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tolerant and susceptible genotypes of Canela under drought stress. In the
present study, we sought to find some of’the key genes and their regulatory
network involved in droughtsstress in Canola. We investigated gene network,
functional pathways, and, regulatery microRNAs (miRNAs) based on RNA
sequencing data analysis and compared the relative expression pattern of hub

ng’i‘gcl’\lrissz genes in tolerant andlsusceptible genotypes by Real-time PCR technique. A
PPI network total of 5275 differentially expressed genes were identified, with 3794 up-
Real-time PCR regulated and 1481 down-regulated genes under drought stress. The result
RNA-Seq showed that'the most significant biological process of up-regulated and down-

) ) regulated/genes enriched in response to water deprivation and light stimulus,
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Introduction Morsi et al., 2023). The differentially expressed
genes (DEGs) during drought stress encode the
essential enzymes involved in  osmotic
adjustment and stress-responsive mechanisms
(Shahriari et al., 2022). RNA Sequencing (RNA-
Seq) approach is a  high-throughput
transcriptomic ~ technology for a  clear
understanding of DEGs and the complex

Canola (Brassica napus) is an important crop
cultivated worldwide for its edible oil and
production of biodiesel fuel. Drought stress is a
major abiotic stress that constrains the growth
and vyield of Canola. Many changes in the
biochemical and molecular levels of plants occur
under drought stress (Moradyar et al., 2023;
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networks of environmental stress responses
under drought stress (Mahdavi Mashaki et al.,
2018). RNA-Seq analysis has been conducted for
investigation of gene families in different plants
under drought stress conditions (Zhang et al.,
2019). The drought stress response is complex
and includes many genes, microRNAs
(miRNAs), and other regulatory factors under
drought stress conditions (Singroha et al., 2021)
miRNAs play essential roles in gene expression
regulation.  Therefore, understanding the
regulatory network of drought-responsive genes
with miRNAs will facilitate the study of the
regulation mechanism and the putative functions
of hub genes (Tang et al., 2023).

MicroRNAs are small non-coding RNAs that
have vital roles in biotic and abiotic stress as
post-transcriptional ~ regulators in  plants
(Singroha et al., 2021). The miRNAs regulate
expression levels of target genes via cleavage
and translation mechanisms that regulate the
physiological process and response to stresses
(Nadarajah and Kumar, 2019). Analysis of
available RNA-Seq data is a precise and cost-
effective way to decipher the novel drought
response mechanisms by discovering associated
hub genes and their regulatory network
(Mahdavi Mashaki et al., 2018). Although seme
studies have been conducted on drought Stress in
Canola, there is little information “about “genes
responding to drought stress and_their regulation
by miRNAs under drought stress.

This study was conducted tojobtain a greater
insight into the drought“responsive hub genes
and their regulatoryanetworkyby miRNAs in
Canola under drought stress based on RNA-Seq
data analysis andycomparing relative expression
patterns of hub genes_in tolerant and susceptible
genotypesyef.Canola:

Materials,and Methods
RNA-Seq data analysis

The paired-end raw data of non-treated
(SRR14321748, SRR14321747, SRR14321736)
and drought-treated (SRR14321707,
SRR14321745, SRR14321746) samples of
Canola were obtained from NCBI SRA
(https://www.ncbi.nlm.nih.gov/sra) by SRA
toolkit (v2.3.5). The 7th-leaf age of wild-type
Canola samples was treated with drought stress
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for 14 days. The non-treated samples were used
as control samples. FastQC (v0.11.9) tool
(https://www.bioinformatics.babraham.ac.uk/pro
jects/fastgc/) was applied to the quality control
of FastQ read files. Raw data pre-processing by
trimming low-quality reads, adapter and ploy-N
bases was conducted using Trimmomatic (v0.32)
(http://www.usadellab.org). The high-quality
reads were mapped to the NCBI annotated
Canola reference genome with HISAF2 (v2.1.0).
The HTSeq (v06.1)
(https://htseq.readthedocs.io) was tsedste”count
the read numbers mapped to eachrgene!

Differential expression gene analysis

Identification of DEGS wasydone by R packages
limma, edgeR, and DESeq2
(https://bigConductor.org)” Genes with |log
(FC)| >3 and a’p-valu¢ <0.05 were assigned as
DEGs. The assembled transcripts were annotated
by similarity in"sequence against Arabidopsis
thaliana model plant by the g: Profiler tool
(httpsiibiit.cs.ut.ee/gprofiler/). Then, a volcano
plot was constructed to visually display the

DEGs using the SRplot tool
(bttps://www.bioinformatics.com.cn/en).
Functional enrichment analysis of DEGs
Gene ontology (GO) enrichment terms,

including biological process (BP), molecular
function (MF) and cellular component (CC), and
KEGG pathways analyses of up-regulated and
down-regulated genes, were conducted by the
DAVID database (https://david.ncifcrf.gov/)
with a p-value less than 0.05. The resulting GO
terms and KEGG pathways analyses were
plotted and visualized by the SRplot tool
(https://www.bioinformatics.com.cn/en).

PPl network analysis and identification of
hub genes

The protein-protein interaction (PPI) network
analysis of DEGs was performed by Cytoscape
software (v3.9.1). The candidate hub genes in
the PPI network were identified by the MCC
(Maximal Clique Centrality), MNC (Maximum
Neighborhood  Component), degree, and
Closeness algorithms in the Cytohubba plugin of
Cytoscape  software (v3.9.1). Commonly
identified nodes by the algorithms were
considered as hub genes. A Chord plot was used
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to visually display the functional enrichment of
hub genes based on DAVID database
(https://david.ncifcrf.gov/) with a p-value less
than  0.05 using the  SRplot tool
(https://www.bioinformatics.com.cn/en).

Prediction of potential miRNAs of hub genes

The mRNA sequences of hub genes in Canola
were obtained from NCBI
(https://www.ncbi.nlm.nih.gov/). The potential
miRNAs of hub genes were predicted based on
all identified miRNAs in Arabidopsis thaliana,
Brassica napus, Brassica rapa, and Brassica
oleracea using the psRNATarget web server
(https://www.zhaolab.org/psRNATarget/). The
network of miRNAs-hub genes was constructed
by Cytoscape software (v3.9.1).

Investigation of relative expression patterns of
hub genes

The tolerant (SLMO046) and susceptible
(Hayola308) genotypes of Canola were used
based on previous studies to compare the relative
expression patterns of hub genes in these
genotypes (Pasandideh Arjmand et al., 2023b).
Plants were grown in pots under 23 + 1 °C for a
12 h photoperiod in the greenhouse. Drought
stress treatment was induced by withholding to
reduce soil moisture to 25% FC&,The drought
treatment and control samples (100% EC) ‘ofitwo
genotypes were collected at the 5.to 7-leaf stage.
Total RNAs were extracted from the,leaf tissues
using the super RNA€extraction Kit (AnaCell,
Iran). After treating total, RNA™ by DNasel
(CinnaGen, Iran); a NanoDrop
spectrophotometer g(BioTek Epoch™ 2, USA)
and 1% agarosengel electrophoresis were used
for the concentration and quality control. The
cDNA Tsynthesis was performed by the cDNA
synthesis  kit““(AnaCell, Iran). The relative
expression” of some hub genes was determined
by the Real-time PCR (qRT-PCR) technique
using a SYBR Green Master Mix (CinnaGen,
Iran) in Roche LightCycler® 96 instrument with
three Dbiological and technical replicates
(Schmittgen and Livak 2008). Primer pairs for
the Real-time PCR technique were designed
using the Primer3 program (Koressaar et al.
2018). Actin gene was used as an internal control
of genes. The primers used for gRT-PCR
analysis were listed in Supplement 1. The
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relative expression rate was considered double
(Mohsenzadeh Golfazani et al., 2022).

Results

Identification of differentially expression
genes

After the quality control and trimming,
approximately 264 million pair-end reads were
generated. On average, 92.21% of reads, aligned
to the Canola reference genome. A total.efy5275
DEGs between non-treated and_drought-treated
samples was identified with 37944up-regulated
and 1481 down-regulated genes (Fig. 1).
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Fig. 1. Volcano plot of significant DEGs under
drought stress: The red and green dots represent the
up-regulated and down-regulated genes, respectively.
The gray dots indicate the expression of the gene
without significant differences with [logFC| >3 at a p-
value less than 0.05.

Functional enrichment of DEGs

Gene ontology enrichment analysis showed that
the most significant GO term of up-regulated
genes enriched in response to water deprivation
(GO:0009414), cytosol (G0:0005829), and
protein  binding (GO:0005515) (Fig. 2A,
Supplement 2). The result showed that the most
significant GO term of down-regulated genes
was a response to light stimulus (GO:0009416),
chloroplast stroma (G0O:0009570), and mRNA
binding (G0O:0003729) (Fig. 2B, Supplement 2).
The result illustrated that the most significant
pathways of up-regulated and down-regulated
genes were metabolic pathways (ath01100) and
carbon fixation in photosynthetic organisms
(ath00710), respectively (Fig. 2C).
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Fig. 2. Bubble plot for GO function enrichment analysis of DEGs: A and B) GO enrichment of up-regulated and
down-regulated genes, respectivly; C) Bidirectional bar chart of KEGG pathway enrichment analysis of up-
regulated genes (red) and down-regulated genés (blue) under drought stress conditions in Canola.

Identification of hub genes in drought stress

The result illustrated that the@seven »genes,
including ACP4 (Acylcarrier protein 4), PRK
(Phosphoribulokinase), AT1G32470 (glycine
decarboxylase complex “HAZGDC or GDH3),
AT5G58330 (NADRP-dependent malate
dehydrogenase, NABRP-MDH), FNR1
(Chloroplastic /Ferredoxin-NADP reductase 1,
LNFR1), RCA (Rubisco activase), and HCEF1
(Cyclicy electren._flow around photosystem |,
CFBP1), were jcommon in 4 algorithms of
Cytohubba plugin (Fig. 3A). They have closely
protein-protein interaction with each other (Fig.
3B). These genes could be crucial in drought-
stress conditions and are very effective on other
genes. Therefore, these genes were selected as
hub genes under drought stress. The pathway
enrichment analysis demonstrated that the hub
genes are involved in carbon metabolism, carbon
fixation in photosynthetic organisms, and
metabolic pathways (Fig. 3C).
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Potential regulatory miRNAs of hub genes

The result illustrated that the identified hub
genes were regulated by 43 unique miRNAs.
The result showed that the FNR1 gene was
regulated by bna-miR396a. The RCA gene was
targeted by bna-miR390a, bna-miR390b, bna-
miR390c, and bna-miR393 in Canola (Fig. 4,
Supplement 3).

Relative expression pattern of hub genes in
tolerant and susceptible genotypes

The relative expression patterns of some hub
genes including, FNR1 and PRK, and GDC were
investigated in tolerant and susceptible
genotypes of Canola. The results showed that the
relative expression of the investigated hub genes
was significantly different in genotypes. The
results showed that the expressions of PRK and
FNR1 were higher in the tolerant genotype and
the expression of GDC was higher in the
susceptible genotype (Fig. 5A-C).
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Fig. 3. Identified hub genes in this study: A) Venn diagram to identify significant hub, genes from different
algorithms; B) The PPI network of identified hub genes; C) Chord plot of hub genes bas pathWway enrichment
analysis by the DAVID at a p-value<0.05. [
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Fig. 4. The potential miRNA-hub genes network in Canola under drought stress: The purple color indicates hub
genes and the orange color indicates their regulatory miRNAs in Canola (orange rhombus shape) and other close
species, including Arabidopsis thaliana, Brassica rapa, and Brassica oleracea (orange ellipse shape).

Discussion analysis showed that the up-regulated genes
were enriched in essential pathways such as
metabolic pathways, biosynthesis of secondary
metabolites, alpha-Linolenic acid metabolism,
tryptophan metabolism, and pyruvate
metabolism (Fig. 2C). These biological process

The up-regulated genes involved in response to
various stress conditions such as response to
water deprivation, abscisic acid, salt stress, cold
stress, and osmotic stress (Fig. 2A). The pathway
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and pathways are very critical for the continued
growth and development of Canola under
drought stress conditions. It could be one of the
main reasons for the upregulation of genes
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involved in these pathways. It shows the mutual
role of up-regulated genes involved in drought
stress in the vital biological pathways of the
plant.
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Fig. 5. The relative expression patterns of hub genes: A, B, and C) Comparing the relativéiéxpression patterns of
PRK, GDC, and FNR1 hub genes in tolerant and susceptible genotypes of Canela,/respictivly.

The GO enrichment of down-regulated genes
clearly showed that the photosynthesis and
growth of Canola could decrease under drought
stress (Fig. 2B). The results showed that the
carbon metabolism and carbon fixation pathways
were reduced under drought stress. It could lead
to a decline in the growth and development of
plant under drought-stress conditions. On the
other hand, reducing the expression of genes
involved in photosynthetic pathways/ could
prevent the loss of water and energy in drought=
stress conditions and cause the regulation™of
different drought-related functional pathways.
Acyl carrier proteins (ACPs) are a group of
proteins that play a central fele in fatty acid
biosynthesis. The downregulation of ACP4
might regulate the Signaling mechanism under
drought stress. It was found that the expression
of ACP4 was down-regulated  under
environmental stresses(Huang et al., 2017). The
result showed that ACP4 could be regulated by
bra-miR5721 through cleavage of transcripts in
Canola (Fig. 4, Supplement 3). It was found that
the bra-miR5721 was influenced by heat stress in
Brassicarapa (X. Yu et al., 2012).

PRK is a vital enzyme of the Calvin Cycle in
photosynthesis, and it catalyzes the ATP-
dependent conversion of ribulose-5-phosphate to
produce ribulose-1,5-bisphosphate (A. Yu et al.,
2020). The repression of genes involved in the
synthesis of Calvin Cycle enzymes under
drought conditions infers a demand reduction for
ATP and NADPH, resulting reduction in

34

electron” “transport through photosystem I
(Aranjuelo et al., 2011). The result showed that
the relative expression pattern of these genes in
thetelerant genotype was higher than susceptible
genotype _(Fig. 5A). Therefore, the electron
transport through photosystem Il could increase
in the tolerant genotype under drought stress.
The bra-miR5721 could regulate transcripts of
PRK hub gene through cleavage inhibition (Fig.
4, Supplement 3). It was reported that bra-
miR5721 was a heat-responsive miRNA in
Brassica rapa (Yu et al., 2012). Therefore, it is
possible that the bra-miR5721 could be a
drought-responsive  miRNA in Canola. The
result illustrated that bra-miR5721 regulates both
ACP4 and PRK transcripts in Canola under
drought stress (Fig. 4, Supplement 3). The
expression of ACP4 is known to be correlated to
the photosynthetic status (Jung et al., 2019).
Therefore, the regulation of PRK and ACP4 hub
genes by bra-miR5721 may cause the
coordinated regulation of fatty acid synthesis in
relation to photosynthesis.

The result demonstrated that one of the identified
regulatory miRNAs for PRK was bra-miR161-3p
and bra-miR9558-5p through cleavage inhibition
(Fig. 4, Supplement 3). It is reported that bra-
miR161-3p is one of the salt stress-responsive
miRNAs in Brassica juncea (Srivastava et al.,
2017). The miR9558 is a vital drought stress-
responsive miRNA in oil crops (Schiessl et al.,
2020). The result illustrated that the PRK was
targeted by ath-miR1888a and ath-miR1888b
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with cleavage inhibition (Fig. 4, Supplement 3).
A study reported that the ath-miR1888a
expression in Zanthoxylum bungeanum was
induced under drought stress (Fei et al., 2020). It
is reported that the ath-miR1888a in Arabidopsis
regulates the drought-responsive hub genes
under drought stress (Pasandideh Arjmand et al.,
2023a). The result illustrated that the ath-
miR5021 regulated the PRK via cleavage of
transcripts in Canola (Fig. 4, Supplement 3). The
ath-miR5021 is a crucial stress-responsive
miRNA in Arabidopsis, Rice, and Maize
(Tahmasebi et al., 2021). The result showed that
ath-miR854a/b/c/d/e regulate the PRK transcripts
through  translation inhibition  (Fig. 4,
Supplement 3). The ath-miR854 family has a
vital role in the regulation of essential target
genes under drought stress, metal stress, and
pathogen infection of plants (Zhang et al., 2019).
The result illustrated that the ath-miR5014a-3p
and ath-miR5020a regulated the PRK through
cleavage of transcripts in Canola (Fig. 4,
Supplement 3). It is demonstrated that the ath-
miR5014a-3p and ath-miR5020a regulate the
important drought-responsive genes such as LEA
(Late Embryogenesis Abundant) genes (Ceylan
et al., 2019). Another identified PRK-related
miRNA was ath-miR8170. It is reported that,ath-
miR8170 is one of the stress-relaied miRNAS in
plants (Pandita, 2022).

The relative expression of AT1G32470(GDC) in
the susceptible genotype was’ higher than the
tolerant genotype (Fig.5B). It'was found that the
expression level of GDCujin Arabidopsis was
down-regulated underdaluminum stress. GDC is
one of the vitaly phetorespiratory enzymes
capable of controlling photorespiratory flux and
photosynthetic capacity (Goodwin and Sutter,
2009). ‘Therefore, it’could be a crucial drought-
responsive gene under drought stress.

The result showed that ath-miR5020a and ath-
miR413 ‘could regulate AT1G32470 through
cleavage 7of the transcripts in Canola under
drought stress (Fig. 4, Supplement 3). It was
found that the miR5020 regulates the stress-
responsive genes such as AP2/ERF and LEA
under stress conditions (Ceylan et al., 2019). The
miR413 could regulate drought stress-responsive
genes in Arabidopsis (Pasandideh Arjmand et
al., 2023a).
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The result demonstrated that the AT5G58330
(NADP-MDH) was one of the hub genes in
Canola (Fig. 4), and it was up-regulated under
drought stress. MDH catalyzes the conversion of
oxaloacetate to malate using NAD(P)H. The
activity of NADP-MDH and, as a result, the rate
of malate export from the chloroplast increases,
when the amount of NADP* is limited.
Therefore, the NADP-MDH plays an essential
role in the regulation of the stromal NADP(H) in
stress response (Hebbelmann et al.,"2012). The
result showed that the AT5G58330 was regulated
by ath-miR853 (Fig. 4, Supplement 3). A study
reported that the miR853 'might~"have been
significantly involved in/the/ plant thermos-
tolerance mechanism ((ljaz'etal., 2020).

The result _shewed ,that FNR1 was down-
regulated 4uinder /drought” stress and could be
regulated by ~arious” miRNAs such as bra-
miR172¢-5p," bra-miR9563b-3p, ath-miR833a-
5p, ath-miR834, ath-miR158b, ath-miR4243,
ath-miR5012, ath-miR5016, ath-miR5649a/b in
Canola)(Fig. 4, Supplement 3). FNR1 is one of
the,main NADPH sources in the chloroplasts of
plants; which is finally used in the Calvin cycle
(Corpas et al., 2021). The result showed that the
relative expression pattern of FNR1 in the
tolerant genotype was higher than the susceptible
genotype (Fig. 5C). Therefore, it could be an
important  drought-responsive hub gene in
Canola.

The miR172c is a biotic and abiotic stress-
responsive  miRNA in plants (Pasandideh
Arjmand et al., 2023a). The miR9563 was found
to be associated with photosynthesis genes, like
Q2 subunit of photosystem 1l (PSII) (Schiessl et
al.,, 2020). It was demonstrated that the
expression of miR833 has been induced under
heavy metal conditions (He et al., 2014).

The ath-miR834 is involved in the antioxidant
system under drought stress (Fei et al., 2020). It
was demonstrated that the ath-miR158b
regulates ERF family TF target genes in
Arabidopsis (Rakhmetullina et al., 2021). It was
reported that the ath-miR4243 and ath-miR5012
regulate the drought-responsive LEA genes
(Ceylan et al., 2019). The miR5016 is involved
in plant growth and development (Dou et al.,
2022). The result illustrated that the RCA
(Rubisco activase) was another hub gene in
Canola under drought stress (Fig. 4). The
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inactive form of Rubisco is converted to an
active form by the RCA, utilizing ATP.
Therefore, the activation of Rubisco by RCA is a
critical factor in photosynthesis for plants under
stress conditions (Suganami et al., 2021).

The result showed that the RCA could be
regulated by bra-miR390-5p, bna-miR390a/b/c,
ath-miR863-5p, ath-miR390a/b-5p, ath-miR156i,
ath-miR840-5p, and ath-miR869.2 through
cleavage inhibition. The ath-miR167a-3p, ath-
miR5633, and ath-miR5015 regulate the RCA via
translation inhibition (Fig. 4, Supplement 3). The
bra-miR390 is a highly conserved miRNAs in
Arabidopsis and Brassicaceae that responses to
heat stress (Yu et al., 2012). The ath-miR863-5p
regulates phosphofructokinase family protein
(PFP), an important carbohydrate metabolism
enzyme, in Arabidopsis (Shao et al., 2013).

It is reported that the ath-miR156i regulates
transcripts of drought-responsive hub genes
through cleavage inhibition in Arabidopsis
(Pasandideh Arjmand et al.,, 2023a). It is
demonstrated that the miR156 family regulates
various developmental processes in plants
(Srivastava et al., 2013). It is demonstrated that
the ath-miR840 regulates the genes involved in
the antioxidant system in B. juncea and B. rapa
under drought and heat stresses (Verma and
Singh, 2021). It is demonstratedithat thé ath=
miR869.2 regulates drought-respongive “genes
such as MAPK and LEA genes ingplants(Ceylan
et al., 2019). The ath-miR167a-3p is a drought-
responsive miRNA that regulates¢/antioxidant
system genes (Fei et'al., “2020). It is
demonstrated that ‘the miR¥67 is directly
involved in auxingsignaling” in plants, which
could play anflessential role under stress
conditions (Fasaninet al., 2021). The ath-
miR5633uregulates the nitrate-responsive genes
in Arabidopsis*(Vidal et al., 2013). In addition,
the ath-miR5633 is involved in lipid production
in oilseed _crops (Yin et al., 2022). The ath-
miR5015/also regulates the LEA genes (Ceylan
etal., 2019).

Cyclic electron transport around photosystem |
(CEF) produces ATP without NADPH
accumulation in chloroplast (Shikanai, 2014).
CEF has been proposed to balance the
chloroplast energy budget of photosynthesis.
Hydrogen peroxide acts as a signaling agent for
activating the CEF in plants (Strand et al., 2015).

36

The result showed that the HCEF1 could be
regulated by bra-miR403-5p and ath-miR5641
through cleavage inhibition and ath-miR1886.1
via translation inhibition (Fig. 4, Supplement 3).
The miR403 was found to be associated with
drought stress in various plants. The ath-
miR5641 regulates the drought-responsive hub
genes in plants (Pasandideh Arjmand et al.,
2023a). The ath-miR1886.1 regulates, drought
stress-responsive genes in plants (Ceylan et al.,
2019).

Stomatal closure in response ta drought”stress
prevents transpiration, but it praduces additional
light energy. It could catiseé thesdecrease of
Calvin cycle-related genes,such as PRK and RCA
hub genes. In addition, theldewnregulation of the
FNR1 hub _gene/may cause a decrease in
NADPH géneration andits transfer to the Calvin
cycle uridendreught stress (Corpas et al., 2021).
The downregulation of RCA expression can
reduce the Calvin cycle activity. The down-
regulation in GDC expression may cause the
regulatien, of photosynthetic process under
drought/stress. It seems that the HCEF1 could
balanCe the difference between the ATP/NADPH
under drought-stress conditions. Excess light
energy can lead to ROS production under
drought stress. The ROS may cause the
regulation of HCEF1 under drought stress. In
addition, the ACP4 is required to perceive the
stress signal in plants. Therefore, it could
regulate the expression of other genes
responding to drought stress. The upregulation of
NADP-MDH could affect the regulation of the
stromal NADP(H) redox state and the
maintenance of redox homeostasis in response to
drought stress (Hebbelmann et al., 2012). It
could be involved in the regulation of
antioxidant activity and the accumulation of the
H20, signal under drought stress. The result
illustrated that the relative expression pattern of
investigated hub genes was different in tolerant
and susceptible genotypes. Therefore, these hub
genes could be considered for the detection of
tolerant genotypes in the genetic engineering
programs of Canola.

Conclusion

The regulation of gene expression involved in
the carbon metabolism pathway could prevent
the loss of water and energy under drought stress
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and cause the regulation of different biological
pathways in tolerance to drought stress. The
identified hub genes appear to play an essential
role in the regulation of carbon metabolism,
activation of stress signaling, the regulation of
the stromal NADP(H), and the maintenance of
redox homeostasis in drought stress response.
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