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Abstract

GATA transcription factors play an important role in plant growth and devel- opment, nutrient
metabolism and environmental stress responses. Currently, there are few studies on the gene families
of mangrove plants. In this study, bioinformatics methods were used to identify GATA family genes
in Acanthus ilicifolius, and their subfamily classification, gene structure and phylogenetic
characteristics were analyzed. The structure showed that a total of 95 GATA family genes were
identified and divided into 4 subfamilies, and they had GATA conserved functional domains.
Analysis of physical and chemical properties showed that its ORF was 231-1653 bp, the number of
encoded amino acids was 77-551 aa, and the theoretical isoelectric point was 4.9-10.8. Gene structure
and motif analysis showed that GATA genes in the same subfamily maintained consistent gene
structure and conserved motifs, and amino acid homology alignment showed that there was a GATA
conserved zinc finger domain. Chromosomal localization GATA transcription factors are distributed
on 42 chromosomes of Acanthus ilicifolius, and a pair of biosynthetic cluster genes were found in the
chromosome 34. Transcript data and qRT-PCR results showed that GATA expression was tissue-
specific, GATA expression was strongly induced under high salinity stress, and there was expression
was significantly up-regulated in roots at 12 h and significantly expressed in stems at 48 h. These
results provide a theoretical and scientific basis for exploring the regulatory functions of GATA gene
in the growth and development of Acanthus ilicifolius.

Keywords: mangroves; Acanthus ilicifolius; GATA; transcription factors; expression pattern; salinity
stress

1. Introduction

Transcription factors (TFs) are a diverse class of protein that play crucial roles in regulating gene
expression by binding to cis-regulatory elements in promoter regions or forming transcriptional
complexes to modulate gene activation or repression [1,2]. In eukaryotic plants, transcriptional
regulation is tightly associated with cis-regulatory elements, including promoters, enhancers, and
silencers, which orchestrate the spatial and temporal expression of genes [3]. TFs are central to plant
growth and development, regulating plant cell differentiation, physiological metabolism, signal
transduction and other functions [4,5]. Based on their structural and functional characteristics, TFs
are classified into several families, including bHLH, AP2/ERF, SPL, Bzip,and others [6,7].

GATA TFs are widespread regulators in eukaryotes and are evolutionarily conserved in animals,
fungi and plants [8,9]. GATA transcription factor family is characterized by its highly conserved zinc
finger domains, which specifically binds to the consensus T/A-GATA-A/G sequence in the promoter
region [9,10]. This domain comprises one or two conserved CX2-CX17-20-C-X2 motifs and a DNA-
binding region [11].The conserved structure of GATA TFs varies across kingdoms—CX17 in fungi,
and CX18 or CX20 in plants [3,12]. In angiosperms, GATA TFs can be divided into four major classes
and seven structural subfamilies [8,13]. The first GATA TFs in plants, NTL1, was identified in tobacco
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in 1993. In recent years, multi-species GATA gene families have been systematically identified,
including model plant Arabidopsis thaliana (29 members) and rice (Oryza sativa, 28 members) [14].
Similarly, GATA TFs have been described in economically and ecologically significant crops such as
soybean (Glycine max) [15,16], sorghum (Sorghum bicolor) [16], pepper (Capsicum annuum) [17], and
peanut (Arachis hypogaea) [18]. More recently, genome-wide studies have further expanded the
catalog of GATA TFs in economic crops and woody plants, including Wolfberry (Lycium Barbarum
L.) [19], wheat (Triticum aestivum) [20], cucumber (Cucumis sativus) [21], cotton (Gossypium genus)
[22], and poplar (Populus) [23]. These studies demonstrated the existence of species specificity in the
GATA family and are important in revealing the contribution of gene duplication events and
subfunctionalization to family expansion [24,25].

In higher plants, GATA TFs have been implicated in diverse biological processes, including
growth and development, stress responses, hormone signaling and metabolic regulation. Among the
most extensively studied GATA TFs are GNC and GNL in A. thaliana, which modulate key hormonal
pathways involving auxin, cytokinin, brassinosteroids, and gibberellins [26,27]. These TFs regulate
processes such as chloroplast development, carbon-nitrogen metabolism, starch biosynthesis, light-
mediated morphogenesis, flowering, and senescence [28-30]. In rice, specific GATA family members,
such as SNFLI, influence leaf morphology [30], while CGA1 regulates chloroplast development
through hormone-responsive pathways and photomorphogenesis [31]. GATA TFs plays other key
roles in abiotic stresses such as salt, drought, and osmosis. Rice GATA TFs, such as OsGATA23a,
OsGATA16, and OsGATA12, have been shown to respond to salt stress, drought, and hormonal
stimuli such as abscisic acid (ABA) and jasmonic acid (JA) [31-33]. Potato GATA TFs respond to salt
stress [34,35], and wheat GATA TFs are involved in salt and drought tolerance regulation [21]. GATA
gene expression was also induced by hormones such as salicylic acid (SA), methyl jasmonate (MeJA)
and abscisic acid (ABA) [36]. In conclusion, these studies mentioned above have demonstrated the
critical roles of GATA TFs in plant development, nutrient metabolism, hormone crosstalk and stress
tolerance. Despite their significance, there is still much to uncover regarding the specific roles and
regulatory mechanisms of GATA TFs in different plant species. Mangroves, a unique group of plants
thriving in intertidal zones, are vital for coastal ecosystems, providing services such as climate
regulation, shoreline stabilization, and biodiversity conservation [37]. However, the degradation of
mangrove forests leads to reduced ecological benefits, including diminished resilience to natural
disasters such as tsunamis and tropical storms [38,39]. Acanthus ilicifolius L., a true mangrove species
belonging to the Acanthaceae family, represents a key component of mangrove ecosystems. This
upright shrub, typically found in high intertidal zones and areas influenced by tidal rivers, exhibits
remarkable physiological and structural adaptations to saline and inundated environments [40,41].
Despite its ecological importance, the molecular mechanisms underpinning its stress tolerance,
particularly the roles of TFs such as the GATA family, remain poorly understood.

To date, the GATA gene family has not been systematically characterized in A. ilicifolius or other
mangrove species. This study aims to address this gap by performing a comprehensive genome-wide
analysis of GATA TFs in A. ilicifolius. We identified and characterized GATA family members,
focusing on their physicochemical properties, chromosomal distribution, gene structure, conserved
motifs, promoter cis element analysis and phylogenetic relationships. Furthermore, we analyzed the
expression profiles of GATA genes under different salinity stress conditions across various tissues to
identify candidate TFs associated with salinity tolerance. This study provides valuable insights into
the molecular basis of stress adaptation in mangrove plants and identifies key regulatory genes that
may be harnessed to enhance stress resilience in other plant species.

2. Materials and Methods

2.1. Experimental Materials, Design, and Processing Methods

In the study, six-month-old A. ilicifolius seedlings were used as test materials, taken from the
Tong-ming river in Zhanjiang, Guangdong province (20°59'19” N, 110°09’33” E), with an average
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plant height of 8-9 cm. The seedlings were cleaned and placed in a hydroponic box for 15 days, and
were subjected to salt stress treatment with solutions with salinity of 4.5 %o and 13.5 %o, respectively.
Each treatment consisted of 5 replicates. Root, stem, and leaf tissues were collected respectively,
treated for 12 h and 48 h. Each combination treatment used for transcriptional expression analysis
was mixed into a pooled sample according to equal mass, with three or more replicates. And the
tissue samples were quickly put into liquid nitrogen and stored at -80°C.

2.2. Screening and Physicochemical Properties Analysis of the GATA Gene Family

Based on the transcriptome data obtained by the research team in the previous treatment of
different experimental groups of A. ilicifolius (Table S1), the physical and chemical property
parameters of A. ilicifolius GATA protein were mapped and predicted through the Exasy website
(https://web.expasy.org/protparam/, access on 7 January 2025) to predict its amino acid number,
molecular weight, theoretical isoelectric point, protein stability index and other information, and the
software Wolf PSORT (https://wolffpsort.hgc.jp/, access on 7 January 2025) was used to analyze and
predict the subcellular localization of GATA protein, and SOMPA predicted the secondary structure
(Table S2).

2.3. Analysis of GATA Gene Structure, Conserved Domain, and Motif

The GATA gene structure is predicted online through the GSDS (http://gsds.cbi.pku.edu.cn,
access on 9 January 2025). The conserved domains were predicted and analyzed using the online
software Pfam and NCBI's CDD-search (https://www.ncbi.nlm.nih.gov/cdd, access on 20 January
2025) to screen protein sequences containing the GATA protein domain. Conservative motifs use the
MEME suite (meme-suite.org/meme, access on 11 February 2025) online prediction Motif module, set
the number of motifs to 10, and other parameters are the default, detect the conserved domain units
of the GATA gene, and use TBtools software to visually analyze the above results.

2.4. GATA Phylogeny and Amino Acid Homology Alignment

Through the TAIR (http://www.arabidopsis.org/, access on 14 February 2025) and RAPDB
(https://rapdb.dna.affrc.go.jp/, access on 14 February 2025), the GATA TF gene sequence data of A.
thaliana and Oryza sativa were obtained, respectively. ClustalW in MEGA11 software was used for
multiple sequence alignment, the evolutionary tree was constructed by the N-J] method (bootstrap
method set to 1000, P-distance model), and then the evolutionary tree was modified and beautified
using the online tool iTOL (http://itol.emb.de/, access on 17 February 2025). The conserved structural
domains of GATA TFs of different subfamilies were visualized, the amino acid sequence of GATA
family proteins was compared through MGEA software, and the output files were imported into
DNA-man software to obtain visualization results.

2.5. Prediction and Analysis of Cis-Acting Elements in GATA Promoter

The 2 kb region upstream of the GATA transcription factor family gene was used as its promoter
region. The promoter sequence was extracted using TBtools software, and the extracted sequence file
was then uploaded to the PlantCARE website
(http://bioinformations.psb.ugent.be/webtools/plantcare/html/, access on 16 May 2025). Finally, the
prediction result file is visualized in TBtools software.

2.6. Heat Map Analysis of GATA Gene Expression

The roots, stems, and leaves of A. ilicifolius tissues with salinity of 4.5 %o and 13.5 %o were
collected respectively, total RNA was extracted for RNA-seq sequencing, and the transcriptome
library was sequenced using the Illumina Novaseq 6000 system to obtain high-quality raw data in
FASTQ format. The data were quality-controlled and evaluated. Using the DESeq2 tool to calculate
differentially expressed genes, using the FPKM value as a criterion for gene expression levels,
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screening differentially expressed genes DEGs with FDR <0.05, log2FC >1, and <1, and using TBtools
software to draw a gene expression heat map.

2.7. RNA Extraction and cDNA Synthesis

A 0.1 g tissue sample was placed in liquid nitrogen for quick freezing, quickly ground, and total
RNA was extracted using a one-step plant RNA extraction kit (Sangon, Shanghai, China). The
integrity of the total RNA was detected by 1% agarose gel electrophoresis. The OD value of the RNA
was detected by a spectrophotometer, and the reverse transcription kit (TOYOBO, Shanghai, China)
was used for reverse transcription to obtain cDNA. qPCR-specific primers (Table S3) were designed
using Primer 5 and synthesized by Shenzhen Hua da Biotechnology Co., Ltd. Subsequently, the
cDNA product was diluted proportionally and used as a template for qRT-PCR.

2.8. Real-Time Quantitative PCR (gqRT-PCR)

Using actin as the internal reference gene, fluorescent quantitative PCR analysis was carried out
using SYBR green qPCR SuperMix (TransGen, Beijing, China). The reaction system was 1.0 uL
template cDNA, 10 uL SYBR Master Mix premix, 0.5 pL upstream primers and downstream (10
pumol/L), 8 uL ddH:0, and the total system was 20 puL. gPCR was performed using CFX96 PCR (Bio-
Rad, Hercules, CA, USA), with 3 independent biological replicates set up in each group. The relative
expression of genes was calculated using the 2-24¢t method, 4.5 %o salt treatment was used as the
control group, and 13.5%o. salt treatment was used as the treatment groups.

2.9. Interaction Network of GATA Transcription Factors

The interaction network analysis of the GATA family of A. thaliana was carried out through the
STRING (https://cn.string-db.org/, access on 14 May 2025), and Al software was used for image
processing and beautification.

2.10. Data Statistics and Analysis

Microsoft Excel 2019 software is used for data entry and statistical analysis. Analysis of variance
(ANOVA) was performed using SPSS 26.0. A histogram was drawn using GraphPad Prism 7.0
software for qPCR, and the results were expressed as mean + standard deviation (SD).

3. Results

3.1. Physical and Chemical Properties Analysis of GATA Transcription Factors

Through BLAST analysis, 95 members of the GATA transcription factor family were identified
in the in the A. ilicifolius genome (Table S1). Analysis of the physical and chemical properties revealed
that the open reading frame (ORF) lengths of these transcription factors ranged from 231 to 1653 bp,
encoding proteins with lengths varying from 77 to 551 amino acids. Notably, the smallest protein,
encoded by Ail10G008670 (AilGATA23), consists of 77 amino acids, whereas four genes Ail11G014140
(AilGATA28), Ail23G014400 (AilGATA47), Ail35G012750 (AilGATA78), and Ail47G014800
(AilGATA94)—encode proteins exceeding 500 amino acids, with molecular weights reaching
approximately 61 kDa.

The theoretical isoelectric points of the GATA proteins spanned a wide range 4.9-10.8, reflecting
significant bipolar differences. In terms of stability, nine proteins were relatively conserved, while
the remaining proteins exhibited low stability. The least stable protein, encoded by Ail23G005320
(AilGATA43), demonstrated an instability index of 91.25, indicating conformational instability and
potential functional diversity. Regarding hydrophilicity, all proteins were classified as hydrophilic.
Secondary structure predictions (Table S2) reveal distinct physicochemical properties within the
GATA protein family, suggesting that these variations may result from evolutionary diversification
among GATA subfamilies or functional adaptations to distinct regulatory roles.
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3.2. Prediction and Analysis of GATA Gene Structure, Conserved Motifs, and Conserved Domains

The gene structures, conserved motifs, and functional domains of the GATA transcription factor
family in A.ilicifolius were analyzed using TBtools software (Figure 1). Phylogenetic analysis of all
GATA transcription factors revealed the presence of four distinct subfamilies. Subfamily I comprises
44 genes, each containing two or three exons, with the second exon near the 3’ end encoding a zinc
finger structure characterized by a CX;-CX;5-CX,-C motif with 18 residues. Subfamily II includes 46
genes with either two or three exons, also featuring a zinc finger loop containing 18 residues.
Subfamily III contains one genes with eight exons, and its amino acid terminus is associated with a
structural domain bearing the CX,-CX;s-CX,-C zinc finger superfamily motif. Subfamily IV consists
of four genes, each with seven exons, and exhibits a zinc finger structure with 20 residues (CXz-CXgo-
CXz-C) located in the fifth exon region. Additionally, this subfamily contains a conserved CCT and
titf structural domain, which, according to BLAST-based predictive analysis, may regulate flowering
cycles in plants. The results of the conserved motif analysis are presented in Figure S1.
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Figure 1. Evolutionary analysis of the GATA transcription factors family (a) conserved motifs (b) functional

domains (c), and schematic diagram of gene structure (d).

3.3. Phylogenetic Evolution and Conservative Structural Domain Analysis of GATA

Transcription factor (TF) families play crucial roles in gene regulation, with their functions
primarily mediated by conserved structural domains. These domains, preserved across species, are
essential for recognizing specific DNA sequences and ensuring precise transcriptional regulation
[42,43]. To classify and characterize TF families, amino acid homology analysis serves as a critical
tool. This method not only elucidates evolutionary relationships and conserved functional elements
but also aids in distinguishing TF subgroups, thereby providing valuable insights into the functional
diversification and evolutionary divergence of TFs across various species [13,44].
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In this study, sequences of the GATA transcription factor family in Oryza sativa and A. thaliana
were analyzed (Figure 2). Phylogenetic results revealed that GATA transcription factors in A.
ilicifolius are categorized into four subfamilies. Among these, the Class II subfamily exhibited the
highest number of members, comprising 46 GATA transcription factors, followed by Class I with 44,
Class IV with 4, and Class III with only 1 member. This phylogenetic distribution was consistent with
the classification observed in rice and Arabidopsis. Furthermore, amino acid homology analysis
confirmed the presence of the conserved GATA functional domain (CX2-CX1s-CXz), indicative of its
functional conservation in A. ilicifolius. This conserved domain underscores its role as a transcription
factor in this species. The results of the amino acid homology comparison are presented in Figure S2.

Species
® Oyrza sativa

B Arabidopsis
* A. ilicifolius

grOUQ\

Figure 2. Phylogenetic tree analysis of the GATA family. e Represents Oryza sativa M Represents Arabidopsis
thaliana % Represents A. ilicifolius.

3.4. GATA Chromosome Location Analysis

The positional distribution of these 95 GATA transcription factor genes on A. ilicifolius
chromosomes was analyzed (Figure. 3). The results showed that GATA transcription factors were
distributed on 42 chromosomes. Among them, one GATA transcription factor was distributed on
chromosome 21, two on chromosome 7, three on chromosome 6, four on chromosome 4, five or more
on chromosome 5, and the highest number of transcription factors was seven on chromosome 34.
Among these, Ail34G008300, Ail34G008310 and Ail34G008320 form biosynthetic clusters, indicating
that GATA transcription factors have undergone genome-wide replication and evolution in A.
ilicifolius. This evolutionary process indicates that GATA transcription factors play roles in stress
responses, ion transport, signal transduction, and energy metabolism pathways, with their functions
preserved through replication.
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Figure 3. Chromosomal distribution of GATA family.
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The 2 kb region upstream of GATA transcription factor was extracted for predictive analysis of

promoter cis-elements. As a result, in addition to core regulatory elements, a total of 10 representative

cis-acting elements were identified (Figure 4A). Among them, the number of light-responsive

elements was the largest, followed by anaerobic and meristematic expression elements. There are also

4 GATA genes with seed-specific expression elements. In addition, the GATA promoter has

regulatory elements that respond to multiple hormones, including 42 genes with ABA-response

elements, 16 genes with auxin response elements, 32 genes with gibberellin response elements, 25

genes with MeJA-response elements, and 22 genes with salicylic acid response elements. Venn

diagram results show that the GATA promoter region mainly contains growth and development,

hormone response elements and stress response elements, and the growth and development elements

mainly include light responsive elements, zein metabolism regulation, circadian control, endosperm

expression and meristem expression. Hormone responsive elements mainly include auxin,

gibberellin, MeJ A, salicylic acid and abscisic acid element etc. Stress response components are mainly

defense stress, anaerobic induction, low temperature and drought inducibility element (Figure 4B).

The above results comprehensively show that there are multiple regulatory response elements in the

GATA promoter regulating plant growth and development and responding to exogenous hormones,

providing important ideas and directions for in-depth research on the function of GATA

transcription factors.
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Figure 4. Prediction and analysis of cis-acting elements in GATA promoter (a) and Cis-acting original

classification Venn diagram (b).

3.6. GATA Expression Heatmap Analysis

A two-factor experimental design was implemented to study the effects of salt and flooding
stress on A. ilicifolius. The treatments included two types of waterlogging (whole-plant waterlogging
and root waterlogging) and two salinity concentrations (4.5 %o and 13.5 %o). The tissue samples were
collected from the roots, stems, and leaves samples after 12 and 48 h streess treatment for RNA-seq
sequencing analysis, respectively. The expression data of GATA gene family were further extracted,
and the FPKM values of different samples were log2(FPKM) normalized to generate a heatmap of
differentially expressed genes (DEGs) (Figure 5). The results showed that the differential gene
expression levels of GATA in various tissues were significantly up-regulated after 12 h high salinity
treatment. Specifically, 10 genes were significantly up-regulated in roots and stems, 17 genes in
leaves, while 15 genes were significantly down-regulated in roots and 2 genes in stems. After 48 h of
high salinity treatment, the expression levels of GATA genes in all tissues were either down-
regulated or suppressed under high salinity. This trend suggests that prolonged exposure to high
salinity induces salt ion toxicity, which negatively impacts plant growth and development.
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Figure 5. Expression heatmap of GATA transcription factor under different stress treatments. (a) Heat map of
GATA expression after 12 h salt treatment; (b) Heat map of GATA expression after 48 h salt treatment. H and L

represent high salinity and low salinity; L, S, and R represent the leaves, stems, and roots tissues of A. ilicifolius

respectively.

3.7. Venn Diagram of GATA Differentially Expressed Genes

Venn diagram analysis of GATA DEGs revealed distinct expression patterns under salt stress.
After 12 hours of treatment, 12 GATA DEGs were downregulated in roots, stems, and leaves, while
only 1 DEG was upregulated. In contrast, after 48 hours of treatment, 8 DEGs were upregulated, and
6 were downregulated. These results indicate that gene expression was initially suppressed within
the first 12 hours of salt stress, leading to an increase in downregulated DEGs. However, after 48
hours, the plant responded more actively to the high-salinity environment by mediating multiple

stress-response pathways (Figure 6).”

r(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Venn diagrams of GATA DEGs under different treatments: (a) the number of up regulated genes after
12 h treatment. (b) : the number of down regulated genes after 12 h treatment. (c) : the number of up regulated

genes after 48 h treatment. (d) : the number of down regulated genes after 48 h treatment.

3.8. qPCR Analysis of Differential Gene Expression in GATA Under Salt Stress

6-month-old A. ilicifolius seedlings (approximately 8-9 cm in height) were used as plant
materials. The roots of the seedlings were subjected to flooding treatments with 4.5 %o low salinity
and 13.5%o high salinity, and root, stem, and leaf tissues were collected for RT-qPCR analysis after 12
and 48 hours of salt treatment, respectively. Eight GATA family genes were selected for RT-qPCR
analysis (Figure 7).

The results showed that the expression levels of GATA genes increased in roots but decreased
in leaves and stems after 12 h salt treatment. This suggests that GATA gene expression in root tissues
is transiently induced under high salt stress, enabling the roots to absorb high concentrations of
exogenous salt ions. After 48 h salt treatment, only three genes remained upregulated in roots, among
which Ail42g007790 showed significant and sustained upregulation. This indicates that Ail42¢007790
may be a key transcription factor involved in salt tolerance regulation, warranting further functional
validation through in-depth experiments. In contrast, the expression levels of the other five genes
were suppressed.

In leaves, GATA gene expression was consistently downregulated, while in stems, it was
significantly upregulated. This suggests that high concentrations of salt ions absorbed by the root
tissues are transported upward through vascular tissues to the aerial parts of the plant. In summary,
these experimental results reveal a critical mechanism by which A. ilicifolius responds to salt stress,
highlighting the involvement of GATA transcription factors in salt tolerance regulation. This finding
has significant implications for understanding plant salt tolerance mechanisms.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.9. Interaction Network of GATA Transcription Factors in Arabidopsis

The analysis of the interaction network of the GATA transcription factor family in A. thaliana
revealed extensive interactions among multiple GATA family members. Notably, GATA24 exhibited
strong interactions with GATA28 and GATA26, while GATA26 also interacted with GATA27.
Additionally, GATA1 was predicted to interact with GATA15, GATA17, GATA13, GATA10, GATA14,
and GATA29. These findings suggest that GATA transcription factors function synergistically to
respond to abiotic stress (Figure 8). By interacting with one another and activating downstream
kinase pathways, GATA transcription factors play a critical role in mitigating the adverse effects of
abiotic stress.

or(s). Distributed under a Creative C s CC BY license.
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Figure 8. Interaction network of GATA transcription factors in Arabidopsis. The brackets represent the
corresponding GATA gene of A. ilicifolius.

4., Discussion

GATA transcription factors are a family of zinc finger proteins that play essential roles in
regulating gene expression during embryonic development, tissue differentiation, organogenesis and
responses to environmental signals [11,13,45]. Genome-wide analysis of the GATA gene family has
been completed for several plant species, and these genes play different functions in plant growth
and development and stress response. 40, 39, 23, 22, 18 and 25 members of the GATA transcription
factor family have been identified in Camellia Sinensis [46], Populus[25], Eucalyptus [47], Phoebe
bournei[48), Liriodendron [49], and Uncaria rhynchophylla [50], respectively. A. ilicifolius grow under
environmental conditions of highly salinized soil and long-term erosion by seawater, they have
formed a unique set of salt-tolerance characteristics that are different from terrestrial freshwater
plants. Therefore, the genome-wide identification and expression analysis of the GATA gene family
of A. ilicifolius will help further clarify the function of the GATA gene. In this study, 95 GATA genes
were identified from the A.ilicifolius, exceeding the GATA genes found in the above mentioned
species. Most of these genes are distributed on 41 chromosomes. Among them, biosynthetic clusters
exist on chromosomes 19 and 34, indicating that gene duplication events occurred during their
evolution. This clustering pattern is usually caused by either tandem duplication or segment
duplication and is an important mechanism for gene family expansion. Gene family expansion is a
key evolutionary force in plants, driving genetic diversity and enabling new functions [51-53].
Evolutionary phylogenetic analysis of the GATA gene family revealed the classification of the GATA
gene family into four subfamilies (Figure 2), which is consistent with the family classification of
species such as A. thaliana and Oryza sativa.

Gene structure and conserved motifs are key features that help reveal the function and
evolutionary history of gene families[54,55]. Exon-intron organization is often conserved within
subgroups of a gene family, reflecting shared ancestry and functional conservation[56]. Conserved
protein motifs, especially in functionally important domains, are critical for maintaining gene family
functions[56,57]. Genes with similar structures and conserved motifs are often grouped together, and
these groups tend to share similar functions[55,56,58]. In this study, a total of 10 conserved motifs,
ranging from 15 to 50 amino acid residues in length, all retained the CX2-CX18-CX2 zinc finger

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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domain and were relatively evolutionarily conservative. This is consistent with the distribution trend
of the GATA family in cucumbers [22] and tomatoes[59]. The A. ilicifolius GATA family is larger and
more diverse, probably expanded through gene duplication and exon shuffling[10,11,31,45].

GATA transcription factor genes not only control processes such as photomorpho- genesis,
chlorophyll biosynthesis, chloroplast development, photosynthesis, stomatal formation, and root,
leaf, and flower development [11,25,31,34,45] . Many GATA genes are induced or repressed by abiotic
stresses such as drought, salinity, and light quality, contributing to stress tolerance and adaptability
in crops [25,31,34,60].

Mangroves grow under environmental conditions of highly salinized soil and long-term erosion
by sea water, they have formed a unique set of salt-tolerance characteristics that are different from
terrestrial freshwater plants. In order to explore the expression response of GATA gene to salt stress,
through heatmap of DEGs and RT-qPCR analysis, 8 DEGs were screened for qPCR verification. It
was significantly expressed in roots after 12 h treatment and was up-regulated in stems after 48 h
treatment. With the extension of treatment time, the expression level of plant tissues under high salt
treatment varied, with the expression level in roots ranging from high to low and the expression level
in stem tissue ranging from low to high. In addition, it is speculated that Ail42g007790, as a key
transcription factor in the GATA family’s salt tolerance, regulates the salt secretion mechanism and
metabolic process of A. ilicifolius.

GATA transcription factors have been found to respond to salt stress in wheat [61] and legumes
[62]. GATA genes are also induced by abscisic acid (ABA) and jasmonic acid (JA), hormones central
to stress responses [31,35,59,61,63]. Overexpression of certain GATA genes upregulates ABA/JA
signaling pathway genes, which helps plants manage salt-induced stress [25,31,61,63-65]. GATA
transcription factors enhance the activity and expression of antioxidant enzymes such as superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT), reducing oxidative damage from salt stress
[35,63]

Some GATA factors interact with proteins like COP9-5a, which further modulate ABA signaling
and reactive oxygen species (ROS) accumulation, contributing to improved stress tolerance [63,65].
The GATAs family may play a synergistic role in participating in salt stress. Analysis of the predicted
GATA family interaction network in Arabidopsis shows that AtGATA24 interacts strongly with
AtGATA26 and AtGATA28, AtGATA26 and AtGATA27 also interact with each other, and other
GATAs also interact (Figure 9). The MBS elements of TaGATA62, TaGATA73 and TaGATA74 in wheat
play a synergistic role to regulate salt tolerance in wheat [61].

When the plants are subjected to high salt stress, ROS and ABA signals are tempo-rarily
activated. High-salt conditions induce ABA accumulation, helping to regulate stress-responsive
genes and physiological processes [66-72]. High-salt also stimulate the production of ROS, including
H>O,, which serve as secondary messengers in stress sig- naling [66-75]. ABA and ROS production
are tightly linked: ABA can promote ROS gen- eration by upregulating NADPH oxidases, while ROS
can further enhance ABA biosyn- thesis, creating a positive feedback loop that amplifies the stress
response [66-71,73,74]. While the generated superoxide anions further induce an increase in
cytoplasmic Ca2+ concentration [76-79]. The Ca2+/CaM (calmodulin proteins act) as a second
messenger can activate Ca2+/calmodulin-dependent protein kinases (CaMKs), which then stimulate
MAPK kinase kinases (MAPKKKSs), leading to the activation of the MAPK cascade [80,81].

It has been shown that the main role of the MAPK cascade is to phosphorylate and activate
specific transcription factors [82-86], which regulate the expression of stress-responsive genes by
binding to specific cis-regulatory elements [82]. MAPK cascades are essential for converting external
stress signals into appropriate gene expression changes by activating downstream transcription
factors. While GATA factors are not specifically detailed, the mechanism involves MAPK-mediated
phosphorylation of transcription factors, which is critical for plant stress adaptation. Our study on
the A. ilicifolius key transcription factors in response to high-salt stress such as GATA transcription
factors also contributes to improve the in-depth understanding of the mechanism of salt tolerance in
mangrove A. ilicifolius.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5. Conclusions

A. ilicifolius is a typical true mangroves species with important ecological and medicinal values.
In this study, 95 GATA family transcription factors were identified in the mangrove A. ilicifolius, and
bioinformatics analysis and expression pattern analysis of gene families were carried out.
Evolutionary analysis showed that they were divided into 4 subfamilies. Amino acid homology
analysis showed that they had a highly conserved zinc finger domain. Gene structure analysis
identified multiple conserved motifs, revealing the important biological functions of the GATA gene
family in plant growth and development and abiotic stress responses. Expression heatmaps and qRT-
PCR results showed that the GATA gene responded to salt stress. The expression of GATA
differential genes was significantly up-regulated in roots after 12 h salt treatment, and the GATA
genes was significantly up-regulated in stems after 48 h salt treatment. Notably, Ail42¢007790 may
be a key regulatory factor involved in salt tolerance, and its biochemical function and molecular
regulation mechanism will be further studied. These results provide a theoretical basis for further
exploring the function of the GATA gene family in the growth and development of A. ilicifolius and
environmental stress response.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: GATA TF protein conserved motif sequence. Figure S2: Amino acid
homology alignment of the GATA protein. Table S1: Analysis of secondary structure of GATA TFs; Table S2:
Physical and chemical properties analysis of GATA transcription factor. Table S3: List of qRT-PCR primer

sequences.
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