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Cereals have evolved various tolerance mechanisms to cope with abiotic stress. Understanding the abiotic stress
response mechanism of cereal crops at the molecular level offers a path to high-yielding and stress-tolerant
cultivars to sustain food and nutritional security. In this regard, enormous progress has been made in the omics
field in the areas of genomics, transcriptomics, and proteomics. Omics approaches generate a massive amount of

data, and adequate advancements in computational tools have been achieved for effective analysis.

abiotic stress functional genomics transcriptomics proteomics stress response

| 1. Introduction

The plant is a sessile organism that serves as the foundation for all living organisms on Earth and as a valuable
resource for humans. All cereal crop species are members of the grass (Poaceae or Gramineae) family, the fourth
largest family of flowering plants (LI. The major cereal crops, rice, maize, sorghum, finger millet, foxtail millet, wheat,
barley, and other cereal crops, are the world’s primary food sources 2. Food is necessary to provide energy for
body growth, function, and defense. Our body’s basic requirements include proteins, minerals, carbohydrates, fiber,
vitamins, and lipids, all essential nutrients. Among these requirements, carbohydrates, proteins, and fats which are
needed in large quantities are called “macronutrients,” and the requirements of minerals and vitamins needed in
small amounts are called “micronutrients” [Bl. Cereals such as rice are enriched with carbohydrates; wheat is rich in
carbohydrates and certain vitamins (B6); maize is rich in vitamins and micro elements, viz., P, Mg, Mn, Ca, Zn, Cu

and Fe (depending on the varieties); millets are rich in fiber and proteins (https://data.nal.usda.gov/ (accessed on

16 October 2022)). These cereals are essential for the routine life of humans, and their production should be
increased owing to the increasing population. However, abiotic stress is a global problem, limiting global crop
production and reducing the yields of the plants by more than 50% in quality 4. Abiotic stress conditions such as
drought, high temperatures, salinity, mineral deficiency, and metal toxicity are usually experienced by plants in both
natural and agricultural systems R8I, Among these stress factors, drought (low water availability), heat (extreme
temperature), and salinity (high salt content) are the most important stresses, having a huge effect on the growth
and productivity of the crops [EIRIL0],

Furthermore, the world population is expected to reach nine billion by 2050, affecting average living standards.
Food consumption also demands grain for livestock maintenance and agricultural land use, leading to the
population’s food demand B According to the FAO's SOFI 2021 report (The State of Food Security and

Nutrition in the World), the COVID-19 pandemic exposed agri-food systems to stress, resulting in increasing
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worldwide food instability and malnutrition 2. There is an urgent need to increase crop productivity to meet the
demand. Plants have developed sophisticated mechanisms to adapt to environmental changes and challenges that
aid plant survival. The mechanism behind the environmental stress response in plants is undoubtedly more
advanced and prominent than in animal cells 22, Numerous fundamental reports are available on the molecular
and cellular mechanisms behind abiotic stress adaptation in rice plants, which act as model plants for cereal crops.
A plant’s response to drought, extreme temperature, and salinity depends on the regulation of genes (upregulation
or downregulation). In this context, integrated omics research has been widely used to understand the plant’s
biological networking and molecular mechanisms against various abiotic stresses. Despite tremendous progress in
genomics, there is a need to study other omics levels, including transcriptomic and proteomic profiling, for a
comprehensive understanding at the molecular level. Developing new crops that have improved resistance to
various abiotic stress factors is essential. Plants are exposed to various abiotic stresses. Numerous stress-
responsive genes are activated, which are involved in producing many proteins that help them activate and adjust
the physiological and biochemical pathways in stress tolerance 24, Therefore, integrating multi-omics data within
the context of systems biology can provide more profound knowledge for future directions (molecular biology,
genome editing, etc.) ISMIEI7] | this entry, researchers discussed the recent advancements in functional
genomics, transcriptomic, and proteomic analyses to understand the adaptation and tolerance mechanisms
enhancing drought, extreme temperature, and salinity in different cereal crops. A summary of transcriptomic,

proteomic, and functional genomic approaches for crop improvement is presented (Figure 1).
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Figure 1. A schematic representation of omics approaches for identification of major regulator of stress response in
the plant. QTL—quantitative trait locus; MAS—marker-assisted selection 2D gel electrophoresis; DIGE—differential
gel electrophoresis; MALDI-TOF—matrix-assisted laser desorption/ionization time-of-flight; LC-MS/MS—Iiquid
chromatography/mass spectrometry. Sources of the cereal image

(https://agritech.tnau.ac.in/agriculture/millets_miracle_strategies.html (accessed on 17 October 2022)).
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2. General Effects of Drought, Heat, and Salt Stress on Plant
Growth and Development

Plants are multicellular, and their reactions to abiotic stresses are highly complicated and have passive-aggressive
behavior. Depending on the environmental conditions, plants suffer from abiotic stresses that are either reversible
or irreversible 14lI17I18] Besides that, how do plants react to environmental stress factors? Plant biologists and
agronomists consider this to be an extremely severe problem due to the fact that it poses a significant risk to crop
productivity. Plants have developed several biochemical, physiological, and metabolic responses to withstand
environmental stress factors. Understanding plants’ molecular, cellular, physiological, and biochemical changes
during abiotic stresses is crucial for better crop management L8I[191[20] p|ants have primary and secondary stress
response mechanisms to protect themselves from various abiotic stresses. The drought stress response involves
the control of ion homeostasis (activation/inactivation of aquaporins), and water transport. Another general plant
stress response is the synthesis of protective molecules or osmolytes, such as sugars, proline, polyalcohols,
guaternary ammonium compounds, and so on, as well as different specific proteins such as heat shock proteins,
LEA proteins, osmotic, etc., 18119201 | the secondary stress response, plants generate “reactive oxygen species”
(ROS), which includes H,O, peroxidation and lipid peroxidation (MDA content was increased). Reduced
glutathione, superoxide dismutase, catalase, ascorbate peroxidase, glutathione peroxidase, and other antioxidant
enzymes are activated when ROS accumulates in the cell cytoplasm 2. The general effects of drought, heat and

salt stress on plant growth and development have been shown (Figure 2).
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Figure 2. How do plants react to environmental stress factors?
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2.1. Drought Stress

The stress response of plants varies with each species, determined by the growth stage and environmental factors
(22 Drought stress reduces the yield of maize (63-87%) 23 wheat (57%) 24, and rice (53-92%) [23. The
underlying impact of drought is poor germination, damaged seedling development, decreased root and shoot dry
weight, hypocotyl length, and vegetative development and these factors have been accounted for in imperative
nutrition crops including rice, wheat, sorghum, foxtail millet, and finger millet, etc., [281271[28]129][30] " \Water and
nutrient associations are important factors for the growth and development of plants. Stomatal conductance, leaf
water potential, transpiration rate, and water relations are activated. Drought stress highly affects the above factors
and the nutrient relationships such as N, Si, Mg, and Ca [BI. Furthermore, drought stress decreases the soil
moisture and leads to a reduction in root growth, which is deeper and thicker. In this context, roots are the first
organ that senses water availability and sends signals to the aerial organs via root-to-shoot xylem channels to
decrease the turgidity of guard cells and close the stomatal aperture to reduce water loss 2282 Drought-
responsive genes were divided into two categories: functional and regulatory genes. Synthase genes, aquaporin
genes, protective metabolites (sucrose, proline, and betaine), and proteins (LEA protein, molecular chaperone) are
all involved in cell defense against environmental stress. Stress-related transcription factor genes, protein kinase
genes, phospholipid metabolism-related genes, and protein phosphatase genes are regulatory gene products that
indirectly protect plant cells from abiotic stress [LEI[331[34](35]

2.2. Temperature Stress (Heat)

Temperature is a major factor affecting plants’ distribution, growth, and development. Plant morphological and
physiological processes are affected by the temperature conditions under which the plant species grow, because
each species grows in a specific temperature range (i.e., 25-30 °C for maximum growth) [B8  Elevated
temperatures cause adverse effects such as the burning of shoots and leaves, leading to leaf senescence and
growth inhibition 2271, Under this condition, plants try to balance their tissue water and moisture content to protect
themselves from high temperatures. It can also reduce the germination, development of spikes, number of florets,
and net assimilation rate in sorghum, rice, and maize (2237, Heat stress independently alters the physiology and
metabolism of plants. However, its effect becomes enhanced when combined with other abiotic stresses such as
drought and salt stress 22381, Heat stress in the reproductive stage causes a major reduction in the yield of crops
due to the poor photosynthetic process. Extreme temperature stress leads to the deactivation of various enzymes
involved in photosynthesis. For example, PSIl enzymes are an important factor in photosynthesis; high
temperatures influence the activity of PSII. Under high temperatures, components of PSII were damaged in wheat
and barley 8139 Although high-temperature stress reduces the enzyme activities of adenosine diphosphate-
glucose pyrophosphorylase, sucrose phosphate synthase, and invertase, it affects the starch and sucrose
synthesis of plants 49411,

2.3. Salinity Stress

https://encyclopedia.pub/entry/33526 5/25



Abiotic Stress Response in Cereal Crops | Encyclopedia.pub

Salinity is an abiotic stress that severely affects plant growth, development, and crop production. The response of
plants under salinity stress can be described in two phases: the initial phase, an ion-independent response, which
takes minutes to days to cause toxicity, affects stomatal closure and inhibits cell expansion, particularly in the shoot
(22]42] The second phase, the ion-dependent response, which takes days or weeks to build up cytotoxicity, causes
premature senescence of leaves, reducing yield or even causing death 4243144 Moreover, salt may affect plant
growth indirectly by decreasing the rate of photosynthesis and stomatal conductance 4248l Stomata are the main
structures responsible for gas exchange control. Salt stress reduces stomatal conductance by affecting their
opening, size, and density 47, Consequently, transpiration (i.e., water loss) and photosynthesis (CO, uptake) rates
are also reduced (849 |ncreased Na' ion is sensed by plants, leading to immediate closure of stomata and
inhibition of leaf expansion within minutes of exposure. Later, due to excessive ion concentration, premature
senescence of leaves and a reduction in yield occur in plants 44, Compared to other cereals, rice is the most salt-
sensitive crop. Chlorophyll and carotenoid contents in rice leaves were significantly decreased after the
introduction of salt stress B9, An excess amount of salt adversely affects the metabolic activities of plants, including
cell wall damage, accumulation of electron-dense proteinaceous particles, plasmolysis, cytoplasmic lysis, and
damage to ER. In addition, it accumulates citrate, malate, and inositol in leaf blades within one day of salt
treatment B, Sorghum is a moderate, salt-tolerant agronomic crop. Swami et al. B2 reported that sorghum plants
under salt-stress conditions reduced the growth of leaves and chlorosis. In sweet sorghum, salinity decreased

germination percentage and increased germination duration 231241,

2.4. Oxidative Damage and Antioxidant Enzyme Defense System in Plants under
Abiotic Stress

Abiotic stresses affect plant growth, development, and productivity by degrading cellular metabolism and
increasing reactive oxygen species (ROS) generation. During abiotic stress, photorespiration, the photosynthetic
system, and mitochondrial respiration pathways contribute to the generation of ROS B2I5€l |t has been proven that
ROS are generated in different cellular compartments such as mitochondria, chloroplasts, peroxisomes, cytoplasm,
and the extracellular region IBABEEIBA. The increased production of ROS during stress can be damaging to cells.
Still, reactive oxygen intermediate (ROI) acts as a signal to activate stress-response and defense pathways 69,
Thus, ROS can be considered a cellular indicator and secondary messenger in the stress-response signal
transduction pathway. Approximately 1-2% of total molecular oxygen consumption results in the production of ROS
in normal conditions. The stressed plant cell generates toxic ROS such as hydrogen peroxide (H,0,), singlet
oxygen (10,), alkoxyl (RO°), peroxyl (ROQO"), hydroxyl radical (OH’), and superoxide (O, ")LZIB7EA61IE2]
Increased ROS levels can potentially cause peroxidation of lipids, denaturation of proteins, mutation of DNA, and
cellular oxidative damage BIE3l The equilibrium between ROS production and elimination at the intracellular level
must be regulated to overcome ROS induced damage, and maintain the growth, metabolism, development, and
overall productivity of the crops. Plants cells produce a complex of enzymatic and nonenzymatic antioxidants to
maintain ROS homeostasis. The enzymatic antioxidant system includes several antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR),
peroxiredoxins (Prxs), and enzymes of the ascorbate-glutathione (AsAGSH) cycle, such as ascorbate peroxidase

(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR). Nonenzymatic
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antioxidants such as glutathione (GSH), ascorbate (AsA), tocopherol, carotenoids, and phenolic compounds are
also involved in the removal of ROS 841, According to several reports, antioxidant enzyme activity is involved in the
stress tolerance of plants. Alterations in SOD, CAT, APX, and GR activity were observed in various cereal crops

under abiotic stress 631,

Superoxide dismutase is the most effective intracellular metalloenzyme that serves as the first line of defense
against ROS-mediated oxidative stress. According to the metal cofactors, SODs are classified into three types:
Cu/Zn-SOD (copper/zinc cofactor), Mn-SOD (manganese cofactor), and Fe-SOD (iron cofactor) [BEI67168169] sOop
catalyzes the dismutation of the superoxide radicals (O,.”) into hydrogen peroxide (H,O,) and oxygen (O,) and
decreases the formation of hydroxyl radical (OH") formation via the metal-catalyzed Haber—Weiss-type reaction.
The dismutation rate is 10,000-fold higher than spontaneous dismutation B9, Under stressful environments,
upregulation of SOD has been associated with plant survival and mitigation of oxidative damage. A significant
increase in SOD activity under drought stress has been observed in many plant species, viz., rice 9, wheat [1],

sorghum, and sunflower 22,

Catalase is a tetrameric heme-containing enzyme involved in degrading H,O, into H,O and O,. Under normal
environmental conditions, catalase scavenges H,O, produced during photorespiratory oxidation, mitochondrial
electron transport, and (-oxidation of the fatty acids. Catalase enzyme is found in the mitochondria, peroxisomes,
and cytoplasm of higher plants 8. SOD detoxifies superoxide radicals (O,.”) into hydrogen peroxide (H,0,) and

oxygen (O,), then then the H,O, can be eliminated by CAT.

In plant cells, AsA-dependent APX (EC 1.11.1.1) occurs in different isoforms (cytosolic APX (cAPX), mitochondrial
APX (mtAPX), chloroplastic APX (chlAPX) and peroxisomal/glyoxysomal APX (mAPX). APX is the only enzyme
capable of scavenging H,0O, in the chloroplast since CAT is not present, which participate in the AsA-GSH cycle

producing monodehydroascorbate (MDHA) 241,

GR is a flavoprotein oxidoreductase involved in the defense system by sustaining the status of glutathione (GSH),
a disulfide reductant, which protects thiol groups of enzymes, regenerates ascorbate, and reacts with singlet
oxygen (O,) and hydroxyl radical (OH"). GSH and GR play a key role in determining the tolerance of a plant under
various stresses. This might be due to maintaining a high ratio of NADP*/NADPH, therefore ensuring the
availability of NADP™* for accepting electrons from the photosynthetic electron transport chain and facilitating the

regeneration of oxidized ascorbate [L716AI[65],

3. Functional Genomic Approaches to Identify Stress-
Responsive Genes in Cereals

The genomics strategies help develop climate-resilient crop varieties to ensure food security by helping conserve
genomic resources. The discovery of genomic variations and genes related to climate adaptation found in wild
relatives of crop plants through whole-genome sequencing is an indicator of the development of environmentally-

adapted crops X278 Genomics and systems biology approaches toward the discovery of stress-tolerant traits
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have been made possible by the availability of molecular markers, QTL mapping, genetic mapping, and
comparative genomics, the complex relationship of plants and environmental factors, and expression quantitative
trait loci (eQTL). These techniques can provide a practical approach to identifying candidate genes involved in

abiotic stress tolerance.

3.1. Genome Sequencing

Rice was the first cereal to be sequenced, which paved the way for NGS characterization of more complex cereals
(778179 - Afterward, most commonly available cereals had their genomes sequenced at the whole genome level,
including maize B, sorghum B, foxtail millet 2831 wheat 4], barley 2!, finger millet 8], pearl millet, kodo millet,
barnyard millet and green foxtail. Over the past years, advancements have been made in DNA sequencing
technology, facilitating the generation of a large amount of sequencing data within a short time in a cost-effective
manner compared with the first-generation sequencing methods (Sanger-sequencing). Next-generation
sequencing (NGS) technologies have high-throughput sequencing with prominent next-generation sequencing
(NGS) platforms, including the lllumina/Solexa AB SOLID Genome analyzer (https://www.illumina.com/ (accessed
on 18 January 2022)) and Roche 454 GS FLX Titanium (www.454.com (accessed on 20 January 2022)). These

technologies increase the eagerness for genome sequencing. First- and second-generation sequencing

technologies have some disadvantages, so the researchers developed third-generation sequencing technologies to
overcome certain drawbacks of first- and second-generation sequencing methods. In whole-genome sequencing of
plants, single molecule sensor (HeliScope™) BZ, single molecule real time sequencer (SMRT™) [E8I89  single
molecule real time sequencer (RNAP™) 9 and Nanopore DNA sequencers are used. They illustrate detailed
genomic features including coding and noncoding genes, GC content, and repetitive and regulatory sequences that
can be used to understand the functional roles of plant genes 192 The NGS technology has opened the door to
studying plant genomics to understand the abiotic stress response and to also produce improved crop varieties
against abiotic stress. The study of plant species with larger genome sizes is more complicated due to the
presence of repetitive elements in their genomes. These complex genomes are one of the most challenging
problems for sequence assembly. For example, the genome size of the monocot plant wheat (hexaploid) is highly
complex, consisting of 17 Gb, compared with the 4.79 Gb barley genome (diploid) 28124 Among the cereals,
genome databases are available for rice and maize. Four other data genome databases are available for rice such

as Rice Genome Annotation Project (RGAP) (http://rice.uga.edu/ (accessed on 25 January 2022)), International

Rice Informatics Consortium (IRRI) (http://iric.irri.org/resources/rice-databases (accessed on 2 February 2022)), O.

sativa genome database (OsGDB) (https://www.plantgdb.org/OsGDB/ (accessed on 12 February 2022)) and Rice
RelativesGD (http://ibi.zju.edu.cn/ricerelativesgd/ (accessed on 17 February 2022)) 9336171 A|| these databases

contain annotated genomes of rice, and molecular resources (cDNA full length, gene, EST, markers, and
expression data). The first genome sequence of maize was released in 2009 by Schnable et al. [BY. Researchers
released several genome assemblies of maize from different countries afterwards. The maize genetics and
genomics database (MaizeGDB) is the community database and global web source for maize 28831001 \pore the
40 genome assemblies of maize inbred lines are available in addition to the B73 reference genome assembly. To
date, MaizeGDB contains the five B73 reference genome assemblies of maize. The current B73 assembly version,
Zm-B73-REFERENCE-NAM-5.0 (also known as RefGen_vb5), released in January 2020, was sequenced and
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assembled along with a set of 25 inbred known as the Nested Associated Mapping (NAM) founder lines by the
NAM Consortium using PacBio long reads and mate-pair strategy. The RefGen_v5 assembly sequence includes all
10 chromosomes. The first three assemblies (RefGen_ V1, V2, and V3) were based on a bacterial artificial
chromosome (BAC) sequencing strategy. The RefGen_V4 assembly used a new approach that relied on PacBio
SMRT sequencing at Cold Spring Harbor to a depth of 60x coverage with scaffolds created via the assistance of
whole genome restriction mapping (aka Optical Mapping). Maize-GDB also contains 38 additional reference
genome assemblies, such as eight inbred lines (A188, B104, CMC247, Mol17, PH207, and W22), four European
flints (DK105, EP1, F7, and PE0075), 25 NAM population (B97, CML52, 69, 103, 228, 247, 277, 322, 333, HP301,
I114H, Ki3, Kill, Ky21, M37W, M162W, Mol8W and Ms71) and one teosinte (P1566673). Around 60 % of genes
are found in all the NAM lines. Researchers have extensively used NAM populations to study maize flowering time,
leaf structure, disease resistance, and other important agronomic traits. MaizeGDB hosts a wide range of data,
including genome metadata, microRNAs, QTLs, SNPs, genome assemblies, genetic maps, ESTs, pathway da-ta,
microarray data, RNA-seq, proteins, gene models, and transcripts. Several tools such as qTeller, maizemine,
metabolic pathways, maize meeting, bin viewer, newly characterized genes, diversity SNP traits, and AgBioData
have been implemented to improve the accessibility and visualization of data (Figure 3) 221, Among these, qTeller
is a comparative RNA-seq expression platform that helps to compare expression between two genes visually.
Maizemine is a data mining respiratory for the MaizeGDB 192 |t enables researchers to create and export
customized annotated datasets that can be combined with their research data for use in downstream analyses.
Using the maize meeting tool, researchers can find past, present, and future information about maize genetics
meetings. These recent updates at MaizeGDB will serve as a template for other databases to manage large-scale
pan-genomes of any species. More than 15 genome assemblies are currently available at the SorghumBase

database (https://sorghumbase.org/ (accessed on 18 October 2022)). As with rice, sorghum and maize, the

development of genomic databases for other cereals will enable researchers to gather information about all
molecular data.
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Figure 3. Graphical illustration of the maize genetics and genomics database (MaizeGDB) and sorghum base.

Various tools have been implemented in the MaizeGDB (A) (https://www.maizegdb.org (accessed on 10 October
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2022)) and sorghum base (B) (https://www.sorghumbase.org (accessed on 18 October 2022)), both of which help

to collect all molecular data from the database.

Among the small millets, foxtail millet genome sequence has been sequenced by two research institutes (US
Department of Energy Joint Genome Institute and Beijing Genomics Institute) B3Il103] The genome size of foxtail
millet is around 515 Mb. A total of 38,801 genes were predicted (30,579 genes annotated and 8220 genes
unannotated) from the genome sequence of foxtail millet. Bennetzen et al. B3l predicted more than 25,000 protein-
encoding genes and 63,286 expressed sequence tags (ESTs) from their foxtail millet genome sequence. Like
foxtail millet, two research groups released finger millet’s draft genome sequence in 2017 and 2018 [881104] The
Hittalmani et al. B8 finger millet draft genome consisted of 525,759 scaffolds (>200 bp) with N50 length of 23.73
Kb, and the average scaffold length of 2275 bp. They have predicted 78,647 non-transposable elements and 6596
transposable elements-related genes from their draft genome sequences of finger millet using a de novo gene
prediction method using Augustus. Furthermore, they have also predicted drought stress-responsive genes (2866),
calcium transport and accumulation genes (330), and C, pathway genes (146) from the same draft genome
sequence of finger millet. The released draft genome sequences of finger millet are publicly available at the
National Center for Biotechnology Information (NCBI) (Bio-Sample numbers: SAMDO00076255 and
SAMNO04849255). The School of Plant Sciences, Ecology and Evolutionary Biology, Arizona Genomics Institute
recently released a thoroughly annotated genome sequence (version 1.0 assembly) at the Phytozome database

(https://phytozome-next.jgi.doe.gov/info/Ecoracana vl _1 (accessed on 4 October 2022)). The genome assembly

was generated by a MECAT assembler 195 and subsequently polished using QUIVER. The released genome
assembly (version 1.0) contains a 1110.3 Mb sequence, consisting of 674 contigs. In 2018, the China Agricultural
University submitted the shotgun genome sequence of proso millet (923 Mb) at NCBI (bio-sample and bio-project
numbers are SAMN08335224 and PRJINA429322, respectively) [106] Around 55,930, 339, 1420, 1640 and 2302
protein-coding genes, microRNAs, transfer RNAs, ribosomal RNAs and small nuclear RNAs were identified from
the draft genome sequences of proso millet, respectively. The draft genome sequence for barnyard millet was
generated by 197, The genome size of barnyard millet was estimated to be 1.27 Gb with a scaffold N50 length of
1.8 Mb. About 917 cytochrome P450 monooxygenase, 277 glutathione S-transferase, 4945 differentially expressed
genes, 108,771 protein-coding genes, 785 microRNAs and other non-coding RNAs were predicted from the draft
genome sequence of barnyard millet. The International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT), Hyderabad, India, has released the draft genome sequence of pearl millet (~1.79 Gb) %8l They used
whole genome shotgun and bacterial artificial chromosome sequencing technigues to assemble the pearl millet
genome. About 27,893 (72.30%) genes were annotated and 10,686 (27.70%) genes unannotated. The annotated
and drafted genome sequences of all cereals will help to identify the genes and markers and will help to improve
the growth and production of cereals under both biotic and abiotic stresses. With the enormous amount of data
obtained from these sequencing methods, the major question is how to analyze and utilize this information. This
has prompted scientists to develop bioinformatics tools capable of extracting biologically meaningful information
from a large amount of data. The genome assemblers are TIGR assembler 199 CAP3 [192] string graph assembly
(1101 Newbler 111, SSAKE [112], VCAKE (113 SHARCGS 1141, ALLPATHS-LG 1151, Edena [118, velvet 111, CABOG
(118] ABySS [119] Genomic Analysis Toolkit 229 and SOAPdenovo2 221, They have been developed to reconstruct
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the whole genome sequence by aligning and merging sequence reads generated from the current genome
sequencing technologies. CAP3 is the third generation of contig assembly programs. It helps to compute the
assembly of large genomes such as mice, humans and maize 122, CAP3 has been successfully used for the EST
assembly of several plant species including, rice, wheat, and maize 1231241 The quantitative trait loci sequencing
(QTL-seq) strategies can be used to conquer the challenges of complex genomes. They can be used to detect

QTL in large populations 125,
3.2. Molecular Markers

The availability of genome sequence data has provided new potential resources for cereal crop improvement. Still,
the genome sequence’s large size and non-coding parts were bottlenecks associated with the genetic information.
It is not easy to sequence and obtain information about the genes from proteomics. Expression sequence tags
(EST) were developed to overcome the large and non-coding genome problems. With this method, a cDNA library
can be produced from different tissues at different developmental stages and under different stress conditions,
enabling the identification of transcripts related to tissues or stress-specific conditions. It is easy to obtain
complicated and targeted plant species sequencing under abiotic stress conditions. It also provides the mRNA with
a sufficient expression profile of specific sequences from cDNA under stressed conditions. EST data were
generated and made available (http://www.ncbi.nlm.nih.gov/dbEST (accessed on 5 March 2022)). The NCBI-EST
database contains approximately 449,101 ESTs for drought, 312,353 ESTs for salinity, 103,898 ESTs for low
temperature, and 252,595 ESTs for high temperature 128111271 p|antGDB (http://www.plantgdb.org/ (accessed on 5

October 2022)) provides genome browsers to display current gene structure models and transcript evidence from
spliced alignments of EST and cDNA sequences. CerealESTdb comprises ESTs from four major cereal crops,
namely rice (Oryza sativa L.), wheat (Triticum aestivum L.), sorghum (Sorghum bicolour L.), and maize (Zea mays
L.), under various abiotic stress, viz., salt, drought, heat, cold and ABA. This database consists of 55,826
assembled EST sequences, 51,791 predicted genes models, and their 254,609 gene ontology terms including
extensive information on 1746 associated metabolic pathways. The CerealESTdb is publicly available with the URL
http://cabgrid.res.in/CerealESTDb (accessed on 5 October 2022) [128],

Molecular markers are the most important tools to develop and improve selection efficiency in identifying novel
agronomic traits. Molecular markers are used for phylogeny and evolution studies, analysis of exotic germplasm
diversity, cultivar genotyping, biotic and abiotic stress resistance, etc. 123, A large number of molecular markers,
such as SSRs (simple sequence repeats) and SNPs (single-nucleotide polymorphisms), have provided new
strategies for germplasm characterization and genetic improvement, including breeding for resistance to abiotic
stresses 139, SSRs (simple sequence repeats) are 1-6 nucleotides contain multi-allelic and co-dominant at a
single locus. The tandem arrays of SSR motifs mutate at the rate of 10-7 to 10-3 mutations per locus/generation
(131 Therefore, the number of repeat units in an individual genotype leads to high polymorphic and genotypic
variation, making these sites useful for genetic analysis and breeding. A total of more than 20,000 SSR primers for
rice have been developed 122 McCouch et al. (1231 developed 2240 di, tri, and tetra nucleotide markers and
experimentally validated them. Among these, 56 SSR markers of O. sativa match with the BAC clone of the O.

sativa genome. In rice, QTL-linked SSR markers generated 99 polymorphic alleles in 142 rice genotypes 1341,
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Based on the PIC (polymorphism information content) value (0.991), marker RM8094 proved to be an appropriate
marker to distinguish a salt-tolerant rice variety from a salt-sensitive variety 1341, Similarly, RM104 is a marker to
differentiate drought tolerance in rice. It is evident that the genomic region RM212-RM302-RM3825 on
chromosome 1 is connected to drought resistance traits and can be beneficial in marker-assisted breeding for

drought resistance in rice (135,

In recent years, SNP-based diversity analysis has been used in several plants 1391136l |t can dominate other
molecular markers because of their irregular occurrence and minimal level of mutation 227, The NCBI SNP

network databases (https://www.ncbi.nim.nih.gov/projects/SNP/ (accessed on 10 March 2022)) allow researchers

to identify functional SNPs. CerealsDB (https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/indexNEW.php

(accessed on 5 October 2022)) was created by members of the Functional Genomics Group at the University of
Bristol. It provides information about the SNP in the genomes of bread wheat (Triticum aestivum) and its relatives
(1381 various software is readily available to visualize, analyze, and identify SNPs, including SNPsniffer, SeqMan
genome analyzer, Atlas-SNP, ssahaSNP, PanGEA, CLCbio, MAQ, and NextGENe 1139 SNPs have been used
to identify QTLs and ESTs associated with drought, salinity, and heat stress. In rice, the regulatory region of ERF3
employed to detect functional SNPs in drought stress tolerance revealed 31 SNPs and short InDels 149 TaDREB1
is an important transcription factor present in wheat plants, which is involved in drought stress. Chen et al. [141]
identified 271 SNPs and 14 InDels of TaDREBL1 transcription factor associated with drought stress. SNP marker
analysis between the heat-tolerant (K7903) and heat-susceptible (RAJ4014) genotypes of heat shock protein
HSP16.9 revealed the SNP (A/G) at the thirty-first amino acid position, resulting in a point mutation from Asp to Asn
(1421 |n Zea mays, association mapping with candidate genes leads to identifying SNPs associated with modifying
abscisic acid levels in floral tissue during drought conditions 243!, Zea mays cultivars from Serbia and Bulgaria
were used to identify the SNPs of a MYBEL transcription factor. Only the Ser/Thr-rich region of MYBEL is affected
by SNP mutation, not the conserved R1 domain. The detected SNP mutations are associated with genes related to
drought stress tolerance in maize 144l The SNP linkage map of 50 barley genotypes in response to terminal
drought stress during plant growth and development and the expression patterns of drought-regulated genes
resulted in the identification of 17 starch synthesis/degradation genes [1451(146][147]

3.3. Genome-Wide Association Studies (GWAS)

GWAS is a powerful tool because it can determine natural variations in all the recombination events that occur in
the evolutionary processes of a wide range of organisms 14811491 The main objective of the GWAS is to identify
SNPs 1501 WGAS exploits the databases that contain reference plant genome sequences and genetic maps to
analyse whole samples to find genetic variations based on complex traits such as growth rate, flowering time, and
yield. They are the major focus of crops to improve the quality and understand the adaptation of plants. This entry
revealed DNA samples of tolerant and susceptible plant varieties on a chip and they were scanned through an
automated scanning machine. It can search the genetic variations for a selected marker such as SNPs if the
variations associated with traits are found. One of the most important factors in GWAS is data quality. PLINK, a
freely available tool set, can be used. It contains two data sets: one consists of individuals and their genotypes, and

the other contains information on the genetic markers 139, PLINK provides Principal Component Analysis (PCA)
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for population stratification and Bonferroni correction to control the false discovery rate. SNPs could be used in a
PRS (Polygenic Risk Prediction Analyses) analysis. Genotypes with a p value > 5% missing rate and a p value <
1% allele frequency create problems for further analysis and thus are eliminated from the study Bl GWASs were
completed successfully on food crops such as rice, maize, sorghum, and foxtail millet. Huang et al. [£21] jdentified
approximately 3.6 million SNPs in 517 rice land races by GWAS. GWAS of 950 accessions of cultivar led to the
identification of loci associated with flowering time and grain yield. They were genotyped into the rice land races by
the sequencing-by-synthesis method. GWAS of S. bicolor was performed on 971 accessions, yielding
approximately 265,000 SNPs. Loci were associated with height and maturity 152, Using GWAS, Jia et al. [153]
discovered 2.58 million SNPs in 916 foxtail millet (Setaria italica) varieties. The study grouped 916 foxtail millet
varieties into five categories, and 512 loci are related to 47 agronomic traits. GWAS will allow comparative studies
of adaptive genetic variation among species that have potentially evolved in parallel under selective stress. A better
understanding of the adaptive responses of plants under stressed conditions might be obtained by comparing the
genetic structures of adaptive traits among species.
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