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Abstract: Maize (Zea mays L.) stands as one of the most extensively cultivated crops globally,
offering significant contributions to food, animal feed, and biofuel production. Maize yield is
significantly impacted by diverse climate and soil variables, yet its productivity faces hindrances
due to abiotic stresses, including drought, salinity, extreme temperatures, and cold conditions. In
confronting these hurdles, the field of crop breeding has undergone a transformation thanks to high-
throughput sequencing technologies (HSTs). These advancements have streamlined the
identification of beneficial quantitative trait loci (QTL), associations between markers and traits
(MTAs), as well as genes and alleles that contribute to crop improvement. Presently, well-
established omics techniques such as genomics, transcriptomics, proteomics, and metabolomics are
being amalgamated into maize breeding studies. These approaches have unveiled new biological
markers that are being employed to bolster maize's capacity to withstand an array of challenges. In
this chapter, we explore the current knowledge regarding the morpho-physiological and molecular
mechanisms that underlie the resistance and tolerance of maize to biotic and abiotic stresses. The
focus is on utilizing omics techniques to augment maize's ability to withstand these challenges.
Moreover, it emphasizes the significant potential of integrating various omics techniques to tackle
the challenges presented by biotic and abiotic stress in maize productivity, contrasting with singular
approaches.

Keywords: maize; omics; stresses; resistance; crop improvement

1. Introduction

Zea mays L., commonly referred to as maize, holds a prominent and cherished status as one of
the world's most essential crops. Its importance extends beyond geographical borders, influencing
cultures, economies, and dietary habits worldwide. Maize, serving as a staple food source for
humans, providing nourishment, supporting livelihoods, fermentation substrate, and a valuable
commodity in numerous industrial applications [1], particularly in its dry grain form, occupies a
critical role on the global scale. Wheat, maize, and rice are the primary staple cereals worldwide, each
cultivated on approximately 200 million hectares. Corn, frequently referred to as maize, underwent
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domestication more than 9,000 years ago within the southern Mexico/Mesoamerica region [2].
Together, these three primary global staple cereals, namely wheat, rice, and maize, make up a
substantial portion of the human diet, accounting for approximately 40 percent of the world's calorie
intake and 35 percent of protein consumption [3]. Maize fulfils a versatile and continually evolving
function within the global agricultural and food systems, making substantial contributions to food
and nutrition security [4,5]. About 56% of its output is used as livestock feed, while one-fifth finds
application in non-food sectors, and 13% is designated for human consumption. Notably, maize is
distinguished by its high starch content, constituting roughly 65% of its composition [6]. Currently,
maize has risen as a viable alternative to rice and wheat. Around 35% of its harvest is directed towards
human consumption, while 25% serves as feed for poultry and cattle, and another 15% is used in food
processing [1]. It has achieved the status of a significant global commodity, with 15% of the world's
maize production currently being exported, marking an increase from the 11% reported in the
previous decade [3]. It is on the verge of overtaking wheat as the most heavily traded cereal. Leading
net-exporting nations such as the USA, Brazil, Argentina, Ukraine, and Romania are consistently
shipping substantial quantities, ranging from 5 to 54 million metric tons annually [7]. Over the last
century, maize yield has surged by a factor of eight, thanks to innovations in yield per plant and plant
density optimization achieved through harnessing heterosis.

Throughout history, maize has been a quintessential subject in the realms of genetics,
developmental biology, physiology, and, more recently, genomic research. The genetic investigation
of Zea mays L. commenced with Edward East's pioneering research in 1908, which explored topics
like inbreeding depression and hybrid vigor. A significant advancement in cytogenetics occurred in
the 1940s when transposable elements (TEs) were discovered, as exemplified by Barbara McClintock's
pioneering work [8]. In 2009, the first maize genome was made public [9]. Then, Jiao et al. [10]
embarked on a re-sequencing project focused on the B73 maize variety. This effort revealed that a
substantial 74% of its genome is comprised of long-terminal repeat retrotransposons (LTRs), which
predominantly contribute to its enlarged size in comparison to other grass species. The main factor
responsible for the maize genome's expansion relative to other grasses is the widespread increase in
LTRs [10]. The cumulative cytogenetic, genetic, and genomic studies of maize have yielded rich
insights into its genome's structure, function, and evolution. Resequencing wild relatives, traditional
landraces, and improved maize lines, and aligning them with the reference genome, suggests that
introgression from wild relatives contributes to post-domestication maize diversity. Through this
method, genes with a wide range of biological functions that experienced selective pressure during
the domestication process have been pinpointed [11].

The foundation of maize breeding relies on leveraging heterosis, which involves genome-wide
allelic interactions, interactions among quantitative trait loci (QTLs), and inter-genomic interactions
that occur when the two parental genomes combine in the F1 hybrid. The functional understanding
of many maize genes, especially those linked to heterosis, is less advanced compared to other cereal
crops, notably wheat and rice. Integrating whole-genome markers into genomic-based breeding
represents a viable approach for improving maize breeding and holds significant promise. Genomic
selection (GS) serves as a notable illustration of this genomic design breeding strategy as it doesn't
require an extensive comprehension of gene functions or the precise assessment of each individual
marker's efficacy [12]. In this contemporary genomics era, the integration of various strategies and
methodologies promises to boost maize productivity. This includes the amalgamation of modern
genomics, phenomics, gene editing, synthetic biology, and the utilization of Al technology. The
integration of an extensive array of maize omics data, spanning genomics, phenomics, epigenomics,
transcriptomics, proteomics, and metabolomics, will form a vital foundation for machine learning
approaches to build network models illustrating the interactions among various genetic components.
In the context of a maize breeding program, a key strategic approach for achieving the desired goals
of increased production and enhanced quality traits revolves around reducing the frequency of
hybridizations while maximizing the incorporation of superior alleles. Swift progress toward trait
enhancement objectives can be attained by executing two or three iterations of small-scale population
development, thereby making the most of the available genetic diversity. This chapter highlights the
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importance of incorporating comprehensive strategies to enhance maize production, utilizing
various modern techniques such as molecular breeding, marker-assisted selection (MAS), GS, the role
of genome editing (CRISPR-Cas), and transgenic approaches. Additionally, the chapter delves into
future prospects and significant challenges in the field of maize improvement.

2. Traditional Approaches in Maize Crop Improvement

Based on recent molecular analysis, it is now believed that the process of maize domestication
commenced in the Central Balsas River Valley approximately 8,700 long ago in southwestern Mexico.
This domestication process occurred rapidly, originating from Zea mays ssp. parviglumis wild
precursor, a subspecies of teosinte. This information is supported by studies conducted by Liu et al.
[13], Piperno et al. [14], and Ranere et al. [15]. At the International Institute of Tropical Agriculture
(IITA), maize underwent enhancements in various quantitative traits through classical or
conventional methods. These improvements encompassed traits such as Striga resistance, nitrogen
utilization efficiency, drought tolerance, resilience to stem borers, mitigation of aflatoxin
accumulation, yield potential, and enhancement of nutritional quality [16,17]. In traditional maize
breeding, the approach entails the development of new plant cultivars by adhering to the principles
of natural inheritance. This involves the selection of plants based on their exceptional performance
in specific traits or characteristics, as discussed by Lamichhane and Thapa [18]. Conventional
breeding methods have been employed for the two, self-pollinated and cross-pollinated plants for
quite shortly. One example is the concept of pure line selection, which was introduced by Johannsen
[19], as documented by Poehlman [20]. This method involves the creation of pure lines through the
self-pollination of a single superior homozygous parental genotype. Following several years of
conducting multi-locational trials, typically spanning approximately 6 to 7 years and involving the
comparison with established check varieties, superior genotypes are officially introduced as new
maize varieties. Pure-line selection is less effective due to low heritability caused by environmental
effects, as genetic makeup closely resembles parental genotypes [21]. Mass selection, akin to pure-
line selection, relies on highly heritable traits for plant choice [22]. Mass selection can be executed in
two ways; first is single-parental, where one kind of gamete is controlled, and second one is bi-
parental, where the couple of gametes, female and male are controlled. The chosen individuals are
then planted in the crop land and harvested when they reach maturity. After harvest, seeds are mixed
and sowed for the next generation. In the next year, crop plants grown from mixed seeds are justified
with a check variety for variance. Selected plants are released as new varieties after multi-location
trials. Backcross breeding introduces desirable traits from one plant into another without affecting
other traits by crossing with a homozygous parent [23]. In this method, donor parents possess the
desired trait, and recurrent parents receive these selected genes. After five to six generations of
repeated backcrossing with the recurrent parent, the backcrossed progeny should inherit
approximately 98% of the recurrent parent's genome [24]. In backcross breeding, the newly formed
variety typically inherits a majority of its genes from the recurrent parent, with only a few coming
from the donor parent, as noted by Singh [25]. Another method is recurrent selection, a term
introduced by Hull [26], primarily applied in maize breeding but later extended to other cereal crops,
as discussed by Ramya et al. [27]. This process entails the continued selection of favourable traits over
multiple generations, with the aim of increasing their prevalence through crosses between high-
performing individuals from the heterozygous recurrent parent and inbred individuals, as discussed
by Bangarwa [28]. Hybridization is another method for creating hybrids with desirable traits by
mating genetically distant parents within the same species (Intraspecific hybridization) or between
different species (Interspecific hybridization). It involves combining characteristics from different
parents to produce genetically superior offspring, whether through natural or artificial means [21].

In a remarkable long-term study conducted with conventional breeding techniques, researchers
at the Illinois Agricultural Experiment Station successfully enhanced the oil concentration in maize.
They started with a base of approximately 5% oil content and, over the course of 100 generations,
developed high oil-producing maize lines, which now boast an impressive 20% oil content [29].
However, conventional breeding methods do have their limitations. For instance, identical parents
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do not produce variation due to lack of segregation of gametes in conventional breeding [30].
Additionally, this process is often time-consuming, typically spanning over a decade or more before
a new cultivar is ready for release, as noted by Bharti and Chimata [31]. Moreover, conventional
breeding heavily relies on the cultivars phenotypic expressions to identify superior ones. Hence, the
chosen cultivars may not consistently be without errors, given that phenotypes are significantly
affected by genotype-environment interactions [32]. The selection process involves choosing
individuals for breeding based on their differences in desired features, which are usually measurable
or observable traits [33]. It's worth noting that conventional breeding is an applied science that
heavily depends on the observations, skills, and experiences of breeders for judgment, as highlighted
by Allard [34].

3. Molecular Breeding and Marker-Assisted Selection (MAS)

Traditional plant breeding involves the iterative practice of selecting both parents and their
offspring based on desirable characteristics. The significance of molecular breeding is substantial in
the contemporary world, especially in developed countries where a small proportion of the
population is engaged in agriculture. This minority group bears the demanding responsibility of
providing sustenance for the majority of the country's population [35]. This achievement is feasible
in view of the fact that plant breeding has effectively enhanced crop yields without the need to
expand the cultivated land or the workforce engaged in agriculture. Achieving this objective can be
readily accomplished through crop enhancement via molecular breeding techniques. Molecular
breeding employs various approaches such as the identification of simple traits or QTLs within
breeding lines/populations, the integration of genes from breeding lines or wild relatives, gene
pyramiding, marker-assisted recurrent selection (MARS), and Marker-assisted backcross (MABC).

Molecular MAS, often referred to as marker-aided selection or MAS, is an indirect approach to
nomination or selection wherein a specific trait is targeted through the use of a marker [29]. Within
the context of MAS, a marker is located in vicinity to a gene responsible for controlling the trait,
thereby signifying the presence of a desirable allele when the marker is detected [36]. Knowing the
alleles in key loci allows for the creation of optimal allele combinations to enhance the agronomic
value of the genotype. Marker-assisted selection is commonly used for resistance gene pyramiding,
which can provide complete resistance for several plant generations until it's challenged by pathogen
strains. Achieving gene pyramiding for resistance becomes exceedingly challenging through classical
breeding methods for certain traits like pathogen-induced disease resistance when dominant
resistance genes are present [35]. There are primarily three categories of genetic markers. The first
comprises visible or morphological markers, which are characteristics or phenotypic traits. The
second category includes biochemical markers, which involve enzymes allelic variations referred to
as isozymes. The third category consists of molecular or DNA markers, which unveil points of
variation in the DNA sequence [37,38]. For a nucleotide sequence to be useful as a molecular marker
in molecular breeding, it usually requires polymorphism within its sequence. These variations in
nucleotide sequences are unveiled through molecular methods like restriction fragment length
polymorphism (RFLP), amplified fragment length polymorphism (AFLP), random amplified
polymorphic DNA (RAPD), single nucleotide polymorphism (SNP), microsatellite or simple
sequence repeat polymorphism (SSRP), sequence-tagged site (STS), single-strand conformation
polymorphism (SSCP), and cleavable amplified polymorphic sequences (CAPS) among others [39].
Utilizing this marker set relies on extensive prior research. This typically involves various research
stages for each trait, commencing with QTL mapping, progressing to fine mapping, and ultimately
culminating in positional cloning [40]. For a successful MAS program, essential components include
dependable markers, a robust DNA extraction method, well-constructed genetic maps, swift and
efficient data handling, an interpretation of marker and trait connections, and knowledge to access
tools for high-throughput marker detection [41].

MABC represents a specialized example of MAS, wherein the process of backcrossing is aided
by molecular markers to expedite the selection of the recurrent parent and enhance genome recovery
speed. The MABC technique has found extensive application in eliminating undesirable traits, such
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as susceptibility to insects and diseases, as well as anti-nutritional factors, from widely adopted high-
yielding varieties by introducing QTLs or genes of interest from donor parents [42,43]. Using DNA
markers in a breeding program recommended a variety of benefits. For instances, DNA marker-based
screening facilitating early selection for traits due to evaluation of plant genotypes at the seedling
stage or even from seeds, that may only manifest in adult plants, such as male sterility, fruit or grain
quality, and photoperiod sensitivity. It expedite the selection of alleles that are difficult to assess
phenotypically, especially for environmentally sensitive traits, simplifying and enhancing the
breeding process. Individual plant selection, which may be impractical through phenotypic means,
becomes feasible when relying on marker information. The issue of low heritability becomes
inconsequential when using marker-based selection. Additionally, in traits with intricate inheritance
patterns, it becomes possible to select each individual genetic component contributing to the trait
independently. Using molecular markers, multiple characters that typically exhibit epistatic
interactions can be preserved and ultimately stabilized. Moreover, the preservation of recessive genes
does not necessitate progeny testing in every generation since homozygous and heterozygous plants
can be differentiated using (codominant) markers, as explained by Lema [32]. Molecular markers
have a important role in enhancing maize's genetic traits, such as addressing the intricate inheritance
patterns related to drought tolerance [44-46], improving nutrient utilization [47-53], and enhancing
diseases, parasitic and insect pests plant resistance in maize [17,54-57]. Additional details can be
found in the works of Hossain et al. [58] and Muntean et al. [33].

4. Genomic Selection

The GS represents an advanced iteration of marker-assisted selection, enhancing the efficiency
of selection and expediting the progress in selective breeding within a shorter timeframe. It achieves
this by employing markers across the entire genome to predict the impact of quantitative gene loci,
subsequently calculating genomic estimated breeding values (GEBVs) [59,60]. The GS breeding
approach was initially proposed by Meuwissen et al. [61]. GS has the capability to swiftly and cost-
effectively forecast the yield potential of individual plants, ultimately leading to a reduction in both
the time and expenses associated with a breeding cycle. In contrast to GWAS (genome-wide
association studies) and linkage analysis, the primary goal of GS is not to pinpoint specific QTLs but
rather to make predictions about the future performance of offspring based on the DNA information
gathered in the present. In GS, breeders can predict a plant's breeding value by utilizing data from
all markers without the need for direct phenotype evaluation. This prediction relies on statistical
models developed using a “training population” where both genotypes and phenotypes have been
recorded. In mixed model analysis for genomic selection, markers are treated as random factors. This
approach is necessary because the number of markers often exceeds the number of individuals in the
training population, making it impractical to estimate the effect of each marker individually due to
limited degrees of freedom [35,62]. MAS proves valuable when choosing traits such as grain yields,
flower colours, seed characteristics, and others that manifest primarily during the later reproductive
stages. Through the application of GS, these traits can be detected by employing DNA markers in a
genotype even at preliminary stages of plant development as highlighted by Madhusudhana [63]. It
offers numerous advantages compared to traditional MAS. Notably, it doesn't require QTL mapping,
as it efficiently estimates breeding values using a comprehensive set of molecular markers that ideally
spans the whole genome [64]; At early selection, it is more precise as it estimates all QTLs effect by
utilizing high-density molecular markers and explains genetic variance for desirable traits. This
stands in contrast to MAS, which relies on a limited number of markers for trait selection [65]; it
shortens generation intervals, accelerates genetic progress (4-25% farther up phenotypic selection),
and reduces breeding costs (26-56% lesser traditional methods) [65]; it exhibits superior efficiency in
selecting traits with low heritability compared to MAS; in GS, breeding values serve as the selection
criteria which are the sum of all allele genetic effects for each individual,. This approach is known for
its superior accuracy because it assesses the average performance of the offspring, rather than relying
solely on the parents' performance [67]. In crops like maize, research conducted by the CIMMYT
(International Maize and Wheat Improvement Center) [68], suggests that the breeding interval could
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be shortened to as little as half of the conventional timeframe. GS has been effectively applied to
enhance various traits in maize, including shelling percentage, grain yield, grain moisture, ear length,
ear width, ear rows, tassel branch number, kernels per spike, hundred-grain weight, kernel number
per ear, and kernel depth [69,70]. Challenges in GS arise from factors including the training
population's size and variability, as well as the heritability of the traits being predicted. The statistical
intricacies in GS are connected to the vast amount of marker data, where the number of markers far
exceeds the number of observations [33]. In conclusion, GS has proven to be a valuable tool for the
improvement of multiple important traits in maize, offering promising prospects for enhancing the
overall performance and quality of maize crops.

5. Genome Editing and CRISPR-Cas9

Genome editing is a form of genetic engineering that involves the intentional alteration of DNA
within living cells through the insertion, deletion, or modification of genetic material. Genome
editing, previously referred to as gene targeting, is a precise method for modifying the nucleotide
sequence of the genome with an exceptional level of specificity down to the individual base pair. It
encompasses a range of strategies and methods designed to make deliberate and customized
modifications to the genetic makeup of an [71]. The essence of this editing technology is its reliance
on site-specific nucleases (SSNs), which are customizable enzymes proficient in precisely targeting
specific gene sequences. By utilizing these modified nucleases, it becomes feasible to precisely
remove, insert, or replace particular gene sequences, demonstrating the benefits of site-directed
mutagenesis when compared to random mutagenesis methods [72]. Genome editing techniques
encompass a range of approaches, including tailored homing nucleases (meganucleases), zinc-finger
nucleases (ZFNs), and transcription activator-like effector nucleases (TALENSs). These methods
employ protein-based systems that can be tailored to possess precise DNA-binding functions,
allowing them to pinpoint specific gene sequences. The most widely adopted platform in recent times
is clustered regularly interspaced short palindromic repeats-CRISPR-associated 9 nuclease (CRISPR-
Cas9), which relies on RNA as a targeting element directing the nuclease to a specific DNA sequence
[73,74].

5.1. CRISPR-Cas9 in Maize

Maize (Zea mays L.) is recognized as the most widely grown grain crop globally. Its versatility in
terms of applications and adaptability to diverse environmental and soil conditions have contributed
to its popularity as a desirable crop across the globe [75]. The drawbacks of random mutagenesis
sparked investigations into precise genome modification methods, resulting in notable progress over
the last decade. These methods have significantly increased the accuracy of gene editing, enhancing
fidelity by nearly a thousand fold [76,77]. The initial generation of targeted genome editing methods,
including ZFNs and TALENS, achieved partial success but exhibited specific limitations [78].

In contrast, the CRISPR/Cas9 system, a relatively recent addition, has revolutionized the field of
genome editing due to its simple design, operational flexibility, and cost-effectiveness [79-81]. The
system consists of a universally used Cas9 nuclease protein and a solitary guide RNA (sgRNA) that
includes a 20-base pair (bp) target site sequence along with a hairpin structure. The Cas9 protein
induces a double-strand break (DSB) at the 20 bp genomic locus specified by the sgRNA, occurring
near the NGG sequence called Protospacer Adjacent Motif (PAM), where N can represent any
nucleotide. Cas9 consists of two catalytic nuclease domains, RuvC and HNH, responsible for creating
DSBs at precise target sites guided by sgRNA. These DSBs can subsequently be repaired through two
main mechanisms: Non-homologous end-joining (NHE]) or Homology-directed repair (HDR) (see
Figure 1). It's worth noting that a mere 20 bp sequence is ample for achieving allele specificity within
single-copy regions of a genome, such as in maize. The compact size of the sequence simplifies the
creation of sgRNA [82,83].
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Figure 1. A visual model depicting the genome modification process of the CRISPR/Cas9 system.

In maize protoplasts, the CRISPR/Cas9 system achieved a targeted mutation efficiency of 13.1%
in the phytic acid biosynthesis gene, ZmIPK, whereas TALENSs achieved 9.1% [84]. Furthermore, the
CRISPR technology demonstrated a mutation frequency in maize that was 10-20 times greater than
that observed with homing endonucleases [85]. In a more recent advancement, a user-friendly public
sector system known as “ISU Maize CRISPR” has been established to facilitate efficient site-specific
mutagenesis in maize. It employs an E. coli cloning vector and an Agrobacterium binary vector,
enabling the incorporation of as many as four single guide RNAs (sgRNAs) for single or multiplex
mutagenesis. This development marks a significant stride in applying CRISPR/Cas9 for multifaceted
gene editing in crops, with a specific focus on maize [86].

Delivering the CRISPR/Cas9 system, comprising the sgRNA and Cas9 protein, can be
accomplished through transient techniques or by employing a long-term maize transformation
process into the cell. Furthermore, this method allows for multiplexing [83]. Unlike some other
nucleases, CRISPR/Cas9 is capable of targeting methylated DNA, rendering it a versatile tool for
editing plant genomes [87].

5.2. Potential Benefits of Genome Editing and Ethical Considerations

Genome editing starts from a molecular understanding of the target gene and utilizes a targeted
and precise approach based on specific molecular knowledge. This allows genome editing to achieve
highly accurate and intentional modifications in a controlled manner. One of the notable concerns
linked to genome editing in plants is the potential for unintended genetic changes arising from off-
target mutations [88,89]. These off-target mutations refer to unintended changes in the DNA sequence
of the plant's genome that occurs at sites other than the intended target. Such unintended alterations
can have unpredictable effects on the plant's characteristics and may raise safety and environmental
concerns. The concerns surrounding genome editing also stem from the limited understanding of its
principles and applications among the general public. There is a need for clear communication and
education to address the knowledge gap and foster informed discussions about the technology.
Differentiating between various categories of genetically modified plants, such as transgenic plants
and genome-edited plants [90,91], is essential. This distinction aids in comprehending the precise
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methods employed, the scope of genetic alterations made, and the possible consequences regarding
safety, regulation, and public perception. By addressing these concerns and promoting transparency,
scientists, policymakers, and stakeholders can work together to ensure responsible and ethically
sound use of genome editing technologies in plant research and crop improvement. The risks related
to the emerging techniques in genome editing encompass various interconnected aspects, including
environmental, health-related, agricultural, economic, social, and political concerns. Among these,
only a limited subset of risks is directly associated with the new techniques. One notable risk is the
potential for bioterrorism, although it is currently only a theoretical concern when it comes to plants.
Genome editing can have both positive and negative implications for agricultural risks, particularly
in relation to biodiversity. On one hand, it has the potential to contribute to a reduction in
biodiversity. On the other hand, it can also be utilized to enhance diversity and address emerging
threats in agriculture.

6. Use of Transgenic Approaches to Introduce Foreign Genes into Maize

The adoption of genetically modified (GM) traits has been rapidly embraced by farmers
worldwide, making it one of the fastest innovations in agriculture. As per findings presented by
Brookes and Barfoot, [92], the worldwide economic benefits derived from genetically modified crop
varieties amounted to US$ 225 billion during the period spanning from 1996 to 2018, with developing
countries accounting for 52% of these gains. In 2019, transgenic crops were grown across 190.4 million
hectares in 29 countries, intended for both food and feed purposes. This represents a substantial rise
from 1.7 million hectares in 1996, marking a remarkable 112-fold increase. The most widely adopted
GM crops include soybean, maize, cotton, and canola. Of these crops, maize takes the lead. In 2019,
31% of the total global maize cultivation area, encompassing 60.9 million hectares across 14 countries,
was allocated for growing genetically modified maize varieties [93].

In the last three decades, GM maize varieties have been effectively introduced to the market,
providing farms with traits like resistance to herbicides and insects. The initial wave of genetically
modified maize featured a single gene with a precise mechanism targeting a particular order of
insects to confer insect resistance. In subsequent generations, the approach included crossbreeding
herbicide and insect-resistant traits, as well as diverse insect resistance traits, to establish multiple
mechanisms of action against a range of insect orders. Farmers have found these stacked varieties to
be remarkably effective, delivering evident and comprehensive phenotypic results [94]. Developing
traits linked to quantitative characteristics such as tolerance to abiotic stress, efficient nutrient
utilization, and increased yield presents a more intricate challenge. These characteristics are
influenced by numerous genes and are sensitive to environmental factors, which adds complexity to
the development process. To examine how individual genes affect complex traits, companies have
established extensive biotechnology pipelines that involve evaluating genes in real field conditions
on a large scale [95]. A standard biotechnology pipeline comprises various stages, which encompass
discovery, demonstrating feasibility, initial development, advanced development, pre-launch, and
the eventual release of commercial varieties. Certain stages might briefly coincide, particularly when
a promising lead is identified early in the discovery phase, leading to the initiation of optimization
efforts before validation is entirely finished. The phase of gene discovery entails the quest for
potential genes, which can be arduous, expensive, and uncertain, especially for traits such as drought
tolerance and yield, which demand clearly defined phenotypic reactions. Extensive phenotypic
screening of model plants like Arabidopsis thaliana and Oryza sativa is performed to assess hundreds
of candidate genes [96,97]. The proof-of-concept stage involves creating events for each candidate
gene and conducting preliminary phenotypic evaluations in controlled settings as well as small-scale
field experiments. During the early development phase, there is a focus on optimizing the lead to
enhance stability and increase protein expression. Candidates demonstrating favourable agronomic
performance, consistent trait expression, and heritability are chosen. These chosen candidates are
subsequently subjected to molecular-level characterization and extensive field trials conducted across
various locations and over multiple years [98].
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In the advanced development stage, the validated leads are incorporated into commercial lines,
often employing molecular markers to expedite the breeding process and guarantee the successful
transfer of traits. In this phase, regulatory data related to the toxicity of gene products, allergenic
potential, compositional analysis, as well as environmental and human safety aspects are collected.
During the prelaunch stage, the production of seeds for the novel GM variety is expanded, quality
control protocols are instituted to guarantee trait consistency and purity, a regulatory report is
submitted, and arrangements are made for the commercial release of the new GM trait hybrid. The
duration to finalize the pipeline, which varies according to the trait and available resources, generally
averages around 11-13 years.

6.1. Enhancing Traits in Genetically Modified (GM) Maize Varieties

Twenty-five years ago, the debut of the initial commercially accessible insect-resistant GM maize
[99,100] marked the beginning of a journey that has led to the approval of 148 GM maize events for
global commercial utilization [94]. By 2019, the worldwide GM maize cultivation had expanded to
cover 61 million hectares, with the most substantial acreage located in the USA (33 million hectares),
Brazil (15 million hectares), Argentina (6 million hectares), and South Africa (2 million hectares) [93].
Among crops, maize holds the record for the largest number of approved GM events, totalling 148
events across 35 countries. Most of these events integrate traits like insect resistance and herbicide
tolerance. Furthermore, approved traits for maize encompass fertility restoration, male sterility,
heightened drought tolerance, phytase production, modified amino acids and alpha amylase
expression, improved photosynthesis, and increased ear biomass. These authorized traits encompass
a total of 39 individual genes, with the largest proportion associated with insect resistance (18 genes)
and herbicide tolerance (11 genes). The forthcoming generation of GM maize varieties poised for
market release incorporates events featuring novel insecticidal proteins, including Vpb4Da2, DvSnf7
RNA, and IPDO72Aa. These proteins are designed to manage insect populations that have developed
resistance to Bt [101-103]. Additional prospective varieties seek to enhance grain yield by
upregulating the zmm?28 and ZM-BG1H1 genes [104,105], and to bolster drought tolerance through
the overexpression of ARGOSS [106].

6.2. Concerns and Regulations Related to GM Crops

It's crucial to emphasize that scientific evidence confirms that GM crops do not present any
heightened risks to both humans and the environment in comparison to conventional crops (National
Academies of Sciences, Engineering, and Medicine, 2016). Nevertheless, public apprehensions and
restrictions related to GM technology, notably within the European Union, continue to hold
substantial importance [107]. In an effort to tackle these concerns and potentially shift public opinion,
there is ongoing exploration of new plant breeding technologies (NPBTs), including cisgenesis,
intragenesis, and genome editing. Proficient communication of these technologies to the public holds
the potential to impact public approval [108,109]. Following seven years of GM crop cultivation with
no observable health impacts, apprehensions about potential environmental hazards, particularly
gene transfer to other species, have gained more prominence than concerns regarding food safety.
Pollen and seeds released into the environment may convey genetic characteristics to neighbouring
crops or wild relatives. Self-pollinating crops like wheat, barley, and potatoes have minimal chances
of gene transfer, whereas cross-pollinating crops like sugar beets and corn are of greater concern in
this regard. Although numerous cultivated crops lack wild counterparts in their present cultivation
regions, the places of origin for these crop species are notably vulnerable to the infiltration of
transgenic traits into native varieties or landraces. There is apprehension that transgenic varieties
possessing a competitive edge might progressively supplant valuable genetic diversity.
Consequently, Mexico, a nation harbouring over 100 distinct corn varieties, has enforced a ban on the
cultivation of transgenic corn.
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7. Omics Technologies in Maize Improvement

Advancements in the fields of biotechnology and computational sciences have paved the way
for the generation of omics data on a large scale for various plant sets, including different varieties
and species [109]. The application of diverse omics techniques has facilitated the discovery of genes,
their respective functions, the specific types of RNA or proteins involved, their structural attributes,
and the pathways influencing the development of final morphological traits. These identified genes
can be subject to manipulation or transfer to create novel varieties or hybrids possessing
advantageous traits. The multi-omics approaches has proven successful in enhancing crop yields and
developing resistance to stresses in agriculture (Figure 2). Molecular biology methods encompassing
various omics technologies, such as genomics, transcriptomics, proteomics, and metabolomics, have
played instrumental roles in advancing these research endeavours [111,112].

Genomics is dedicated to the sequencing, characterization, and comprehensive exploration of a
plant's genetic makeup, encompassing its composition, structure, functions, and intricate networks
within the genome [113]. Novel approaches to plant breeding have been made possible by
developments in plant genomics, which effectively enhancing and expediting various aspects of the
breeding process. These innovations include techniques such as marker-assisted selection, gene
pyramiding, association mapping, breeding by design, genomic selection, and more [114]. In a study
conducted by Vinayan and colleagues [115], genomic regions linked with fodder traits were
pinpointed, and a prediction study on genomic regions was carried out using 1026 DH lines and 276
elite lines as prediction sets from bi-parental crosses.

Omics Approaches

W W

Genemics
(Stroctoral, fanctional analysis i Identification,
of genes and identification of quantification and post
genetic variants) ipti

Metsbolomics
(Profiling of metabolites,
hommones and signaling
molecnles)

Figure 2. Representation of different omics approaches used for maize crop improvement.

In order to determine the expression profiles of both coding and non-coding RNA in response
to different stresses, high-throughput sequencing platforms were used by transcriptomics to generate
transcript data. It also incorporates RNA sequencing, microarray and serial analysis of gene
expression (SAGE) [116]. The genetic makeup of the transcripts that have differential gene expression
in particular cells has been revealed by a number of studies. These transcripts can affect phenotypic
variations in maize, such as growth, yield components, disease tolerance, environmental response
and quality traits. For instance, transcriptome correlation and comparisons signalling network
analysis were used in a study by Liu and Zhang [117] to identify six genes essential to the control of
the MAP Kinase cascade and HY5 module in the presence of blue light. In maize, these genes are
essential for regulating stomata formation and dispersion. qRT-PCR and transcriptome analysis
studies in maize roots, that are infected by Holotrichia parallela larvae, were the focus of another study
project conducted in 2020 by Pan and colleagues [118,119]. This showed the expression of twelve
differently expressed genes linked to the pathways of benzoxazinoid production and Jasmonic acid-
mediated signalling, which are in charge of maize roots' defense mechanisms against invaders. Zhou
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and colleagues [120] used bulked sergeant transcriptome analysis (BSTA) to study the mechanism
behind maize's resistance to drought stress. On chromosome 2, four highly expressed candidate
genes that confer Gibberella ear rot disease resistance in maize were found by transcriptome profiling
of several inbred lines of maize [121]. Together, these results highlight the significance of
transcriptomics in maize research, as it facilitates the discovery of essential regulatory components
for enduring abiotic and biotic challenges, as well as the annotation of gene functions and the
identification of candidate genes. Breeders will be able to solve present and future economic,
ecological, and environmental concerns and ensure food security by using this information to gain
the insights they need to create improved varieties of maize [70,122,123].

Proteomics involves a comprehensive investigation of proteins within a biological system,
encompassing plants and animals, at a specific moment in time [124]. The analysis of proteomics
serves the purpose of quantifying the abundance of various proteins, discerning alterations resulting
from diverse post-translational modifications, elucidating their following functions and localization
[125]. It offers a snapshot of diverse metabolic processes, their ensuing interactions, and impacts on
other regulatory pathways. Consequently, proteomic studies are indispensable for deciphering the
diverse reactions within pathways under various stress conditions and timeframes [126]. Proteomics
field has attracted considerable interest from scientists seeking to examine physiological differences
at the proteomic level under varying stress conditions. For example, Zhang et al. [127] performed a
proteomic analysis of maize leaves in an attempt to evaluate proteome-level changes in corn when
infected by the Ostrinia furnacalis (Asian corn borer). A total of 62 defense-responsive proteins were
found, with a special focus on thioredoxin M-type and pathogenesis-related protein 1 (PR1), a
chloroplastic precursor that significantly impacted the development of corn borer larvae and pupae.
Comparative proteome profiling was done on resistant and susceptible lines exposed to Puccinia
polysora (southern corn rust) in a study by Wang et al. [128]. This study demonstrated that resistance
in the resistant lines was inhibited by a particular remorin protein (ZmREM 1.3). A comparative
proteome profiling of drought-tolerant and susceptible maize lines was carried out by Dong et al.
[129]. Plants use the development of defense-associated proteins (DAPs) in conjunction with the
down-regulation of redundant proteins as a stress-reduction and energy-saving strategy.

Metabolomics is a cutting-edge biotechnique that seeks to identify metabolites that are
functionally active, clarify their functions, and provide insight into the various biochemical processes
that occur in plant genotypes and the phenotypic expressions that follow (Fiihrs et al. [130]. All
metabolites, primary and secondary, with a molecular weight of less than 1500 Da, as well as their
precursors and intermediates within the corresponding metabolic processes, are included in the
metabolomes. Based on their particular goals, metabolic investigations can be divided into 2
categories: targeted and untargeted. The goal of targeted metabolomics is to precisely quantify one
or a small number of metabolites from a predetermined list of recognized compounds. This method
helps identify metabolites linked to particular features because of its high sensitivity and quantitative
nature. Untargeted metabolomics, on the other hand, increases the possibility of identifying
unintentional impacts by measuring the mass spectrometric properties of metabolites with unknown
identities [131]. The application of metabolomics has proven invaluable in understanding how maize
plants respond to various stress conditions i.e heat, salinity and drought. For example, a metabolomic
investigation involving salt-tolerant and salt-sensitive maize genotypes revealed differences in
metabolite accumulation in both roots and seedlings under salt stress. In seedlings, salt stress induced
glucose and acid metabolism. Thirty common chemicals, including metabolites linked to basic
metabolism such as deoxyadenosine, adenine, L-pyroglutamic acid, cis-9-palmitoleic acid, and
galactinol compounds, were found in the roots of both salt sensitive and tolerant cultivars [132]. Heat
stress effects on pollen male sterility in maize, especially at the most vulnerable tetrad stage, has also
been clarified by metabolic pathway study. A reduction in pyruvate levels and an enhancement in
sucrose levels were found by this research. In the meantime, other genes linked to signalling,
unfolded protein stress, and auxin synthesis did not alter [133]. More importantly, a study by Ganie
et al. [134] revealed metabolic pathways impacted by phosphorus stress situations, offering insights
into strategies for improving phosphorus efficiency. The analysis, conducted using gas
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chromatography-mass spectroscopy, the investigation revealed a drop in fatty acids like cholesterol
and stigmasterol, which are critical for membrane fluidity, and an increase in sugar alcohols like
glucitol and mannitol under P-limitation, which are essential for membrane fluidity. In cases of
severe phosphorus starvation, plants will scavenge phosphorus from these fatty acids, disrupting
membrane fluidity. Additionally, elevated levels of serine and glycine indicated an increase in
photorespiration rates [135].

8. Conclusions

The notable decrease in maize production resulting from various biotic and abiotic stresses raises
substantial concerns. To address these challenges, farmers frequently turn to the application of
chemical pesticides as they offer a rapid remedy. The negative consequences of widespread pesticide
use on both human health and the environment have spurred the exploration of alternative pest
control methods. Host plant resistance, recognized as an eco-friendly strategy, has emerged as a vital
component within Integrated Pest Management (IPM) initiatives. Maize varieties with stress
resistance or tolerance offer a sustainable and environmentally conscious means of managing pests.
Although strides have been made in pinpointing resistance sources for both biotic and abiotic stress
in crops, traditional approaches for crafting such resilient or tolerant maize varieties are arduous and
time-consuming. This is mainly attributable to the intricate character of quantitative traits, which are
influenced by numerous genetic loci. Nevertheless, contemporary biotechnological tools, particularly
various omics techniques, present encouraging prospects for creating sustainable, multi-faceted
resistance to both biotic and abiotic stresses. Omics methodologies are currently being harnessed to
develop novel plant resistance attributes that provide robust protection against various stresses in
maize cultivation. This entails the utilization of innovative molecules, resistant genes, and the
alteration of gene expression. The anticipated progress in biotechnological innovations,
encompassing genome editing, genetic transformation, and marker-assisted breeding, among other
methods, is poised to expedite the development of disease-resistant crops, both in the present and in
the times ahead. RNA interference and genome editing through CRISPR/Cas9 represent novel
approaches for creating disease-resistant crops. Biotechnology has emerged as a valuable instrument
for tackling the worldwide pest challenge, resulting in the production of economically efficient,
pesticide-resistant, and environmentally friendly insect-resistant crops. When employed judiciously
and ethically, biotechnology holds the promise of delivering substantial advantages.
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