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The current eccentric environment changes are causing serious impacts on food crops, including rice. Such
environmental circumstances encompass abiotic stress conditions such as drought, cold, heat, and inappropriate
levels of metals. To cope with abiotic stresses, plants initiate various metabolic pathways that modify themselves
according to such stresses. In this study, we have computationally analyzed genes in rice that exhibit differential
expression under various abiotic stress conditions. A widely used database was accessed for gene expression data
on rice in response to drought, salt, and cold stresses. The research uncovered that 7722 genes, 3040 genes, and
1705 genes were expressed differently in rice under drought, salt, and cold conditions, respectively. Two hundred
and twenty-two up-regulated and 58 down-regulated genes were identified which express under all stresses and
were regarded as significant differentially expressed genes. Functional annotation showed that these genes encode
beta-amylase, cytochrome P450, cyclin-dependent protein kinases, and the NAC domain-containing protein
which plays crucial roles during stress. Pathway enrichment analysis revealed that significant genes participate in
biological pathways such as the phenylpropanoid pathway, abscisic acid signaling, cell wall organization, and choline
biosynthesis. Thus, our study reported a set of relevant genes that help understand the molecular mechanism behind

stress tolerance in rice.

ARTICLE HIGHLIGHTS

Some genes show altered expression during all three abiotic stress
conditions such as drought, cold and salt. Up-regulated genes are
mainly involved in metabolic activities. Down-regulated genes are
majorly associated with DNA repair mechanisms.

1. INTRODUCTION

Over one-third of the worldwide people get the majority of their food
from rice, which is the most significant food crop in the world. About
8-9% of rice is protein. It is a member of the tribe Oryzeae, family
Poaceae (Gramineae), and genus Oryza. Oryza sativa, the Asian
rice variety, is farmed all over the world, while Oryza glaberrima,
the African variety, is planted on a small scale in West Africa. Rice
is a member of the Gramineae grass family, along with wheat, corn,
rye, oats, and barley. Rice helps avoid hypertension since it is low in
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sodium, fat, and cholesterol. It is also frequently used in baby foods
and is allergen-free [1].

Rice is one of the most vulnerable crops to drought stress [2] because
it directly affects the phenological traits and prolongs the crop
duration [3]. Abiotic stresses have an impact on the biochemical and
physiological pathways of rice. Many phytohormones, antioxidants,
and various plant enzymes get activated in stress response, which
on activation produce certain stress-based metabolites to prevent the
crops from cellular damage. One of the most detrimental elements that
reduce rice crop output are resistance to water deficit and salt stress [4].

Drought has an impact that begins at the seedling stage and lasts until
harvest. Responding to these stressors, crop damage has been observed
toexceed 50% globally. By interfering with seed germination, blooming,
root and shoot length, and grain filling, abiotic factors such as drought,
high and low temperatures, salinity, submergence, and oxidative
stress contribute considerably to limiting rice output. Cell signaling
pathways are activated by abiotic stress. When responding to stressful
situations, a number of proteins, antioxidants, and suitable solutes are
created. Through the control of gene expression and modifications to
cellular functions, plants have evolved stress resistance and responses
to reduce the harm caused by abiotic stress [5].

© 2024 Shivani Devi, et al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-ShareAlike
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Transcriptomic profiling has become a crucial tool to specify genes
and pathways related to abiotic stress responses. DNA microarrays are
extensively employed to find out differentially expressed genes (DEGs)
in various stress conditions in a variety of crop plants. Several studies
have reported numerous abiotic stress-responsive regulators identified
through DNA microarrays [6]. Hence, it would be beneficial to find out
the genes which exhibit changes in their expression pattern when the
plant is exposed to an abiotic stress condition. Such genes would play a
crucial role in the stress response system. Thus, in this article, we have
made an attempt to apply computational approaches to determine genes
that were differentially expressed in rice during multiple abiotic stress
conditions. These genes were further investigated in terms of functional
annotation, protein—protein interactions (PPI), and pathway analysis.
The functional relevance of such genes may provide insights into the
molecular basis of stress response mechanisms and this knowledge can
be employed in developing stress-tolerant rice varieties.

2. METHODOLOGY
2.1. Retrieval of DEGs

The expression profiles of O. sativa depicting the expression of
different genes in abiotic stresses were retrieved from the GEO
database (http://www.ncbi. nlm.nih.gov/geo/) [7]. The GEO series
unique identification number GSE6901 was considered for differential
gene expression analysis of O. sativa subjected to cold, drought,
and salt stresses. As per experimental details reported in GEO,
7-day-old light-grown rice (subsp. indica var IR64) seedlings grown
under controlled and abiotic stress conditions were used for RNA
extraction and hybridization on Affymetrix microarrays [8]. In the
first step, the Affymetrix raw data (.cel) from GEO series GSE6901
were retrieved. The collected data were further analyzed by GEO2R
which is an online NCBI gene expression tool to compare control and
test samples to scrutinize genes that show variations in expression
under different experimental conditions. Fold change (FC) values
were used to distinguish the DEGs. Genes that were having log (FC)
value greater than +1 were considered up-regulated and log (FC) <—1
was considered down-regulated and the resultant genes were filtered
through log P-value.

2.2. Clustering Analysis

The selected genes were further considered for obtaining Venn
diagrams to find out the commonly expressed genes in all three
stress conditions, that is, drought, cold, and salt. Statistical utility for
microarray and omics data (SUMO) (https://angiogenesis.dkfz.de/
oncoexpress/software/sumo/) tools were applied which represent data
as Venn diagrams. SUMO extracts the gene names from the data table
and unique gene names are used for set analysis. All keys, that is, Gene
IDs from a list were compared with all other IDs in different stress
conditions. Then, common keys were assigned to the corresponding
intersection lists. This was followed by the hierarchical clustering of
selected genes by Genesis 1.8.1 [9].

2.3. Functional Annotation

Functional annotation was performed on the resultant genes
using BLAST2GO to obtain insights into their biological
functions and contribution in various biological processes
(http://www.blast2go.de) [10]. The biological functions of the genes
that were involved in the various cellular processes to cope with the
plant in stress conditions were analyzed for particular genes. Motifs
generated in BLAST2GO were extracted from Interpro web service.

2.4. Pathway Analysis

Resultant genes were investigated to find out their involvement in
various metabolic pathways. This was done using Plant Reactome
(http://plantreactome.gramene.org), an unrestricted and publicly
available software under the Gramene project. It gives insights into
bioinformatics tools for the visualization, analysis, and interpretation
of metabolic pathways and supports annotated genomic analysis.
Plant Reactome shows a diverse range of developmental, metabolic,
transport, genetic, and signaling pathways operating in plants.

2.5. Network Analysis

First, protein-protein interactions (PPI) of both up- and down-regulated
genes were obtained using the STRING database [11] (http://string-db.
org/). Only the high-confidence interactions were considered, based on
a confidence score of >0.7. For visualization of molecular networks,
Cytoscape was used [12]. It is a publicly available software project
that interlaced molecular interaction networks and molecular states
into a theoretical configuration. The up- and down-regulated protein-
protein interaction networks (PPIN) were further analyzed by the
NetworkAnalyzer plugin of Cytoscape.

3. RESULTS

3.1. Box Plot Analysis

The sample IDs GSM159262, GSM159263, and GSM15964
represented gene expression under drought stress, and the control
samples were GSM159259, GSM159260, and GSM159261. The
sample IDs GSM 159268, GSM 159269, and GSM 159270 represented
gene expression under cold stress, whereas the control samples
were GSM159259, GSM159260, and GSM159261. The sample
IDs GSM159265, GSM 159266, and GSM15967 represented gene
expression under salt stress, whereas the control samples were
GSM 159259, GSM 159260, and GSM159261. The box plot represents
the range of expression values obtained for each sample and the
variability of up- and down-regulated genes [Figure 1]. It shows
the shape of the distribution of the data as well as its central value
(median) and variability (interquartile range) [13]. As the median of
all samples lies at the same level, it indicates that the normalization
applied to the dataset is appropriate [Figure 1]. Moreover, there are
negligible chances of the occurrence of problematic chips.
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Figure 1: Box plot analysis for all stress conditions (drought, salt, and cold)

versus control samples.
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3.2. Filtering of Genes

The DEGs were identified with the help of log (FC) values. Genes
with log (FC) values >1 were considered up regulated, and those with
<—1 were considered down regulated. The up- and down-regulated
genes were selected for three stress conditions: drought, cold, and
stress [Table 1]. A maximum number of DEGs were found in drought
conditions, followed by salt and cold. Across all stress conditions,
there are fewer down-regulated genes than up-regulated genes.

3.3. Common Genes of Drought, Cold, and Salt Stress

According to specific patterns of regulation, the stress-inducible genes
that had been screened have been divided into different groups. The
venn analysis was used to identify genes that were shared by each
of the three stress conditions. Based on overlapped venn diagram
sections, the genes having common expression profiles under drought,
cold, and salinity-stressing circumstances were examined. Whereas 58
genes from down-regulated genes were found to be expressed in all
stress circumstances, 222 genes from up-regulated genes have been
highly expressed throughout all three stress conditions (drought, cold,
and salt). Such commonly DEGs were considered significant. The
common genes that are up-regulated [Figure 2a] or down-regulated
[Figure 2b] for all three stress scenarios are represented in the venn
diagrams.

3.4. Classification of Gene Expression Data

To handle microarray data, Genesis comprises filters, normalization
and visualization tools, and distance measures, including common
clustering methods such as clustering algorithms, identity maps,
k-means, principal component analysis, and support vector
machine [14]. The average linkage algorithm was applied to obtain
the gene expression values of genes. A heat map of DEGs was
analyzed. In the generated heat maps, genes were arranged according
to a hierarchical dendrogram [Figure 3]. The heat maps, in which the
rows indicate observations from various genes and the columns reflect
various samples, are connected with hierarchical clustering. High gene

Table 1: Number of differentially expressed genes during different stress

conditions.
Stress No. of No. of Total
up-regulated genes down-regulated genes
Drought 3870 3852 7722
Cold 1042 663 1705
Salt 1902 1138 3040
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Figure 2: (a): Venn diagram showing common genes that are up regulated in
drought, salt, and cold conditions: (b): Venn diagram showing common genes
that are down regulated in drought, salt, and cold conditions.

expression is shown by the red region, whereas low gene expression
is represented by the green section. The data frames are arranged
according to resemblance using hierarchical clustering. As a result, the
correlation within the dataset is easy to discern. Hierarchical clustering
is widely used in association with such a dendrogram. It denotes
similarity as well as the formation of the order of the clusters [15]. The
cluster with the shortest branch has the highest degree of similarity, and
as branch length increases, the degree of similarity falls. To determine,
the distance between genes and their clusters, Euclidean distance is
frequently used.

3.5. Gene Ontology Classification of DEGs

The significant up- and down-regulated genes were further subjected
to functional annotation that was performed using BLAST2GO
(now available as an omics box). BLAST2GO looks for comparable
sequences using local or remote blast hunts. The program extracts the
GO terms associated with each of the obtained hits and provides a
GO annotation that has been evaluated for the query sequence. For
down-regulated genes, the molecular function “binding” was found to
be more prominent [Figure 4]. For down-regulated genes, the most
prominent functions were metal ion binding, ATP binding, and DNA
binding transcription factor activity [Figure 5]. GO terms for DEGs are
summarized in Table 2.

3.6. PPIN Analysis of Differential Expression Genes

PPI of both up-regulated and down-regulated genes were obtained
from STRING. The PPIN was built for both up-regulated and down-
regulated PPI data. The following sources are used by STRING to
collect experimental data on PPIs: (i) systematic co-expression
analysis; (ii) identification of sharable specific signals all over genome
sequences; (iii) automated text mining of the research literature;
and (iv) computational transfer of interaction understanding among
organisms involved in gene orthology [16]. Furthermore, the PPIN
was visualized using the Cytoscape tool, which provides a basic set
of features for data integration, analysis, and visualization [17]. The
network’s nodes represent genes, and its edges refer to interactions
[Figures 6 and 7]. Network topology parameters were found using
the NetworkAnalyzer plugin of Cytoscape [Table 3]. The most
significant genes were sorted based on the value of the degree, which
indicates the number of interactions of a node with other nodes in the
network. The up-regulated genes with a degree >37 and the down-
regulated genes with a degree >61 were obtained. This was followed
by clustering analysis, where the clusters were constructed based on
vertex height, identified through the K-core value (core clustering
coefficient). The vertices that are weighted by local neighborhood
density or the nearest weighted vertex belong to the same cluster. In
the cluster, the vertex that has the highest weight is considered the
seed node or seed vertex.

3.7. Functional Annotation of the Resultant Genes

The functions of the resultant genes were obtained through UniProt
[Tables 4 and 5]. For the up-regulated genes, the QsJ 04098 gene id
has a molecular function in glycogen phosphorylase activity, linear
malto-oligosaccharide phosphorylase activity, pyridoxal phosphate
binding, SHG alpha-glucan phosphorylase activity, and a biological
function in glycogen catabolic process. Furthermore, the UniProt
id QsJ_12328 with degree 46 has a biological function in the
galactose catabolic process, glucose metabolic process, and glycogen
biosynthetic process, as well as a molecular function in magnesium ion
binding and phosphoglucomutase activity.
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Figure 3: Hierarchical heat map tree generated from the genesis tool.
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Figure 4: Molecular functions for down-regulated genes obtained from
Blast2GO.

Down-regulated genes with degree >61 were found to be mainly associated
with DNA repair mechanisms and biological functions such as damaged
DNA binding, DNA-(apurinic or apyrimidinic site) endonuclease activity,
RNA binding, and structural constituent of the ribosome. It is interesting
to see that translational biological function is common among interacting
partners of down-regulated genes. On the other hand, up-regulated genes
with degree >37 are predominantly involved in metabolic functions
such as glycogen phosphorylase activity, linear malto-oligosaccharide
phosphorylase activity, pyridoxal phosphate binding, SHG alpha-glucan
phosphorylase activity, phosphorylase activity, magnesium ion binding,
phosphoglucomutase activity and other biological functions such as
galactose catabolic process, response to water deprivation, glucose
metabolic process, and glycogen biosynthetic process.

175

Table 2: List of GO terms and corresponding scores for biological function

obtained from Blast2GO.
GO-term
Carboxylic acid metabolic process

Positive regulation of nitrogen compound
metabolic process

Catabolic process

Oxidation-reduction process

Signal transduction

Response to organic substance

Cellular response to stress

Transport

Protein phosphorylation

Regulation of transcription, DNA-template

Positive regulation of macromolecule metabolic
process

Response to temperature stimulus

Lipid metabolic process

Positive regulation of the cellular metabolic process
Response to oxygen-containing compound

Response to acid chemical

Score
2.1599999999999993
0.4367001599999999

7.698112
11.7296
8.52
4.67712
4.5120000000000005
7.112255999999999
12.3936
19.729599999999998
1.344384

4416
9.56896
0.7278335999999999
5.8511999999999995
5.9712

3.8. Pathway Analysis

Using the Plant Reactome database, the DEGs were further analyzed
for their role in different metabolic pathways. Up-regulated genes were
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Figure 5: Molecular function score distribution for up-regulated genes obtained from Blast2GO.

Figure 6: Protein-protein interactions network for up-regulated genes.

Figure 7: Protein-protein interactions network for down-regulated genes.

found to be involved in diverse pathways such as coat protein 2 (COP2)
mediated vesicle transport, phenylpropanoid biosynthesis, aluminum
stress response, glutamate degradation, abscisic acid (ABA) signaling,
and choline biosynthesis. Drought, salinity, and cold conditions have
been shown to stimulate the phenylpropanoid biosynthesis pathway,
causing an accumulation of different phenols and flavonoids. Phenolics

Table 3: Topological properties of PPI network.

No. of nodes 82 62
Clustering coefficient 0.854 0.996
Network diameter 4 2
Network centralization 0.373 0.029
Average no. of neighbors 16.512 59.290
Network density 0.204 0.972
Connected components 4 1

PPI: Protein-protein interactions

have an impact on a variety of biological procedures involved in
plant growth, particularly the germination of seeds, cell division, and
the production of pigment used in photosynthetic processes. It has
been discovered that, in response to various environmental stimuli,
ABA levels rise dramatically in vegetative tissue. Despite having an
inhibitory impact on plant growth, a higher ABA level is advantageous
for plants during stress. Excess water has been shown to reduce due
to ABA-induced stomatal closure under osmotic stress and decreased
canopy expansion [18]. ABA has been reported to induce several stress
response pathways that are beneficial for the synthesis of suitable
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Table 4: Molecular and biological functions (obtained from UniProt) of up-regulated genes.

Biological function

Glycogen catabolic process

Glycogen catabolic process; Response to temperature
stimulus; Response to water deprivation

Galactose catabolic process; Glucose metabolic
process; Glycogen biosynthetic process

S.No. GenelID Degree  Molecular function

1 OsJ_04098 46 Glycogen phosphorylase activity; Linear
malto-oligosaccharide phosphorylase activity; Pyridoxal
phosphate binding; SHG alpha-glucan phosphorylase activity

2 0S03T075810 46 Glycogen phosphorylase activity; Linear
malto-oligosaccharide phosphorylase activity; Pyridoxal
phosphate binding; SHG alpha-glucan phosphorylase activity

3 OsJ 30930 40 Magnesium ion binding; Phosphoglucomutase activity

4 OsJ 12328 37 Magnesium ion binding; Phosphoglucomutase activity

Galactose catabolic process; Glucose metabolic
process; Glycogen biosynthetic process

Table 5: Molecular and biological functions (obtained from UniProt) of down-regulated genes.

S.No. Geneid Degree  Molecular function Biological function
1 OsJ_01678 61 Structural constituent of ribosome Ribosomal large subunit assembly and Translation
2 OsJ_11524 61 Damaged DNA binding; DNA-(apurinic or apyrimidinic site) DNA repair; Translation
endonuclease activity; RNA binding; Structural constituent of
ribosome
3 RPS15 61 Structural constituent of ribosome Translation
4 OS03T080780001 61 RNA binding; Structural constituent of ribosome Translation
5 OsJ 25132 61 Structural constituent of ribosome Cytoplasmic translation; Ribosomal small subunit
assembly; Translation
6 RPL5B 61 5S rRNA binding; RNA binding; Structural constituent of Ribosomal large subunit assembly; Translation
ribosome
7 OsJ_36548 61 RNA binding; Structural constituent of ribosome Cytoplasmic translation
8 OsJ 12636 61 mRNA binding; Structural constituent of ribosome Negative regulation of translation; Translation

osmolytes and late embryogenesis-abundant (LEA)-such as proteins,
avoiding plant damage from stress, and increasing plant stress tolerance.

The results indicated that down-regulated genes are involved in the
activation of pre-replication complexes, the removal of superoxide,
UDP-L-arabinose, and many more processes. Abiotic stress has
been shown to increase stomatal closure and encourage the synthesis
of hydroxyl radicals through photorespiration [19]. Stress-related
overexpression is extremely reactive and harmful to plant proteins,
lipids, and nucleic acids.

4. DISCUSSION

4.1. Biological Functions of DEGs

Our research has determined DEGs during abiotic stress through
computational analysis. Functional annotation further revealed that
these genes are involved in a wide range of activities showing different
cellular, molecular, and biological aspects conferring tolerance
to drought, salt, and cold conditions. Functional analysis through
computational approaches has revealed that the gene encoding beta-
amylase was found to be up regulated. Beta-amylase has been reported
to be involved in catabolic processes such as the polysaccharide
catabolic process, and the amylopectin process [20]. Because maltose
production is a single-step reaction, plants with adequate starch levels
could produce significant quantities in the stroma in a very short
time to contribute to the protection of chloroplast membranes and
proteins [20]. Such a short-term protective advantage would give plants
more time to produce the full complement of proteins and metabolites
relevant to long-term distress, which demands considerable alteration
as well as restructuring of metabolism and physiology [21]. This

further explains the greater expression of metabolizing enzymes, such
as beta-amylase observed during stress conditions.

The cytochrome P450 (CYP) gene also showed higher expression
during stress. It is involved in the oxidation-reduction process and
helps the rice plants combat environmental stress [22]. CYPs seem
to be the biggest family of enzymes engaged in plant metabolism,
involving hormone production and catabolism as well as the formation
of primary and secondary metabolites. They make up around 1%
of the protein-coding regions in plants [23]. Through a variety
of biosynthetic and detoxifying pathways, the CYP superfamily
contributes significantly toward the growth and development of plants
as well as their defense against stressors [24]. Our study has found
that the gene dwarf and small seed 1 (DSS1), a gene belonging to the
CYP450 gene family, was up regulated. DSS1 gene has been reported
to be involved in the regulation of rice plant height [23]. Cytochromes
are crucial in controlling the growth and development of plants. Rice
stem elongation can be controlled by fine-tuning the gibberellic acid
(GA) to ABA balance, which is significant. Rice DSS1 also plays a
function in lipid metabolism. The DSS1 mutant has been shown to
exhibit increased drought tolerance, delayed germination, and early
development as a result of ABA and metabolite buildup, as well as
decreased GA levels. As a negative regulator of seed germination and
seedling growth, while encouraging tolerance to abiotic conditions such
as drought and salt, ABA plays important functions in maintaining seed
dormancy and regulating a variety of processes of plant development
and responses to environmental challenges [25]. The DSS1 mutant’s
delayed germination and early development as well as its increased
tolerance to drought are caused by the accumulation of ABA and
metabolites by cytochrome. Thus, our findings support the role of the
DSS1 gene in combating stress conditions.
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In our research, we discovered that the Cyclin-dependent protein
kinase gene, AK120479.1, was up regulated during stress. Cyclin-
dependent protein kinases have earlier been suggested to help O. sativa
to withstand heat stress [26]. Protein kinases are part of signaling
pathway cascades. Wheat sucrose non-fermenting 1 (SNF1)-related
kinase (SnRK)2 family members have been linked to the control of
increased abiotic stress tolerance and development under both normal
and stressful circumstances [27]. Previous research has demonstrated
that ABA-dependent and ABA-independent signaling pathways
stimulate Ca™-dependent protein kinases (CDPKs) and SnRKs, which
in turn affect the expression of LEA genes and other stress-responsive
genes [28].

Functional annotation has further revealed another gene AK068392.1
that encodes the NAC domain-containing transcription factors were up
regulated during stress. The NAC domain contains a highly conserved
N-terminal NAC domain, accompanied by diverse C-terminal
domains. NAC is an acronym derived from the names of the three
genes first described as containing the domain, namely no apical
meristem, ATAF1, 2, and cup-shaped cotyledon [29,30]. NAC family
transcription factors are mainly involved in plant growth, development,
and biotic or abiotic stress responses. Numerous rice NAC transcription
factor genes have been reported to be activated by abiotic stresses [31].
Both throughout the vegetative and blooming phases, rice’s tolerance
to drought may be significantly increased by stress-related NAC
(SNACT) [32]. OsNAC529 and OsNAC630 proteins can bind to the
OsLEA3 promoter and notably boost resistance to excessive salt and
drought. Under dry conditions, OsSNAC10 overexpression has been
shown to boost rice production. Rice gene OsNACO063 transgenic
Arabidopsis plants have been reported to improve high salt and
drought tolerance. OsLEA3 and stress-activated protein kinases
(OsSAPK1) are directly regulated by OsNAC2, giving it a novel role
and regulatory mechanism in abiotic stress responses [31]. Therefore,
it could be crucial in establishing a link between the ABA and abiotic
stress response pathways.

In our work, we discovered that several genes encoding mitogen-
activated protein kinase (MAPKs) were up regulated in O. sativa under
stress. MAPKs are involved in protein-mediated signal transduction,
mitotic cell cycle control, and ATP binding and enable rice plants
to resist stress [33]. Being a vital component, MAP kinase plays a
crucial role in integrating upstream signals with mitogen-activated
proteins for subsequent cellular responses. Cross talks between MAP
kinases occur during the signaling pathway. Dual specificity kinases
phosphorylate threonine and tyrosine residues found in the activation
loops to activate MAPKs. In mammals and yeast, MAPK cascades
function in generally conserved signaling modules. Numerous studies
have reported that MAPKs become active when plants are subjected to
various abiotic and biotic stresses [34].

Another gene AK060284.1 encoding diacylglycerol kinase (DGK)
was found to be up regulated under stress. DGK is one of the most
important enzymes that phosphorylates diacylglycerol (DAG) to form
phosphatidic acid (PA). In both animal and plant cells, the synthesis
of PA through phospholipase D and the linked phospholipase C/DGK
pathway is a crucial signaling step [35]. Second messengers DAG and
PA are both essential for the production of the main phospholipids.
When exposed to diverse stimuli, such as cold, injury, elicitors, and
pathogen assault, PA builds up its response. DAG has been implicated
in causing ion pumping in guard-cell protoplasts and the opening of
intact stomata [36]. In plants, DGK activity has been characterized
and is primarily localized to the plasma membrane, with some activity

associated with the cytoskeleton and nucleus disease resistance
responses.

Ourstudyalsorevealedthatagene AK062487.1 encodingmyeloblastosis
(MYB) transcription factor (Myb proto-oncogene protein is a member
of the MYB family of transcription factors) was down regulated in the
rice plant during abiotic stress. It has been reported that a number of
MY B transcription factors control plant survival in response to salt and
drought stress. The expression of MYB transcription factors have been
shown to be induced by ABA [37]. Earlier studies have demonstrated
that the Arabidopsis R2R3-MYB transcription factor promotes lateral
root development through the ABA-auxin signaling network and helps
the plant to combat drought [38,39].

Another gene AK058429.1 encoding for GDSL-type esterase/lipase
proteins (GELPs) was down regulated during all three abiotic stress
conditions. This is in line with the previous findings from a Genome-
wide study that aimed at identifying and describing the functions of
several genes from the GELPs family in Soybeans. These have been
reported to play crucial roles in growth and development, stress
responses, and pathogen defense in Soybeans [40]. Another gene
(AK108868.1) encoding ribosomal protein was found to be down
regulated under all stress conditions. This is in agreement with the
findings of a previous study that demonstrated reduced expression of
60S ribosomal protein in rice upon exposure to abiotic stress conditions.
This study has also reported that transcription regulation involved the
removal of transcription factors from the specific sites [41].

Our study has also revealed that gene AY525368.1 encoding Protein
lesion simulating disease 1 (LSD1) shows decreased expression during
stress conditions. LSD1, a zinc finger protein, has been reported to
regulate programmed cell death (PCD) in Arabidopsis thaliana [42)].
The LSDI1 gene has also been isolated from O. sativa, where it acts as a
negative regulator of PCD [43]. PCD is a crucial component of defense
mechanisms in response to abiotic stimuli such as ultraviolet radiation,
heat, cold, drought, or floods [44].

Functional analysis has revealed that AK070731.1, that is, AAA-
ATPase gene was up regulated during stress. An N-terminal domain,
an AAA domain, and a C-terminal domain make up the usual chemical
composition of a eukaryotic AAA-ATPase. Twenty-nine members of
the AAA protein family have been found in the rice genome, including
CDC48 (0s03g0151800) and OsFidgetin-like 1 (OsFIGNL1) [45].
The formation of the male meiosis, microspore, and anther in rice
has been significantly influenced by the rice OsFIGNL1 gene, that
encodes for a conserved AAA-ATPase domain [46].

4.2. Role of DEGs in Metabolic Pathways

DEGs were found to participate in metabolic pathways such as COP2
mediated vesicle transport, phenylpropanoid biosynthesis, aluminum
stress response, glutamate degradation, ABA signaling, and choline
biosynthesis. Down-regulated genes are involved in the activation
of the pre-replication complex, the removal of superoxide, UDP-L-
arabinose, and many more processes.

Pathway analysis revealed that an up regulated gene AY077725.1
encoding Zinc Finger Protein ZAT8 is a key component of the
phenylpropanoid pathway, which accumulates phenolic and flavonoid
compounds. Numerous studies have reported that phenolic compounds
influence the physiological processes of seed germination and
photosynthetic pigment formation. In addition, phenolic compounds
have antioxidant properties and can scavenge free radicals that
cause cell membrane peroxidation, preventing oxidative stress on
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plant cells [47]. This indicates that up regulation of proteins in the
phenylpropanoid pathway potentially enables the rice plants to produce
more phenolic compounds to cope with a stressful environment.
Flavonoid accumulation has also been shown to detoxicate harmful
H,0, resulting from drought stress [48]. In addition, CYP gene has
been reported to lead to flavonoid accumulation in Arabidopsis plants
exposed to drought conditions [22]. Thus, in agreement with previous
findings, our study also found greater expression of CYP gene in all
three stress conditions.

From the pathway analysis, another up-regulated gene (AK063578.1)
encoding GL2 expression modulator-like, a protein phosphatase, was
found to participate in choline biosynthesis. Several species commonly
employ low molecular weight substances, osmolytes, or other suitable
solutes as a part of the defense system against environmental challenges.
For instance, Glycine betaine (GB), a quaternary amine with a
zwitterion nature that is produced by oxidizing choline or methylating
glycine, has been linked to increasing resistance to abiotic stress in
a variety of organisms [49,50]. Choline acts as a main substrate for
the biosynthesis of GB. Choline is first converted into betaine in the
presence of choline monooxygenase to begin the synthesis of glycine
betaine, which is then produced by the NAD*-dependent enzyme
betaine aldehyde dehydrogenase. Osmotic stress has been shown to
induce the biosynthesis of GB [51]. Another study has demonstrated
that GB reverses the inhibitory effects of salt stress [52]. Thus, our
study corroborates the previous findings that suggest a critical role of
accumulation of GB in the stress tolerance mechanism.

In our study, a gene AKO068266.1 encoding for ribulose-1,5
bisphosphate carboxylase/oxygenase small subunit was found to be
down regulated under abiotic stress conditions. Functional annotation
has revealed that this protein is involved in photorespiration. High
temperatures promote photorespiration, which results in the loss
of CO, and energy in photosynthetic cells. Previous research has
demonstrated that when the stomata are closed due to water stress
and there is high light intensity, photorespiration is required to waste
excess ATP and reduce power from the photosynthesis light reactions,
thereby preventing damage to the photosynthetic equipment [53]. This
might explain the reduced expression of ribulose-1,5 bisphosphate
carboxylase/oxygenase upon exposure to stress.

It was also found that a down-regulated gene AK072914.1 encoding
for chloroplast unusual positioning 1 (CHUPI) plays a critical
role in the movement and optimal positioning of chloroplasts in
plants. Mutant studies on A. thaliana have revealed that CHUP1
enables the chloroplasts to relocate by changing intracellular
positions in response to light and optimizing photosynthetic
activities [54]. Altered chloroplast movement has been reported
to affect photosynthesis and carbohydrate metabolism during low-
temperature conditions [55].

Another gene U30477.1 was found to be a key component of cell wall
organization. Several studies have shown that heat stress affects the
synthesis of cell wall constituents [56-58]. The lignification process has
been reported to be impacted by DEGs involved in lignin production,
as revealed by the proteomic study [59]. Overall, in drought-stress
circumstances, the expression pattern of genes associated with cell
walls changes, thereby affecting the cell wall composition.

5. CONCLUSION

Abiotic stresses such as water deprivation, low or high temperature, and
salinity are known to affect the gene expression of rice plants. Genes

show altered expression levels during various abiotic stress conditions
and are known as DEGs. DEGs of rice plants were obtained through
computational analysis of microarray data available at the NCBI GEO
database. Common genes were filtered out which exhibited differential
expression during all three abiotic stress conditions, that is, drought,
cold, and salt. Such DEGs were considered significant. Functional
annotation of significant DEGs was found to encode for a variety of
proteins involved in specific functions such as beta-amylase, CYP,
Cyclin-dependent protein kinases, NAC domain-containing protein,
AAA-ATPase, MAPKs, AP2 containing the domain and DGKs. PPIN
analysis has revealed that PPIs exhibited by down-regulated genes are
mainly associated with DNA binding activity, whereas PPIs involving
up-regulated genes are mainly involved in metabolic activities. DEGs
have a role in diverse biological pathways such as phenylpropanoid
pathway, choline biosynthesis, and cell wall organization. Thus,
our study has predicted several important genes which may play a
critical role in stress tolerance mechanisms, however, these need to be
validated through experiments.
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