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Abstract

Objective

Sunflower is one of the most important oilseed products in the world, providing 12% of vegetable
oils. Due to the molecular complexity involved in salt stress and its role to physiological and
morphological changes in plants, as well as the moderate sensitivity of sunflower to this problem,
the purpose of this work is elucidating with priority what affect on the proteins level has a cause-
and-effect relationship with tolerance mechanisms.

Materials and methods

FastQC and Trimmomatic were used to process RNA-seq data that was taken from the study by
Sharifi et al., (2022). RNA-seq analysis was then carried out using genome-based and de novo
assembly techniques. Bowtie2 and Hisat2 were used to map the reads to the reference
transcriptome and genome, respectively. RSEM and HT-seq were used to quantify the reads, and
edgeR and DE-seq2 were used to identify differentially expressed genes (DEGs). Using the
STRING and GeneMANIA databases, DEGs in Arabidopsis were found and incorporated into
the Gene Regulatory Networks (GRN) and Protein-Protein Interaction (PPI) networks.
Topological analysis of these networks was conducted using 11 algorithms in Cytohubba on
Cytoscape, and hub genes were identified. The promoter sequences of these genes were analyzed
using Plantcare. Finally, the expression of COPI gene was evaluated using Real-time PCR.
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Results

RNA-seq analysis using de novo assembly-based and reference genome-based methods identified
1602 transcripts and 272 genes with distinct expression patterns. Study on GRN and PPI networks
led to the discovery of 29 hub genes, including BAKI, ETRI1, GER3, HSP70, CDKB2;2, CAS,
GRDPI, BSL3, CPN20, AOR, MCM?7, DXS, AdoMet-MTases, RCA, CYP90C1, C3H37, CDPK®,
Lacl, WRKY50, COP1, PP2C76, CaM-7, Histone HI-3, PPR, LRR-RLK, LACS, LUT), and Clp5,
which play roles in key cellular processes such as plant hormone regulation (ABA, BR, ethylene),
MAPK signaling, RNA processing, photosynthesis, stomatal control, protein structure
maintenance, and cell cycle. Promoter analysis revealed the existence of important motifs
including W-box, TGA-box, ERE, ABRE, MYC, MYB and MBSI and MBS GT-1 motif which
led to the co-regulatory role in salt stress response. The real time PCR results of the COP1 gene,
which is one of the ABA-activated genes, were consistent with its expression profile from RNA-
seq analysis.

Conclusion

The current study through systems biology approach revealed that sunflower directs gene
functions in central biological activities, such as plant hormone signaling pathways (ABA, BR
and ethylene), MAPK pathway RNA transport, photosynthesis, stomatal function control protein
structure stabilization, the cell cycle etc., under salt stress.These results enhance our
understanding of the molecular basis of salinity tolerance and can be used to genetically engineer
sunflowers for enhanced salinity resistance.
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Introduction

Among all non-biological stresses affecting food security, soil salinization is one of the most
serious endangering problems to food supply. It is estimated that in order to feed a global
population of over 10 billion people by 2050, agricultural production must increase between 50-

75% to meet the growing demands across the world. Yet in the past 50 years, poor water
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management and climate change has exacerbated salinity in soil, affecting production potential.
Helianthus annuus L., sunflower (Asteraceae), is one of the most significant oilseed crops, being
responsible for 12% of global production. Furthermore, it is moderately salt sensitive (5ds m™1)
crop with a wide genetic diversity in seed yield and salt tolerance traits. Thus, the breeding and
selection of salt-tolerant sunflower varieties are vital targets for increasing productivity and for
securing global food demands. Salt stress damages plants in two phases: (a) osmotic phase, when
the salt accumulates in the soil around roots resulting in decreased water uptake and leak from the
roots, water deprivation causing wilting of plants; and (b) ionic phase, when plant has to cope
with excessive influx of Na® and Cl- ions disturbing ion homeostasis which hampers
photosynthesis as well as metabolism. Plants respond to salt stress by inducing the expression of
genes involved in ion homeostasis, osmoregulation, antioxidative defense and hormonal
signaling. Plant hormones, including ABA, ethylene and brassinosteroids (BRs) are pivotal
factors to experience for the responses under salt stress. For example, ABA mediates the
expression of genes involved in the response to stress through the PP2C-SnRK?2 route. Ethylene
also regulates related genes by transacting through the £IN2 and EIN3/EIL transcription factors.
Brassinosteroids control stress genes by a BRII-BSK-BIN2-dependent pathway. Membrane-
bound receptor kinases (RLKs) can sense environmental signals, which in turn activate the
calcium signaling pathways and control a series of transcription factors expression including
bZIP, NAC, MYB and WRKY. These factors contribute to the maintenance of ion homeostasis,
antioxidative defence and environmental stress adaptation. Under salt stress, the expression of
molecular chaperones increases to maintain protein stability. This process involves ROS and Ca**
pathways, MAPK activation, and HSF/DREB transcription factors, as well as the protein response
to unfolded protein (UPR) mechanism. Simultaneously, expression of cell cycle-related genes
decreases to allocate energy to defense systems. The trait of salt tolerance is a complex
quantitative character, which depends on multiple genes. It is important to find these genes and
analyze their interrelations in the adaptation responses, which will be valuable for molecular
breeding of salt-tolerant plants. So far, only some traditional mutation induction and specific gene
expression manipulation have shown the slight affected result. In the past, advances in omics
technologies as well as systems biology offers the possibility to have an integrated view of
genomes, transcriptomes and proteomes. Systems biology integrates mathematical modeling and
simulation rooted in genetic information into understanding the processes of life and establishing
associations between cellular building blocks. Biological networks such as the gene regulatory
networks (GRNs) and the protein-protein interaction networks PPI networks are of importance
for modeling cellular processes and identifying functionally relevant molecular interactions.

Different studies have reported the analysis of sunflower gene expression when salt is applied.
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The results indicate that salt stress significantly impacts gene expression, but a complete
understanding of gene function within the cellular system and their interactions remains to be
fully achieved. The purpose of this study was to obtain more insights into adaptation processes in
sunflower challenged with salt stress by reconstruction of gene regulatory network and PPI
network in salt-stressed sunflower. The objective is to localize major regulatory regions and
intermediate changes in transcription that can be used to improve the quality of genetic

engineering and breeding approaches for improving sunflower salinity tolerance.

Materials and methods

This analysis is conducted using the RNA-sequencing (RNA-seq) data of sunflower
(Helianthus annuus L.) line AS5305 from Sharifi et al., (2022). The raw data of the study consists
of 4 samples, two samples under salt stress (8ds m™1) and other two samples under normal
conditions (2.8ds m™1). For the purpose of data analysis, multiple fraction collection was
conducted 24 h after stress induction, and then followed by RNA extraction and Illumina
HiSeq™ 2000 sequencing. The raw reads were preprocessed and quality controlled with FastQC
to filter out sequencing errors, adapter contamination, as well as low quality bases. Low quality

reads were filtered by using Trimmomatic. For RNA-seq analysis, two complementary

approaches were used to map and assemble transcriptome reads: a) De novo assembly: Readset
was assembled de novo (independet of genome) with program Trinityrnaseq version 2.8.4. The
reads were then mapped to this reference transcriptome using Bowtie2. b) Genome-guided
mapping: The reads were mapped to the sunflower reference genome using the HISAT2 version
2.1.0 Gene expression quantification was performed using HT-seq count for the genome-based
approach and RSEM for the de novo approach. Low-abundance reads (fewer than 10) were
filtered. Count normalization was applied as median of ratios with DESeq2 for both strategies,
and the expression levels were compared by differential gene analysis using a Log2FoldChange
> 42 and p_adj < 0.05 through genome-based (genome- based method), or a Log2FoldChange >
+3 and p_adj < 0.03 via de novo assembled reference (de novo method). The de novo assembly
approach was used for annotating DE genes using the Trinotate pipeline, where TransDecoder
was implemented to identify ORFs; protein sequences with BLASTX and similarity searches (E-
value < 107-5); HMMER and Pfam were applied to identify domains; SignalP, tmHMM, and
RNAmmer were used in deciphering signal peptides and rRNAs. Annotation in the genome-
based method was performed using GTF files and differentially expressed genes (DEGs) of
Arabidopsis were detected with BLASTX/BLASTP E-value <10"5. Go enrichment analysis was
performed by David and gProfiler. Both genome-based and de novo methods were used to

integrate all significant gene lists within STRING as well as GeneMANIA online resources, for

72



o S,

Mohammadalizadeh et al., 2026

o

the reconstruction of protein-protein interactions (PPI) and gene regulatory networks (GRN),
respectively. Following network reconstruction was performed in Cytoscape, we determined the
hub genes according to topological network parameters including Degree, MCC, MNC, DMNC,
Closeness, Betweenness, Stress, EcCentricity Radiality BN and EPC for both PPI and GRN.
Promoter regions (2000 bp upstream of the transcriptional start site) of hubgenes were obtained
by Phytozome and then submitted to PlantCARE for cis-regulatory elements analysis,
emphasizing on the repetitive motifs known to response to hormone signaling (ABRE, ERE,
TGA-box), abiotic stress (MYB, MYC, MBS) and light response (G-box GT-1). Lastly, the
molecular functions and mechanisms of hub genes were analyzed, from which gene COPI (E3
ubiquitin-protein ligase COPI), which has been reported to act in ABA signal pathways, was
chosen as a candidate key gene for experimental verification. Primers were designed and real time
gPCR (qRT-PCR) was used to validate the expression levels of this gene (Student's t test, p <
0.05; AACT method; housekeeping gene: Actin).

Results

In this study, gene expression analysis was performed for a specific transcript between two
conditions (control and stress) using both novel de novo and reference genome pooling strategies
from the DEseq2 software package. Ultimately, in the de novo pooling strategy, after statistical
analyses, 32,651 differentially expressed genes (DEGs) were identified, with 1,602 meaningful
genes, including 769 upregulated and 833 downregulated genes, obtained by applying a
Log2foldchange + 3 and padj < 0.03 threshold. Similarly, in the reference genome strategy,
28,406 DEGs were detected, with 272 meaningful genes, including 118 upregulated and 154
downregulated genes, identified using a Log2foldchange + 2 and padj < 0.05 threshold. The
differential expression analysis of transcripts using the de novo approach revealed significant
changes, with 1,602 DEGs, 667 of which had GO and protein sequence annotations in Arabidopsis
thaliana. In the reference genome-based approach, 272 significant DEGs were identified, with
250 orthologs determined through BLAST in Arabidopsis thaliana. Biological data related to
gene function and pathway activity, analyzed using g:profiler's enrichment algorithms, indicated
that in the reference genome-based strategy, molecular function (MF) groups included ion
binding, oxidoreductase activity, and catalytic activity; biological process (BP) groups included
response to stimulus, catabolic process of polysaccharides, and response to stress; and cellular
component (CC) groups were associated with the extracellular region and apoptosis. In the de
novo pooling strategy, MF groups comprised ion binding and catalytic activity; BP groups
included cellular and metabolic processes; and CC groups included plastids and cytoplasm. After

identifying meaningful DEGs in Arabidopsis thaliana using both reference genome and de novo
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analysis methods, it was found that 21% of genes identified in both methods were common. 761
unique genes were obtained by taking the union of the genes obtained from both approaches and
then removing duplicates, which were subsequently used to build PPI and GRN networks using
STRING and GeneMANIA databases. The reconstructed PPI network comprised 748 nodes and
2,865 edges and most of the nodes had 0-5 edges; mostly, they ranged from incoming to outgoing
with 0-2.5 and 0-5, respectively, suggesting the protein interaction and regulation.Similarly, the
reconstructed GRN network had 766 nodes and 20,889 edges, with most nodes having 50-55
edges, and the majority having 25-30 incoming and 0-10 outgoing edges, which demonstrates
gene interaction and regulation. The PPI and GRN networks were analyzed for distribution degree
and centrality measures. The distributions of both networks were scale-free, i.e. they followed a
power law distribution without scaling (not shown) meaning that few genes are regulated by
many other genes, and most are regulated by only a few others. It was also discovered that when
a node's degree (number of connections) became larger in both networks, the centrality of this
node also increased, and nodes which are located along shorter paths on graphs played more
significant roles. The cytohubba algorithms (Deg, EPC, MNC, DMNC, MCC, RAD, BN, EC,
Clo, Rad, CC, BC, Str) were used to analyze the networks and identified 16 and 17 hub genes in
the PPI network and GRN network. These hub genes, upon removal of duplicates were BAKI,
ETRI, GER3, HSP70, CDKB2,2, CAS, GRDP1, BSL3, CPN20, AOR, MCM?7, DXS, AdoMet-
MTases, RCA, CYP90CI1, C3H37, CDPK6, Lacl, WRKY50, COP1, PP2C76, CaM-7, Histone
HI-3, PPR, LRR-RLK, LACS, LUTS5, and Clp5. Promoter sequence analysis of these hub genes
confirmed the presence of motifs such as ABRE, ERE, TGA-boX (plant hormone response), W-
box (biotic stress), MYB, MYC, MBSI, and MBS (abiotic stress), emphasizing their roles in
biological and non-biological stresses. For example the ABRE motif (ABA responsive) was
present in 79% of putative promoters and both MYB and MY C motifs (associated with salt and
drought stress) were identified in almost all putative promoters. The relative expression of gene
At2g32950 E3 ubiquitin-protein ligase COPI was finally calculated through AACT, getting a
FoldChange value equal to 2.75 meaning that the gene resulted in being over expressed at 2.75
folds after 8ds m™! salt stress treatment for 24 hours. The above expression changes were

statistically significant at 0.05 level (Table-2).

Conclusion

We used an integrated systems biology approach combined with transcriptomics, and gene
regulatory network (GRN) modeling as well as protein-protein interaction (PPI) analysis and
morphology to study the response of sunflower to salt stress. The combination of these approaches

shed the light on how sunflower acquires salt tolerance via a sophisticated array of multifaceted
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molecular pathways and detected 29 hub genes as key regulators for salt responses. Based on
these results, GO analysis of the identified hub genes indicated that biosynthesis and signaling
of plant hormones (abscisic acid, ABA; ethylene; auxin; brassinosteroids) played a critical and
predominant role in the sunflower response to salt. Other stress response proteins (i.e., ion sensor
domains, calcium-binding proteins) are also important for the sensing of salt stress and
improving cellular responces. At genomic and transcriptomic scales, sunflower re-orchestrates
rearrangement of gene expression chiefly by tuning stress-related transcription factors, formating
gene-soap accessibility, and RNA post-transcriptional processing. Moreover, the overexpression
of heat shock proteins, chaperones, and proteases contributes to stabilization and functioning of
protein/protein complexes as well as other membrane and cellular envelope proteins in salt
stressed organisms. Finally, cell cycle and cell division control genes are involved in conserving
energy to support growth and cell survival under stress conditions (Galbraith et al., 1991).
Analysis of promoter motif also showed the similar transferring modes for hub genes, implying
a synchronously response mode against stresses. The COPI gene expression data was further
experimentally validated by qPCR to reconfirm the existence of hub genes related to salt
tolerance. Our results not only reveal the molecular basis of resistance to salt stress in sunflower,
but also lay a foundation for the future improvement of agricultural crops. The hub genes detected
in this study could be used as potential target genes for MAS breeding, transgenic and genome-
editing studies via CRISPR-Cas9 towards the development of salt-tolerant sunflower.
Additionally, the proposed pipeline can be applied to molecular studies of responses to other

stresses in other agricultural crops.
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Table 1. Specifications of COP1 gene primers used in Real-Time PCR
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Forward:
101 60.65 TGTCGTTCCTGGT.TACACATC XM_022159676 COPI
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CACCTCTCCCTCTCATCTACATA
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Figure 1. Figure 1. Expression heatmap of genes with significant expression differences
between salt stress (Salt_stress) and normal (Ctrl) conditions in (a) the De novo assembly
approach and b) the genome-based approach and the volcanoplot related to the distribution
of gene expression changes relative to the significant level between stresses Salinity
(Salt_stress) and normal (Ctrl) in (¢) Denovo assembly approach and (d) genome-based
approach
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Figure 2. Enrichment diagram and functional interpretation of DEGs resulting from the

strategy A) De novo assembly and B) Genome based in three groups: Molecular function
(MF), Biological process (BP), Cellular compounds (CC)
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Figure 3. A) Protein interaction network (PPI) and B) gene regulation network (GRN)
related to the composition of genes with significant expression differences (DEGs) resulting
from the strategy of genome-based analysis and de novo assembly. Blue in the PP network
and green in the GRN network are common genes, and red, green nodes in the PPI network
and red in the GRN network are hub genes

ol (bl O (S5 Comed 9 (Fiig g (SR 2 S SUglgrgd wjod @l WY g
Table 2. The results of topological analysis of the protein interaction network and the list of
identified hub genes

yu’ duOﬁz"ﬁ){. I5)] i ;{‘){-\;%Y 4’»"51)5 ﬂ"—’»)@ DMW’JW|EE*& &,:1565‘ ﬁ:i)ﬁ‘
Hub-proteins Gene ID Source Slyts P-adj Selecting
ub-pro ID name Log2FC J algoritm
0g
BAKI At4g33430 de novo 7.6666335834481 0.0168223600413336 BC, BN
ETR 1 At1g66340 de novo 6.94006354059085 0.0236870664082761 BC, BN
GER3 At5¢20630 de novo 11.5703649325249 0.0127211506581168 BC, BN,
COPI At2232950 de novo 5.75643724866479 0.0250520613056835 BC, BN,
HSP70kDal6 Atlgl1660 de novo 8.44099236821043 0.0169477484398769 BC, BN
CDKB2;2  At1g20930 Ref 2.11012805339213 0.0043274127685269 BC, EC,
AOR At1g23740 de novo 10.2706534682481 0.0133540837608161 Deg, Str
CAS At5¢23060 denovo 9.074912502268 0.0159287315992068 Deg
GRDPI At2¢22660 de novo 6.79000737353101 0.0243871081066933 CcC
BSL3 At2927210 de novo -7.850 0.0168129888173991 EC
CPN20 At5220720 de novo 7.92720118204755 0.0239137598891815 BN, Clo,
RCA At2¢39730 de novo 9.28615148738066 0.0135256358884221 BC, Clo,
MCM7 At4202060 de novo 7.90362946964894 0.0210901888837111 Deg
DXS At4g15560 de novo 8.729482184496 0.0145050403164837 BC
S-AdoMet  At1g08125 de novo 9.0758777892288 0.013622052734566 CcC
CYP90CI  At4g36380 de novo 6.51533798166961 0.0268212334237204 EC

Ref Geno; Reference genome
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AT~ABRE, AuxRR-core, CGTCA-motif, ERE, GARE-motif, P-box, TATC-box, TCA-element,
box S, W box, WRE3, . al5 slase)sn 4 235wl slp TGA-box, TGA-element, TGACG-motif
MYB recognition site, MYB-like sequence, Myb-binding site, « s sl is ¢l WUN-motif
Myb, MYB, Myc, MYC, DRE core, TC-rich repeats, STRE, MBSI, MBS, LTR, DRE1, CCAAT-
CCGTCC-box, as-1, RY-element, AAGAA- ¢ swjps sl is <lp box, ARE, AT-rich element
motif, re2f-1, O2-site, HD-Zip 1, F-box, E2Fb, dOCT, CAT-box, GCN4_ motif, CARE, AC-I,
ATC-motif, Box II, ACE, GA-motif, Box 4, GATA-motif, chs-CMA1la, e 5 13, <y circadian
chs-CMA2a, AE-box, G-Box, G-box, MRE, ATCT-motif, L-box, TCCC-motif, Sp1, GT1-motif,
H-box, I-box, Gap-box, LAMP-element, GTGGC-motif, TCT-motif, AAAC-motif, chs-Unit 1
TATA-box, CAAT-box, A-box, AT~TATA-g ,5 & . »35b <l ml, C-box, 3-AF3 binding site

Cuwl TATA (555 50 slacisse olgie 4 box, AT-rich element, TATA, Unnamed__1

pud 2wl Ol (slay5 Caned 9 (5 ol s S folngd @ jod @l Y Jgua
Table 3. The results of topological analysis of the gene regulation network and the list of
identified hub genes

o e [JUIRVES PP PR PO (N )
i L:If: < o eb e TTTT Q,};’; i o gt Jlois | g ! o 595!
Gene name  Source - P-adj Selecting algoritm
genes Log2FChange
C3H37 At3gl2680 de -10.01569 0.0131629996746296 EC
CDPK6 At4g23650 de 6.38288560324252 0.0298082734468044 Str
GLBI At3gl3750 -—---—--- e e EC
WRKY50 At5g26170 Ref -2.635139 0.0194630980746961 CC
BAKI At4¢33430 de  7.6666335834481 0.0168223600413336 BN,
COPI At2g32950 de 5.75643724866479 0.0250520613056835 BC, Deg
PP2C76 At5g53140 de -8.831375 0.0159287315992068  BC, BN, Str
CaM-7 At3g43810 de 9.15541689085822 0.0136800611640202 BC, Deg, BC, Str
GER3 At5g20630 de 11.5703649325249 0.0127211506581168 BC, BN, Deg
HI-3 At2¢18050 de  7.5760753254851 0.0206557893618669 EC
PPR  At2¢g30100 de 8.29665724271838 0.0169477484398769  CC, DMNC
LRR  At3g47570 de -10.12854 0.0128503815526108 BN
INOS0O At3g57300 de 7.52820885719429 0.0217662781318568  BC. EC, Str
LACI At2g47240 Ref 2.69918688755558 0.00054617940317e- Deg, Clo, BN,
CPN20 AT5G20720 de 7.92720118204755 0.0239137598891815 Deg

CipP5  At1g02560
LUTEIN At1g31800

de
de

6.66567258834335 0.0260420557735709 Deg, MNC, Rad,

7.94501445337288 0.0176800789636328

Deg

Ref Geno; Reference genome

S il 4 oamdFwly (oadS slbciadge (aogl g ol B gbaiwd slacasge dus ¥ S o ¥ Jods jo ol
(Gt g (e s SOAS dagygeygn ASle) cilisie (sladind )3 1) lacisige shass L) (5o cpl 950 (s (Freizé
ABRE, ERE, il (o) G b badye slaciine cniintes 2 o 5 85 (0 5 (6350 slocisige 5 )95 b

e Jo\?; 4 gl yo Gliole il g Lmo] syl o pd by ol)o.:zs MYC 9 MBS, CGTCA-motif, MYB, W-box
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Table 4. Classification of cis-regulatory elements in the promoter of hub genes based on
function

wamsml,

weo polis jgas oy iy ge JS Slaxs
e Olowssi Percentage of i (Liigo) umw polis SRl
. e Total number .. .
Brief description presence of key of motifs Cis elements (Motifs) Category
elements
e progerss 4 gl b bdye ABRE, ABRE3a,
o 5 ol e T ol o] ABRE4, AT~ABRE,
lgauls ABRE: 79 7, ERE: AuxRR-core, CGTCA-  slaogesn 4 23zl
Related to the response to 587, CGTCA-motif: 299 motif, ERE, GARE- oS
hormones such as abscisic acid 757 motif, P-box, TATC- Plant hormone
(ABA), ethylene, auxin, box, TCA-element, response
gibberellin, and methyl TGA-box, TGA-
jasmonate (MeJA) element, TGACG-motif
S g liglon Jolse 4wl b by
(58 sbos Jole) ol aiile (g W-box: 517 58 box S, W box, WRE3, Biotic  uu;sbis

Related to the response to
biotic stresses and pathogens
(St 3l (o i 4 gl b by

rolis Jold bl 9 ol slod sy

Jole Lf“i959) dhb”lﬂé JL@] LS‘)?

MYCsMYB

Associated with responses to
stresses such as drought,
salinity, low temperature, and
dehydration; including binding
elements for transcription
factors such as MYB and
MYC
gl g goi edd) sloat]d L by
b baye slogy] le e Wil (LS
03958 pradgilie 9 (ol &8>
Associated with plant growth,
development, and metabolic
processes, such as the
regulation of gene expression
involved in the cell cycle and
nitrogen metabolism

g 55 SoJiSw 1 ol b e
5 B89/ L ke oy ol el o
95 g
Associated with light signal
response, photosynthesis, and
the regulation of gene
expression related to
chlorophyll and phytochromes

Wilo cgurgig) £935 slp Sk polic
AT 5l & yolis 5 55550 slaisern
Basal elements for
transcription initiation, such as
core promoters and AT-rich
elements

MBS: 44 7, MYB:
1007, MYC: 967.

N/A

N/A

N/A

WUN-motif stress

MYB recognition site,
MYB-like sequence,
Myb-binding site, Myb,
MYB, Myc, MYC, il ela 5
58 DRE core, TC-rich w»*‘ <R
repeats, STRE, MBSI, Abiotic stress
MBS, LTR, DREI,
CCAAT-box, ARE,
AT-rich element

CCGTCC-box, as-1,
RY-element, AAGAA-

motif, re2f-1, O2-site, 9o3 9 A5,
566 HD-Zip 1, F-box, Growth and
E2Fb, dOCT, CAT- development

box, GCN4_motif,
CARE, AC-I, circadian

ATC-motif, Box II,
ACE, GA-motif, Box 4,
GATA-motif, chs-
CMAla, chs-CMA2a,
AE-box, G-Box, G-box,
MRE, ATCT-motif, L-
box, TCCC-motif, Sp1, 29 4 (w3l
GT1-motif, H-box, I- Light response
box, Gap-box, LAMP-
element, GTGGC-
motif, TCT-motif,
AAAC-motif, chs-Unit
1 ml1, C-box, 3-AF3
binding site

146

TATA-box, CAAT-
box, A-box
’ g C o clocis
316 AT~TATA-box, AT- ¢ S5 slaciiys
rich element, TATA, motifs
Unnamed 1
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Figure 4. (A) A diagram of the number of regulatory elements related to abiotic stress, (B)

a diagram of the number of regulatory elements related to biotic stress, (C) a diagram of
the number of regulatory elements related to growth and development, (D) a diagram of the
number of regulatory elements related to promoter, (E diagram of the number of regulatory
elements related to biotic stress, (G diagram of the number of regulatory elements related
to light response, predicted in the promoters of hub genes. The total number of elements
identified in the hub genes (Total), the number of genes where they have the binding site of
this transcription factors in their promoters (number of genes)
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Real-Time ;! s3li_w! L E3 ubiquitin-protein ligase COPI o (45 by Ol pdi  Wiod—w
by S5y Jlasl doed )0 o uian yold pudiadts ol 381 (650100 hwgs s oS Real-Time PCR usly 5 :PCR
oS a4 )5 b > (gyb (Threshold) ailiwl as jlade b STy bl 5l e .0 slzsl Rotor-Gene Q ljéle 5
bous adllon (slay5 o ol e g CT )9l s 4 5l am ples b STy oles 56 53 1) il (sl JUSis
Lwgi 1 puSle duslio g 4355 SAS Jl3bla s b Jrols (claosly oo 31,5 (Pfaffl, 2001) ss arwlxe AACT o,
E3 ubiquitin-protein ligase 5 . ole 145 2b L mls .cé,5 & )guo /0 Jis! mdaws j> g t-student ;405
O3 oelole YV aslsél eais” ol a5 FoldChange = 2.75 L el ol AACT 3o, L (At2g32950) COPI
5 o Ol Sl (90 I gime 5l L o ylel (glaay sou sl e 8 dS MY ()0 i Jles] 5l L el YF Lail
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Figure 5. Melting curves of examined samples of E3 ubiquitin-protein ligase COPI gene
(A12g32950) in Real-Time PCR reaction
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Table S. Classification of hub genes based on their role in salt stress resistance

Sog T & Gy g3 ol (Wi
Main role in salt stress response

s g bl oy s y5
Identified hub genes

8O Sas did

Functional category

Olsl g a9 lpislyy ABA (lajpue wilais

OB & gl
Regulation of ABA, brassinosteroid,
and ethylene pathways in response to
stress

3k sl S SIS g oradS @0 Gy
Uadio) (b s 9
Rapid calcium transients and calcium

signaling for stomatal opening and
closure

RNA 3 DNA zghaw 5> oj ol S35
RNA s

Control of gene expression at DNA
and RNA levels, and RNA processing

9 Oi5 blpd )3 ol g lapyg 5l cloles

ol 2blit
Protection of proteins and membranes
under stress conditions and their
reconfiguration

s pSsle g jrmgd bais oSug) (gilold
Cesdlygy > gplazus]
Rubisco activation, maintenance of

photosynthesis, and prevention of
oxidation in the chloroplast

o> oy Blo b 4355« JoSsS pge M5
o i e b 33 A5
Cuticular wax production, cell wall
polysaccharide degradation, and
active sugar production for water
retention

COPI1, CPN20, PP2CA,

GRDPI, DXS, CYP90CI,

BAKI, BSL3, LRR-RLK,
ETRI, s-AdoMet

CAM?7, CDPK6, CAS

MCM2-7, H1.3, WRKY50),
C3H37

HSP70, ClpP

LUTI, AOR, RCA

BGAL, LACSI

ol g (Saeyom (Sloyply g jiwse

Sare S e g G5
Hormonal biosynthesis and
signaling, and the perception
of stress and external stimuli

4 Zwly ) pelS 23CMe puino

badjo) JyuS 5 5y9d OIS
Calcium signaling pathway in
response to salinity stress and
stomatal control

9 e 539) S jlwdilon paw )3 oo

RNA (uagig) il o (B3l
Regulation at the levels of
replication, transcription, and
post-transcriptional RNA
processing
205 5 balis 5 bty y s Lo Lais

OS5 o5 S
Maintenance of protein and
membrane integrity and
protein turnover under stress

Sy IS (oI
Rubisco assembly and
activation, chloroplast

protection and detoxification
i joul jlid bis g )05 JialS
b Bl 525 9 poe g8 )b
Reduction of transpiration and
maintenance of osmotic
pressure through wax
production and polysaccharide
degradation

YDMAPP o IPP (slajlo st it sy walals g jriangid ¢ pudlS 53 (ooite sl b JI OlaS 5 Woadgi o]

Rodriguez-) s)ls pue oyl o ol jiis DXS ulS m3l g 895 0 1Jgs "MEP 4 uio 5o, 5l laaa oy

6 5-Carbon units isopentenyl diphosphate
7 Dimethylallyl diphosphate
8 4-Phosphate methylerythritol
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s slp Lo yio opl (Concepcidon & Boronat, 2002; Rodriguez-Concepcion & Boronat, 2015
Sl 2l doptS g dod ) g00m (Linil Aoy iisd dagy pgise) Volatiles wilo s g3l
e N5 go 0l (9i5sS i o J9)855 55 i kS oidsiis)lS) jriwwgid L Lo iS5 5 (1S Y65yl
Pl gl (Xiang et al., 2013) 5l (cadS 185 25 (slasdsingil 5w 5 lajls b Mg o ol slow 3T s MEP
Deoxyxylulose 5- /(DXS) L (DXP) olaué—d 590sbl; Sl (65 mpl g &S MEP o
pgd> LSl 15 g5 o U1 Slaws—Yasil,unlS 5 lgyw | DXP LS5 phosphate(DXP) synthesis (DXS)
<)k & b1, Methylerithritol 4-phosphat (MEP) s3l DXP reductoisomerase (DXR) w31 MEP yos
Slabwly (Wol) MEP (355 o3 s ¢ s 138 oo jiiw DXP deoxyxylulose 5-phosphate zalS 3 JsSIge 19,0
Dimethylallyl (DMAPP)  Isopentenyl pyrophosphate (IPP) as 1) (ool pone ol jaise 4
Rodriguez-Concepcion & Boronat, 2002; Rodriguez-) (¢ JS—3) »uS » J—ii pyrophosphate
*PP2Cs 4 SnRK2s «(gy9us iis > MEP puo )b 5l ABA jiiw jl 4wy (Concepcion & Boronat, 2015
Iy PP2Cs w3l ABA 5,5 > 5| o “"PYR/PYLs 3l ABA (clooniyS iy ABA oo > callS i
(Xie et al., 2012) w8 o Jlb |, SHRK2 pioman g oois 4l “OSTI o)l (535550 5l 9 03,5 GoS yuo
S00N ) 48 o wabais |y 55 4 oaimdgawl (slayyi g 03,5 abyand |y, ABIS oY ABFS sgiyy loygS16 SRK2s
claJsbs ;> ROS zoos cely g S o b yand |y Sgsl sla JU ¢ 5lunSI NADPH wuis Jué OSTI (et al., 2012
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4 e @3CaMe (sl s pgd sl ply (2l b (S sladshs 3 €a%Ty ROS JUb (5] slatiss
(Kim et al., 2010; Kollist et al., 2014; Zhang et al., 2014) 1S’ Jué 1, ABA & S5gle 58 szl
R- 4 S-type slow anion channel-associated 1(SLACI) JUS «OSTT da_wly b gD y95 i ¢yl 0gMe
JIs oo 4 KT 0aisS 4S5 JUIS Ll 48 0 Jlé |, type quickly-activating anion channel 1 (QUACT)
o9l zgy> ceels o yoi s sloolisg, ol S o Jldpi |, (KATI)Ca?* inward rectifying channel
255395 b e )3 S e g |y lme 4 KT pgo &8 Jlo 13 ki oo ablome slaJgl I CI7 5 NO3 (slas]
Lee et al., 2009; Sato et al., 2009; Kim et al., ) (5 ) 85 oo ditng dijg) g 1l o yinls Lablxo gl Jolo
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9 Probable protein phosphatase 2C 76
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! PP2Cs-Open stomata 1
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13 ABSCISIC ACID RESPONSIVE ELEMENT
14 E3 ubiquitin-protein ligase COP1
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ABA 25 US> oS gy pion 50 (i p 0sMe yaye 5 leie 4 55 CPN20.(2009; Wang et al.,2019

36> dg d &S S o Yoo |y ABAR-CPN20 jiiSor s ABA (oYL oo 08 0 oSy |y ABA & simdgewly
WRKY40 ;L 55y slyp sl (i sl el a5 38 o cosis |, ABAR-WRKY40 jiiSany
Zhang et al., 2014; Wilson et ) (¢ JSC5) 30 o 5l 1) ABA & sdimd el (sla 5 55y donil )5 g 295 oo
Short glycine-rich ) S 5l € obsS (pogd G (g5l & cnl M gy 0 AtGRDPI (al., 2018
WAtGRDPI (5 &8 sy oL olo Jdos g 4565 .ol RNP Jlis| Ciige K 9 DUF1399 als & (domain
bl oY ol G5 ouo) sl d9abie Jiss 039351 ABA g 59l (st ygu (Jsiile LiCl NaCl & gy
Sidlgn 50 (Sieml LIS g (69 4 (8t Cowlus Atgrdpl-null sl igs slapY s sbol sl i ol s o
Gy oy MBI (njpf G5 & (i Joo 35S AIGRDPI sla Y oS s jd cosly Lis ad ady 5
o adl o> ABA Lyls )3 a8 ob L sis ABA o UK 3 55 0 sloosiS o «S ABIS 4 ABI3
AtGRDPI a5 o oo ol opl 5ads GgS pw Cudsigy cpl (il i slappY )0 g aily s opl 5l g 5YL Cubgis,
Rodriguez-Hernandez et ) (¢ i) )b oo jpué s il & Joos g ABA (a0 JUSs 5 apeo (soudal a5
S (BL) agimsslyy jige yrme i god g 45 oaiS ulald (2T (slagyge)9n (BRS) g yiwlgi il (al., 2014
(ROTUNDIFOLIA 3 | CYPIOCI) 13 (BR) s ytalsival s y3055m 3o yomo 3 5 39550 JE1 (CR) g yiaaS
P450 pg)Serw slaoaiisas CYPIODI olyen 4, 3-Epi-6-deoxocathasterone 23-monooxygenase

3-epi-6- JsSge lagy 31 oyl .S’ o Joe C-23 hydroxylation (oS alspe )3 93 pa 45w wds b}l uSlgige

15 Glycine-rich domain-containing protein 1
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PPZCS (ABI1, AHG3)
. /

inhibition removed
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NADPH oxidase — ROS | SLAC1 & QUACL anion channe\sJ {KATi inward K+ channel | ABF/ABI transcription factors |

\l Ee—

GRDPI ¢ CPN20

Figure 6. MEP pathway for isoprenoid production and ABA signaling under salt stress, role
of COP1, CPN20 and GRDPI
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gl 33 youldg o Sl o5 cpay (al,2002; Nam et al., 2002; Wang et al., 2006; Wang et al., 2008
Wang et al., 2005; Li et al., ) 395 oo o2l BAKI g BRII sjls el JolS (5l Jlb 5 ¢ blite yommwdl jgiud

b g jgiad sl sy o 0 Jld Ml BRIT .(2002; Nam et al., 2002; Wang et al., 2006

3 5 5 BSKL, CDGI? 5 x5 o s gt 51> 4 Jsbo 15 BR. (sl Jiss JUasl (ol 1y 50Dl
3 4y o o3ls Sy (slel i Jlob o it 5 (oDl ppiend 4y i o5 1S o alind |y lag] (SlacSgen
«wl BSUI-Likel-3 (BSLI-3) 4""BSUI JoLs a5 Kelch-like domain yegs b (PPKLS) ajblaws 59y
s BSUI/BSL 5 ¢l iyl Slizs) Loges (Tang et al., 2008; Lin et al., 2013; Kim et al., 2011) 3525
bl 5 sl TGSK3 alie slajlus’ (oS Jgil ) (g5de o5 35500 TBINZ (g3l Jlbyut el ous aly i
(Kim et al., 2009) 545 oo «cusl BIN2 (g5l b il )3(TyT) 00ss al s 5905 085leudl SO ygmaoMs i andd
Og—olinidsS g 4 e 9 <l F-box E3 ubiquitin ligase < a5 KIBI L (pioon 005 4l wds BIN2
BIN2 alin oy Jole 53 BIN2 55 5 (s Jlab iyl 1 g 25 Jolsd 393 o0 pyjlisg s dlassly b s 55 o BIN2
Cd goos 4 oo &S Db o ab yinds "PP2A o3lgls 5| ol liacl vy e o 4 YBESI g BZRI® s
K9l 95 Sgegy 4> &S D95 Ciua slacS o 4y 00 b 4l yi wds BEST ¢ BZRI(Tang et al., 2011) 545 oo Lo
Al ol b 8si o Juate siwa E-box (CANNTG) | /4 (BR-response element) (CGTGC/TG) BRRE
(He et al., 2005; Yin et al., 2005) (V JS5) ditaud oo jlaw olS 05y (glys a5 S oudas 1) BR & o5l o5
5 S-adenosyl-L-methionine (S-AdoMet) yuigwin J-Jojoish ol a3 ,s sayb 5l g obgain 5l ol
i S-AdoMet 31 s Jolws (rigsto Tohs 3905 295 g0 (FACC) sl el 528 V= clog pslSsagivel

el Jolr oliowdon (sl e 3 o slrosind o 5 ol jl (S aS 33,5 o Jois S-AdoMet « (SAMS™)

16 Brassinosteroid-Insensitive |

17 Rich repeat receptor-like kinase (LRR-RLK) leucine
18 BRI1-Associated receptor Kinasel

19 BRI Kinase Inhibitorl

20 Constitutive Differential Growth1

2! BR-Signaling Kinasel

22 Bril suppressorl

23 Brassinosteroid-Insensitive2

24 Glycogen Synthase Kinase3

5 Kink suppressed in bzr1-1D1

26 Brassinazole-resistant1

%7 Bril-EMS suppressorl

28 Protein phosphatase 2A

2 1-Aminocyclopropane-1-carboxylic acid
3% S_adenosyl-L-methionine synthetase
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/ \\\
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Figure 7. Biosynthesis and signaling of brassinosteroids (BRs)

o g oo S-AdoMet | ACC s g wmpl ai Jld corge MPK3/6 jLiol lawgs ACSS (g jgind
B Joge i 3l o (Yang et al., 1984) (A JS5) 35,5 o g5 sl g 0u 38T 5lunSTACC  dlew g, ACC

FETRI Jolis cgiegs odlgls owg gl opl 095 o (olwlids cowMgs] a8 slie gy (slooss S Lawgs L]

31 ACC synthase
32 ACC oxidase
33 Ethylene Responsel Receptor 1



RN,

V€00 ¢yl )0 g 031 jale oo

wamsml,

G5 it c001i S Ayl b0 S ) 33,5 o Cylta™CTRI cyuieen s WEIN4 J*ERS2 FERSI NETR2
ol Jlail g 48 oo oo il @ Gl (hie lrosisS sl plaiedr il (slaoi S oS wlosls (LS (plerdn 9 (S5
2]y g ons b ()9 i 4 gl ;> CTRI-EIN2-EIN3 SawdS pnno caldl )3 1395 o o)l 0 by cacly
Iy (ROS) 58! Jlbd slaassS o (Nutrients) slic dlge wulats o (sjoml jlid oulas slp Nat/K+) gilwgen o>
Rani et al., 2014; Schmitzer et al., ) (A JS3) Lb oo i8] (6)a (i 4 ol Cuoglio doncs ;5 5 LS o J S
Gl (sla i 4y oS slagily webals ) il (i85 gl SiliSs (6lo s 5 (Fgay90 (slo0 S (IS o 4, (2010
&b (sl ppame jlsloly JUSew loie & ol 3l cnl 45 395 oo (Jgigiew muadS aw (Auljl el (LS 55 (659 (55,15
BB Ly oS’ Sial3l ol (Shi, 2007) T Y1 51 o,iSsls (sl boijey (o diy siibe S o Jos (A5 &
ol (350l Jto mndS’ 4y olu sl 4 Jlail b g 295 0 bl Mgt 5 olowsdly sl )3 apulS
Sy (355 dlyphnd L oS A o Gal31 ) (g 9alST ol s Aty (5135 (3859 Ao ol s Aty (sl 5]
1S INADPH w5 Jlb OSTI 55550 OSTI ¢y506Ms s sy 5 03,5 Yoo |, PP2C c)ié PYR/PYL/RCAR
by zos slp !y (M FTy e JLK) SLACI 9 () @y u?*j JK) QUACI S il 4 ROS Mo sl )
s MPK3/6 sile 38’ gjlo Jlsd o pH Lil3l L ¢ Jsjsime Ca2t s NO ROS silo aysib glalsyply .48 o b
o555 Ca?t zolaw g 03,5 aubais | Kt cla JUS 3¢5 a9 4y 35 NO a8 o W) sl p ol 5 oo 25 CDPKs
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5 msis) SlygSl wla b womes lgalolS (Guo et al., 2004) 580 5598 & Jood SRl38l g Jobo I e
waas > CAS (Calcium Sensing Receptor) (5 .8 o S (i bulys o Sgr Jobs b a4y ool slacylld
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Figure 8. Biosynthesis and ethylene signaling under salt stress
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Figure 9. Calcium signaling in response to salt stress and stomatal closure, role of CAM7
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