjg 20CX2 zinc-nger of a gene family. Duplication can be either tandem; if
motif except OsGATA8b which has partially truncated zinc-duplicated genes are located on the same chromosome and
nger loop. Protein domain analysis using pfam, SMART,closely linked or segmental; if duplicated genes are located
INTERPRO databases con rmed that two of ti&ATA genes on di erent chromosomes. We have observed eight segmental
have more than one GATA domains in the encoded proteinduplication events betwee@sGATAgene membersHigure 1)
sequences. OsGATA26 has two, and OsGATA24 has thremd one tandem duplication betwe€@sGATA1&NdOsGATA19
and one truncated zinc- nger loop in their encoded proteins.located between 27.5 and 30Mb region of chromosome Il
Protein sequences encoded by GATA genes that contained (Figure 1).
accessory domains other than GATA might play additionalsole  Further, to compute the evolutionary distance between the
in di erent physiological responsesTdble 7). Among them, genes, a Neighbour-joining tree was constructed in the Mega
six members, OSGATA17, OsGATA18, OsGATA19, OsGATA2(Y program using the Jones Taylor Thornton (JTT) model.
OsGATA22, and OsGATA23 possess LLX20CX, zinc- nger  In this analysis, proteins with similar kind of domains got
loop in GATA domain. While rest of the GATA members contain clustered in one group Higure 2). In the course of setting
a CXCX18CXo type of domain structure. All the rice GATA up a new structural classi cation criteria for monocots, we
members are listed ifiable 1along with the gene nomenclature, have re-categorized the GATA proteins on the basis of their
domain details, and amino acid length. However, we found ynangene structure, the number of GATA domains, the position
di erences in the amino acid length as well as in exon/intronof GATA domain, and accessory domainBidure 2). On the
structure of GATA TFs from earlier reported information. basis of homology in the GATA domain as well as the presence
Predicted amino acid length of OsGATAL, OsGATA2, OsGATA5pf accessory domain other than GATA, all the GATA genes
OsGATAGB, OsGATA10, OsGATAL13, OsGATA16, OsGATA20have been subdivided into seven subfamili@gire 2). Typical
OsGATA21, OsGATA22, OsGATA23, and OsGATA26 are 3871omain structures of these TFs belonging to diverse subiesni
431, 376, 386, 142, 225, 390, 292, 450, 732, 742, and 388 presented ifrigure 3 Subfamily-I has eight gene members
respectively but earlier reports Beyes et al. (2006howed the includingOsGATAL, OsGATA2, OsGATA3, OsGATA4, OsGATA5,
amino acid length as 386, 387, 390, 387, 140, 155, 348, 32, 3DsGATA6, OsGATA7and OsGATA25 (Figure 2). All these
778, 786, and 415 respectively. In addition to amino acidtleng GATA proteins carry a single GATA domain at the C-terminal
we found di erences in the number of exons. Predicted exorend (Figure 3). Among them,OsGATA1 OsGATA3 OsGATAG
numbers in theOsGATA5, OsGATA7, OsGATA10, OsGATA13DsGATAY and OsGATA25show the highest homology within
OsGATA16, OsGATA19, OsGATA20, OsGATARAOSGATA23 the GATA domain Figure 5. Subfamily-1l is the largest
are 2,2, 2,5, 3,8, 6,5, and 5 respectively which were previouslyd comprises of nine GATA gene§)sGATA8 OsGATA9
reported as 3, 3, 3, 3,4, 9, 8 7, and 6. This variation coul@sGATAL1D OsGATAL1]l OsGATA12 OsGATAL13 OsGATA14
be because of rapidly evolving genomic data and availabilitfpsGATA1S and OsGATAl6with the GATA domain being
of rened annotation tools in the rice genome databasecentrally located. OSGATA8b, one of the alternative splaréant
version 7. of OsGATA8 contains a partially truncated GATA domain.
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FIGURE 1 | Genome architecture of the GATA gene family of rice. Graphatrepresentation of the physical location of putative GAT&anscription factors on rice
chromosomes where numbers in parenthesis are the locatiori megabases) of the genes at respective chromosomes. The mition of centromere has been marked
with an oval shape. No GATA genes were annotated at chromosomno. 8 and 9 hence not shown in the picture. Arrows marked neathe gene location designates
the ORF in Pto 3%direction. Duplicated GATA genes on the different chromoswoe as well as on the same chromosome are connected by dottedties. The scale on
the left side is in megabases.

Members of the subfamily—Il are complex in terms of theirand OsGATA24 contain unique 2 and 3 & 1 truncated GATA
domain architecture Kigure 3 and have been functionally domains respectively, in the encoded protein. Subfamily-VI
sub-categorized as B-class of GATA transcription factors itomprises of GATA genes which encode for GATA protein
rice and Arabidopsis(Behringer et al., 2014; Behringer andhaving GATA domain along with two accessory domains namely
Schwechheimer, 20).50sGATA9, OsGATA14, and OsGATA15 TIFY and CCT Figure 2). OSGATA17 OsGATA180sGATA19
possess a HAN (HANABA TARANU) domain at the N- and OsGATA20belong to subfamily-VI. The alternative splice
terminal of the protein Figure3. On the other hand variants of the gene®sGATAl7(a and b),0OsGATA18a and
OsGATA8, OsGATA10, OsGATAL1l, OsGATA12, OsGATA13)), and OsGATAL19(a and b) possess typical GATA domain
and OsGATAL16 possess a highly conserved LLM (leucinavith CXoCXy0CXz zinc- nger loop. Gene structure of the
leucine-methionine) domain at the C-terminal of the protein members of this subfamily is complex, having 6—7 exons in the
(Figure 3). Members of the subfamily-1ll includ€OsGATA27 coding sequencd-{gure 4). The GATA subfamily-VIlI comprises
and OsGATA28Figure 2) which contain an N-terminal located of only two membersOsGATA22and OsGATA23(Figure 2).
GATA domain. Though they possess similar domain structuréThe coding sequence for these genes are interrupted by four
but di er in their gene structure Figure 4). These are intronless introns and hence possess ve exoR#glure 4). Typical domain
genesFigure 4). The lone member of subfamily-1V, OsGATA21 structure of this subfamily includes GATA, FAR1, MULE, and
came out as an outlier with an extreme N-terminal GATA SWIM domain Figure 3). Both FAR1 (FAR Red Impaired
domain (Figure 3). OsGATA21possesses six exons and veResponsel) and MULE (Mutator-like transposases) domains
introns (Figure 4). The two members of subfamily-V, OsGATA26 show sequence homology and possessiLzinc- nger-like
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FIGURE 2 | Phylogenetic tree and subfamily categorization of GATA mebers in rice. The Neighbor-Joining tree was constructed basd on MUSCLE alignment in
MEGA 7 using the Jones-Taylor-Thornton model using 1,000 batstrap replicates under default setting. Based on the conerved domain structure in the full-length
OsGATA proteins, these were grouped into 7 subfamilies. Edcmember belonging to one group were given similar colored sipe. 0.1 scale bar corresponds to amino
acid substitution rate per site.

motif and SWIM domain (found in SWI2/SNF and MuDR The OsGATA Family Members Are
transposases). Further, to analyze the conserved amino aquferentia”y Regulated in Contrasting Rice

residues in the GATA zinc- nger loop; we have carried outG ; s
: : _ enotypes in Response to Salinity,
multiple sequence alignment of the GATA domains from all yb P y

the peptide sequence&igure5). In the case of OsGATA26, Drotht’ and ABA ] )

both the GATA domains were kept in analysis and numbered © comment on the possible roles OGATAfamily members

as OsGATA26_1 and OsGATA26_2. Similarly, all the thredh abiotic stress response, transcript abundanceOsiGATA
GATA domains of OSGATA24: OsGATA24 1, OsGATA24 29enes were analyzed in two contrasting rice genotypes, IR64 and
and OsGATA24_ 3 were aligned along with the other GATAPOKKali in response to distinct abiotic stresses such asityali
domains. Partially truncated GATA domains of OsGATA8b anddrought, and stress responsive phytohormone ABAg(re 6).
OsGATA24_4 were not included in this analysis. Close inspectio! © check the expression of all the 35 transcripts, unique primer
of the aligned protein sequences revealed that apart from tHeombinations (Table S2), from the junction of TR and
conserved Cys residues at Cys-1, Cys-4, Cys-25, and Cys@8S sequence were designed. Howe@sGATAG OSGATAT?

in the zinc- nger loop, few amino acid residues in betweenOSGATA9 OSGATA14 OsGATALS OSGATA19b OsGATAZ1a
the Cys-4 and Cys-28 are also conserved. The residues Thr-f3SGATA24O0sGATA27 and OsGATA28&ould not be ampli ed
Pro-12, Gly-17, Pro-18, Lys-24, Asn-26, and Ala-Bigj(re 5), from any of the cDNA used in this analysis; therefore theseewe
contribute to the formation ofa-helix in the zinc- nger loop; kept out of the expression analysis. Expression data of renmini
suggesting their role in maintaining the structural intégofthe ~ OSGATAgenes has been presented in the form of heat map
domain. (Figures GA—B
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FIGURE 3 | Typical domain structures of the GATA subfamily members ince. Schematic representation of conserved domains of OsGPA subfamilies. Each domain
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FIGURE 4 | Structure of the OsGATAgenes in the rice genome. Exon/intron structure was deduced sing gene display server. Black lled boxes represents exon,
black line represents introns and white boxes denotes &and 59UTR. The scale at the bottom represents the bases in kilobaspairs.

The gRT-PCR analysis revealed unique ndings for theboth the rice genotypesF{gures 6A—B. However, expression
OsGATA family expression. Dierential accumulation of of some of the genes was found to be genotype speci c. GATA
the OsGATA transcripts was observed in IR64 and Pokkalimembers such asOsGATA17a OsGATA18a OsGATA18b
(Figures 6A-)). Basal level expression@8GATA2hOsGATA8h  OsGATA19aand OsGATA21bwere highly expressed in IR64
OsGATA11l OsGATA16 OsGATAL17b OsGATA20 OsGATA22 under control conditions. On the other hand, expression
OsGATA23pb and OsGATA25were comparatively higher in of OsGATAland OsGATAlOwere higher only in Pokkali
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GATA2la |C GSRWRTKGSL
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GATAl4 C GIRYKKEERR
GATA1lS5 c GIRYKKEERR
GATA8a C GIRYRKKRRQ
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GATA10 C GIRYRKRRRA
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GATA27 CG! POWRVIGPDGPSTLCNACGIRYRIDHLL
GATA28 CiS RMGPDGPGTLCNACGIRSKMDRLL
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GATA2a CiS RAGPEGAKTLCNACGVRYKSGRLL
GATA2b CIS RAGPEGAKTLCNACGVRYKSGRLL
GATAS (& RAGPEGAKTLCNACGVRYKSGRLL
GATAl ClL POWRT|IGPMGPKTLCNACGVRYKSGRLV
GATAG6 ClL POWRT|IGPMGPKTLCNACGVRYKSGRLV
GATA3 CT RAGPLGPKTLCNACGVRYKSGRLF
GATA7 ClT POWRT|GPLGPKTLCNACGVRFKSGRLM
GATA25 ICIT POWRTIGPL.GPKTLCNACGVRFKSGRLL
* L 2 *hkkk
CLHCGTTA+KTPQWRRGPDGP+ TLCNACGIRYRK+RLL
FIGURE 5 | Multiple sequence alignment of the GATA domain of the OsGATR&amily members. Analysis of the GATA domain of 28 differe@sGATAgenes of rice
showing characteristic C% 4CX1g 20CXpC conserved residue in the Zn- nger loop. Multiple sequence Bgnment was made using ClustalW program in MEGA 7.
Conserved residues in all the OsGATA proteins viz. CCTPGPNAC are labeled with a star at bottom of the alignment. The sda at the top of the alignment denotes
the amino acid length in the conserved zinc- nger loop.

genotype under the control conditiong=igures 6D-F. Also, OsGATA3was upregulated in response to exogenous ABA
the transcript levels of th©sGATA2aand OsGATA13n IR64 in both the genotypes Higures 6C,. However, induction
and Pokkali were not a ected by any of the aforesaid stressegas more pronounced in PokkaliOsGATA26 accumulated
(Figures 6A-B. in response to salinity and drought in both the genotypes,
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FIGURE 6 | gRT-PCR based transcript pro ling of theOsGATAgenes in shoot sample of contrasting rice genotype IR64 and Hdkali in response to salinity, drought,
and ABA. Heat maps showing the transcript abundance (ZdC‘) of OsGATAgenes in salt sensitive and salt tolerant rice genotypes, IR6and Pokkali respectively.
Expression ofOsGATAgenes in IR64 in response to(A) salinity, (B) drought, and (C) exogenous application of ABA. Transcript abundance o©sGATAfamily
members in Pokkali in response taD) salinity, (E) drought, and (F) exogenous application of ABA. Color scale at the right sidefoeach heat map represents
expression values where green is for lowest value, black fanedium expression and red for highest expression. IC, IR64 Carol; IS, IR64 salinity; ID, IR64 drought; IA,
IR64 ABA; PC, Pokkali control; PS, Pokkali Salinity; PD, Pokk drought; PA, Pokkali ABA. Numbers 4 and 24 corresponds tdhe duration of stress i.e., 4 and 24 h
respectively in each treatment(G-I) Histogram depicting variation in expression pattern in tens of fold change (2 ddCt) with respect to IR64 and Pokkali control.
Fold change under(G) salinity stress,(H) drought stress, and () exogenous ABA are calculated for 4 and 24 h of stress duratiomwith respect to control sample of
each genotype and represented in the form of a histogram. Datshown are mean of three replicates SD of three replicates.

but accumulation pattern varied with duration of stress give  In this study, di erential regulation of the alternative spdid
(Figures 6A,B,D,B. In Pokkali, the gene was upregulated aftervariants of some of theDsGATA genes was also identi ed
4h of salinity and drought stress. However, in IR64, undelFigures 6A-)). The transcript level ofOsGATA2a,a spliced
drought stress, transcripts accumulated at 24 h of stresgewhivariant of OsGATA2,remained unchanged in all the applied
under salinity stress, induction is marked at 4fidures 6A,B. stresses for both the rice genotypEmgyires 6A-H. Interestingly,

In IR64, members of subfamily-VI such @sGATAl7a expression 0flOsGATA2bwas induced in response to salinity,
OsGATA17h OsGATA18a OsGATA18pb OsGATA1l9a and drought, and ABA in both the genotypes at early stress dumatio
OsGATA20as well asOsGATA22 a member of subfamily- (4 h). However, responses varied from one genotype to another
VII, maintained higher transcript level at 24h of all the during the later duration of stresses. In case of IRB4GATA2b
applied stressed~igures 6A—F. OsGATA23aalso maintained showed higher transcript levels at 24 h post salinity and drough
higher transcript level at 24h but only under drought in while the expression was downregulated in the ABA treated
IR64. Contrarily, in Pokkali, the expression pattern of thesampleskigures 6A—Q. On the other hand, downregulation was
gene members from subfamily VI and VII varied with the seen in the Pokkali samples for salinity as well as ABA stress
duration of stress Kigures 6D—-F. Though induction was treatment at the end of 24 h while a higher level was seen in case
observed with the onset of stress (4 h) in response to salinitpf drought stress imposed samples for the same duration of time
drought as well as ABAHRigures 6D-F; but the transcripts (Figures 6C—F.
level declined as the stress continued for 24 h, in salinitf a  Expression ofOsGATA8b the alternative spliced variant of
ABA (Figures 6D,H; nally maintaining a level higher than the geneOsGATA8was higher than th©sGATA8an both the
the control. Under drought, transcript levels maintained agenotypes under all the three conditions testEdy(res 6A-H.
similar accumulation at the end of 24h as that of 4h leveSimilarly, splice variants 0ODsGATA23also varied in their
(Figure 6). expression pattern in both the genotypes in response to
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FIGURE 7 | Rice GATA gene members are developmentally regulated. Exgssion pattern of theOsGATAgene (A) Subfamily I,(B) Subfamily I1,(C) Subfamily II,
(D) Subfamily 1V,(E) Subfamily VI, and(F) Subfamily VIl based on genevestigator database (https://wwwgenevestigator.com/gv/). No data could be retrieved for
subfamily V. Rice developmental stages shown in the graphsdm left to right are germination, seedling, tillering, ste elongation, booting, heading, owering, milk,
and dough. The scale at left represents the level of expressi (signal intensity on Affymetrix rice genome array).

abiotic stresses-{gures 6A-H. In IR64 as well as in Pokkali, and OsGATA26show more than 200- and 100-fold change
OsGATA23ashowed an induction at 4h stress duration andrespectively in transcript level under the drought stress. @ t
continued to maintain higher transcript till the end of 24 h of other hand,OsGATA18ashowed ABA-dependent upregulation
salinity and drought but it was downregulated in response taip to 300-folds andDsGATA23ahowed a 250-folds change in
ABA at 24 h in both the genotypeg&igures 6A—H. On the other response to ABAKigure 6l).

hand, transcripts 0©OsGATA23hwvere relatively low as compared  The expression of th@sGATA23avas also found to be higher

to the OsGATA23an both the genotypes. It can be said that,as compared to th©sGATA23bIn our study,OsGATA23avas
though the gene showed induction at the onset of stress budlenti ed as multi-stress responsive gene as it showed masim
ultimately its transcript levels declined as the stress prgéaifor  upregulation for salinity, drought as well as ABA stress. lthbo

24 hin both the genotypes$-{gures 6A-H. the genotypes, this gene was induced at 4 h of stress. In tke cas

In terms of fold change, maximum induction i.e., 40-foldsswa of IR64, induction was 40-fold while in Pokkali more than 60-
observed folOsGATA8aand OsGATA26n IR64 under salinity fold induction was observed. Since ABA is a stress hormone,
stress Figure 6G. Furthermore, in Pokkali salinity induced it not only governs stomatal opening but also acts as a master
transcript levels 0OsGATA8hOsGATA18aand OsGATA23dy  regulator of abiotic stress signaling. Our data suggestaisome
more than 100-foldsKigure 6G). Interestingly in IR64, drought of the OsGATAgenes are highly responsive to ABA, hence these
stress and ABA application lead to induction ©6GATA23dy OsGATAgenes might also be interplaying an important role at
more than 150- and 35-folds respectivaijgures 6H,]). the junction of stress signaling cascade.

Similarly in Pokkali, it was seen that drought and ABA To understand the regulation of these GATA transcription
modulate the expression of a set of genes that incl@&BATA4  factors, we analyzed theisacting elements in the promoter
OsGATA8aand OsGATA21hupregulating them by more than region of OsGATAgenes (Table S1). Binding sites of various
100- and 35-folds with respect to control under drought anddAB stress responsive transcription factors such as AP2 (Apétala2
treatment respectively Fgures 6H,l). Similarly, OsGATA1l ERF (Ethylene Response Factors), bHLH (basic helix loop helix)
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bZIP (basic leucine zipper), MADF (myb/SANT-like domain in and the GATA domain coding region is split into two
Adf-1), Myb, NAC (NAM, ATAF1/2 and CUC1/2), WRKY, and halves by an intron sequence. However, members of the
MADS box were found. Interestingly, we found that promotersubfamily-Il have been well characterized and functionally
region of almost all theDsGATAgenes possess GATA binding categorized into B-class of GATA gene famiBe(iringer and
sites indicating that the expressions@§GATAgenes might be Schwechheimer, 20).5Additional domains like LLM and HAN

regulated by GATA transcription factors themselves. present in the members of subfamily-ll, have been well-
studied and identi ed as functional component of plant growth
Expression of the OsGATA Genes Is in Arabidopsis tomato, Brachypodium and barley Behringer

et al.,, 201} They are involved in regulation of various

Developmentally Regulated . A
- .. _physiological as well as structural transitions in plantshsas
To comment on the role of OSGATA transcription factors in rice o .
ermination, hypocotyl elongation, embryo development, exw

developmental processes, we analyzed the expression data frgm ; ) :
publicly available microarray database, Genevestigatdnl€1S3). evelopment, and senescenéelfringer et al., 2014; Behringer

Transcript abundance of distinct members of tBsGATAgene qnd Schwechhelmer, 20)15’he§e adqunal dqmalns present n
. . . .. rice GATA TFs might also be involved in various stages of rice
subfamilies at various developmental stages like gernoinati

seedling, tillering, stem elongation, booting, headingwering plant development With the eight members grouping together,
milking, and dough stage was checkédgure 7). Interestingly. subfamily | is the second largest. Members of the subfamily |

transcripts of members of the subfamily IV and VI were found”55€5S C-terminal GATA domain with typical §3X;1gCX;

to be comparatively abundant throughout all the developmbntazmc_ nger loop. Subfamily III possesses two GATA members

. wherein the GATA domain is located at the N-terminal.
stages of the rice plant. On the other hand, members of th ) . . . -
. S SGATA21is the only member of subfamily IV with unique six
subfamily Il showed huge variation in terms of fold change at

exons in the gene sequence and extreme N-terminal zincy nge

the di erem stages from seedlmg o maturlt)_/. The memberﬁoop. Subfamily V includes OsGATA26 and OsGATA24 with 2
of subfamily 1 and Il showed mixed expression pattern. Our

analysis showed that tHesGATA1Zyene was induced the most and 3 GATA domains respgcnvely. Members of the subfa_mny Vi
. . : and VII are the most peculiar as they possessC¥oCX; like
during seedling stage amongst @$GATAgenes. Expression of _. S )
. zinc- nger loop for DNA binding. Apart from GATA domain,
OsGATA22members of subfamily VII, was observed to be low a?nembers of subfamilv VI have TIEY and CCT domains. On
compared to other GATA gene membeEdure 7). On the other y )

. . . the other hand, members of the subfamily VII contain FAR1,
handOsGATA23alls under higher expression grougigure 7). MULE, and SWIM domains. Previous stud)?es related to GATA

transcription factors in animals suggested that the C-terahin
DISCUSSION GATA nger proteins are involved in recognizing DNA elements

in the promoter region, while N- nger GATA either assist this
Regulated expression of a gene is essential for distinbinding by stabilizing the DNA-protein complex or are invot/e
physiological and biochemical processes in a living systernn other physiological processekd and Engel, 1993; Pedone
Transcription factors play a key role in governing geneetal., 199Y. Like in animal system, extra GATA domain present
regulation and exhibiting di erential expressions under dient  in rice OsGATA24 and OsGATA26 might also be playing crucial
physiological and environmental conditions. In this studye roles in diverse cellular processes. Expression analysiedarr
present a detailed analysis of GATA transcription factorsiéer out under salinity and drought stress resulted in more th#&h 5
Total 28 0sGATAgenes were identi ed in corroboration with fold change inOsGATA26ranscripts. Furthermore, exogenous
the previous nding byReyes et al. (2004Besides, we have application of ABA also upregulated expressiotOsiGATA26y
reported 35 putative OsGATA TFs encoded from @8GATA more than 10-folds. These ndings indicate that the additib
genes. Newly identied alternative spliced products of theGATA domains present in OsGATA26 might be regulating its
OsGATAgenes—OsGATA8, OsGATA12, OsGATAL17, OsGATA18ple in abiotic stress signaling.
OsGATA19, OsGATA2land OsGATA23 contribute for the GATA TFs have been shown to play an integral role in
expansion of complex rice GATA TFs family. Alternative splicin light-mediated signaling Kutterill et al., 1995; Chen et al.,
is the hallmark of the complex transcriptome in eukaryotes, a&009. In our genome-wide investigation, we have found that
the splice variants can drive the diverse functions of a genmembers of subfamily VI possess a unique CCT domain which
(Park and Graveley, 2007; Syed et al., 202 our analysis, is also found in TOC1 (Timing of Cab Expression 1) and CO
we have observed that the splice variants of @&GATA2 (CONSTANS) proteins. Both of these proteins are important
OsGATA8 OsGATA18 and OsGATA23respond di erently to  components of light signaling, circadian clock, and owering
diverse environmental conditions. (Robson et al., 2001; Mas et al.,, 2003; Wenkel et al., 2006;

Taking into account, the distinct domain architecture okth Gendron et al., 2092 Our analysis also revealed the presence

GATA proteins, their complex gene structure and phylogenetiof FAR1 domain along with GATA domain in members of
analysis, the rice GATA genes were categorized into sevenbfamily VII. The FAR1 domain is found in proteins involved
subfamilies. Subfamily 1l is the largest with nine GATAIin phytochrome signalingHudson et al., 1999; Lin et al., 2008;
members viz.OSGATA8 OsGATA9 OsGATA10 OsGATAl1ll Lietal, 201). Although, no clear evidence for the involvement
OsGATA120sGATAL130sGATA140sGATA15andOsGATAL6  of rice GATA TFs in light signaling has been established thet,
In this case, the GATA binding domain is centrally locateddomain analysis presented here indicates that OsGATA22 and
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OsGATA23 bearing FAR1 domain might be crucial component@romotes the alternative splicing in grape. Our data also shows
of phytochrome signaling and the circadian clock. In higherstress speci c expression of the alternative spliced variahts
plants, proteins with FAR1 and SWIM domains are involved inOsGATAgenes suggesting a similar mechanism operating in rice
phytochrome signaling. This suggested that GATA TFs havinfpr the regulation 0lOsGATAgenes under abiotic stresses.
accessory domains like FAR1, SWIM and MULE domain might To further gain insight into the regulation dsGATAgenes,
play a role in light-regulated signaling in plantsio et al. (2010) we looked for the variousisacting elements in the promoter
have demonstrated that one GATA TF, GATAZ2 froknabidopsis region of OsGATAgenes (Table S1). Binding sites for various
functions at the junction of brassinosteroid and phytochmm stress responsive TFs were studied. Interesti@8GATA23s
signaling. This indicates that GATA transcription factorsttw the only gene having MADS box binding site in the promoter
similar domain structures may be functioning via a similarregion. In rice, it has been reported that members of OsSMADS
pathway. gene family are regulators of abiotic stress signaligi@ et al.,

To comment on the role of these GATA TFs in abiotic 2007. Recently, it was reported that many of the OsMADS TFs
stresses, we have analyzed the relative transcripts leesfionse are localized inSaltol QTL and are di erentially regulated in
to salinity, drought, and multi-stress responsive phytohorma  contrasting rice genotypesi(itan et al., 201)7 As such it can
ABA. We found that under non-stress conditions, the tranigtr be said that the multistress responsive nature of the OsGATA23
level of some of the GATA genes was higher in salt tolerannay be because of the binding and regulation via MADS-box
genotype Pokkali as compared to salt sensitive variety IR6FFs.
OsGATAland OsGATAlOmaintained higher transcript levels ~ We have also examined the expressionGfGATA genes
in non-stress conditions in Pokkali. Earlier, from our lalb, i at di erent stages of rice plant development. In this analysis,
has been reported that salt tolerant Pokkali maintains highewe observed that members of subfamily IV and VI vary in
constitutive level of stress related genes which are oftiserw their expression pattern from a medium to high level as
induced in salt sensitive IR64Kéran et al.,, 2009; Kumari the development proceeds from seedling to dough stage. In
et al., 2009; Soda et al., 2013; Nutan et al., RORécent contrast,OsGATAgene members from subfamily I, Il, and Il
study on expression @altolQTL localized transcription factors showed varied expression level ranging from a low to high.
revealed that Pokkali has an abundance of these transcripfg seedling stage, expression@$GATAl2was observed to be
which are otherwise induced under stress conditions only irhighest. In an interesting study carried out irabidopsis it
IR64 genotypeNutan et al., 201)/ Our ndings also indicate has been reported that BME3 which is a GATA transcription
that above mentioned GATA TFs, OsGATAL, and OsGATAl(actor, plays a signi cant role in seed germinatiohiy( et al.,
might also be acting as mediators of abiotic stress siggalimd 2005. TransgenicArabidopsisseeds under-expressing BME3
response. showed delayed germination. Our analysis based on genome-

Furthermore, expression of some of tH@sGATA genes wide expression analysis clearly shows tREGATA genes
are stress specic but not genotype-speci QsGATA3 is  might be playing a crucial role in rice developmental pathways.
speci cally induced in response to ABA an@sGATA26in  Behringer et al. (2014ave documented that mutation in LLM
response to salinity and drought in both the genotypes. Omlomain of B-GATA transcription factor ofArabidopsisa ects
the other hand, expression of members of subfamily Viplant growth and hypocotyl elongation. Besides this, distinct
and subfamily VII were higher in all the applied stressesGATA factors are identi ed as functional component of shoot
These ndings suggest that OSGATA proteins with accessorgpical meristem (SAM) development, chloroplast development,
domains may be function via a cross talk between di erentowering, growth, and cell division inArabidopsigZhao et al.,
abiotic stress signaling pathways. Moreover, no change ip004; Chiang et al., 20LZT herefore, it is clearly evident that the
the expression ofOsGATA2aand OsGATAl13was observed GATA factors are one of the important messengers for plant cell
with respect to any of the applied stresses in both théransitions and di erentiation.
genotypes. This shows that both of these genes might Our in silico analysis and expression data markedly sheds
not be part of abiotic stress signaling rather might besome light on the complex circuitry of rice GATA transcription
functioning in the rice developmental pathways. There ardactors and their potential role in various physiological preses
reports con rming the role of GATA TFs in distinct plant as well as in abiotic stress signaling. Additionally, it alperts a
development and physiological processes! (et al., 2005; Lu path for the future exploration and characterization@§GATA
etal., 201). genes to further understand the molecular regulatory nekad

In addition to this, di erential regulation of alternativgpdiced  transcription factors in rice.
forms of an OsGATA gene is also observed in response to
abiotic stresse0OsGATA23aa spliced variant ofOsGATA23
is highly expressed in all the three stresses while relaiM@e ONCLUSIONS
expression 0OsGATA23lwas very low under salinity, drought,
and ABA. Numerous reports are available justifying theln this study, whole genome analysis ©6GATAgene family
role of alternative spliced forms in dierent environmental in rice was done to identify putative OsGATA transcription
circumstancesNlastrangelo et al., 20).2Recent studies carried factors encoded by rice genome. Their gene, as well as protein
out by Jiang et al. (2017feveal that heat stress alters thestructure, phylogeny, chromosomal location, was deduced and
expression of some RNA binding proteins which in turn expression pattern under environmental stresses as well as at
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various rice developmental stages was analyzed. A total ahd manuscript. AP and SS-P conceived and designed the
35 OsGATA TFs encoded from 28 loci were found to beexperiments. All authors read and approved the nal manuscript.
randomly distributed on rice chromosomes and were catergati
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