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3.1 Introduction

Variations in climatic conditions generally disturb the agro-ecosystems and food
supply chain (Hasegawa et al. 2018). As agriculture significantly depends on the
prevailing climatic conditions, thus crops often undergo external environmental
and/or abiotic stresses due to climate variations (Hussain et al. 2018). Crop plants
may suffer individual and concurrent effects of many abiotic stresses, such as salin-
ity, chilling, drought, waterlogging, heavy metals, and temperature fluxes, which
extensively impede the growth and development and reduce agricultural productiv-
ity over the globe (Ashraf et al. 2015; Raza et al. 2020; Ashraf et al. 2017a,b; Anjum
et al. 2017). Moreover, global warming due to emissions of greenhouse gases also
resulted in an increase in temperature and drought conditions that also threaten crop
productivity, e.g., 20-30% yield loss was noticed in two major cereals, i.e., wheat
and maize (Wang et al. 2019). Previously, traditional plant breeding techniques have
produced several widely used high-yielding crop cultivars throughout the world for
decades; however, requirements of longer time span on a variety of development
and breeding cycles are the major drawbacks regarding implementation of such
techniques. In addition, it is a roadblock in plant breeders’ ability to respond quickly
to rising food supply demands under changing climate scenarios (Lenaerts
etal. 2019).

In the current era, the focus of plant breeding is to develop high-yielding crop
varieties for the traits under consideration with minimal interventions during crop
growth period. This has been accomplished by adopting modern biotechnological
techniques which helped introduce genes with novel properties by breaking the
inter-species and inter-genus barriers (Moose and Mumm 2008; Shiferaw et al.
2013). This all aims to furnish crops at a faster rate with the properties which their
ancestors possessed to tolerate adverse environmental conditions. This does not
mean that conventional breeding is ruled out from the agricultural system due to its
inappropriateness. Actually, the current century is based on techniques to realize
maximum output from the existing agricultural system due to huge food demand for
rapidly increasing population from the existing set of agricultural land (Moose and
Mumm 2008; Voss-Fels et al. 2019). The said task that increased production from
limited land area with better adaptability for adverse environmental conditions
could not be accomplished by depending merely upon conventional breeding.
Although conventional breeding techniques are classical, most promising with least
controversies associated with them, but, the time required to get the objective, blind-
ness to ascertain the intrusion of target trait and transfer of only a fraction of genetic
variations among crossing species, hindered its efficacy (Swamy and Sarla 2008).
These factors majorly paved the way in the adoption of modern plant breeding and
multi-omics approaches to address the debate of “sustainable agricultural intensifi-
cation” by advocating ever-increasing global food demand under climate change
conditions (Tester and Langridge 2010; Cheema 2018). The general impacts of abi-
otic stresses due to changing climate and importance of multi-omics approaches for
crop improvement have been depicted in Fig. 3.1.
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Increased lipid peroxidation ROS detoxification

Delayed flowering Delayed senescence
Reduced plant growth and Improved plant growth and
yield yield

Fig. 3.1 Impacts of abiotic stresses on crop plants due to changing climate and role of multi-omics
approaches in crop improvement

3.2 Impacts of Changing Climate on Food Crops

Crop production is vulnerable to climate change, which linked to an increase in
carbon dioxide levels, shifting rainfall patterns, and rising temperatures (Mo et al.
2017). Enhancing agricultural output in one way while also addressing climate
change risks on the other war is a difficult task. As a result, we need to pay greater
attention to adaptation and mitigation. Climate change has substantial impacts on
food crops; therefore, changes in policies, as well as the assistance of national adap-
tation funds and other resources, are required to alleviate negative influences of
climate change on crop plants especially food crops. The growth responses, yield
variability, and crop performance of vegetables, cereals, and pulses have been dis-
cussed below:
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3.2.1 Vegetables

Vegetables are the best source of micronutrients and provide more revenue to small-
holder farmers than staple crops (Rojas et al. 2013). Among vegetables tomato,
cabbage, onion, hot pepper, and eggplant are widely cultivated (Julkowska and
Testerink 2015). In Asia, the highest yields are generally obtained in the east region,
where the temperature is mostly temperate or sub-temperate. Because most vegeta-
bles prefer lower temperatures, thus the production is the lowest in hot and humid
lowlands of Southeast Asia (Ali 2000). Average tomato yields in sub-Saharan Africa
(excluding South Africa) and tropical Asia are only approximately 10-12 MT/hect-
are, well below those in temperate areas. The intensity of environmental stress
placed on vegetable crops will be influenced by climate change. For instance, rising
temperatures, decreasing irrigation water supply, floods, and salt will be key stum-
bling blocks to maintaining and growing vegetable output. Temperature fluctuations
hider vegetable growth and productivity, e.g., high temperatures are common in the
tropics during the growing season, and as the climate changes, crops in this region
would be susceptible to high-temperature stress. Temperatures are rising, according
to climatic trends in tomato-growing areas, and the intensity and regularity of
above-optimal temperature events will rise in the future decades (Tao et al. 2008).
Temperature, alone or in combination with other environmental variables, has a
significant impact on tomato vegetative and reproductive activities (Makeen et al.
2021). Plants’ metabolic processes that are essential for regular cell and photosyn-
thetic activity are disrupted by high temperatures (Ergin et al. 2021). High tempera-
tures can impair tomato output by reducing fruit set and producing smaller,
lower-quality fruits (Solankey et al. 2021). Moreover, high-temperature stress short-
ens the time of photo-assimilation, triggers the developmental stages in determinate
vegetables, and hampers fruit-set of fruiting vegetables (Bisbis et al. 2018).

3.2.2 Cereals
3.2.2.1 Maize

Temperatures are predicted to increase 1.5-4 °C globally during the next century
(Vescio et al. 2021). Temperatures that are higher than the optimum for plant devel-
opment are thought to be harmful for successful crop production (Battisti and
Naylor 2009). Warmer temperatures and greater vapor pressure deficit (VPD)
reduced yield of maize by 8.5 = 1.4% and 12.9 + 1.8%, respectively, as compared to
the normal conditions, while applying both variables at the same time reduced yield
by 24.2 + 2.8%. Higher CO, concentrations, on the other hand, increased maize
production by 17.2 + 3.5%. When increasing CO, levels were combined with
warmer temperatures or greater VPD, this rise in yield reduced, and the combina-
tion of the three climatic impacts (Temp, VPD, and CO,) largely cancelled each
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other out, resulting in a lesser drop in yield of —4 + 3.4% (Resop et al. 2016). The
onset of drought conditions impaired the normal metabolism, photosystems, and
chlorophyll pigments in maize (Efeoglu et al. 2009). Drought conditions hampered
the early establishment of maize, whereas seed priming with Zn and Se enhanced
germination and antioxidant activities (Nawaz et al. 2021). Moreover, Dong et al.
(2021) reported that heat tolerance in long-season than short-season maize lines is
subjected to more kernel formation by sustaining comparatively stable anthesis-
silking interval. Based on meteorological and phenological data for 30 years, i.e.,
1981-2010, it was observed that the vegetative growth interval has extended in
spring-planted and inter-cropping maize and shortened in the summer season,
whereas reproductive period has extended in spring- and summer-planted maize
(Liu et al. 2021a, b). Overall, quantification of the changes in crop phenological
development stages owing to climate change and anthropogenic management activ-
ities may assist to design promising climate change adaptation strategies in
crop plants.

3.2.2.2 Rice

Rice, a staple crop in Asia, nourishes roughly 557 million people and is critical for
maintaining food security, promoting rural employment, and generating export
money (Xu et al. 2012; Le 2016). Rice yield growth in Asia declined at the start of
the twenty-first century, and it is unable to keep up with the regional rapid popula-
tion increase, resulting in high demands, supply shortages, and high prices. Rice is
typically very susceptible to climatic fluctuations; thus recent trends of climate
change would have serious impacts on its growth and productivity (Maruyama et al.
2014a, b; Kong et al. 2017). Future climate change is unknown, which would exac-
erbate the food security issues in Asia and other vulnerable regions (Palazzo et al.
2017; Carpena 2019).

Climatic change is responsible for a third of worldwide rice, maize, wheat, and
soybean production variability, i.e., 32-39% (Ray et al. 2015), whereas the effects
on rice yield in various locations have been estimated using external factors that
include temperature, CO, fertilization, rainfall, and other climatic aspects. Without
accounting for CO, fertilization effects, predictions using an “InfoCrop rice model”
under the Alb, A2, B1, and B2 scenarios suggested that rice yields in India would
decline by 4% in 2020, 7% in 2050, and 10% in 2080 (Soora et al. 2013). Rice
yields in China will reduce by 6.1 to 18.6%, 13.5 to 31.9%, and 23.6 to 40.2%,
respectively, if world temperatures rise by 1, 2, or 3°C (Tao et al. 2008). Under the
representative concentration route (RCP) 8.5, Cambodia would see the greatest loss
in rice yields in Southeast Asia (about 45% in the 2080s) (Chun et al. 2016). Climate
change would have a detrimental influence on rice production. Other researches, on
the other hand, show that climate change has a favorable influence on rice produc-
tion. For example, according to the A2a, A2b, A2c, and B2a scenarios, rice yields in
Bangladesh would improve by 7.58%, 8.31%, 4.57%, and 1.67%, respectively.
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Variations in rice output in major rice-producing nations such as Bangladesh,
China, India, and Myanmar (BCIM) were observed as a result of climate change.
The BCIM countries have been identified as the world’s most climate-vulnerable
areas because they account for 60.63% of world rice production and 59.74% of
global rice consumption; these four nations play critical roles in the global rice trade
pattern. A study conducted in Nepal reported that climate change has a significant
impact on rice production, with an increase in severe precipitation having a negative
impact. According to the extreme climate condition model, a 1% increase in days
with extreme rainfall variation (i.e., three standard deviations above or below the
long-term average) reduces rice output by 0.28% or 5.34 kg per family (Baldos et al.
2019). However, there is little indication that the rise in severe temperature days has
had a similar impact. The average climate condition model, on the other hand,
shows that a rise in long-term average monsoon temperature has a considerable
negative influence on rice production. They further reported that a 1 °C rise in aver-
age summer temperature reduces rice output by 0.48% (4183 kg) per season; never-
theless, with increasing average temperatures, this impact diminishes. However, no
evidence was found about the linkage of rise in average monsoon precipitation with
increased rice output (Janes et al. 2019).

3.2.2.3 Wheat

Climate change may cause prolonged dry spells or more intense heat waves in some
areas, thus severely reducing agricultural productivity by inducing water and tem-
perature stress, especially during critical crop growth stages (Rounsevell et al.
1999). Dry land areas, such as dry and semi-arid parts of South Asia, are particularly
susceptible to climate change, especially given their current water scarcities and
higher temperatures approaching tolerance limits (Liu et al. 2019). Land degrada-
tion and restricted water supplies have hampered current agricultural output and put
the food security of most of the countries in this region in danger.

Monsoon patterns, driven by monsoon lows and depressions in the Arabian Sea
and the Bay of Bengal, dominate the weather system in Swat (Pakistan). The aver-
age annual temperature in Chitral district is 16 °C, and this area receives 451 mm of
total annual rainfall, with more than 60% of that falling during the wheat growing
season (October—April). The average annual temperature in Swat district is 19 °C
and it receives 966 mm of rain annually, with 41% of that falling during the wheat
growing season (October—March). These two districts were chosen to enable a com-
parison of the effects of climate change on wheat production at various elevations
and in different weather systems. Wheat cultivated in the highlands and foothills is
generally utilized for both food and fodder. Wheat is cultivated for food up to a
height of around 1500 meters. On the other hand, wheat is used as fodder above this
temperature since lower temperatures prevent the crop from ripening into edible
grain (Hussain 2003). For temperature rises of 1.5 °C and 3.0 °C, yields in Chitral
district (Pakistan) are anticipated to increase by 14% and 23%, respectively (Hussain
and Mudasser 2007). Furthermore, direct and indirect impacts of climate change on
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wheat productivity were assessed using crop models by Daloz et al. (2021) and
reported that the direct impacts (via fluctuations in temperature and precipitation)
caused —1 to —8% wheat yield loss, whereas indirect impacts (via changes in water
availability) led to —4% to —36% yield loss in wheat. Moreover, climate change
conditions were found to substantially affect the phenology and yield of wheat,
while these effects can be minimized by some agronomic strategies by modifying
sowing times and irrigation scheduling (Azmat et al. 2021). Rise in temperature
could enhance water deficit and the chances of drought in winter wheat (Zhang et al.
2021a, b). Hence, the uncertainty and complexity of climate change, it is important
to modify agronomic, crop management, and breeding strategies to induce the crop
tolerance and resilience in food crops to cope against deleterious effects of cli-
mate change.

3.2.3 Pulses

Climate change has been one of the most widely debated topics in recent decades,
owing to its direct influence on food supply and security. Changes in the statistical
distribution of weather patterns have a significant influence on agricultural crops,
especially rain-fed crops such as pulses (Gorim and Vandenberg 2017). Pulse crops
suffer from forced maturity and reduced yields as a result of very high temperatures
throughout the growing season, particularly during flowering and pod development.
Drought, flood, excessive salinity, soil acidification, waterlogging, and other abiotic
stressors are made easier by variations in rainfall patterns connected with humidity
and their associated consequences (Basu et al. 2009). The impacts of abiotic stresses
induced by changing climatic conditions on vegetables, cereals, and pulses have
been presented in Table 3.1.

3.3 Conventional Breeding vs Novel Approaches
for Crop Improvement

3.3.1 Modern Breeding Approaches for Crop Improvement

Crop breeding has been boosted by the addition of mutagenesis techniques which
further expanded on a larger scale with the emergence of recombinant DNA tech-
nologies, both contributed in bio-diversification of crop plants to a great extent
(Sammina et al. 2021; Wang et al. 2012). Genetic alteration of crop plant for one or
multiple genes by recombinant DNA technology relies on Agrobacterium-mediated
transformation. This technique which remained in use since the 1990s has marked
several success stories in the production of major food and oil crops with improved
resistance to biotic and abiotic environmental conditions. These crops include
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wheat, rice, maize, soybean, cotton, rapeseed, sunflower, etc., grown worldwide as
major transgenic crops with improved yield and least use of agrochemicals (Young
et al. 2019). However, besides the immense contribution of transgene technology in
crop improvement, in the recent decade, attention is paid to precise editing of plant
genome. Introduction of novel genome sequencing, genotyping, and genome edit-
ing tools has revolutionized plant breeding worldwide. These methods allow for
targeted and precise DNA alteration/modification in a short time and are considered
to have a greater impact on plant genetics and breeding program (Chen et al. 2019;
Lietal. 2019; Young et al. 2019). These novel technologies include next-generation
sequencing (NGS) (Varshney et al. 2009), high-throughput marker genotyping tech-
nology (Kumar et al. 2012; Mammadov et al. 2012, Chen et al. 2015; Singh et al.
2016), and most recently cutting-edge technique called clustered regularly inter-
spaced short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9)
(Mao et al. 2013; Zhang et al. 2016; Lee et al. 2019). All these technologies are
based on detection of genetic variation within a gene pool.

3.3.2 Genome Applications by Next-Generation Sequencing
(NGS) Technology

Next-generation sequencing (NGS) in the current era is meant for a platform which
provides nucleotide information of millions of sequence reads in a cost-effective
manner within a short time (Varshney et al. 2009). Three major approaches are cur-
rently being used under NGS which includes applied biosystems such as SOLiD,
genome sequencer FLX (Roche/454), and Illumina genome analyzer each having
their own mechanism, benefits, and drawbacks (Gupta 2008; Mardis 2008; Shendure
and Ji 2008). All three approaches are in use with differential impacts and effects
based on objective, target species, and resource availability. The common among all
is to generate nucleotide sequence of millions of reads within a short time with a
variable potential. The genome sequence obtained has revolutionized the field of
molecular marker development and marker-assisted selection (MAS) in plant breed-
ing programs. Several success stories have been marked in multiple plant species,
e.g., soybean (Hyten et al. 2008), maize (Barbazuk et al. 2007), sorghum (Paterson
et al. 2009), rice (Goff et al. 2002), potato (Diambra 2011), apple (Velasco et al.
2010), etc. Apart from its role in rapid molecular marker development, other appli-
cations of NGS include association and comparative mapping, de novo sequencing,
polymorphism detection, whole-genome analysis, transcriptome expression analy-
sis, evolutionary biology, and population genetics (Varshney et al. 2009).
Decreasing the cost of sequencing with the passage of time is promoting its use
for the crops having large genome size, polyploids, and underutilized crops which
otherwise are not being paid attention before. The NGS data obtained could be
manipulated in various ways by the use of data analysis tools for various applica-
tions. These applications could be structural/functional genomics, DNA-protein
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interaction, polygenetics, meta-genomics, and single-cell genomics, and the knowl-
edge obtained from these studies could be utilized to decipher the complex network
of genes with various biological functions, like never before. In the future, NGS
technology has the potential to boost the crop improvement programs to its next
level with more number of sequenced plant genomes (Kumar et al. 2012; Mammadov
et al. 2012; Chen et al. 2015; Singh et al. 2016).

3.3.3 High-Throughput Marker Genotyping Technology Role
in Crop Improvement

Genome sequencing paved the way to the development of molecular markers in
high-throughput manner as per the sequencing data obtained and analyzed by the
use of genome analysis tools. The success of marker development also depends
upon its cost-effectiveness and high-throughput development with enhanced accu-
racy within a short period of time. Unlike before where few reads were obtained and
analyzed for marker presence, NGS made it possible to develop thousands of
molecular markers within a short time. Molecular markers exhibit a variety of basic
and applied applications in crop improvement programs. These applications associ-
ated with successful and presence of abundant identifiable molecular markers
include linkage map development, quantitative trait loci (QTLs) mapping in popula-
tion, genome finger printing, marker-assisted selection (MAS), genetic diversity,
and evolutionary analysis (Zalapa et al. 2012). Several types of molecular markers
have been developed which include AFLP, SSR, ESTs, SNP, etc., each having vari-
able merits, de-merits, uses, and benefits. A large number of SSRs (simple sequence
repeats) and EST (expressed sequence tags) SSRs were developed in multiple crops
by using NGS successfully (Kumari et al. 2013; Chen et al. 2015; Hao et al. 2015;
Singh et al. 2016).

In addition, the SNP (single-nucleotide polymorphism) are found the most prom-
ising and innovative marker as it has the potential to detect the variation at the
single-nucleotide level among the species (Kumar et al. 2012; Mammadov et al.
2012). For genotyping of this most promising marker, two assays are mostly used,
i.e., (1) illumine golden gate assay and (2) whole-genome genotyping infinium
assay (Rostoks et al. 2006; Hyten et al. 2008; Akhunov et al. 2009; Hyten et al.
2009). Both assays have different base mechanisms to get activated and the pro-
cesses of development which is called high-throughput marker genotyping. This
high-throughput marker genotyping is particularly important for diversity, charac-
terization, and genome/association/comparative mapping (Rostoks et al. 2006;
Hyten et al. 2009).



3 Multi-omics Approaches for Strategic Improvements of Crops Under Changing... 69
3.3.4 Genome Editing by CRISPR/Cas9 Approach

CRISPR/Cas9 is a nature-occurred gene editing tool and a high-throughput cutting-
edge genomics technique having extensive applications in gene transformation,
knockout mutation, monitoring of gene expression, and its regulation at the genomic
and epigenomic level and in drug discovery (Bortesi et al. 2016; Fiaz et al. 2021).
With the addition of CRISPR/Cas9 in the field of molecular biology, it is possible to
manipulate or edit an organism’s genome in a precise and specific way, leading
toward precision breeding. CRISPR/Cas9 is categorized into two main classes and
six types: class I (types L, I1I, IV) and class II (types II, V, VI), with type II being the
most widely used system in genome editing (Zhang et al. 2016; Lee et al. 2019).
This system is discovered in bacterial and archaeal immune system in which
CRISPR loci contained a cluster of consecutive repeats separated by spacer
sequence. Other parts of the functional system include a Cas9 encoding operon and
transcription setup. In response to immune system activation, these specific repeats
get incorporated into bacterial genome by the activity of foreign invader or any viral
genome (Jinek et al. 2012; Wang et al. 2012; Zhang et al. 2014). After infection,
bacteria produce the same DNA which gets back incorporated into an invader virus
along with one nuclease, called “Cas.” “Cas” then eventually acts as internal molec-
ular scissors and cuts the invader/virus DNA into pieces. Based on its mechanism of
action, it is also known as acquired immune defense system in prokaryotes against
viruses (Zhang et al. 2014).

In the recent decade, the CRISPR/Cas9 system has two major targets with respect
to crop breeding. Firstly, to find the efficient delivery method to enhance the poten-
tial of this system by eliminating off-target effects. Secondly, tracing and modifica-
tion of key genes controlling growth and development in plants. This happens with
the aid of genome sequencing, which is helpful in recognizing and locating specific
sequences within the genome, which could be altered by the use of genome editors
(Li et al. 2017). In a short period of time, CRISPR/Cas9 has a promising achieve-
ment in crop improvement.

Under natural conditions, plants are exposed to various biotic and abiotic stresses
simultaneously, which results in reduction of yield and crop quality (Pandey et al.
2017; Ashraf et al. 2020; Hussain et al. 2020). Many of these stresses are under
quantitative gene action, and it’s very difficult to figure out the exact mechanism of
action and control. A remarkable achievement had been attained by creating resis-
tant crop cultivars against diseases through knockout mutants by the use of the
CRISPR/Cas9 system. Few success stories include Potyvirus in Arabidopsis, caus-
ing Turnip mosaic virus (TuMV) which is a major issue controlled by elF(iso)4E;
thus the knockout mutants using CRISPR/Cas9 have been generated which showed
resistance to TuMV (Porter and Grills 2016). Likewise in watermelon, Clpsk1 gene
editing showed enhanced resistance against Fusarium oxysporum f. sp. niveum
(Zhang et al. 2020a, b), as well as Os8n3 and OsERF922 mutations exhibited resis-
tance to Xanthomonas oryzae pv. oryzae (Xoo) and Magnaporthe oryzae, respec-
tively (Wang et al. 2016; Kim et al. 2019). Other success examples include genes in
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tomato for SiMlo (Nekrasov et al. 2017) and SIJAZ2 (Ortigosa et al. 2019) and mlo
in wheat (Diambra 2011; Hiickelhoven and Panstruga 2011; Wang et al. 2014). All
given genes are effective in imparting resistance against bacterial and fungal dis-
eases which are located and manipulated by the use of CRISPR/Cas9 and resistance
created against the pathogen successfully.

Common abiotic stresses which a plant copes with under natural conditions
include drought, heat, salinity, and environmental pollution. Lots of structural and
regulatory genes are found associated with a single stress condition and not a single
gene which plays a dominant role in stress tolerance against any of these abiotic
stress conditions (Zhang 2015; Zafar et al. 2020). Recently, ARGOSS8 gene regulat-
ing ethylene production in maize is manipulated by the use of CRISPR/Cas9 and as
a result enhanced drought tolerance observed in mutant plants under field condi-
tions (Shi et al. 2017). Likewise in tomato knockout mutant for the gene
SIAGAMOUS-like6 allowed the plant to tolerate heat stress successfully (Klap
et al. 2017). Water use efficiency in tomato enhanced under drought and salinity
stress in knockout mutant of ARF transcription factor (Bouzroud et al. 2020). The
“G protein” mutants gs3 and depl in rice enhanced tolerance against salt stress (Cui
et al. 2020), while ppa6 to alkaline stress positively (Wang, Wang et al. 2019). Thus,
CRISPR/Cas9 is not only useful in creating knockout mutants but also useful in
activation and regulation of gene expression (Meng et al. 2015; Wang et al. 2017,
Paixdo et al. 2019; Peng et al. 2020). Overall, to cope with fluctuating adverse envi-
ronmental conditions is a complicated task and controlled by multiple genes or gene
network with different magnitude of effects. In the current era, plant breeders had
made a remarkable progress in a very short time by the use of the CRISPR/Cas9
approach which otherwise was nearly impossible. The quickly developed and
adopted CRISPR/Cas9 approach provided a perfect tool to realize yield increments
with improved tolerance to adverse environmental conditions. Current multiple
omics, including whole-genome sequencing (DNA, RNA), further aid into the suc-
cess stories in CRISPR/Cas9-based crop improvement.

3.4 Omics Approaches for Crop Improvement Under
Climate Change Scenario

Plant molecular biology is concerned with the study of biological processes, their
genetic regulation, and interactions with the environment (Yadav et al. 2020). In
recent years, advances in omics technologies like genomics have made molecular
biology research more efficient. As a result, the linkages between molecular machin-
eries may be examined in great detail, allowing researchers to incorporate genes,
proteins, and a wide range of other key regulatory components into their research
(Muthamilarasan et al. 2019). The term “omics” refers to this large-scale research.
The genomic, transcriptomic, proteomic, and metabolomic analyses are all impor-
tant aspects of omics (Subramanian et al. 2020). These omics methods are often
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utilized in many agricultural and plant research areas. As technology develops,
omics techniques have advanced dramatically in the previous decade (Anders et al.
2021). All these aspects of omics are discussed below:

3.4.1 Genomic Approach

In genomics, genes and whole genomes are analyzed in depth. It is now possible to
read an organism’s whole genome using high-throughput sequencing practices such
as next-generation sequencing (NGS) (Tanaka et al. 2020). The stress-related genes
may now be predicted with the use of genome-wide association studies, or GWAS,
and next-generation sequencing (NGS) (Saidi and Hajibarat 2020). The use of
genomics techniques has grown in relevance for the discovery of genes involved in
the tolerance of multiple abiotic stresses. Researchers have made great progress in
the genomics era in scanning the genomes of several crop species during the last
few years (Brozynska et al. 2016).

Furthermore, genomics is critical in identifying genetic diversity that underpins
improved performance and breeding efficiency, therefore contributing to crop spe-
cies’ genetic improvement. Quantitative trait locus (QTL) mapping is an outstand-
ing mode to explore the genetically complex systems for abiotic stress tolerance in
plants (Shen et al. 2018). Through QTL mapping, specific resistance loci were stud-
ied which indicates the presence of genes involved a development process of the
plant during stress conditions (Adhikari et al. 2019). For instance, “B73” and
“Mol7,” the two inbred maize lines commonly used in American maize germplasm,
have varying levels of resistance to low temperatures during the seedling stage. In
addition, seedling reaction to low-temperature exposure varied greatly among dif-
ferent inbred maize lines. Quantitative trait loci (QTLs) were identified to study this
variation from the recombinant line population of maize. Two QTLs with several
candidate genes were identified which also involved in hormone response and abi-
otic stress response (Qiu et al. 2020).

Different types of markers are involved in genome-wide analysis of the desired
traits and use them in crop improvement during the breeding process as RFLP
(restriction fragment length polymorphism), RAPD (rapid amplified polymorphic
DNA), AFLP (amplified fragment length polymorphism), SAMPL (selectively
amplified microsatellite polymorphic microsatellite loci), SRAP (sequence-related
amplified polymorphism), and TRAP (target region amplification polymorphism)
(Singh et al. 2021; Soltabayeva et al. 2021). However, with the introduction of next-
generation sequencing (NGS) for large-scale genotyping and genomics-assisted
breeding, SNPs have been the most preferred markers (Thabet et al. 2021).

Recently, Liu et al. (2020) identified 26 QTLs from rice cultivars of Vietnam
genotyped with SNP markers and found that several genes present in QTLs were
involved in salinity stress tolerance and also in signal transduction and hormonal
response. These QTLs are further used in the breeding process for crop improve-
ment. Alkali-tolerant gene loci were studied in two varieties of japonica rice under
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alkali treatment. Four candidate genes were identified on chromosomes 2 and 3
using next-generation sequencing technology (Sun et al. 2021). Furthermore, 302
wild landraces and modified soybean accessions were sequenced, and 230 selective
sweeps and 162 copy number variations were found. By studying genome-wide cor-
relations between novel sequences and domestication or improvement characteris-
tics, 13 previously unidentified loci for agronomic variables were identified which
include oil content, plant height, and pubescence shape. Using quantitative trait
locus (QTL) data, 230 areas were studied, from which 96 correspond to previously
discovered oil QTLs and 21 contain genes involved in fatty acid production (Zhou
et al. 2015).

3.4.2 Transcriptomic Approach

It is possible to discover genes that respond to stress through the use of genome-
wide transcriptome analysis methods. Through plant breeding and/or gene editing
methods, these genes might serve as prospective targets for improving drought
stress tolerance (Dudziak et al. 2019). Transcriptional responses to abiotic stress
have been studied using a variety of techniques, including expressed sequence tags
(ESTs), superSAGE, and microarrays. These findings show that abiotic stress alters
the expression patterns of numerous genes involved in diverse biological processes
(Alonge et al. 2020). It is possible to quantify transcriptome alterations underlying
developmental transitions and stress responses using RNA sequencing at the
genome scale (Ding et al. 2020).

It is via ESTs that new gene structures, such as expression systems, gene maps,
and cDNA sequencing initiatives, may be discovered and built upon. The ESTs have
long been regarded as the ideal method for revealing sequence-related information
under adverse environmental circumstances (Khazaei et al. 2020). It has been shown
that SAGE is a powerful tool for studying gene expression. The SAGE technique
generates a tag that identifies a gene transcriptome product. SAGE is regarded as the
most cost-effective and high-throughput method for mRNA isolation, cloning, and
sequencing (Kumar et al. 2015). The “tag” used in the SAGE method is a short
nucleotide sequence with a pointed head-to-head specific restriction enzyme. In
other words, SAGE represents digitally expressed gene expression. Several SAGE
applications are found in plants, such as pathogen-host interactions, plant responses
to a variety of abiotic stressors, transcriptome profiling, and the metabolism of
numerous hazardous chemicals (Jain et al. 2021).

To identify salt-responsive genes, a variety of methods are being used including
cDNA microarrays, serial gene expression analysis, suppression subtractive hybrid-
ization, differential display RT-PCR, and complementary DNA-amplified fragment
length polymorphism (cDNA-AFLP) (Bajwa and Khan 2021). The cDNA-AFLP’s
specificity and sensitivity allow it to differentiate between homologous sequences
and find even the low-expression genes. However, because of the great sensitivity of
this technique, even uncommon transcripts can be identified (Kamyab et al. 2021).
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In addition, this is a less labor-intensive and very effective mRNA fingerprinting
technique for identifying genes that exhibit differential expression in stressed plants/
crops (Zhang et al. 2020a, b).

Gene expression may be observed using cDNA microarrays, which are an effec-
tive tool for evaluating the possible roles of many genes. Microarray cDNA studies
of gene expression in different plants under a variety of abiotic factors have been
well published (ul Qamar et al. 2020). RNA-sequencing is a new technology that
makes use of and provides a new perspective on the transcriptome sequence by
allowing total access to transcripts. As a result, RNA-seq may be used to replace a
variety of approaches for quantifying transcripts, with the added benefit of increased
sensitivity and the capacity to distinguish between related gene paralogs that differ
by only a few nucleotides (Xu et al. 2021).

The thermotolerant germplasm of rice, SDWGO005, was identified, and their
anther structures that are involved in thermotolerance were studied. By transcrip-
tome analysis, 3559 differentially expressed genes (DEGs) were identified and
divided into categories according to their expressions. The major gene categories
involved in thermoregulation include transcription factors and protein and nucleic
acid metabolism-related genes (Liu et al. 2020). Differentially expressed genes
(DEGs) were also identified from the wheat cultivar, TWO004, under salt stress.
Expression analysis of DEGs revealed that they are mostly involved in metabolic
pathways that are related to salt stress. Different types of transcription factors
involved in salt stress tolerance were also identified, such as MYB (Deng et al. 2020).

3.4.3 Proteomic and Metabolomic Approaches

In proteomics, the proteome in a complicated biological system under a particular
circumstance is studied in detail. Plant proteomics offers a unique chance to study
the process and production of various proteins in agricultural plants under distinct
environmental conditions. Because of this, it’s possible to better understand gene
regulation and metabolic pathways within plant species because it offers more
information about the proteins’ interactions with one another (Jorrin-Novo 2020).
Because of the activation of stress-responsive pathways in response to biotic and
non-biotic stressors, the plant proteome changes significantly. Heat-shock proteins,
abundant proteins in late embryogenesis, kinases and phosphatases, redox enzymes,
secondary metabolism enzymes, osmolyte biosynthetic enzymes, photosynthesis,
and enzymatic reactive oxygen species (ROS) scavenger proteins are proteins that
are known to play a function in the abiotic stress response (Kosovd et al. 2018).
Salt-induced proteome changes were studied in barely landraces using the two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE) proteomic study.
Results revealed that under salt stress, the accumulation of 11 salt-responsive pro-
teins have differed between the two accessions, while 43 proteins were genotype-
specific (Jardak et al. 2021). Proteomes of anthers of two soybean cultivars,
heat-resistant and heat-sensitive, were studied using the iTRAQ approach. Results
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showed that most of the proteins related to heat tolerance are involved in carbohy-
drate and energy metabolism, protein synthesis and degradation, nitrogen assimila-
tion, and ROS detoxification (Li et al. 2020).

In Arabidopsis, drought tolerance is controlled by jasmonate ZIM-domain pro-
tein 7 (JAZ7) utilizing TMT-based quantitative proteomics and targeted metabolo-
mics (Meng et al. 2019). Arabidopsis AT-Hook-Like10 phosphorylation needed for
stress growth control is elucidated using more sophisticated proteomics techniques,
such as quantitative phosphoproteomics (Wong et al. 2019). To understand the func-
tion of genes in eukaryotic organisms, including plants, RNA silencing has proven
to be a novel and potentially useful reverse genetics tool (Rajam 2020).

Metabolomics is a systematic research in which all the metabolites of a crop
plant are identified and quantified. A plant’s biochemical response to climate change
may be described using metabolomics, which allows us to understand the intercon-
nections between different components in a biological system. Other functional
genomics techniques, such as genomes, proteomics, and transcriptomics, can be
utilized in combination with metabolomics (Razzaq et al. 2019).

Endogenous plant component proteomics and metabolomics study is becoming
increasingly popular, and a strong technique like MS imaging is being used fre-
quently to conduct this research. For protein analysis, mass spectrometry methods
like matrix-assisted laser desorption ionization (MALDI) and electrospray ioniza-
tion (ESI) have been frequently employed (Agarrwal and Nair 2020).

Primary and secondary metabolites make up the majority of the plant’s metabo-
lome. The metabolic profiling of primary and secondary metabolites offers substan-
tial information on the biochemical processes that take place during plant metabolism
(Sung et al. 2015). Some plant secondary and primary metabolites are related to
metabolic processes that are quite complicated. These metabolites may be effec-
tively identified, measured, and studied using contemporary metabolomics methods
such as gas chromatography-mass spectrometry (GC-MS), liquid chromatography-
mass spectroscopy (LCMS), and non-destructive nuclear magnetic resonance
(NMR) spectroscopy (Che-Othman et al. 2020).

As none of the single technique or instrument can be utilized to examine all of a
metabolome’s metabolites, many distinct technologies are necessary for compre-
hensive coverage. The techniques involved in metabolomics study include mass
spectrometry (MS) (Yadav et al. 2019), non-destructive nuclear magnetic resonance
(NMR) spectroscopy (Cuperlovic-Culf et al. 2019), high-performance thin-layer
chromatography (HPTLC) (D’ Amelia et al. 2018), gas chromatography-mass spec-
trometry (GC-MS) (Chang et al. 2019), liquid chromatography-mass spectrometry
(LC-MS) (Zhou et al. 2019), direct infusion mass spectrometry (DIMS), ultra-
performance liquid chromatography (UPLC), and high-resolution mass spectrome-
try (HRMS) (Thomason et al. 2018).

Bernardo et al. (2019) studied the drought-induced changes in wheat secondary
metabolism. By employing metabolomics, mycorrhizal inoculation was initiated in
two wheat varieties at various phases of drought. According to the findings, arbus-
cular mycorrhizal fungi (AMF) colonization in a water-stressed environment modu-
lates several molecules, most of which are sugars and lipids. Integrated transcriptome
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and metabolic profile analysis were used to determine the response of sunflower
under drought stress. The findings indicated that increasing the expression level of
photosynthesis in sunflower plants delays senescence by affecting many key meta-
bolic pathways and candidate genes (Moschen et al. 2017).

3.4.4 Phenomic Approach

Breeding operations rely heavily on genetic and phenotypic connections. The study
of a plant’s phenotypic or genotypic expression under certain environmental condi-
tions is known as plant phenomics (Deery and Jones 2021). Due to the intricate
biosynthetic mechanisms that regulate various plants’ abiotic stress resistance, phe-
notyping remains a difficult challenge under abiotic stress circumstances. The
importance of phenotyping has emerged in the postgenomic age since crop improve-
ment techniques such as GWAS, GS, MAS, and QTL mapping largely rely on high-
throughput phenotyping (HTP) in crops (Ndlovu 2020). Modern phenomics
methods make use of hyperspectral/multispectral cameras to collect hundreds of
reflectance data points in a variety of settings and phases of crop development using
discrete narrow bands. Agronomic characteristics may now be rapidly and precisely
gathered using phenotyping technology (Atkinson et al. 2018). Furthermore, utiliz-
ing highly heritable secondary phenotypes closely related to the selection pheno-
types, the main goal of a high-throughput phenotype (HTP) is to reduce the cost of
data per plot and enhance the accuracy of the crop-growing season forecast (Matias
et al. 2020). The proper mapping of genes/QTLs/alleles responsible for the trait of
interest requires precise phenotyping of germplasms. Phenotyping using traditional
methods is time-consuming and labor expensive (Bohra et al. 2021). Phenomics has
proven successful in selecting field crops that can withstand abiotic stressors, such
as drought (Jangra et al. 2021).

High-throughput, precise, and automated measurements of phenotypic informa-
tion such as plant growth, architecture, and composition are all part of the process.
This new technology has allowed for the collection and analysis of a huge amount
of phenotyping data, which has previously been a barrier to functional genomics
research and agricultural breeding (Pazhamala et al. 2021).

3.4.5 Ionomic Approach

Tonomics is the study of a plant’s whole mineral nutrient and traces element makeup.
Additionally, the field of ionomics studies the molecular mechanisms that underlie
plant elemental composition (Du et al. 2020). There have been several applications
of ionomics in plant biology, ranging from studying plant growth and stress biology
to meeting human food needs (Shakoor et al. 2016). To find out how metabolic,
genetic, developmental, and environmental factors impact the elemental
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composition of target tissues and organs, ionome research looks at the entire organ-
ism’s chemical makeup (Pita-Barbosa et al. 2019).

Tonomics relies on mutant screening and natural variation to uncover genes and
alleles that are crucial for elemental accumulation and variations in the ionomes of
different genotypes (Hindt et al. 2017). Ionomics-based biomarkers in stress biol-
ogy can help identify whether or not a plant has achieved a specific biochemical or
physiological state under a variety of unfavorable environmental conditions. As a
result, they can aid in the screening of plants that are more vulnerable to biotic and
abiotic stressors, which is impossible with current high-throughput techniques.
Tonomics has also identified genes that govern natural variation in the plant ionome
and are important for stress tolerance (Ali et al. 2021).

The physiological and ionomic differences between Cd-tolerant and Cd-sensitive
maize genotypes will be investigated using ionomic and physiological studies.
Cd-tolerant cultivars had considerably greater proline, phenolics, and antioxidant
accumulation, as well as enhanced rhizosphere and root cell sap absorption and
translocation of N, P, K, Ca2+, Mg, Zn, and Fe when compared to Cd-sensitive
cultivars. These nutrients are crucial in enhancing plant physiological, biochemical,
and molecular responses to stress (Abbas et al. 2021). The role of silicon nanopar-
ticles (SiNPs) in rice toxicity reduction was investigated. They observed that molec-
ular priming with SiNPs decreased F accumulation and increased the amount of
non-enzymatic antioxidants in rice grains, such as glutathione, flavonoids, antho-
cyanins, and phenols, leading to improved injuries and yield (Banerjee et al. 2021).
A comparison of gluten-containing and gluten-free foods was studied. Ionomic
analysis revealed that gluten-free foods contain a high amount of arsenic and mer-
cury than the gluten-containing foods (Punshon and Jackson 2018).

Tonomics study reveals the susceptibility and resistance characteristics of two
olive cultivars to discover target genes for the treatment of olive disease (D’ Attoma
et al. 2019). By increasing the content of non-enzymatic antioxidants in 7. aestivum
L., 60 mg/kg K substantially decreased the harmful effects of Cd (Yasin et al. 2018).
Malus halliana was subjected to saline-alkali stress, which generated an ion imbal-
ance and Na+ toxicity, and was then analyzed at the molecular level. An ionomics
study demonstrated the importance of Ca2+-mediated signaling for maintaining
Na+/K+ balance and decreasing stress-induced damage (Jia et al. 2020).

3.5 Abiotic Stress Tolerance in Crops: Integrating
Omics Methods

Genomics is the study of the complex biological activities of a cell’s genetic mate-
rial, the genome, using high-throughput technology. Functional genomics is critical
for determining and proving the functions and roles of all genes discovered on the
genome in cellular metabolism. Genomic analysis is widely used in agriculture to
discover single-nucleotide polymorphisms (SNPs) using a comparative genomics
method. The ultimate goal is to find SNPs or quantitative trait loci (QTLs)
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associated with a certain phenotype. SNPs are relatively prevalent in genome, how-
ever, and normally do not generate a discernible phenotype because of significant
environmental stress on plants. This is particularly essential in the case of abiotic
stress studies that need the monitoring of the wanted phenotypic expression, the
tolerance of abiotic stress, to prevent changes in the intended trait under various
environmental circumstances due to genotype x environment (G x E) interaction. As
a result, genome-wide association studies (GWAS) and genotyping-by-sequencing
(GBS) techniques are frequently used to find SNPs linked to abiotic stress tolerance
in field crops (He et al. 2014; Unamba et al. 2015; Kang et al. 2016). For numerous
field crops, both GWAS and GBS have been used to discover SNPs or QTLs that
may be linked to tolerance to a variety of abiotic stressors (Table 3.2). More study
is needed to enhance field crop tolerance to abiotic stressors, and more research is
needed to assure agriculture’s long-term viability.

Transcriptomic is the result that all RNA molecules from the genome are
sequenced, profiled, and counted, enabling comprehensive and/or comparative anal-
ysis in quantitative terms of gene expression. Gene expression or transcription, on
the other hand, varies depending on the stage of development, tissue, and even cells
within the same tissue. Transcriptomics, therefore, shows the metabolic activity of
the plant at a specific moment in time, development stage, and tissues or on the
environmental circumstances. Microarray platforms or next-generation sequencing
(NGS) platforms are often used for transcriptomic research, and both provide high-
throughput data for all transcripts depending on the available genome sequence in
NGS and the sequence depth in microarrays (Unamba et al. 2015). Most work on
transcriptome of abiotic stress tolerance reacts to a particular treatment, such as
drought, salinity, cold, or heat. However, as previously indicated, the climate change
models predict numerous stressors to impact field crop output. Thus, transcriptomic
alterations following combination therapies became the principal technique in the
study of transcriptomes. The knowledge of changes in gene expression patterns
when they are primed is another perspective that may provide insights into the
important components to increase the tolerance of the plant toward abiotic stress
situations. Both of these approaches are required to get new insights into transcrip-
tome experiments in order to improve field plant abiotic stress tolerance.

Proteomics uses high-performance technologies to identify and investigate pro-
teins, potential post-translational modifications, structures, activities, and interac-
tions with other proteins or cellular components in order to better understand
cellular metabolism (Table 3.2). Proteomics research focused on using two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE) to examine the reactiv-
ity and/or tolerance of agricultural crops to abiotic stress, as well as the identification
and characterization of the protein spots produced. In 2D-PAGE, the first dimension
separates proteins based on their isoelectric point (pI), whereas the second dimen-
sion separates proteins based on their molecular weight (MW). In theory, no two
proteins in a cell can have the same pI or MW, allowing for high-resolution separa-
tion with each spot on the gel representing a different protein. Interactions with
other proteins, DNA, or RNA can be investigated using yeast two-hybrid systems or
protein microarrays, as well as structural studies using nuclear magnetic resonance
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Table 3.2 Abiotic stress tolerance in different crops under multi-omics approaches

Omics approach | Crops Abiotic stress tolerance | References
Genomics Soybean | Drought Kaler et al. (2017)
Salinity Zeng et al. (2017)
Rice Salinity Naveed et al. (2018)
Drought Guo et al. (2018)
Wheat Drought Mwadzingeni et al. (2017)
Heat ElBasyoni et al. (2017)
Cotton Drought Batayeva et al. (2018)
Salinity Cai et al. (2017)
Transcriptomics | Rice Metal toxicity Song et al. (2014)
Cold, salt Ganguly et al. (2012)
Cold Guan et al. (2019)
Cotton Cold, salt, drought Imran et al. (2020)
Drought Hasan et al. (2019)
Cold Cheng et al. (2020)
Soybean | Drought Xu et al. (2018)
Aluminum You et al. (2011)
Cold Min et al. (2020)
‘Wheat Cold Diaz et al. (2019)
Drought Ma et al. (2017)
Water deficit Reddy et al. (2014)
Proteomics Cotton Salinity Peng et al. (2018)
Drought Xiang et al. (2018)
Chilling Cheng et al. (2010)
Soybean | Heat, water Katam et al. (2020)
Drought Hossain and Komatsu (2014)
Drought, salinity Yan et al. (2021)
Wheat Salt Zhu et al. (2021)
Abiotic stress Soriano et al. (2021)
Drought Lin et al. (2021)
Rice Salinity Damaris et al. (2016)
Chilling Jietal. (2017)
Metabolomics Soybean | Drought Silvente et al. (2012)
Heat Chebrolu et al. (2016)
Salinity Luetal. (2013)
Chilling Maruyama et al. (2014a, b)
Rice Salinity, drought Fumagalli et al. (2009)
Heat Wada et al. (2020)
Abiotic Saia et al. (2019)
Cotton Salinity Liu et al. (2021a, b)
Drought Zhang et al. (2021a, b)
Drought Saia and Fragasso et al. (2019)
Wheat Water Bernardo and Carletti et al. (2019)
Abiotic Guo et al. (2020)

Nitrogen

Zhang et al. (2017)
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(NMR) or X-ray crystallography and subcellular localization using fluorescent pro-
teins like EGFP or X-ray tomography (Moreno-Risueno et al. 2010). Nonetheless,
proteomics has been widely utilized to better understand how many field crops,
including rice, wheat, and maize, respond to abiotic stress situations (Table 3.2).
Proteomics, rather than genomes and transcriptomics, appears to be more promising
in terms of giving relevant background information for understanding and creating
abiotic stress-tolerant field crops, and technical advances will definitely be neces-
sary to attain these aims.

Metabolomics is the study of all metabolic byproducts, hormones, signaling
molecules, and secondary metabolites present in a biological sample using methods
such as mass spectroscopy (MS), gas chromatography-MS (GC-MS), liquid chro-
matography-MS (LC-MS), capillary electrophoresis-MS (CE-MS), and Fourier
transform infrared spectroscopy (FTIR) (Oliver et al. 1998; Hong et al. 2016; Tian
et al. 2016; Samota et al. 2017). Understanding complex phenotypic responses of
plants to changes in environmental conditions requires metabolomic analysis.
Metabolomics is perhaps the most difficult of the omics techniques, because the
metabolome varies greatly depending on developmental stage and growth factors
(Fuhrer and Zamboni 2015). As a result, it is reasonable to state that metabolomics
has not been employed efficiently in investigations of field crop abiotic stress toler-
ance. Despite the fact that it does not yield definitive results like genomes, transcrip-
tomics, or even proteomics, metabolomics provides a consistent metabolic
quantitative trait locus (mQTL) that seems to be used as an indicator for breeding
experiments to enhance agricultural crop tolerance to abiotic stress (Mochida and
Shinozaki 2011). The mQTL can be used as metabolite markers in response to abi-
otic stress conditions, in addition to phenotypic studies such as GWAS, if the change
in metabolite concentration influences the phenotypic change.

The field of omics technologies has broadened as a result of the introduction of
high-performance technologies in many study fields. To integrate data from genom-
ics, transcriptomics, proteomics, and metabolomics studies, systems biology tech-
niques are employed (Fig. 3.2). The primary challenge is the integration of data
from diverse omics techniques to abiotic stress with different plants and/or
genotypes.

Phonemics
Genomics
-

-

Field trial and validation

Key Genes
Selection &
Transformation

Fig. 3.2 Schematic diagram showing integration of different omics approaches for abiotic stress
tolerance in crops
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3.6 Conclusion and Future Perspectives

Climate change affects crop growth cycles, phenological development, crop pro-
ductivities, and food quality. Variations in temperature, CO, levels, and rainfall pat-
terns have substantial impacts on agricultural crops; thus it could be a threat to
future food security. Studying growth and yield responses of crop plants to different
abiotic stresses owing to climate change is important in order to develop climate-
resilient crops. Development and integration of modern genetics into classical
breeding and development of new plant types and resistant cultivars through genetic
manipulation are now being focused to meet the future food demands to reduce food
security risk. Multi-omics approaches, i.e., genomics, proteomics, transcriptomics,
phenomics, and ionomics, are playing a crucial role to identify a genetic basis of
crop performance and improvement as well as stress tolerance mechanisms in crop
plants under various environmental stresses. In the future, integration and combina-
tion of multi-omics approaches would be helpful to identify potential candidate
genes and their pathways to develop models to mark agronomically important traits
to enhance crop performance under changing climatic scenario through precision
breeding.
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