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Abstract

GATA is one of the prominent transcription factor families conserved among many

organisms in eukaryotes and has different biological roles in many pathways, particu-

larly in light regulation in plants. Although GATA transcription factors (TFs) have been

identified in different crop species, their roles in abiotic stress tolerance have not

been studied in potato. In this study, we identified 32 GATA TFs in potato (Solanum

tuberosum) by in silico analyses, and expression levels of selected six genes were

investigated in drought-tolerant (Sante) and sensitive (Agria) cultivars under light,

drought, and combined (light + drought) stress conditions. According to the phyloge-

netic results, StGATA TFs were divided into four main groups (I, II, III, and IV) and dif-

ferent sub-groups in I and II (eight and five, respectively). StGATA genes were

uniformly localized to each chromosome with a conserved exon/intron structure.

The presence of cis-elements within the StGATA family further supported the possi-

ble involvement in abiotic stress tolerance and light response, tissue-specific expres-

sion, and hormonal regulation. Additional PPI investigations showed that these

networks, especially for Groups I, II, and IV, play a significant role in response to light

and drought stress. Six StGATAs were chosen from these groups for expressional pro-

filing, and their expression in both Sante and Agria was mainly downregulated under

purple and red lights, drought, and combined stress (blue + drought and purple

+ drought). The interactomes of selected StGATAs, StGATA3, StGATA24, and

StGATA29 were analyzed, and the accessions with GATA motifs were checked for

expression. The results showed that the target proteins, cyclin-P3-1, SPX domain-

containing protein 1, mitochondrial calcium uniporter protein 2, mitogen-activated

protein kinase kinase kinase YODA, and splicing factor 3 B subunit 4-like, mainly play

a role in phytochrome-mediated stomatal patterning, development, and activity.

Understanding the interactions between drought stress and the light response mech-

anisms in potato plants is essential. It will eventually be possible to enhance potato

resilience to climate change by manipulating the TFs that play a role in these

pathways.
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1 | INTRODUCTION

Drought poses a significant challenge to the growth and productivity

of potatoes, which are naturally adapted to temperate climates

(Kikuchi et al., 2015). Insufficient water availability results in substan-

tial losses in potato production, particularly in regions characterized

by unpredictable rainfall patterns or inadequate irrigation systems

(Evers et al., 2010; Thiele et al., 2010). The adverse impact of water

scarcity on potato yields is projected to intensify in the coming

decades, with a potential reduction of up to 32% by 2050. This decline

is attributed to the progressive rise in global temperatures, escalating

water requirements for agricultural activities (Hijmans, 2003). Studies

focusing on improving drought tolerance in potatoes target genes with

crucial roles in processes such as photosynthesis and sugar metabo-

lism, aiming to mitigate its detrimental effects (Chen et al., 2019).

The drought response mechanism in potatoes involves both

ABA-dependent and ABA-independent pathways (Yang et al., 2019).

Additionally, several transcription factor (TF) families, including MYB

(Shin et al., 2011), NAC (Meng et al., 2023), DREB (Bouaziz

et al., 2013), and WRKY (Moon et al., 2014), function in either a

positive or negative manner within these pathways. They regulate the

expression of drought-responsive genes, further influencing the

potato plant’s ability to withstand drought stress. Light is critical in

plant growth as it actively participates in the photosynthetic process.

Plants can perceive light and utilize different groups of photoreceptors

to assimilate carbon efficiently carbon (Kami et al., 2010). The photo-

synthetic capacity of plants is closely linked to specific wavelengths,

with higher rates of photosynthesis observed in response to red light

(600–700 nm), while blue light (400–500 nm) and purple-violet light

(380 nm) result in lower photosynthetic rates (Liu & van Iersel, 2021).

bZIP (Filiz & Kurt, 2021), Dof (Shaw et al., 2009), MYB

(Shin et al., 2011), and bHLH (Filiz & Kurt, 2021) families play crucial

roles in the light response mechanism of plants. These transcription

factors regulate gene expression and contribute to the plant’s ability

to respond and adapt to varying light conditions, thereby influencing

their overall drought tolerance and growth potential.

To alleviate the detrimental effects of drought stress on plants,

scientists have explored the use of different light sources with varying

wavelengths and intensities to mitigate yield losses in drought-

sensitive plants. This approach aims to trigger the accumulation of

antioxidative compounds under drought conditions. For instance,

studies have shown that Melissa officinalis plants grown under red

+ blue and red light alone experience milder drought stress effects,

attributed to abundant antioxidants and lower malondialdehyde levels,

respectively (Ahmadi et al., 2020). Furthermore, exposing roquette

and lettuce seedlings to red and blue light temporarily before transfer-

ring them to complete white light sources promoted stomatal activity,

reducing drought’s negative impact on these plants (Ginzburg &

Klein, 2020). When exposed to light stress, plants exhibit similar

biochemical responses, such as the production of increased reactive

oxygen species (ROS), which are similar to the responses observed

under drought and heat stress conditions (Szymańska et al., 2017).

Moreover, these stress response mechanisms can be interconnected,

and specific proteins may also provide photoprotection in potato

plants under drought stress such as a recent report reviewed a likely

light and ABA crosstalk during drought response in Arabidopsis

(Mukherjee et al., 2023; Szalonek et al., 2015; Wang et al., 2023).

The GATA transcription factor family is actively involved in light

response and abiotic stress mechanisms, exhibiting high conservation

across eukaryotes. Identified by a characteristic type IV zinc finger

domain (CX2CX17-20CX2C, where C represents cysteine and X is any

amino acid) and a nearby basic region, GATA factors were first identi-

fied in tobacco (Daniel-Vedele & Caboche, 1993) and have been exten-

sively studied in various plant species, Arabidopsis thaliana (Kim, Xi, &

Park, 2021; Teakle & Gilmartin, 1998), rice (Reyes et al., 2004), poplar

(An et al., 2014), Noccaea caerulescens (Milner et al., 2014), soybean

(Zhang et al., 2015), apple (Chen et al., 2017), grape (Zhang et al., 2018),

Moso bamboo (Wang et al., 2019), Brachypodium distachyon

(Peng et al., 2021), poplar (Kim, Xi, Park, Yun, & Park, 2021), cucumber

(Zhang et al., 2021), potato (Yu, Chang, et al., 2021), wheat

(Du et al., 2022; Feng et al., 2022), and foxtail millet (Lai et al., 2022).

The GATA transcription factor-binding cis-elements are commonly

found in the promoters of genes associated with light and circadian

rhythms, which are crucial for plant growth and development

(Argüello-Astorga & Herrera-Estrella, 1998; Manfield et al., 2007).

Notably, GATA2 in Arabidopsis has been identified as a positive

regulator of photomorphogenesis, controlling the expression of light- or

brassinosteroid-responsive genes (Luo et al., 2010). The response to dif-

ferent light wavelengths (far-red, red, blue, and white) has been chiefly

associated with decreased expression of GATA genes in Arabidopsis

(Manfield et al., 2007). The GATA2 overexpressing Arabidopsis lines

were phenotyped for shorter hypocotyls in the dark, far-red, red, and

blue lights (Luo et al., 2010). A member of the B-GATA gene in

Arabidopsis, GNL, is highly upregulated during 1-h exposure to three

different light sources, far-red, red, and blue while GATA17 expression

is downregulated (Klermund et al., 2016). While our current under-

standing of GATA factors in abiotic stress is limited, some studies have

revealed their involvement in abiotic stress responses in various plant

species. For instance, subfamily I of SlGATA plays a role intomatoes’

cold, drought, and salinity tolerance, and GATA1 contributes to drought

tolerance in Solanum andigenum (Watkinson et al., 2006). A splice

variant of OsGATA23 in rice is associated with salinity and drought tol-

erance mechanisms (Gupta et al., 2017). In pepper, GATA genes display

varied expression patterns in response to different abiotic stress fac-

tors, with some showing upregulation during oxidative stress but lower

expression under continuous exposure to heat, drought, or salinity
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(Yu, Li, et al., 2021). Additionally, GATA subfamily clusters III and IV

exhibit differential responses to cold, salt, and dehydration stress in

Brassica napus (Zhu et al., 2020). In cucumber, GATA genes are involved

in the immediate/early response to heat stress (Zhang et al., 2021).

By harnessing the potential of light treatments, researchers aim

to minimize the detrimental effects of drought stress on plants. These

findings highlight the cross-regulation between drought and light

stress responses, indicating shared biochemical pathways and protein

functions. Although the specific roles of GATA transcription factors in

potato under drought stress and light conditions have not been

studied, it is known that GATA proteins play crucial functions in both

mechanisms. Therefore, the objective of this study was to character-

ize and annotate the GATA genes in potato plants and determine the

expression levels of six selected GATA genes under different light

sources (white light, blue light, red light, and purple light), drought

stress, and combined (light + drought) stress conditions in drought-

tolerant (Sante) and drought–sensitive (Agria) potato cultivars.

2 | MATERIALS AND METHODS

2.1 | Characterization of GATA proteins in potato

Putative GATA accessions in potatoes were identified using different

strategies. GATA TFs from 166 different plants, including A. thaliana,

Oryza sativa, Populus trihocarpa, Vitis vinifera, Zea mays, and Cucumis

sativus, were collected from the Plant Transcription Factor Database

(plntfdb.bio.uni-postdam.de). Their sequences were blasted in

PHYTOZOME v9.1 (www.phytozome.net) using BLASTP with default

settings (Goodstein et al., 2012) and in NCBI database using

TNBLASTN with default settings to find out homologous protein

sequences of potato to ensure the collection of all possible potato

GATA accessions from existing tools (Goodstein et al., 2012; Jin

et al., 2017). All proteins encoded from the potato genome were

compared with Hidden Markov Models (HMM) of conserved regions

associated with the GATA motif in the Pfam (https://pfam.xfam.org)

database (Finn et al., 2014). All potato GATA TFs were checked for

redundant sequences and were eliminated using a redundancy tool

(web.expasy.org/decrease_redundancy). Thus, the peptide sequences

obtained through these steps were accepted as StGATA proteins. The

conserved GATA domain (CX2CX17-20CX2C and other GATA motif

patterns) was screened in potato GATA accessions using SMART

(http://www.smart.emblheidelberg.de) (Schultz et al., 1998) and Pfam

(http://pfam.sanger.ac.uk) (Mistry et al., 2021). Subcellular localization

was predicted with Plant-mSubP selecting the PseAACNCCDipep

prediction module using the protein queries (Sahu et al., 2020).

2.2 | Identification of chromosomal position and
exon/intron structure of StGATA TFs

StGATA proteins were positioned along 12 potato chromosomes

using a BLASTP search in PHYTOZOME by executing default

parameters, and these proteins were named according to their

chromosomal locations. Chromosomal locations were visualized using

MapChart (Voorrips, 2002).

Gene Structure Display Server (gsds.cbi.pku.edu.cn) was per-

formed to identify exon-intron regions of each gene (Guo et al., 2007)

by matching the full-length cDNA or CDS with the genomic region.

2.3 | Phylogenetic tree construction and detection
GATA motifs within TFs

Multiple sequence alignments were conducted using Clustal Omega

with gap open (penalty: 10) and gap extensions (penalty: .1) for

StGATA proteins (Larkin et al., 2007). An unrooted phylogenetic tree

was created with 1,000 bootstrap replicates by the neighbor-joining

method using an alignment file (Saitou & Nei, 1987). The tree was

visualized on the Interactive Tree of Life (iTOL; http://itol.embl.de/

index.shtml) (Letunic & Bork, 2011). The motifs in the proteins were

screened using multiple EM for motif elicitation (MEME) (http://

meme.nbcr.net/meme3/meme.html) (Bailey & Elkan, 1994). Clustal

Omega data were used to color the conserved amino acid sequences

using Jalview 2.11.2.6 desktop version.

2.4 | The discovery of cis-regulatory elements in
the promoters of GATAs

A region approximately 1,000 bp upstream of the transcription

initiation site was selected from NCBI to discover the cis-elements

in the promoters of potato GATA genes. Cis-regulatory elements

(only with annotated function) were detected using PlantCARE

(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) with

default settings. The cis-regulatory elements were visualized using

TBtools (Chen et al., 2020) to cluster them by abiotic and biotic

stress, light response, hormonal regulation, and tissue-specific

expression.

2.5 | Syntheny analysis

The potato genome sequence was uploaded to the TBtool software.

Then, the chromosome and location information of 32 StGATA

genes were entered into the software. By one-step MCScanX

function of TBtool software interchromosmal relationships was

visualized by synteny plot by using previously calculated KA and Ks

values.

2.6 | Gene ontology analysis

The StGATA sequences were functionally annotated with GO

classifications: biological processes, cellular components, and molecu-

lar functions using Blast2GO (http://www.blast2go.com) (Conesa &
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Gotz, 2008). The annotation analysis was started by BLASTp query

of StGATA proteins against the non-redundant protein database

of NCBI; then, mapping and retrieval of GO terms associated with

the BLAST results; ultimately, the discovery of protein queries to a

previously characterized/annotated accessions. At the end of the

process, the program presented three GO classifications, as men-

tioned above.

2.7 | Detection of evolutionary divergence based
on synonymous and non-synonymous
substitution rates

The CLUSTAL Omega multiple sequence alignment tool was used

to align the GATA amino-acid sequences and orthologous gene

pairs in selected plants, such as A. thaliana, O. sativa, Populus

trichocarpa, V. vinifera, and Z. mays, with StGATA apart from

duplicate proteins encoding GATA genes. The synonymous (Ks) and

non-synonymous (Ka) substitution rates were calculated by aligning

the amino-acid sequences and their respective original cDNA

sequences of GATA genes using PAL2NAL (http://www.bork.embl.

de/pal2nal) (Suyama et al., 2006). T = Ks/2 λ (λ = 6.5 � 10 e-9)

formula was used to calculate the time (million years ago, MYA) to

estimate the duplication and divergence of each GATA gene

(Lynch & Conery, 2000).

2.8 | Protein modeling of StGATA members

The protein models of discovered GATA proteins in potato were

retrieved from the Protein Data Bank (https://www.rcsb.org) (Berman

et al., 2000) using default settings, and these data were used to infer

the 3D-model in Phyre2 (Kelley & Sternberg, 2009) (http://www.sbg.

bio.ic.ac.uk/�phyre2/html/page.cgi?id=index).

2.9 | Protein–protein interaction and co-
expression network analysis

Protein–protein interactomes (PPIs) of each sub-group in phylogenetic

tree (Groups I to IV) were annotated in STRING DB (https://string-db.

org) (Szklarczyk et al., 2015) using default settings.

The PPIs of individual StGATA3, StGATA15, StGATA24, StGATA25,

StGATA29, and StGATA32 were later identified using amino acid

queries of these accessions in the STRING DB. The interacting

protein partners of each selected StGATA protein were screened for

cis-elements approximately 1,000 bp upstream of the promoter region

using the PlantCARE tool.

Co-expression network analysis of GATA-interactome was

conducted using microarray data of AtGATAs from Genevestigator

(Hruz et al., 2008) to show the expression profiles under light,

drought, and combined stresses. The Genevestigator results were

provided as heat maps.

2.10 | In silico expression profiling of StGATAs
under abiotic stress

The expressional data for drought (cv. Alegria, Desiree, Milva, Saturna,

RNA Seq, Illumina HiSeq2000, GEO: GSM2060109), salinity (150 mM

NaCI for 24 h) (cv. DM 1–3 R44, RNA-Seq, Illumina Genome Analyzer

II), mannitol (260 μM for 24 h) (cv. DM 1–3 R44, RNA-Seq, Illumina

Genome Analyzer II), and heat (35�C for 24 h) (cv. DM 1–3 R44, RNA-

Seq, Illumina Genome Analyzer II) treatments were received from

Spud DB (http://spuddb.uga.edu/) by typing the keyword “GATA”
into “Functional Annotation Keyword Search” tool (annotation data-

set DM v6.1). The collected data were used to build a heat map using

Morpheus software (https://software.broadinstitute.org/morpheus/).

The rows were hierarchically clustered using default settings.

2.11 | Plant materials, growth conditions, and
treatments

Potato plantlets were obtained from the Potato Research Group at

Ni�gde Ömer Halisdemir University. Drought-sensitive Agria and

drought-tolerant Sante cultivars were used in the present study

(Alhoshan & Ramin, 2019; Demirel et al., 2020). The potato plantlets

were initially propagated with nodal culture in standard Murashige

and Skoog (MS) medium supplemented with 3% sucrose and 8% phy-

toagar (Yagiz et al., 2020). Plants were grown under white fluores-

cence light (16/8 h light/dark photoperiod) and 25/16�C day/night

temperatures in a growth room before stress treatment. The nodal

culture was performed every 4 weeks until the desired plantlet num-

ber was reached. Nodal explant cuts from the plants at the shoot

elongation stage with axillary buds were placed in MS media supplied

with 20% PEG-6000 under different light conditions, according to

Verslues et al. (2006). To determine the combined effect of light

wavelength and drought treatments on StGATA expression, four dif-

ferent light sources were applied to plants in transparent glass jars:

white light, blue light (465 nm), red light (660 nm), and purple light

(70% red and 30% blue light). The light sources were provided as LED

strips with monochromatic diodes. Plants grown under white light and

standard MS medium were used as the control group. Each jar

included 10 potato nodes, and the experiment was conducted twice

at different times with three replicates (jars) according to a random-

ized block design. The exposure of plants to different light sources in

standard MS medium for individual light stress and plants on MS

medium supplemented with 20% PEG-6000 for individual drought

stress made two other single stress groups. The stress application was

maintained for 4 weeks, and shoot and root lengths were measured

using calipers.

2.12 | RT-qPCR analysis

Total RNA was isolated from the full plants (shoot + leaves) grown

under control and different stress (light and drought) treatments
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using an RNeasy Plant Mini Kit (QIAGEN). After removing any

genomic DNA contamination by DNase I treatment (Thermo Fisher),

RNAs were transcribed into cDNA using random hexamers (Thermo

Fisher). The expression levels of StGATA3, StGATA15, StGATA24,

StGATA25, StGATA29, and StGATA32, and their interacting

accessions, M1AZB3 (NW_006239037.1) for StGATA3, M0ZT32

(NW_006238988.1), M0ZL05 (NW_006238985.1), and M1CSN7

(NW_006239054.1) for StGATA24, M1AHQ7 (NW_006238947.1)

for StGATA29 were determined using 200 ng of cDNA and

LightCycler 480 SYBR Green I Master Mix (Roche) in Rotor-Gene Q

(QIAGEN). RT-qPCR analyses were performed using three biological

replicates and Elongation Factor 1 alpha (StEF1α) as housekeeping

gene (Tang et al., 2017). The cycling conditions were set at 95�C

for 10 min and 45 cycles for 95�C for 10 s, 56�C for 15 s, and

72�C for 20 s. The relative expression level of each gene was quan-

tified using the 2�ΔΔCt formula. Primer sequences were provided in

Table S1.

2.13 | Statistical analysis

Physiological and RT-qPCR results were analyzed by Analysis of

Variance (ANOVA) in MiniTab 19 (Pennsylvania State University,

United States), followed by Tukey’s post hoc test (p < .05).

3 | RESULTS

3.1 | Annotation of potato GATA TFs

GATA proteins from six different plants, A. thaliana, O. sativa,

Populus trihocarpa, V. vinifera, Z. mays, and C. sativus, were compared

to reveal evolutionary divergence, and their queries were searched

against potato to identify and define GATA family members in

S. tuberosum. All retrieved hits were examined for the presence of

conserved GATA motifs. Potato has 32 GATA members with high

(90%) sequence similarity to tomato and moderate (60%) similarity

to Arabidopsis. The protein properties of each GATA TFs in potato

and its homologs in tomato and Arabidopsis are listed in Table 1.

The StGATA members exhibit different protein properties. Protein

lengths of StGATA members ranged between 106 and 543 aa, and

protein weights differ between 11.9–60.6 kDa. Instability index

analysis showed that only StGATA03 and StGATA23 were stable,

whereas others were considered unstable proteins. The

isoelectric points of the proteins varied between 4.7 and 10.13.

Phytozome identifiers of StGATA proteins are also provided in

Table 2. The subcellular localization of StGATA members was

predicted using Plant-mSubP, and it was found that StGATA17 func-

tions in Golgi, StGATA21, and StGATA24 (both from Group IV) in

the cyto-nucleus and StGATA32 in the plastid while the rest solely

functions in the nucleus (Table 2). The StGATA genes were distrib-

uted mainly on the first chromosome, while some were also found

on chromosomes 2–10.

3.2 | Gene structure prediction, phylogenetic
analysis/classification, and chromosomal location

The exon/intron orientation for 32 StGATA genes was predicted using

the Gene Structure Display Server. The number of exons and their

positions in putative models showed substantial differences in StGATA

genes from 1 to 10, with the maximum being 11 in StGATA08 and the

lowest 1 in StGATA18 (Figure 1). The intron number varied between

1 and 10, the maximum was in StGATA08, and approximately 42% of

StGATA genes had only one intron. StGATA18 lacks an intron in its

coding region. The categorization of TFs based on gene structure

(exon/intron) did not display any distinct patterns, unlike the IA and

IIC subgroups (Figure 1).

A phylogenetic tree was constructed by aligning protein queries

from S. tuberosum, Solanum lycopersicum, O. sativa, and A. thaliana to

characterize and classify the subfamilies (IA, IB, IC, ID, IE, IF, IG, IH,

IIA, IIB, IIC, IID, IIE, III, and IV-4 subgroups) among these plants

(Figure 2a). Members of GATA subfamilies IA, IB, ID, IIA, IIB, IIC, III,

and IV clustered in all four species; however, potato lacked GATA

proteins in IG and IIE subfamilies, in which only AtGATA03 and

AtGATA29 evolved in A. thaliana. Most potato GATAs were clus-

tered into four distinct groups: I, II, III, and IV, and subgroups, IA-IF

and IIA-IIC (Figure 2a). Subfamily I comprised the largest group, with

a total of 14 StGATA proteins, followed by nine proteins in subfamily

II, five in subfamily III, and four in subfamily IV. StGATA21,

StGATA26, and StGATA24 generated the outermost group in the

phylogenetic tree and clustered together with SlGATA18 and

SlGATA23 of tomatoes. MEME was used to annotate the conserved

motifs in these StGATA sequences, and all had a single GATA motif,

unlike StGATA21, which had no GATA motif. Interestingly, two

StGATA proteins, StGATA17 and StGATA28, have CCT motifs and

the GATA motif in their structure (Figure 2b). In addition to GATA

motifs, other motifs were at different positions in all StGATA

proteins (Figure 2b). In contrast to the MEME output, sequence

alignment in Figure 3 showed the presence of a highly conserved

GATA domain with different motif patterns among all GATA

proteins, including StGATA21. All the StGATA members in Group I

shared a highly conserved GATA motif, KTP(Q/L)WR-GP-G(P/E/A)

KTLCNACGVR(Y/F)(K/R)(S/K)GRL. The motif K(T/I)PLWR-GP-

GPKSLCNACGI(K/R)(Y/S/Q)(R/N)K(K/A)(K/R)(S/R) in Group II did

not show high similarity to the other two members of this group,

StGATA10 and StGATA12. Rather, these two StGATAs shared a

conserved motif structure, -TPLWR-GP-(G/A/E)(P/K)(K/P)(S/V/I)

LCNACG(I/L/S)(R/W)F(K/Q/R)(K/T)(E/R/K)(E/G)(R/T), with members

of Groups III and IV (Figure 3).

Each potato chromosome contained at least one GATA gene. The

highest number of genes (nine) was localized on chromosome 1,

whereas the lowest was on chromosomes 7, 10, and 11 (Figure 4a).

GATA genes were distributed to the outermost arms on chromosome

1, whereas others were uniformly condensed at the central part and

on one side of the chromosome arms (Figure 4b). In the colinear

segment synteny block analysis, six chromosomal pairs (chr1-chr10,

chr10-chr3, chr9-chr5, chr11-chr6, chr7-chr12, chr12-chr5, and
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chr3-chr10) were detected in potato (Figure 4c), representing poten-

tial genomic regions derived from a single ancestral genomic region.

3.3 | Duplication gene ontology annotation and
protein 3D structure analyses

Tandem (one pair) and segmental duplications (15 pairs) of GATA TFs

were discovered in the potato genome. Our results show that tandem

duplications diverged earlier (50–55 MYA) than segmental duplica-

tions (12–16 MYA). The evolutionary divergence of certain plants,

including maize, poplar, cucumber, rice, Arabidopsis, and grapes, was

also determined (Figure 5a). Accordingly, the earliest divergence was

approximately 170–173 MYA for maize (8 segmental pairs) and the

latest/recent was about 25–30 MYA for poplar (25 segmental pairs).

According to our gene ontology (GO) analysis, StGATA TFs have

active roles in various biological processes, cellular compartments, and

molecular functions (Figure 5b). They are represented the most in cellu-

lar and biological regulation and regulation of biological processes while

being localized the most in organelles and cell parts with a molecular

function in nucleic acid binding and transcription factor activity binding,

as expected. Because the potato GATA family is divided into four major

groups with slight differences in their gene structures and conserved

amino acid domains, we also investigated their GO enrichment in bio-

logical processes and molecular functions (Table 2). Each subgroup was

enriched in a different GO, indicating that GATA proteins were divided

into subgroups according to their biological functions. Group 1 GATAs

involve diverse biological processes, such as shade avoidance, root hair

initiation, pollen hydration, xyloglucan biosynthesis, and response to

anoxia. Group 2 GATAs are involved in ribosome assembly, chloroplast

elongation, root lateral patterning, and the regulation of lateral root

development. Interestingly, Group 3 GATAs are related to mRNA pro-

cessing, whereas Group 4 GATAs are involved in sterol metabolism and

seed morphogenesis.

The 3D protein structure was analyzed for each subgroup and

representative protein 3D models are provided in Figure S1. The pro-

teins in each subgroup showed distinct 3D structures. Groups I and II

proteins had the least alpha helix (2–3) and beta-sheet (0–3) motif

numbers in their structures, respectively, whereas Group IV members

had a higher number of these secondary structures, 2–7 for alpha

helices and 5–6 for beta strands.

3.4 | cis-regulatory elements in the promoters of
StGATA genes

The discovery of cis-regulatory elements in the 1,000-bp upstream

region of the promoter sequence of StGATA genes in PlantCARE sug-

gests the possible regulation of GATA TFs under different conditions.

Accordingly, these elements had diverse roles mostly indicating the

involvement in abiotic stress tolerance (4; ARE, LTR, TC-rich repeats,

MBS) and light regulation (18; AT-1 motif, Box 4, I-box, TCT, AE-box,

G-box, GT-1 motif, 3-AF1 binding site, Box II, GA motif, Box III, ATCTT
A
B
L
E

1
(C
o
nt
in
ue

d)

ID

A
ra
bi
do

ps
is
th
al
ia
na

ho
m
o
lo
gb

P
hy

lo
ge

ny
gr
o
up

P
hy

si
ca
lp

o
si
ti
o
n
o
n
po

ta
to

ge
no

m
e

P
ro
te
in

pr
o
pe

rt
ie
s

E
-v
al
ue

C
hr
o
m
o
so

m
e

St
ar
t
po

si
ti
o
n
(b
p)

E
nd

po
si
ti
o
n
(b
p)

Le
ng

th
(a
a)

pI
M
o
le
cu

la
r
w
ei
gh

t
(D

a)
In
st
ab

ili
ty

in
d
ex

Su
b
ce

llu
la
r
lo
ca
liz
at
io
n

St
G
A
T
A
2
3

4
.5
e-
3
3

IIB
7

3
2
,0
7
7
,2
3
0

3
2
,0
7
8
,7
6
0

2
8
6

9
.5
3

3
1
,9
9
2
.9

3
9
.7
0

N
u
cl
eu

s

St
G
A
T
A
2
4

7
.6
e-
1
2
5

IV
8

1
,0
2
5
,1
4
8

1
,0
3
2
,6
8
5

5
4
3

7
.8
3

6
0
,6
2
6
.9

5
8
.8
2

C
yt
o
-n
u
cl
eu

s

St
G
A
T
A
2
5

1
.5
e-
7
1

IB
8

2
7
,8
8
6
,7
5
4

2
7
,8
8
8
,3
8
7

3
6
2

5
.9
6

4
0
,5
7
5
.3

4
4
.3
7

N
u
cl
eu

s

St
G
A
T
A
2
6

1
.6
e-
1
2
2

IV
8

3
7
,9
5
6
,2
9
5

3
7
,9
6
3
,8
9
9

5
3
7

6
.7
1

6
0
,0
8
3
.2

5
9
.2
7

N
u
cl
eu

s

St
G
A
T
A
2
7

1
.8
e-
2
0

IIA
9

4
4
,9
6
9
,2
4
1

4
4
,9
6
9
,9
7
2

1
0
6

9
.5
3

1
1
,9
3
8
.1

8
0
.3
3

N
u
cl
eu

s

St
G
A
T
A
2
8

4
.7
e-
4
5

IC
9

4
9
,4
8
8
,9
4
5

4
9
,4
9
1
,6
9
9

2
7
8

7
.6
0

3
0
,6
5
4
.5

6
3
.2
0

N
u
cl
eu

s

St
G
A
T
A
2
9

5
.9
e-
6
3

IA
1
0

1
6
,1
1
7
,8
2
0

1
6
,1
1
9
,2
9
2

2
5
8

7
.1
8

2
9
,4
5
5
.5

4
9
.0
7

N
u
cl
eu

s

St
G
A
T
A
3
0

3
.2
e-
4
3

IE
1
1

3
8
,7
5
2
,6
6
9

3
8
,7
5
7
,8
5
6

3
3
7

9
.0
5

3
7
,0
6
9
.5

5
2
.8
3

N
u
cl
eu

s

St
G
A
T
A
3
1

2
.1
e-
3
0

IIA
1
2

6
6
,7
1
8
,4
6
0

6
6
,7
2
0
,8
3
7

1
6
8

9
.6
9

1
8
,4
6
4
.8

5
1
.0
0

N
u
cl
eu

s

St
G
A
T
A
3
2

1
e-
4
3

IIB
1
2

4
,3
9
3
,6
5
2

4
,3
9
6
,1
3
4

2
8
7

9
.5
9

3
1
,8
4
4
.6

5
1
.8
1

P
la
st
id

a S
ol
an

um
ly
co
pe
rs
ic
um

id
en

ti
fi
er

nu
m
be

r
o
f
th
e
hi
gh

es
t
hi
t
in

B
LA

ST
p
se
ar
ch

in
SP

U
D

da
ta
ba

se
(h
tt
p:
//
so
la
na

ce
ae

.p
la
nt
bi
o
lo
gy

.m
su
.e
du

)(
H
ir
sc
h
et

al
.,
2
0
1
4
).

b
A
G
In

um
be

r
o
f
th
e
hi
gh

es
t
hi
t
in

B
LA

ST
p
se
ar
ch

in
T
A
IR

da
ta
ba

se
(h
tt
p:
//
ar
ab

id
o
ps
is
.o
rg
)(
B
er
ar
di
ni

et
al
.,
2
0
1
5
).

8 of 24 AKSOY ET AL.

 24754455, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pld3.569 by O

rta D
ogu T

eknik U
niversitesi, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://solanaceae.plantbiology.msu.edu
http://arabidopsis.org


T
A
B
L
E

2
T
o
p
3
o
nt
o
lo
gi
es

in
ge

ne
o
nt
o
lo
gy

(G
O
)e

nr
ic
hm

en
t
o
f
St
G
A
T
A
s.

G
en

e
gr
o
up

s
G
O

nu
m
be

r
G
O

te
rm

Fo
ld

en
ri
ch

m
en

t
P
va

lu
e

G
O

nu
m
be

r
G
O

te
rm

F
o
ld

en
ri
ch

m
en

t
P
va

lu
e

1
A

B
io
lo
gi
ca
lp

ro
ce

ss
M
o
le
cu

la
r
fu
nc

ti
o
n

G
O
:0
0
3
3
4
6
8

C
M
P
-k
et
o
-3
-d
eo

xy
-D

-m
an

no
-o
ct
u
lo
so
ni
c
ac
id

bi
o
sy
nt
he

ti
c
pr
o
ce
ss

>
1
0
0

6
.5
6
E
-0
4

G
O
:0
0
0
8
6
9
0

3
-d
eo

xy
-m

an
no

-o
ct
u
lo
so
n
at
e

cy
ti
dy

ly
lt
ra
n
sf
er
as
e
ac
ti
vi
ty

>
1
0
0

6
.5
6
E
-0
4

G
O
:0
0
1
9
4
0
1

A
ld
it
o
lb

io
sy
nt
he

ti
c
pr
o
ce
ss

>
1
0
0

1
.3
1
E
-0
3

G
O
:0
0
0
0
1
2
1

G
ly
ce
ro
l-
1
-p
ho

sp
h
at
as
e
ac
ti
vi
ty

>
1
0
0

6
.5
6
E
-0
4

G
O
:0
0
0
9
6
4
1

Sh
ad

e
av
o
id
an

ce
>
1
0
0

5
.5
7
E
-0
3

G
O
:0
0
4
3
1
3
6

G
ly
ce
ro
l-
3
-p
ho

sp
h
at
as
e
ac
ti
vi
ty

>
1
0
0

9
.8
4
E
-0
4

1
B

G
O
:0
0
1
0
0
8
2

R
eg

ul
at
io
n
o
f
ro
o
t
m
er
is
te
m

gr
o
w
th

>
1
0
0

2
.7
4
E
-0
3

G
O
:0
0
0
1
4
0
9

G
ua

ni
ne

nu
cl
eo

ti
d
e
tr
an

sm
em

b
ra
n
e
tr
an

sp
o
rt
er

ac
ti
vi
ty

>
1
0
0

1
.8
6
E
-0
3

G
O
:0
0
1
0
0
7
5

R
eg

ul
at
io
n
o
f
m
er
is
te
m

gr
o
w
th

8
7
.9
7

1
.6
9
E
-0
2

G
O
:0
0
0
8
4
4
6

G
D
P
-m

an
no

se
4
,6
-d
eh

yd
ra
ta
se

ac
ti
vi
ty

>
1
0
0

1
.8
6
E
-0
3

G
O
:0
0
4
8
5
0
7

M
er
is
te
m

de
ve

lo
pm

en
t

3
1
.3
1

2
.0
7
E
-0
2

G
O
:0
0
3
5
1
9
8

m
iR
N
A
bi
nd

in
g

>
1
0
0

4
.3
3
E
-0
3

1
C

G
O
:0
0
0
9
8
5
9

P
o
lle
n
hy

dr
at
io
n

>
1
0
0

1
.8
9
E
-0
3

G
O
:0
0
7
0
4
9
2

O
lig
o
sa
cc
ha

ri
de

b
in
d
in
g

>
1
0
0

2
.3
7
E
-0
3

G
O
:0
0
9
0
5
4
9

R
es
po

ns
e
to

ca
rb
o
n
st
ar
va
ti
o
n

>
1
0
0

2
.8
4
E
-0
3

G
O
:0
0
1
5
0
9
8

M
o
ly
bd

at
e
io
n
tr
an

sm
em

b
ra
n
e
tr
an

sp
o
rt
er

ac
ti
vi
ty

>
1
0
0

3
.3
1
E
-0
3

G
O
:0
0
4
8
5
7
7

N
eg

at
iv
e
re
gu

la
ti
o
n
o
f
sh
o
rt
-d
ay

ph
o
to
pe

ri
o
di
sm

,f
lo
w
er
in
g

>
1
0
0

3
.3
1
E
-0
3

G
O
:0
0
3
0
2
9
5

P
ro
te
in

ki
na

se
ac
ti
va
to
r
ac
ti
vi
ty

>
1
0
0

8
.0
3
E
-0
3

1
D

G
O
:0
0
4
8
7
6
6

R
o
o
t
ha

ir
in
it
ia
ti
o
n

>
1
0
0

3
.0
6
E
-0
3

G
O
:0
0
4
2
8
0
3

P
ro
te
in

ho
m
o
di
m
er
iz
at
io
n
ac
ti
vi
ty

2
8
.9
2

3
.4
3
E
-0
2

G
O
:0
0
0
9
9
2
6

A
ux

in
po

la
r
tr
an

sp
o
rt

>
1
0
0

7
.7
5
E
-0
5

G
O
:0
0
4
3
5
6
5

Se
qu

en
ce
-s
pe

ci
fi
c
D
N
A
b
in
d
in
g

1
1
.0
0

1
.2
7
E
-0
2

G
O
:0
0
0
9
9
5
8

P
o
si
ti
ve

gr
av
it
ro
pi
sm

>
1
0
0

7
.4
2
E
-0
3

G
O
:0
0
0
1
0
6
7

R
eg

ul
at
o
ry

re
gi
o
n
n
u
cl
ei
c
ac
id

b
in
d
in
g

1
0
.0
5

1
.5
1
E
-0
2

1
E

G
O
:0
0
0
9
9
6
9

X
yl
o
gl
uc

an
bi
o
sy
nt
he

ti
c
pr
o
ce
ss

>
1
0
0

8
.2
8
E
-0
3

G
O
:0
0
3
3
8
4
3

X
yl
o
gl
uc

an
6
-x
yl
o
sy
lt
ra
n
sf
er
as
e
ac
ti
vi
ty

>
1
0
0

2
.6
2
E
-0
3

G
O
:0
0
0
9
6
1
2

R
es
po

ns
e
to

m
ec
ha

ni
ca
ls
ti
m
ul
us

>
1
0
0

9
.1
5
E
-0
3

G
O
:0
0
3
5
2
5
2

U
D
P
-x
yl
o
sy
lt
ra
n
sf
er
as
e
ac
ti
vi
ty

>
1
0
0

4
.8
0
E
-0
3

G
O
:0
0
5
0
8
2
6

R
es
po

ns
e
to

fr
ee

zi
ng

8
7
.8
7

1
.1
8
E
-0
2

G
O
:0
0
4
2
2
8
5

X
yl
o
sy
lt
ra
ns
fe
ra
se

ac
ti
vi
ty

>
1
0
0

7
.4
1
E
-0
3

1
F

G
O
:0
0
8
0
1
5
2

R
eg

ul
at
io
n
o
f
re
du

ct
iv
e
pe

nt
o
se
-p
ho

sp
ha

te

cy
cl
e

>
1
0
0

7
.2
9
E
-0
4

-
-

-
-

G
O
:0
0
3
4
0
5
9

R
es
po

ns
e
to

an
o
xi
a

>
1
0
0

1
.4
6
E
-0
3

-
-

-
-

G
O
:0
0
1
0
3
7
5

St
o
m
at
al
co

m
pl
ex

pa
tt
er
ni
ng

>
1
0
0

2
.0
0
E
-0
3

-
-

-
-

2
A

G
O
:0
0
0
0
0
2
8

R
ib
o
so
m
al
sm

al
ls
ub

un
it
as
se
m
bl
y

9
5
.1
9

1
.0
7
E
-0
2

G
O
:0
0
1
6
2
7
3

A
rg
in
in
e
N
-m

et
h
yl
tr
an

sf
er
as
e
ac
ti
vi
ty

>
1
0
0

2
.9
1
E
-0
3

G
O
:0
0
0
2
1
8
1

C
yt
o
pl
as
m
ic
tr
an

sl
at
io
n

4
8
.2
7

2
.0
8
E
-0
2

G
O
:0
0
0
8
2
7
6

P
ro
te
in

m
et
hy

lt
ra
n
sf
er
as
e
ac
ti
vi
ty

4
8
.9
6

2
.0
5
E
-0
2

G
O
:0
0
4
2
2
5
5

R
ib
o
so
m
e
as
se
m
bl
y

3
9
.8
5

2
.5
1
E
-0
2

G
O
:0
0
0
8
1
7
0

N
-m

et
hy

lt
ra
ns
fe
ra
se

ac
ti
vi
ty

4
1
.2
9

2
.4
2
E
-0
2

2
B

G
O
:0
0
1
0
1
5
1

C
hl
o
ro
pl
as
t
el
o
ng

at
io
n

>
1
0
0

9
.4
4
E
-0
3

G
O
:0
0
5
2
9
2
4

A
ll-
tr
an

s-
no

na
p
re
n
yl
-d
ip
h
o
sp
h
at
e
sy
n
th
as
e

(g
er
an

yl
ge

ra
n
yl
-d
ip
h
o
sp
h
at
e
sp
ec
if
ic
)

ac
ti
vi
ty

>
1
0
0

5
.5
7
E
-0
6

G
O
:1
9
0
2
3
2
6

P
o
si
ti
ve

re
gu

la
ti
o
n
o
f
ch

lo
ro
ph

yl
lb

io
sy
nt
he

ti
c

pr
o
ce
ss

>
1
0
0

4
.4
0
E
-0
2

G
O
:0
0
5
0
3
4
7

T
ra
ns
-o
ct
ap

re
n
yl
tr
an

st
ra
n
sf
er
as
e
ac
ti
vi
ty

>
1
0
0

5
.5
7
E
-0
6

G
O
:0
0
0
9
4
1
6

R
es
po

ns
e
to

lig
ht

st
im

ul
us

1
1
.1
6

3
.1
8
E
-0
2

G
O
:0
0
1
6
9
8
7

Si
gm

a
fa
ct
o
r
ac
ti
vi
ty

>
1
0
0

5
.3
5
E
-0
3

(C
o
n
ti
n
u
es
)

AKSOY ET AL. 9 of 24

 24754455, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pld3.569 by O

rta D
ogu T

eknik U
niversitesi, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



motif, Sp1, ACE motif, AAAC motif, HD-Zip 1, L box, O2 site)

(Figure 6). In addition, other cis-elements functioned in tissue-specific

expression (2: CAT box, GCN4 motif) and hormonal regulation (6:

TCA element, ABRE, CGTCA, AuxRR core, P-box, GARE motif). These

results suggest that StGATAs are regulated by many different stress-

signaling pathways.

3.5 | Protein interaction and co-expression
network analyses of GATA-interactome

To understand the protein interactions and co-expression networks of

StGATAs, Arabidopsis orthologs were first determined, and the pro-

tein interaction networks of each subgroup were identified individu-

ally (Figure S2). Protein–protein interaction (PPI) analysis showed that

Group I had 54 interacting proteins and followed by 72, 16, and

10 interacting proteins for Groups II–IV, respectively. The PPI

networks did not share any common accession numbers among the

groups and subgroups. Group I PPI are functional in developmental

regulation and D6PKL3 (AT3G27580) in IB and DREB26

(AT1G21910) in IE are involved in phototropism and abiotic stress tol-

erance (salt and drought), respectively. The GNL and GNC protein

interactions of Arabidopsis with SPA4 (AT1G53090) and PIF8

(AT4G00050) in subgroup IIB play a role in photomorphogenesis,

particularly in far-red light response of the second protein.

Second, we identified the co-expression network of Arabidopsis

orthologs using the Atted II. The co-expression network under

red/blue light indicates the abundance of genes downregulated in

Group II and upregulated in Group III (Figure S3). The expression of

11 GATA members was decreased, while the expression of three

GATA genes was highly upregulated under drought and blue/red

lights (Figure S4). AtGATA2, AtGATA8, AtGATA11, and AtGATA12

were upregulated, and AtGATA22 was drastically downregulated in

light-receptor mutants under the same conditions (Figure S5). Further-

more, the co-expression network data revealed that Arabidopsis GATA

expression was mainly decreased under drought conditions, although

several GATAs, AtGATA3, AtGATA15, and AtGATA17 showed a posi-

tive change in expression (Figure S6).

Finally, GO enrichment of these identified GATA-interacting

and/or co-expressing genes and proteins indicated that subgroups IC

and IIB might have functional roles in light response and subgroup IE

might have functional roles in freezing stress (Table 2). These findings

correlate well with the presence of the cis-elements in StGATA28 and

StGATA32.

3.6 | In silico expression profiling of StGATAs
under abiotic stress

The in silico heat map results showed that many Group II GATA genes,

unlike StGATA10, StGATA12, and StGATA32, were highly expressed in

response to salt and mannitol, whereas subgroup IB members,

StGATA14 and StGATA25 had lower expression under the sameT
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conditions (Figure 7). Several Groups I and II members and StGATA21

showed consistent positive expression in response to heat. Interest-

ingly, members of the same latter groups were also responsible for

lower expression under heat stress (Figure 7). Potato genes under

drought stress did not display a very concrete response according to

the in silico heat map results, except for the higher expression of

StGATA24, StGATA26, and StGATA30 and the lower expression of

StGATA19 (Figure 7).

3.7 | Gene expression profiling under light,
drought, and combined stress of selected StGATAs and
their interacting sequences

Two different potato cultivars, one tolerant (cv. Sante) and one

susceptible (cv. Agria), was selected for the expression profiling of

several selected GATA TFs according to in silico expression and the

cis-element analyses in response to different light regimes (L) (white,

F I GU R E 1 Representation of exon/intron structure for StGATA.

F I GU R E 2 (a) Demonstration of sub-groups among Solanum tuberosum, Solanum lycopersicum, Oryza sativa, and Arabidopsis thaliana and
(b) distribution of motifs (GATA-red, CCT motif-yellow and others-gray) in S. tuberosum.
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red, blue, and purple), drought (D), and the combined effect of these

two treatments (L + D). Control and stressed plants were measured

for several phenotypic traits, including shoot and root length to under-

stand the effect of light wavelengths on drought stress responses

(Figure S7). The collected data showed that Agria plants had the

shortest shoot (SL) and root lengths when exposed to the combined

stress, red + drought (SL: 4.7 mm), and blue + drought (SL: 6.8 mm),

and no root elongation was observed for the latter treatments in

Agria. Sante was relatively tolerant to light (red and purple) and

particularly to drought stress respective to Agria; however, a similar

response was again observed for the plants under the same combined

stress as in Agria for shoot length. For root length, in vitro plantlets

did not grow or develop any roots under blue + drought and purple

+ drought conditions. The plantlets for both cultivars were taller,

especially when the light was replaced with red and purple (SL in red

and purple for Agria: 53.8 and 37.8 mm, SL in red and purple for

Sante: 74.2 and 77.6 mm) (Figure S7).

The expression of the TFs StGATA3, StGATA15, StGATA24,

StGATA25, StGATA29, and StGATA32 were analyzed in potato culti-

vars under single and combined stresses. These candidate genes were

selected regarding their (sub)-groups (IA, IB, IE, IIA, IIB, and IV), subcel-

lular localization (nucleus, cyto-nucleus, and plastid), and in silico

expression data. StGATA32 was downregulated fourfold under blue

+ drought conditions in Agria, and a similar trend was observed in

other TFs, reaching an almost 25-fold decrease in gene expression for

the same cultivar (Figure 8). In the tolerant cultivar Sante, the change

towards decline for StGATA32 was, unlikely, only significant for purple

light and purple + drought. The expression considerably decreased by

sixfold in red light alone for StGATA15 in Agria; however, no signifi-

cant change was observed in Sante. StGATA24 expression slightly

decreased under combined stress (red and drought stress). There was

an increase in expression by almost 20-folds in Agria, and a similar

response was measured in Sante, but it was not statistically significant

for the latter combined stress. In Sante, there was a dramatic change

in the negative direction for the expression compared to the control

in purple light alone compared to the expression value under white

and without drought treatment (Figure 8). The expression of

StGATA29 in Sante significantly decreased by almost sixfold under

drought conditions; however, this was not observed in Agria.

StGATA29 expression in Agria was downregulated (25-fold) under

combined blue + drought stress. On the other hand, StGATA29

expression did not show any statistical significance under different

treatments in Sante, most likely because of its tolerance. StGATA25

expression was suppressed under all single and combined stresses in

F I GU R E 3 Conserved GATA domains in Solanum tuberosum (colored with Jalview 2.11.2.6 version).
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both cultivars. The mean expression difference of StGATA25 did not

reach statistical significance in cv. Sante. StGATA3 had a very slight

decrease in its expression in response to drought, and an almost

25-fold decrease in the combined blue + drought conditions in Agria,

while the opposite pattern was observed in Sante.

Sequences interacting with the selected StGATAs, StGATA3,

StGATA15, StGATA24, StGATA25, StGATA29, and StGATA32 were

identified using the STRING DB (Figure S3). No results were obtained

for StGATA32. A total of 10 interacting proteins were found for all

GATAs, except for StGATA24, for which only six were determined. We

analyzed the annotations for each protein in both the STRING and

NCBI databases, and their annotations are provided in Table S2. cis-

regulatory elements have been found in these interacting proteins,

and it has been determined that these elements play a role in light and

F I GU R E 4 (a) Chromosomal distribution of StGATAs and (b) position of StGATAs on potato chromosomes, and (c) schematic representations
of interchromosomal relationships of StGATAs. The chromosome number is indicated at the top of each chromosome.

F I GU R E 5 (a) Estimation of duplications and divergence of StGATAs with maize, populus, cucumber, rice, Arabidopsis, and grape; (b) gene
ontology for StGATAs based on their biological function, cellular component, and molecular function.
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light + drought but not in drought alone. In addition, GATA motifs

have been found in several accessions: StGATA3 interacts with

M1AZB3 (cyclin-P3-1), StGATA24 interacts with M0ZT32 (SPX

domain-containing protein 1), M0ZL05 (calcium uniporter protein

2, mitochondrial), M1CSN7 (mitogen-activated protein kinase kinase

kinase YODA), and StGATA29 interacts with M1AHQ7 (splicing factor

3 B subunit 4-like) (Table S2). No GATA motif was found in any of the

accessions interacting with StGATA15 and StGATA25. The expression

levels of genes bearing the GATA motif were checked under light,

drought, and light + drought conditions in both Agria and Sante

(Figure 9). While the highest expression level of M1AZB3, which inter-

acts with StGATA3, was achieved under red + drought conditions in

Agria, the expression level in control conditions under white and blue

light was found to be higher than that under drought conditions. No

statistical difference was observed in red + drought for Sante. The

expression value in control was higher for white and blue light, but no

difference was observed for purple, purple + drought conditions. The

expression level of M0ZT32, which interacts with StGATA24,

increased under all light + drought combinations in Agria. The highest

increase (20-fold) was observed for red + drought, followed by

15-fold induction for purple + drought and 13-fold induction for blue

+ drought, and the lowest expression (threefold) was obtained for

white + drought conditions in Agria (Figure 9). The highest M0ZT32

expression was in red + drought conditions for Sante. Expression

levels were higher in both red + drought and purple + drought condi-

tions compared to the control. Control expression levels were higher

under white and blue light than under drought conditions (Figure 9).

The expression patterns for M0ZL05 in Agria, one of the other two

accessions interacting with StGATA24, were very similar to that of

M0ZT32. There was a 33-fold increase in expression level in red

+ drought conditions. In Sante, there was an increase in the expres-

sion level in all light + drought combinations, except white + drought.

Unlike red + drought in Agria, this time the highest expression level

was obtained in blue + drought conditions. The expression level

increased by 127-fold in red + drought for M1CSN7. Sante, on the

other hand, gave very similar responses to that of M0ZL05. The

expression level increased compared to the control under light +

drought conditions, except for white light. Finally, when compared to

other results, interestingly, the highest expression level was in the blue

control for M1AHQ7 and StGATA29 in Agria. An increase in every

light + drought treatment was observed in Agria compared to the

control. The high expression level persisted in the blue control com-

pared to the blue + drought treatment, while the highest expression

was seen in the red + drought treatment for Sante (Figure 9).

4 | DISCUSSION

The GATA transcription factor (TF) family plays diverse roles in plant

growth, development, and response to abiotic stresses. Previous stud-

ies have reported the involvement of GATA TFs in drought stress in

sweet potato (Zhu et al., 2022), tomato (Zhao et al., 2021), and chick-

pea (Niu et al., 2020), as well as their roles in light response in

V. vinifera (Zhang et al., 2018) and poplar (An et al., 2019). Phyloge-

netic analyses in various plants, including Arabidopsis, soybean, apple,

tomato, Moso bamboo, and grapes, have identified different numbers

of GATA members and classified them into distinct conserved groups

(Chen et al., 2017; Reyes et al., 2004; Wang et al., 2019; Zhang

et al., 2015). Here, we identified 32 GATA TFs in potato grouped into

four classes. While previous findings suggested variations in the num-

ber of GATA groups between dicots and monocots, our results did

not align with this observation (Li, Deng, et al., 2023; Reyes

et al., 2004). Several reports indicated that GATA in different plants,

especially dicots, is likely to have groups between four and seven

F I GU R E 6 cis regulatory elements in the promoters of StGATA genes.
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(Reyes et al., 2004). According to our results, Group I possessed the

most TFs (14) compared to the other three groups (Group IV had

the least TFs, 4). Based on the phylogenetic tree data, it was observed

that the StGATA protein was not present in the IG and IIE subgroups.

However, analysis revealed the presence of AtGATA03 and AtGATA29

in these subgroups. A literature survey showed that AtGATA3 has been

reported to functions mainly in flower and rooting formation (Zhang

et al., 2013) whereas the function of AtGATA29 remains unclear due to

insufficient information; however, it is believed to be the most evolu-

tionarily divergent of all GATA transcription factors found in Arabidop-

sis, as indicated by study conducted by Manfield et al. (2007).

Interestingly, our classification differed from a recent study on potato

by Yu, Chang, et al. (2021), indicating discrepancies in the number and

grouping of GATA TFs. Moreover, two GATA genes identified in our

study, StGATA11 and StGATA19, did not show correspondence in the

latter work (Yu, Chang, et al., 2021). Additionally, comparisons with

another study by Saidi et al. (2021) revealed a partial overlap of GATA

members in potato. While the exon intron structure of the subgroups

did not display consistent gene structure patterns (especially regarding

the intron number), the number of exons (2) was highly consistent and

conserved compared to the variable intron number (1–10). Different

gene structure patterns have been associated with the diverse func-

tional roles of GATA TFs, as observed in other plant species (Feng

et al., 2022; Peng et al., 2021). Understanding the tissue-specific

expression and functional roles of GATA TFs can provide insights into

their regulatory mechanisms in potato and other plants.

We showed that the GATA members exhibited a distinct GATA

motif, with two members, StGATA17 and StGATA28, belonging to

the same subgroup (Group I) and featuring an additional CCT motif,

as previously discussed. The presence of this CCT motif has also

been observed in other GATA TFs, including Arabidopsis, and has

been linked to their involvement in protein–protein interactions,

suggesting a potential role in transcriptional regulation (Reyes

et al., 2004; Shikata et al., 2003). Similarly, these two GATA members

in potato may play a similar role. Most GATA TFs displayed a con-

served CX2CX20CX2C domain across all subgroups, except for GATA4

and GATA20. This specific domain pattern is not commonly found

among known GATA proteins, except for reports in P. trichocarpa

(Wang et al., 2020), grapevines (Chen, Peng, et al., 2022), and Arabi-

dopsis (Liu, 2007), and now in potato. Typically, GATA TFs possess a

CX2CX18CX2C domain (Yu, Li, et al., 2021). Interestingly, GATA4

lacked two cysteine residues at the initial positions, while GATA20

exhibited a CX2CX22C motif pattern. To the best of our knowledge,

this is the first study to report the presence of the CX2CX22C domain

in any annotated GATA proteins. However, limited research exists to

comprehend its potential function in plants fully.

The presence of specific cis-acting elements within the promoter

regions of StGATA TFs reinforces their involvement in abiotic stress tol-

erance and light regulation, aligning with findings from previous stud-

ies. Previous investigations in various plants, such as Malus domestica

(MdZAT17), have identified the presence of TC-rich repeats and other

closely related cis-elements associated with salinity stress (Wang

et al., 2022). Additionally, the MBS cis-element, found in eight out of

32 GATA TFs, has been implicated in the drought stress response in

rice (Cheng et al., 2021). Notably, StGATA promoter regions possess

many cis-elements (18), particularly those related to light regulation,

underscoring their significance in light response mechanisms. While all

GATA members in potato, except StGATA20 and StGATA22, contain at

least one of these cis-elements, StGATA3 exhibits the highest number

of cis-elements (7). Consequently, StGATA3 was selected for expression

analysis to explore its response to light stress. A comprehensive under-

standing of various cis-elements involved in light regulation has

revealed the active participation of specific motifs, such as the AT1

motif in StBEL5 in potato (Chatterjee et al., 2007), the TCT motif and

I-box in SmPAL1 in Salvia miltiorrhiza (Zhang et al., 2020), and the AE-

box in AtPolλ in A. thaliana (Roy et al., 2011). These cis-elements play

crucial roles in mediating the light response. Moreover, the close regu-

latory interaction of TFs, that is, bZIP with G-box (Hsieh et al., 2012),

MYB with G-, A-, C/A-, C/G-, G/A- boxes, and ACE (Stracke

et al., 2010), plant-specific Dof with GATA box, consensus GT1

F I GU R E 7 In silico expression profiling of StGATAs under abiotic
stress (salt, mannitol, heat, and drought).
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F I GU R E 8 Expression of
StGATAs in Agria and Sante under
a combination of light and
drought stresses.
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(Shu et al., 2015), GATA with ACE, L-box, and Sp1 (Chen et al., 2017),

and bHLH with Box 4 has been identified in the light response. The

light signaling mechanism is primarily mediated by the interplay

between the ELONGATED HYPOCOTYL5 (HY5) transcription factor and

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), (functions as a

ubiquitin ligase) in plants (Zhang et al., 2017). Genome-wide identifica-

tion studies have reported different TF(s) involved in recognizing the

respective cis-elements under light and drought stress. The cis-

elements reported in the drought stress response, that is, DRE (Liu

et al., 2000), CATGTG (Tran et al., 2004), AATCA (Liu et al., 2022), GCC

F I GU R E 9 Expression of
genes (and having GATA motif)
interacting with StGATAs in Agria
and Sante under individual or a
combination of light and drought
stresses. M1AZB3, cyclin-P3-1;
M0ZT32, SPX domain-containing
protein 1; M0ZL05, mitochondrial
calcium uniporter protein 2;
M1CSN7, mitogen-activated
protein kinase kinase kinase
YODA; M1AHQ7, splicing factor
3B subunit 4-like.

AKSOY ET AL. 17 of 24

 24754455, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pld3.569 by O

rta D
ogu T

eknik U
niversitesi, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



box (Zhang et al., 2010), ABRE (ACGTGG/TC) (Nakashima &

Yamaguchi-Shinozaki, 2006), and MBS (Li, Guo, et al., 2023), have been

thoroughly investigated in previous studies. Furthermore, the MYB

(Joshi et al., 2016), WRKY (Mare et al., 2004), and DREB (Cui

et al., 2011) family of TFs has been annotated in detail for drought

stress tolerance mechanisms. Strikingly, several of these cis-elements,

namely, GATA-Box, have been reported to be common in light and

drought responses (Li et al., 2019). Therefore, TFs that can potentially

bind to these common cis-elements in the promoter regions are likely

to integrate the light and drought signaling pathways similarly between

blue light, red light, and cold stress (Li et al., 2021). Parallel to the cis-

element analyses, gene ontology enrichment studies further showed

that StGATA TFs have diverse roles in root development, chloroplast

formation, and mRNA splicing. These members have several catalytic

activities and regulation roles as primer molecular functions.

Co-expression and PPI networks were investigated in our study

for each GATA group and subgroup. As mentioned, regarding the

diverse role of GATA TFs in plants, the further focus was on proteins

with a particular role in response to light and drought. Group IA con-

sisted of two proteins, AT2G42870 (PAR1) and AT5G44260 (AtTZF5),

which are likely to play a role in light response and abiotic stress toler-

ance. PAR1, called PHYTOCHROME RAPIDLY REGULATED1, is a

bHLP protein highly repressed under drought stress in Arabidopsis

(Shintani et al., 2023). AtTZF5 is a zinc-finger protein that interacts

with RD21A, a cysteine protease that has a role in drought response

and the immune system (Liu et al., 2022). Group IB had six interacting

proteins (AT1G34110-RGI5, AT3G27580-ATPK7, AT4G30080-ARF16,

AT5G02260-EXPA9, AT5G66280-GMD1, and AT3G54770-ARP1)

reported earlier to function in either light responses, drought tolerance,

or both. RGI5 is a kinase downregulated under drought stress in Coffea

arabica (Marques et al., 2023). ATPK7 is a kinase from the D6PK family,

and its active role in phototropism has been the focus of several stud-

ies investigating the crosstalk between auxin signaling and plant archi-

tecture (Willige et al., 2013). The interacting proteins, AT3G08670

(BPP6), AT4G22330 (ATCES1), AT1G09020 (ATSNF4), AT5G54830

(CYBDOMG1), AT1G22730 (MRF2) of Group IC, AT2G34650 (ABR),

AT2G47260 (WRKY23) of Group 1D, and AT1G35140 (EXL1),

AT5G57560 (TCH4_XTH22), AT1G21910 (DREB26), AT4G37240

(MYB), and AT2G23290 (MYB), of Group 1E have been further

revealed to function actively in abiotic stress tolerance and light

response. They significantly enhance tolerance against drought stress,

except for AT4G37240, a member of the MYB family, which regulates

gene expression under blue light in Arabidopsis (Jiao et al., 2003). Cyto-

chromes have been previously reported to mediate the crosstalk

between drought and light stress in Arabidopsis (Rao et al., 2020), and

AT5G54830 in Group 1C may be responsible for similar functions in

potato. Group 1G did not have any interacting proteins that were

closely associated with stress or light responses. StGATA15 (Group IE),

StGATA25 (Group IB), and StGATA29 (Group IA) were selected for fur-

ther investigation of gene expression in response to drought, light, and

combined stress conditions.

Unlike Group IIB and IIC, Group II comparably had few interacting

proteins. AT3G19360 (zinc finger protein), AT5G65860 (ankyrin

repeat family protein) in IIA, AT1G54330 (sugar transport),

AT3G20840 (PLT1), AT1G12130 (FMOGS-OX6) in IIC, and

AT2G41510 (CKX1), AT2G39370 (MAKR4), and AT2G14960 (GH3.1)

in IID have primary functions in regulating light response and drought

tolerance. Ten proteins out of 20 that interact with the members of

IIB had the same function as the latter proteins in different plant spe-

cies based on previous research. They include AT1G53090 (SPA),

AT1G17050 (SPS2), AT5G42760 (Leucine carboxyl methyltransfer-

ase), AT5G24120 (SIG5), AT3G56290 (potassium transporter),

AT4G00050 (PIF8), AT1G66840 (PMI2), AT5G57180 (CIA2),

AT3G59400 (GUN4), and AT2G35260 (BCM1). Among these proteins,

the most striking protein is PIF8 (PHYTOCHROME-INTERACTING

FACTOR 3), which is highly associated with the light response and

was shown to play a role in drought and salt stress tolerance (Gao

et al., 2015). Therefore, we selected two genes from Groups IIA and

IIB to observe the changes in expression in our treatments.

The interacting proteins of Groups III and IV were mostly involved

in splicing events, biotic stress responses, development, and flowering.

The only protein in III that plays a role in sugar metabolism and is likely

to influence the response to drought in Arabidopsis is AT5G14270

(GTE9) (Misra et al., 2018). We did not select any genes from this group

for the expression analysis. IV had two proteins, AT3G45620

(CUL4-associated factor 8) and AT5G41410 (BEL1), respectively, which

were highly upregulated under drought conditions and downregulated

under light stress (Daszkowska-Golec et al., 2018; Rossel et al., 2002).

StGATA24 from IV was chosen to observe the response under single

and combined stress in potato. Taken together, our co-expression and

PPI network analyses of GATA proteins proved that GATA TFs are an

essential part of the network of proteins involved in connecting the

light responses and drought tolerance. Our results were further sup-

ported by a previous study where WHIRLY (WHY) was shown to inter-

act with GATA TFs and WHY TFs are primarily involved in salt and

drought response (Akbudak & Filiz, 2019). The upregulation of ERF,

bHLH, NFY, bZIP, WRKY, and HSF together with GATA and their roles in

lipid metabolism, have been recently highlighted in the cold stress

response in rice and Arabidopsis (Edrisi Maryan et al. 2023), further

supporting our network analyses. The crosstalk between MYB and

GATA in Arabidopsis ascertained their functions in abiotic stress toler-

ance (Filiz & Kurt, 2021). As highlighted in previous studies, GATA TFs

play significant roles in abiotic stress mechanisms across various crops.

An intriguing aspect is their potential involvement in the tissue-specific

expression of genes associated with abiotic stress networks. For

instance, investigations have demonstrated tissue-specific expression

of GATA members in potato, particularly in roots, inflorescences, and

shoots (Saidi et al., 2021), while in wheat, the emphasis has been on

leaf-specific expression (Du et al., 2022). Unfortunately, conducting in

silico expression analysis was challenging due to the limited informa-

tion available in the solArray Potato Microarray Database. Neverthe-

less, the available data revealed that StGATA20 and StGATA32

exhibited downregulation (approximately .3-fold change) in response to

a 1-h treatment with salicylic acid and methyl jasmonate (1 mM) in

cv. Desiree. Additionally, StGATA32 showed reduced expression

(.38-fold change) upon 1-h application of .5 mg/ml chitin, reaching
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statistical significance. These expression changes under specific condi-

tions align with previous studies that highlighted the active role of

these growth regulators in various biotic and abiotic stress pathways

(Cheong & Choi, 2003; Khan et al., 2015). In our study, we observed

that the expression levels of six selected GATA members from

Groups I, II, and IV were altered in light response (red and purple)

(StGATA15 and StGATA32, respectively) and combined stress (blue

+ drought) (StGATA3 and StGATA32), as well as red + drought and

purple + drought stress (StGATA24). Notably, our work is the first to

demonstrate the response of GATA to different individual wavelengths

and combined stress conditions (light + drought). While investigating

GATA’s involvement in different wavelengths remains limited in

genome-wide annotation studies, initial research conducted in Arabi-

dopsis and moss has focused on several GATA members. For example,

overexpression of PpGATA1 in Arabidopsis resulted in longer hypo-

cotyls when grown under blue light but not red light (Luan et al., 2023).

Previous studies have also shown that B-GATA gene expression in Ara-

bidopsis is significantly upregulated during exposure to red, far-red,

and blue light (Klermund et al., 2016). Fortunately, there is more sub-

stantial evidence regarding the role of GATA proteins in abiotic stress

tolerance mechanisms. Overexpression of TaGATA62 and TaGATA73 in

wheat was shown to increase expression levels in response to drought

and salt stresses (Du et al., 2022). Similarly, two GATA genes in chick-

pea, CaGATA5 and CaGATA21, were found to be upregulated during

drought (Niu et al., 2020). Numerous studies have explored the func-

tion of GATA proteins in abiotic stress tolerance mechanisms in other

plants. Future studies in potato can focus on elucidating the functions

of other GATA members not included in the current work, particularly

concerning abiotic stress factors such as salinity and heat, as well as

their combined effects. These efforts will significantly contribute to

expanding our understanding of the broader roles of GATA in potato’s

response to abiotic stress.

To better understand the function of the selected StGATAs, the

study identified StGATA interacting proteins with GATA motifs and

examined their expression levels under the same conditions. Based on

our findings, it has been determined that the interaction of StGATA3

with cyclin-P3-1 may be important in coordinating light and drought

responses. In this study, there was an increase in the expression level

under red + drought conditions, especially in the drought-sensitive cul-

tivar Agria; however, a similar response was not observed in the toler-

ant cultivar Sante. There are studies available in the literature on

cyclin-P3-1, and its function is described by stomatal development and

activity, as reported in Leymus chinensis (Yin et al., 2020). This could

suggest the role of cyclin-P3-1 and StGATA3 in the drought response in

potato, as positive transcriptional induction of each seems to stimulate

the response both for sensitive and tolerant cultivars; however, the

increase in expression was higher in sensitive cultivar because it experi-

enced severe drought. Previous studies have shown that stomatal den-

sity increases in developing young leaves after exposure to drought

stress (Casson & Hetherington, 2010), which could explain why the

activity of cyclin-P3-1 was higher in sensitive cultivar. Chlorophyll pig-

ments are highly absorbed at red and blue lights, and the stomatal den-

sity elevates in paralel. Red light alone did not have an impact on

cyclin-P3-1 expression; however, the combinatorial action of StGATA3

and cyclin-P3-1 could account for light and drought crosstalk. Light and

drought stress function by modulating stomatal conductance in plants

(Gyugos et al., 2021). StGATA24 had three interacting proteins (GATA

motif): SPX domain-containing protein 1, mitochondrial calcium unipor-

ter protein 2, and mitogen-activated protein kinase kinase kinase

YODA. All three genes showed increased transcriptional activation

upon exposure to drought and red light. SPX proteins are primarily

involved in biotic/abiotic stress tolerance and light responses in plants

(Wang et al., 2021). SPX expression was reported to be higher in

drought-sensitive sesame cultivars in an earlier study (Baghery

et al., 2022). Similar results to those of the present study were

obtained for SPX in potato. In literature, there is only one report that

has shown the synchronous activity of cyclin-P3-1 and SPX, yet in

response to aluminum accumulation (Fan et al., 2019). It is suggested

that SPX might indirectly affect stomatal activity via phosphorus mech-

anism (Khan et al., 2023). The other interacting protein of StGATA24,

mitochondrial calcium uniporter protein 2, is a transport protein that

mediates the Ca+2 ion balance in chloroplasts (Teardo et al., 2019). This

protein is likely to play a regulatory role in the Ca+2 dependent ABA

signaling pathway during drought response (Pirasteh-Anosheh

et al., 2016). The highest increase was estimated in the red + drought

treatment for Agria, similar to the other two interacting proteins. The

association of GATA and mitochondrial calcium uniporter protein 2 with

light and drought stress has not been reported before, yet a recent

RNA-seq study in pea embryos under Ca+2 deficiency revealed that

GATA expression was downregulated under deficient conditions (Chen,

Yang, et al., 2022). There is a cross-talk between Ca+2 and phosphate

mechanism as Ca+2 aggregates with phosphate and generates an insol-

uble compound (Stael et al., 2012). This might suggest an interplay

between SPX and mitochondrial calcium uniporter protein 2; however,

the role of SPX in light and drought responses should be further investi-

gated. StGATA24 also interacts with the mitogen-activated protein

kinase kinase kinase YODA. YODA has been found to be a negative reg-

ulator of stomatal development in Populus (Hamanishi et al., 2012) and

Arabidopsis (Kang et al., 2009). Tripathi et al. (2019) described a path-

way where B-GATA and YODA coordinate stomatal development and

patterning through phytochromes (phyA/phyB). Phytochromes sup-

press the activities of COP1 (constitutive photomorphogenesis protein

1) and PIF4 (phytochrome-interacting factors) upon red and white light

exposure. Another study reported that stomatal aperture increased in

phyB-overexpressing plants under red and blue light (Wang

et al., 2010). The last protein, splicing factor 3 B subunit 4-like, which

interacts with StGATA29, had no information regarding its function in

the literature. However, in our study, the expression was found to be

highly upregulated in red + drought conditions in both Agria and Sante.

Overall, understanding the interplay between drought stress and

light response mechanisms in potato is essential for developing strate-

gies to enhance their drought tolerance. Researchers aim to improve

the potato plant’s ability to withstand and recover from drought-

induced stress by targeting drought-stress-responsive genes involved

in photosynthesis, sugar metabolism, and light response pathways.

The functional characterization of several StGATAs particularly
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StGATA3, StGATA24, and StGATA29 is prone to further research for

the elucidation of the crosstalk between light and drought stress in

potato. Identifying and manipulating key transcription factors within

these pathways hold promise for enhancing potato resilience in the

face of changing climatic conditions, contributing to sustainable

potato production and food security.
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