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Abstract

Background The GATA transcription factors play multifaceted roles in modulating vital physiological processes

in plants. However, the GATA transcription factor family in onion (Allium cepa L) has been explored to a limited extent.
In the present study, a genome-wide survey of the GATA family and the subsequent characterization has been carried
out in the onion genome.

Results In total, 24 A. cepa GATAs (AcGATAT-ACGATA24) have been identified in the onion genome. Chromosomal
mapping revealed that all identified genes could be mapped onto different onion chromosomes or scaffolds. The
gene duplication, synteny, and collinearity analysis of the AcGATAs suggested their divergence, expansion, and selec-
tion in onions. Phylogenetic analysis of the AcGATAs divided them into five groups along with other plant GATAs. Gene
ontology and cis-regulatory element analysis results suggested that the AcGATAs could regulate crucial processes,
such as growth and development, phytohormone signalling, and stress response. The tissue-specific expression study
indicated that the AcGATAs expressed in multiple onion tissues. The expression analysis under subjected chromium
and salt stress revealed that multiple AcGATAs get induced in response to the applied stresses. Lastly, the protein
interaction network study predicted some key interacting partners of the AcGATAs that can regulate vital physiological
processes in onions.

Conclusions The present study identified and characterized the GATA gene family in onions. Functional predic-
tions and interaction network analysis suggested the roles of AcGATAs in modulating multiple onion physiological
processes. The induced expression of AcCGATAs under chromium and salt stress indicated their involvement in abiotic
stress response in onions. Overall, the study provides newer insights into the GATA gene family and their possible
roles in onions.
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Background

Plant transcription factors (TFs) regulate vital processes,
including growth, development, metabolism, and stress
response [1]. TFs regulate the gene expressions in plants
by exploiting their two principal functions, including
binding to appropriate DNA elements and facilitating
the binding of other proteins at the promoter regions
[2]. Several TF families, such as bHIH (basic helix-loop-
helix), SPL (Squamosa-promoter binding protein-like),
bZIP (Basic region-leucine zipper), DREB (Dehydration-
responsive element binding protein), and GATA (GATA-
binding factor) have been extensively studied for their
important roles in plants [3]. The GATA is a well-dis-
tributed TF found in plants, animals, and microbes, such
as fungi. The GATA name for this TF family is because
of their peculiar capacity to bind to the T/AGATAA
/G sequence on the promoter region [4]. The signature
motif, C-X,-C-X;;_,;-C-X,—C of the GATAs is evolu-
tionarily conserved [4]. In plants, the GATA TF was first
discovered in tobacco, and since then, the GATA TF fam-
ily has been identified in several plants, including Arabi-
dopsis thaliana, rice, wheat, soybean, chili, cucumber,
poplar, and cotton [4—11]. On the other hand, the avail-
ability of whole genome sequences in the public domains
has facilitated the genome-wide identification and char-
acterization of the GATAs in several plants. Recently,
GATA TF family genes have been identified in Phoebe
bournei, Sorghum bicolor, Dimocarpus longan, and Vitis
vinifera by employing a genome-wide identification strat-
egy by accessing the next-generation sequencing data
[12-15].

The GATAs play multifaceted roles in plants by regu-
lating several crucial physiological processes, includ-
ing growth, photosynthesis, seed germination, and
stress response [12, 15-18]. For instance, OsGATA7 and
OsGATA12 regulate rice growth and yield by control-
ling the grain architecture and grain shape, and tiller-
ing, respectively [19, 20]. Similarly, OsGATAS8 has been
reported to enhance rice tolerance to abiotic stresses by
controlling the expression of genes involved in the reac-
tive oxygen species (ROS) pathway, photosynthesis, and
stress tolerance [21]. In addition, OsGATA16 has been
reported to confer cold stress tolerance in rice. The over-
expression of OsGATA 16 improved the cold tolerance of
the overexpressing rice seedlings. Further study revealed
that cold tolerance is associated with the OsGATA16-
mediated repressing of OsWRKY45-1 [22]. In Phoebe
bournei, multiple GATAs were involved in various abi-
otic stress responses, including cold, heat, salinity, and
drought [12]. Likewise, in Ipomoea batatas, IbGATA24
positively modulates the plant tolerance against salinity
and drought stress by interacting with IbCOP9-5a [23].
A recent study reported that SIGATA17, a GATA TF in
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tomato, interacts with SIHY5 protein to enhance salinity
stress tolerance [24].

Onion (Allium cepa L.) is a widely used vegetable for its
high culinary demands. Other than that, it has significant
applications in traditional medicines. However, onion
productivity has been adversely affected due to sev-
eral environmental factors, including abiotic and biotic
stresses. In abiotic stress, salinity, temperature, and heavy
metal contamination are the major factors contributing
to onion yield loss [25]. Odisha, a southeastern state of
India, experiences several mining activities, including
iron, aluminum, and chromium. Thus, agricultural lands
near mining areas get contaminated, which affects crop
production. The regions where onion is mainly produced
in Odisha are predominantly affected by soil salinity and
chromium contamination [26]. Therefore, studying onion
physiology and gene expression dynamics under such
stresses is essential to understand plant tolerance mecha-
nisms. Recently, the onion genome data has been made
available in the public domain, greatly facilitating the
onion genomics research [27]. However, the GATA gene
family in onion has not been well-explored. Considering
the aforementioned facts, this study aims to identify and
characterize the GATA family in onions and to evaluate
their involvement in onion stress response against two
of the major abiotic stresses, salinity and chromium. The
study has been carried out by using a set of stringent
bioinformatic analysis, including protein properties pre-
diction, gene structure organization, conserved motifs
and signature domain analysis, phylogenetic and gene
duplication analysis, prediction of gene ontology (GO),
cis-regulatory elements (CREs), chromosomal mapping,
synteny, collinearity, and protein—protein interactions
to characterize the onion GATAs (AcGATAs). In addi-
tion, the expression of the AcGATAs has been analyzed in
different onion tissues and under salinity and chromium
stress.

Results

Identification of characterization of AcGATAs in onion
genome

In total, 24 GATAs were identified in the onion genome
through a stringent bioinformatic analysis and named as
AcGATA1-24 (Table 1). All 24 onion GATAs were found
to possess the signature GATA zinc finger Pfam domain
(PF00320), which was confirmed by doing Simple Modu-
lar Architecture Research Tool (SMART) and Conserved
Domain Database (CDD) searches (Fig. 1A). The gene
structure organization of the AcGATAs was analyzed,
and the results revealed that the number of introns/
exons varied across the 24 onion GATAs (Fig. 1B). The
number of exons per gene ranged from 1 (single exon,
AcGATAI9) to 9 exons (AcGATAII). Subsequently,
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Table 1 The predicted physico-chemical properties of AcGATAs in onions

Name TranscriptID Chrom no Start Position End Position Strand Exons Aminoacids MW  pl GRAVY Localization

(KDa) Score

ACGATAT  g1731411 Scaffold_11379 13,506 15,828 -ve 2 311 3372 6.02 -0.765 Nucleus
ACGATA2  g46105.t1 Scaffold_27692 61,684 62,335 +ve 2 193 2174 767 -0.715 Nucleus
ACGATA3  g79291.t1 Scaffold_35258 330,634 331,508 +ve 2 266 2966 777 —0.766  Nucleus
AcGATA4 97960811 Scaffold_35317 639,049 639,552 +ve 2 140 1601 986 —-0924  Nucleus
ACGATAS 91135411 2 275,625,548 275,626,753 -ve 3 221 2495 949 -0.794  Nucleus
ACGATA6  g175187.t1 Scaffold_47551 750,642 757,938 -ve 6 478 5364 557 -045 Nucleus
ACGATA7 ~ g175189t1 Scaffold_47551 798,911 800,014 +ve 2 303 3405 523 -0903 Nucleus
ACGATA8 ~ g177201.t1 2 432,527,986 432,529,354  -ve 2 322 354 806 —0419 Nucleus
AcGATA9  g251888.t1 1 1,073,159 1,086,841 -ve 7 277 30,13 59 -0644 Nucleus
ACGATATO  g291540.t1 Scaffold_63078 17,354 17,853 -ve 2 139 153 9.67 —0.532  Nucleus
ACGATATT g361876.t1 Scaffold_72038 373,489 379,159 +ve 9 543 6112 643 —-0.659 Nucleus
ACGATA12 g374580.t1 Scaffold_73658 527,752 528,645 -ve 3 243 2757 943 -0494  Nucleus
ACGATAT3 93790391 Scaffold_74191 548,927 554,759 +ve 6 283 3202 954 -0.726 Nucleus
AcGATAT4  g380862.t1 Scaffold_74448 66,638 68,215 -ve 4 320 3555 635 —0308  Nucleus
ACGATAT5  g393953.t1 Scaffold_76030 113,272 113,875 +ve 2 173 1899 843 -0523  Nucleus
AcGATAT6  g403354.t1 Scaffold_77156 22,312 27,645 -ve 6 441 4916 813 -061 Nucleus
ACGATAT7  g424699.t1 Scaffold_79626 746,386 752,238 -ve 2 275 3161 917 -1.13 Nucleus
ACGATA18  g440419.t1 Scaffold_81367 787,247 788,795 -ve 4 417 4785 922 -0599  Nucleus
ACGATAT9  g483965.11 Scaffold_86072 104,391 104,978 -ve 1 195 2166 928 -0.79 Nucleus
ACGATA20  g523096.t1 Scaffold_90934 75,152 76,228 +ve 2 300 3365 572 -0885 Nucleus
ACGATA21  g499934.t1 3 145,856,037 145,857,673 -ve 3 209 2385 879 -0855 Nucleus
AcGATA22  g207213t1 Scaffold_51830 819,482 820,333 -ve 2 255 2901 609 -0944  Nucleus
ACGATA23 g1877711 7 27,761,858 27,762,343 -ve 3 105 11.54 922 -098 Nucleus
AcGATA24  g351433.t1 7 59,596,968 59,598,289 +ve 2 174 1988 9.19 —0443  Nucleus

CDS Coding DNA sequence, MW Molecular weight, pl Isoelectric point, GRAVY Grand average of hydropathicity

the de novo motif elucidation of the AcGATAs resulted
in predicting ten structural motifs, and their distribu-
tion among the AcGATAs was not found to be uniform
(Fig. 2A). However, all the AcGATAs contained the con-
served signature GATA motif (C-X,-C-X;;_,;-C-X,—C)
(Fig. 2B). Lastly, the peptide properties of the AcGATA
s, such as molecular weight, isoelectric point (pI), hydro-
phobicity, etc., were predicted. For instance, the molec-
ular weight of the AcGATAs varied from 11.54 KDa
(AcGATA23) to 61.12 KDa (AcGATA1I). Similarly, the
theoretical pI value ranged from 5.23 (AcGATA?) to 9.86
(AcGATA4). All AcGATAs were found to have a nega-
tive predicted GRAVY score, indicating their hydrophilic
nature. The subcellular localization prediction of the
AcGATAs revealed that all of them may localize in the
nucleus (Table 1).

Phylogenetic analysis and chromosomal mapping

of AcGATAs

A phylogenetic analysis was performed to establish the
evolutionary relationship of the identified AcGATA

s among other plant GATAs. The resultant phyloge-
netic tree was subdivided into five groups containing
the AcGATAs and GATAs from A. thaliana (AtGATA
s) (Fig. 3A). The onion GATAs were distributed into
all five groups. However, the numbers per group were
not the same. The alignment of AcGATAs revealed their
conservancy levels within each subgroup (Fig. 3B).
For instance, AcGATAs distributed in group I-IV con-
tained the canonical GATA motif C-X,-C-X,4-C-X, - C,
whereas the group V AcGATAs possessed the C-X,-C-
X,0-C-X, — C motif (Fig. 3C).

In our attempt to map the identified AcGATAs onto
onion chromosomes, only six were mapped onto dif-
ferent chromosomes (Fig. 4, Table 1). However, the
majority of the genes were mapped onto different onion
scaffolds. In this regard, we have combined all the scaf-
folds, hypothesized it as one single chromosome (chro-
mosome 0), and mapped all the respective genes onto
it. As the onion genome draft is not fully characterized,
the availability of newer versions of the onion genome
sequence may improve the chromosomal mapping.
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Fig. 1 AThe presence of the conserved GATA domain in the AcGATAs. The red box indicates the GATA domain and the solid black lines indicate
the individual protein lengths. B The exon-intron organization in the AcGATAs. The green boxes indicate the exons while the introns are indicated
by the solid lines. The ruler at the bottom indicates the gene lengths
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Fig. 2 A Distribution of the identified motifs in the AcGATAs. The solid lines indicate the protein lengths, and the colored boxes indicate
the different motifs. The motif sequences are given at the bottom-right of the box. B The conserved C-X,-C-X;,_,,-C-X, —C motif of the AcGATAs

obtained from the MEME analysis

Gene duplication, synteny, collinearity, CREs, and GO
analysis

The Ka/Ks ratio and synteny analysis revealed the gene
duplication events, mechanism of amplification, expan-
sion, and evolution of the AcGATAs in onion. The Ka/
Ks comparison among the 24 AcGATAs ranged between
0.105 to 0.578 with five possible duplicated gene pairs,
including AcGATA2-AcGATA3, AcGATA7-AcGATA20,
AcGATA8-AcGATA14, AcGATA4-AcGATA10, and
AcGATA11-AcGATAIG6, indicating a purifying selection
in the onion GATA gene family (Table S1). Additionally,
the synteny and collinearity analysis among the AcGATAs

in onion and between the onion and A. thaliana GATAs,
respectively, were performed (Fig. 5A, B). Subsequently,
the CRE analysis of the AcGATA promoter sequences
revealed the presence of several classes of CREs, includ-
ing stress-responsive, phytohormone-responsive, and
growth-related CREs (Fig. 6). The distribution of the
CREs was not uniform across the AcGATAs. The putative
function of the AcGATAs was predicted by the GO analy-
sis. The results revealed the major probable biological
functions of the AcGATAs to be response to stimulus, cell
differentiation, germination and development, and cir-
cadian rhythm. Similarly, the major molecular functions
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Fig. 3 A Phylogenetic analysis of the AcGATAs through the neighbour-joining method with 1000 bootstraps using MEGA. Different groups have
been marked with the Roman numerals. B Multiple sequence alignment of the five phylogenetic groups of GATAs from onion and A. thaliana. C The
domain structures of the AcGATAs showing the variation in the GATA domain and the corresponding phylogenetic groups
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Fig. 4 Mapping of the AcGATAs on different onion chromosomes. The identified ACGATAs are mapped onto individual chromosomes as per their

specific positions. The side ruler indicates the chromosome size

were predicted to be zinc ion binding, DNA binding, and
protein binding (Fig. 7).

Expression analysis of AcGATAs

To get an insight into the expression of AcGATAs in dif-
ferent parts of the onion, the tissue-specific expressions
were estimated by performing the real-time quantita-
tive PCR (RT-qPCR) analysis. The results indicated that
AcGATAs were expressed in the leaf, bulb, and roots.
Most of the AcGATAs showed an upregulated expres-
sion in the bulb tissues, while the least were found
in the roots (Fig. 8). Similarly, to deduce the expres-
sion dynamics of the AcGATAs under different abiotic
stresses, their transcript abundances were analyzed and

out of 24 AcGATAs, 19 (AcGATA2, AcGATA3, AcGATA4,
AcGATAS, AcGATA7, AcGATAS, AcGATAY, AcGATA1l,
AcGATAI3, AcGATA14, AcGATAI5, AcGATAIe,
AcGATAI7, AcGATA18, AcGATAI9, AcGATA20,
AcGATA22, AcGATA23, and AcGATA24) of them exhib-
ited induced expression at different time points under
chromium stress (Fig. 9). Only AcGATAIO showed
downregulated expression, while AcGATAI, AcGATAS®,
AcGATAI2, and AcGATA21 showed no significant
change in the expression at all time points (6, 12, and 24
h) under chromium stress.

Under salinity stress, 22 (AcGATAI, AcGATA2,
AcGATA3, AcGATA4, AcGATAS5, AcGATA7, AcGATAS,
AcGATAY, AcGATAIO, AcGATAll, AcGATAI2,
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Similarly, 17 of the AcGATAs were found to be induced
by both salinity and chromium stress, showing their pos-
sible significance in regulating abiotic stress response in
onions.

Protein—protein interaction network prediction

The protein—protein interaction (PPI) analysis revealed
the possible interactions of AcGATAs with other onion
proteins in regulating different physiological processes.
The result indicated that the AcGATAs might interact
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with crucial proteins and transcription factors, includ-
ing membrane-associated kinase regulators (MAKR1 and
MAKR4), callose synthases (CALS9 and CALS10), cryp-
tochrome (CRY1 and CRY?2), de-etiolated (DET1), DNA-
binding with one finger (DOF3.2), nitrilases (NIT2),
bZIP transcription factor (HY5), GOLDEN2-LIKE tran-
scription factor (GLK2), and bHLH transcription factor
(bHLH118) (Fig. 11). In addition, the AcGATAs were
found to interact with each other to regulate onion physi-
ological processes probably.

Discussion

The GATA transcription factors are involved in crucial
physiological processes in plants. The GATA gene fam-
ily has been explored in several plant species, including
A. thaliana, wheat, maize, rice, rapeseed, poplar, and
buckwheat [4, 6, 10, 13, 28, 29]. However, the GATA fam-
ily has not been well-explored in onions. In this study, 24
AcGATAs were identified and characterized in the onion
genome. The exon—intron organization of the AcGATA
s (1-9 exons) was found to be similar to other plant
GATAs, including rapeseed (1-9) and rice (2-9) [4, 10].
The AcGATAs contained two types of GATA domains
with 18 (group I, II, III, IV) and 20 (group V) amino acid

residues. The difference in the protein structures can
contribute to the diverge functionality of the GATAs. For
instance, A. thaliana GATAs having different lengths of
the consensus sequence regulate various physiological
responses, such as hypocotyl growth, root development,
flowering, lateral root formation, branching of roots,
and cell differentiation, respectively [30, 31]. Thus, the
AcGATAs could be involved in different physiological
processes in onions.

A GO analysis of the AcGATAs was performed to pre-
dict the putative functions. The results suggested that the
AcGATAs are mostly involved in processes like response
to stimulus, response to phytohormones, hormonal sign-
aling, cell differentiation, and plant development. Earlier
reports have confirmed the role of GATAs in regulating
the aforementioned processes in plants. For example,
GATAs in A. thaliana get induced by light and regulate
the development of hypocotyls and stomata [32]. Simi-
larly, two GATAs, GNC and CGA1/GNL, are involved
in the cytokinin-induced expression of photosynthesis-
related genes [33]. GmGATASS in soybeans regulates
chlorophyll biosynthesis and chlorophyll and nitrogen
metabolism [34]. Recently, the role of AtGATA25 has
been established in regulating the circadian rhythm
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and hypocotyl elongation in A. thaliana [35]. In addi-
tion, analysis of the promoter sequences of the AcGATA
s revealed that several CREs associated with stress
response, phytohormone response, and growth-related
are present. These findings suggest the probable multi-
faceted roles of AcGATAs in regulating the onion physi-
ological processes.

In the present study, the expression analysis of the
AcGATAs provided meaningful insights into their
involvement in different tissues and under various
stresses. The tissue-specific expression analysis con-
firmed that more AcGATAs are expressive in the bulb
and leaf tissues compared to the roots. Under chro-
mium stress, multiple AcGATAs exhibited induced
expressions at different time points. Thirteen of the 24
AcGATAs (AcGATA2, AcGATA3, AcGATAS, AcGATAS,
AcGATAY9, AcGATAI1l, AcGATAI3, AcGATAI4,
AcGATAILS5, AcGATAI18, AcGATA19, AcGATA20, and
AcGATA22) showed an early response to chromium
stress by getting induced at 6 h post-treatment. On
the other hand, 5 AcGATAs (AcGATA4, AcGATA?7,

AcGATA17, AcGATA23, and AcGATA24) exhibited a
late induced response by getting induced either at 12-
or 24-h post-treatment. Early and late gene expressions
can be seen in several genes that respond to specific
stresses. For instance, several differential expressive
genes were reported in Olea europaea in response to
cold stress [36]. Similarly, the zinc-regulated trans-
porter and iron-regulated transporter genes exhibited
both early and late expressions under cadmium stress
[37]. Only a few reports are available on the expression
of GATAs in response to heavy metal stress [38, 39]. To
the best of our knowledge, this is the first report of the
involvement of GATAs in response to chromium stress.
The results of this study will help get newer insights
into the involvement of GATAs in heavy metal stress
in onion, particularly against chromium stress. In addi-
tion, several AcGATAs were found to be induced under
salinity stress. The participation of GATAs in regulat-
ing salt stress response in plants is a well-studied phe-
nomenon. Multiple GATAs have been reported to be
induced under salt stress in several plants, including
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Phoebe bournei, Vitis vinifera, and Triticum aestivum
[12, 15, 40]. Recently, a tomato GATA, SIGATA17, has
been reported to modulate tolerance against salt stress
in tomatoes by interacting with SIHY5 [24]. Moreover,
the induced expression of the AcGATAs under chro-
mium and salt stress suggests that multiple GATAs
might be involved in the stress response in onions.

Lastly, the PPI network prediction results suggested
the probable key interactions of GATAs and other pro-
teins in onion. The results revealed that the AcGATA
s could be interacting with nine different types of
proteins apart from interacting with each other. For
instance, one of such predicted interacting partners is
the membrane-associated kinase regulators (MAKR1
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Fig. 11 The protein—protein interaction network analysis of the AcGATAs. The thick lines indicate a stronger interaction between the proteins,
whereas the thin lines indicate a weaker interaction. The dark lines represent high-confidence interactions, while light lines indicate low-confidence

interactions

and MAKR4). The MAKRs are vital players in regu-
lating important plant functions, such as phytohor-
monal signaling and root development [41]. Similarly,
AcGATAs were predicted to interact with callose syn-
thases (CALS9 and CALS10), which play pivotal roles
in plant development and environment interactions,
including stress response [42]. Additionally, other pos-
sible interacting proteins to be predicted were cryp-
tochrome (CRY1 and CRY2) and de-etiolated (DET1),
which control the plant circadian rhythm and photo-
morphogenesis, respectively [43, 44]. Moreover, the
AcGATAs were predicted to interact with other tran-
scription factors, such as bZIP transcription factor
(HY5), GOLDEN2-LIKE transcription factor (GLK2),
and bHLH transcription factor ((HLH118), which have
instrumental roles in regulating various crucial pro-
cesses in plants, including growth, development, cell
differentiation, and stress responses. Overall, these
results suggested that the AcGATAs could modulate
multiple physiological processes in onion by interacting

with several upstream and downstream targets. How-
ever, functional validation and in-depth research are
required to corroborate the same.

Conclusion

The present study identified 24 GATA genes in the onion
genome. Their structural characterizations revealed that
all of them possessed the canonical conserved GATA
signature motif and exhibited similarity to other plant
GATAs. Functional predictions through GO analysis,
CRE analysis, and PPI network analysis suggested the
putative multifaceted roles of the AcGATAs in regulating
various physiological activities in onions. The RT-qPCR-
based expression analysis of AcGATAs revealed that mul-
tiple GATAs could be involved in abiotic stress response,
particularly against salt and chromium stress. Overall,
the findings of this study provide basic understating and
important insights into the onion GATAs and their pos-
sible roles in stress response.
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Materials and methods

Plant material and treatments

The onion variety “Arka Kalyan” (originally obtained from
the Indian Institute of Horticulture Research, Bangalore,
India) has been used as the plant material for this study.
Briefly, the onion seeds were initially sown in a nursery
bed in the shed-net at Centurion University, Bhubane-
swar, Odisha, India. Later, the onion plants with ~10 cm
shoot were transplanted into individual pots and trans-
ferred to the climate control greenhouse at 24+ 1 °C tem-
perature and 60 + 5% relative humidity. For salinity stress,
the onion plants were treated with 100 mM NaCl solu-
tion, whereas plants treated with normal water served as
the control for the experiment. Similarly, the onion plants
were treated with a 10 mM chromium (Cr"Y) solution to
induce chromium stress, while plants treated with nor-
mal water served as the control for this experiment. All
the experiments were performed in triplicates.

Total RNA isolation and cDNA synthesis

After the treatments, the leave samples were collected
from the plants (test and control) at 6, 12, and 24 h and
snap-frozen using liquid nitrogen. The total RNA was
extracted from the samples using the TRIzol" reagent
(Thermo Fisher, Waltham, Massachusetts, USA) follow-
ing the manufacturer’s instructions. Subsequently, the
first strand cDNA was synthesized from the isolated
RNA using the Verso cDNA synthesis kit following the
manufacturer’s protocol (Thermo Fisher, Waltham, Mas-
sachusetts, USA). The synthesized cDNA was diluted 10
times and stored at —80 °C until further use.

Identification of AcGATAs in onion

The onion genome files, including genome sequence,
coding DNA sequences, proteins, and annotation files,
were downloaded from the onion genome sequence pro-
ject website (https://www.oniongenome.wur.nl/). The
homologous onion GATA sequences were searched in
the downloaded file using the A. thaliana CRK sequences
as bait using the Blast tool in TBtools program [45]. The
retrieved sequences were further screened for the pres-
ence of signature GATA domain by using the Simple
Modular Architecture Research Tool and Conserved
Domain Database [46, 47]. Finally, the peptide properties
of the identified AcGATAs were predicted using the Prot-
Param tool [48].

Gene structure, motifs, multiple sequence alignment,

and phylogenetic analysis

The gene structure organization of the AcGATAs was
analyzed using the TBtools [45]. Different motifs in
AcGATAs were predicted using the Multiple Expectation
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Maximization for Motif Elicitation (MEME) tool [49].
Similarly, the AcGATA sequences were aligned using
Clustal Omega. The subsequent phylogenetic analy-
sis was estimated by constructing a neighbor-joining
tree with 1000 bootstraps using Molecular Evolutionary
Genetics Analysis (MEGA) version 11 [50].

Chromosomal mapping, gene duplication, and synteny
analysis

The identified AcGATAs were mapped onto respective
chromosomes using the MapGene2Chrom (MG2C) tool
[51]. Further, the gene duplication analysis among the
AcGATAs was calculated using the Ka/Ks Calculator in
TBtools [45]. Subsequently, the synteny and collinearity
analysis were performed on TBtools using the Circos and
one-step MCScanX programs, respectively, and visual-
ized using the dual synteny plot.

CREs, subcellular localization, GO, and protein interaction
network analysis

For the identification of the CREs, about 2 Kb upstream
sequences of the AcGATAs were taken and analyzed by
using the PlantCARE tool [52]. To predict the subcellular
localization of the AcGATAs, the mGOASVM plant dedi-
cated server was used [53]. Subsequently, the GO analysis
of the AcGATAs was done using the Blast2GO tool and
visualized on SRplot [54]. Lastly, the protein—protein
interaction network was predicted using the STRING
database and visualized using Cytoscape [55].

Expression analysis of AcGATAs

The expression profiles of the AcGATAs were evaluated
by performing RT-qPCR on a Roche Light Cycler (Basel,
Switzerland) by using gene-specific primers (Table S2),
as described in Nanda et al. [56]. AcActl was used as
the reference gene to deduce the differential expressions
in different stress conditions and tissues. The relative
expression was estimated using the 2785t method [57].
All experiments were conducted with three independent
biological replicates. Finally, the statistical significance of
the expression data was checked by forming a One-way
ANOVA at P<0.05 using the Data Processing System
package [58]. The expression analysis results were visual-
ized as bar diagrams under chromium and salinity stress,
whereas as a heatmap for the tissue-specific expressions.
For constructing the heatmap TBtool software has been
used.
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