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1 Introduction

Maize (Zea mays L.) is a major food and feed crop around the world. In terms of
area and production, maize is the third most important food crop after rice and
wheat, and India is the world’s fifth largest producer, accounting for 3% of total
global production. Most people in developing countries are overly reliant on maize
as a staple food due to economic necessity. It provides 50% of dietary protein for
humans and can account for 70% of protein intake for people in developing coun-
tries (Deutscher 1978). In Africa and some Asian countries, nearly 90% of maize
grown is for human consumption, accounting for 80-90% of total energy intake.
Together with rice and wheat, it accounts for at least 30% of the food calories con-
sumed by more than 4.5 billion people in 94 developing countries. Maize has long
served as a model species in genetics, developmental biology, physiology, and,
more recently, genomic research. Genetic research on Zea mays L. began with
Edward East’s 1908 report on inbreeding depression and hybrid vigor, and the
1940s saw a cytogenetic breakthrough, such as transposable elements (TEs) by
Barbara McClintock (Walbot 2008). The accumulated cytogenetic and genetic data,
as well as the vast sequence data derived from maize genomic studies, have pro-
vided a wealth of information on the structure, function, and evolution of the maize
genome. We discuss multi-omics approaches, their applications, and anticipated
implementations in maize improvement to improve crop yields and biotic and abi-
otic stress tolerance in this book chapter.
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2 Genomics

The study of genes and genomes is known as genomics, and it focuses on the struc-
ture, function, evolution, mapping, epigenomic, mutagenomic, and genome editing
aspects (Muthamilarasan et al. 2019). Genomics can play an important role in elu-
cidating genetic variation, which can improve crop breeding efficiency and lead to
genetic improvement of crop species. Structural genomics includes sequence poly-
morphism and chromosomal organization, and it allows plant biologists to create
physical and genetic maps to identify traits of interest. Functional genomics, on the
other hand, provides insights into the functions of genes in relation to the regulation
of the trait of interest. Epigenomics refers to the phenomenon of epigenetic changes
occurring at the genomic level in the form of histone modifications, DNA, or small
RNA methylations. Mutagenomics is concerned with the mutational events that
orchestrate genetic modification in mutant traits. Mutagenomics and pangenomics
are two recent omics approaches in crop sciences that focus on mutagenesis and the
pangenome, respectively (Golicz et al. 2016; Muthamilarasan et al. 2019).

3 Structural Genomics

Structural genomics is reliant on molecular markers, which can be used to tag and
map genes of interest before being used in crop breeding programs. There are dif-
ferent types of marker techniques. The first is non-PCR techniques such as restric-
tion fragment length polymorphisms (RFLP). Restriction fragment length
polymorphism detects DNA polymorphism by hybridizing a labeled DNA probe to
a Southern blot of restriction enzyme digested DNA, resulting in a different DNA
fragment profile (Agarwal et al. 2008). The second is PCR-based techniques for
detecting markers such as random amplified polymorphic DNA (RAPD), amplified
fragment length polymorphisms (AFLP), and single nucleotide polymorphisms
(SNPs) (Williams et al. 1990; Vos et al. 1995). The RAPD markers are created by
PCR-based amplification of random DNA segments with a single primer of any
nucleotide sequence (Rabouam et al. 1999).

Amplification of restriction fragments from a total digest of genomic DNA is
also a PCR-based technique that performs selective PCR amplification of restriction
fragments (Vos et al. 1995). Single nucleotide polymorphisms are single nucleotide
variations in an individual’s or organism’s genome. Sequencing of genomic PCR
products derived from various individuals can be used to detect SNPs (Appleby
et al. 2009). In contrast, diversity array technology (DArT) is a high-throughput
technique based on microarray hybridization that involves genotyping of numerous
polymorphic loci spread across the genome (Jaccoud et al. 2001). With the advent
of NGS, it became possible to identify and use SNPs.

Quantitative trait loci (QTL) mapping and genome-wide association studies are
two approaches used to understand and study the multiple traits in crops (GWAS).
Quantitative trait loci mapping is a statistical method for connecting two types of
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data, namely, complex phenotypes and genotypes. Molecular markers such as SNPs
and AFLPs are commonly used to map QTLs, which can then be correlated with
observed phenotypic data (Kearsey 1998; Challa and Neelapu 2018). GWAS, on the
other hand, has the potential to identify variants associated with traits. Based on
SNPs in the sequence data, genome-wide association studies may also identify cor-
relations between genetic variants/phenotypes in any organism’s population (Challa
and Neelapu 2018). GWAS identified 48 QTLs associated with maize crop yield
under heat and water stress (Millet et al. 2016).

Furthermore, numerous SNPs associated with drought-responsive TFs have been
identified using maize crop GWAS (Shikha et al. 2017). Furthermore, structural
variants (SVs) play an important role in the genetic control of agronomically impor-
tant traits in crops. Breeders can now improve hybrid breeding by combining
marker-assisted selection (MAS) with genotyping by sequencing (GBS) to improve
crop quality and yield (He et al. 2014). Multiparent mapping, specifically multipar-
ent advanced generation intercrosses (MAGIC) and nested association mapping
(NAM) in model plants and crops (Yu et al. 2008; Kover et al. 2009), has revealed
the vast amount of phenotypic diversity that can be achieved through experimental
studies.

The MAGIC population is excellent for breeding improvement. Analyses of the
relationships between genotypes and phenotypes can identify QTLs, which can then
be validated using functional genomics approaches.

4 Functional Genomics and Muta-Genomics

Functional genomics will eventually make use of the vast resources and information
provided by structural genomics. Hieter and Boguski (1997) define functional
genomics as the development of global experimental approaches to assess gene
function. Numerous biotechnological tools have been developed to identify and iso-
late genes of interest, clone and characterize those genes, and generate overexpres-
sion or knockout lines for functional transgenic studies (Muthamilarasan et al.
2019). Prior to genome sequencing methods, identifying candidate genes required
time-consuming procedures such as suppression subtractive hybridization (SSH),
expressed sequence tag (EST), and cDNA-AFLP-sequencing. As a result of the
introduction of NGS, the tediousness of these approaches has decreased
(Muthamilarasan et al. 2019).

The availability of crop genome sequencing has led to the identification of genes
involved in disease resistance, stress resistance, and yield determination.
Furthermore, using genome editing tools such as the clustered regularly interspaced
short palindromic repeats (CRISPR/Cas9 system) and transcription activator-like
effector nuclease (TALEN) and authentic genome engineering has been proposed to
improve crops (Rinaldo and Ayliffe 2015). Genome editing tools that do not require
the insertion of foreign DNA could potentially increase yield in genetically modi-
fied crops by introducing pest and disease resistance. A bread wheat mildew
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resistance locus o (TaMlo) mutant was created using TALEN and CRISPR/Cas9
technologies (Wang et al. 2014). Similarly, the same technique was used to create a
SIMlo mutant in a tomato crop (Nekrasov et al. 2017). Numerous important crops,
including soybean, rice, maize, and sorghum, have already had their genomes edited
using the CRISPR/Cas9 system (Jiang et al. 2013; Lawrenson et al. 2015; Li et al.
2015; Svitashev et al. 2015). Several mutants related to crop growth, development,
and stress tolerance in rice, maize, wheat, and barley have been identified using
comparative genomics (Talukdar and Sinjushin 2015). TILLING has also been used
to detect mutations in rice (Suzuki et al. 2008), maize (Till et al. 2004), wheat (Dong
et al. 2009), barley (Caldwell et al. 2004), tomato (Minoia et al. 2010), and soybean
(Cooper et al. 2008). Mutagenomics has enabled the investigation of gene function
by silencing and interrupting candidate genes using reverse genetic approaches.
Specific reverse genetic techniques used to screen/induce crop mutations include
RNA interference (RNAi) and (VIGS). When mutant alleles are not available,
reverse genetic techniques can be used to knockdown or silence the phenotype of a
gene, allowing for gene function analysis (Talukdar and Sinjushin 2015).
Furthermore, reverse genetic approaches such as RNAi and gene silencing tech-
nologies have been used to screen for mutations in maize (Dwivedi et al. 2008;
Tomlekova 2010). As a result, both functional genomics and mutagenomics have
been shown to be beneficial in terms of crop growth, yield, and stress resistance.

5 Epigenomics

The term epigenetics refers to heritable changes that are not caused by changes in
the DNA sequence. These epigenetic changes are caused by DNA methylation and
histone posttranslational modification (PTM) (Strahl and Allis 2000; Novik et al.
2002). The combination of epigenetics and genomics is known as epigenomics, and
it has emerged as a new omics technique to better understand genetic regulation and
its role in cellular growth and stress responses (Callinan and Feinberg 2006). In
contrast to genomics, epigenomics can be influenced by environmental factors such
as abiotic and biotic stress. Nonetheless, genome-wide studies could be conducted
to investigate these epigenetic events at any developmental stage or to assess abnor-
malities caused by plant disease (Muthamilarasan et al. 2019). This method was
found to be useful in one epigenomic study for identifying histone modifications
associated with photosynthesis in maize (Offermann et al. 2006).

6 Pangenomics

The pangenome concept refers to a species’ entire genomic makeup, which can be
divided into core and dispensable genes. The core gene sets are shared by all indi-
viduals, whereas the dispensable gene sets (also known as accessory genes) are
individual-specific and/or present in some but not all individuals (Tettelin et al.
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2005). Advances in sequencing technology and analysis tools have enabled the
sequencing of multiple crop species accessions (Golicz et al. 2016). A wave of
pangenomic studies in maize (Hirsch et al. 2014) has revealed that dispensable
genes play important roles in crop diversity and quality improvement.

7 Transcriptomics

Transcriptomics is concerned with the transcriptome, which is the complete set of
RNA transcripts produced by an organism’s genome in a cell or tissue (Raza et al.
2021). Transcriptome profiling is a dynamic technique that has emerged as a prom-
ising technique for analyzing gene expression in response to various stimuli over
time (Duque et al. 2013; El-Metwally et al. 2014). This strategy enables the
researcher to observe the differential expression of genes in vitro in order to com-
prehend the first layer function of a specific gene. Initially, transcriptome dynamics
were studied using traditional profiling techniques such as cDNAs-AFLP, differen-
tial display-PCR (DD-PCR), and SSH, but the resolution was low (Nataraja et al.
2017). Following the introduction of robust techniques, RNA expression profiling
using microarrays, digital gene expression profiling, NGS, RNAseq, and SAGE
became possible (Kawahara et al. 2012; De Cremer et al. 2013; Duque et al. 2013).
Furthermore, RNA-seq studies in maize have been conducted to identify drought
stress-responsive genes (Kakumanu et al. 2012). Another method for understanding
differential expression profiles in response to stress in different crop species is com-
parative transcriptomics. In response to heat stress, comparative transcriptomic
analysis identified 16 common genes in rice, wheat, and maize compared to those in
switch grass (Ding et al. 2013; Li et al. 2013).

To generate multiple transcripts in response to abiotic stress conditions, an alter-
native splicing (AS) transcriptomics approach was launched (Laloum et al. 2018).
In response to heat and drought stress, this method has been used in crops such as
rice, maize, and sorghum (Zhang et al. 2015). As a result, AS transcriptomic analy-
ses revealed the importance of splicing factors in controlling abiotic stress responses
in crops. All of these transcriptomic techniques, taken together, have the potential to
play a critical role in the regulation of gene expression, resulting in crop species
improvement.

8 Proteomics

Proteomics is a technique that involves profiling total expressed protein in an organ-
ism and is classified into two types.

There are four distinct parts: sequence, structural, functional, and expression
proteomics (Mosa et al. 2017; Aizat and Hassan 2018). The amino acid sequence is
determined by proteomics. Sequences that are typically identified in a sequential
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manner using high liquid chromatography with high performance (HPLC;
Twyman 2013).

Structural proteomics is concerned with the structure of proteins. Comprehend
their ostensible functions Structural proteomics can help be analysed using a variety
of methods, including computer based modelling, as well as experimental methods
such as nuclear crystallisation, electron microscopy, magnetic resonance (NMR),
and protein crystal X-ray diffraction (Sali et al. 2003; Woolfson 2018).

Protein extraction and separation advances have contributed to the rapid advance-
ment of plant proteomic research at both the sample and genome-wide scales
(Nakagami et al. 2012). Traditional proteomics techniques include exchange chro-
matography (IEC), size exclusion chromatography (SEC), and affinity
chromatography.

However, western blotting and enzyme-linked immunosorbent assay (ELISA)
could be used to analyze specific proteins.

Later, more advanced techniques such as SDS-PAGE, two-dimensional gel elec-
trophoresis (2-DE), and two-dimensional differential gel electrophoresis (2D-DIGE)
were developed and used for protein separation using gel-based techniques.
Simultaneously, protein microarrays/chips for detection of small amounts of protein
sample have been developed for rapid protein expression analysis.

SDS-PAGE and two-dimensional gel electrophoresis are required to identify
proteins and measure quantitative protein content parameters, respectively (Eldakak
et al. 2013).

The identified proteins are now used to determine the molecular mass of peptides
using mass spectrometry (MS), ion trap-mass spectrometry (IT-MS), or liquid chro-
matography (LC; Fournier et al. 2007). MALDI-TOF, electrospray ionization (ESI)
and collision-induced dissociation (CID) have also been used to determine the
molecular weights of proteins (Tanaka et al. 1988; McLuckey and Stephenson Jr.
1998; Baggerman et al. 2005).

9 Metabolomics

Transcriptomics, proteomics, and metabolomics also offer opportunities to decipher
and understand the molecular basis of stress tolerance. The use of proteomics and
metabolomics-based metabolite markers can serve as an efficient selection tool as a
substitute for phenotype-based selection. This review covers the molecular mecha-
nisms for salinity stress tolerance, recent progress in mapping and introgressing
major gene/QTL (genomics), transcriptomics, proteomics, and metabolomics in
major cereals, namely, rice, wheat, and maize (Kumar et al. 2022).

Breeding for drought-tolerant crops depends on omics-based approach enabling
accelerated maize breeding for biotic and abiotic stress tolerance trait in crop breed-
ing program. Increased nutrient uptake leads to increased growth as well as yield.
Plant parts play a major role in nutrient uptake; majorly, nitrogen usage efficiency
is mostly dependent on root traits. Maize root traits were well studied under
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nitrogen stress conditions. Several secondary metabolites and amino acids play
important role in root biomass growth. Several transcriptomic-based experiments
under nitrogen-deficient conditions increased maize root biomass production with
the help of phosphatidylcholine and phosphatidyl glycerol metabolites (Chowdhury
et al. 2022).

All together integrated omics is an efficient approach to enable the stress toler-
ance. Breeding for drought-tolerant crops depends on omics-based approach
enabling accelerated maize breeding for biotic and abiotic stress tolerance trait in
crop breeding program. Advanced changes in proteins and metabolites during dif-
ferent environmental conditions and biotic and abiotic stress conditions affect the
physiological process and growth. Frequent timely alteration of proteins and metab-
olites in maize plants will improve growth in hybrids. Heterosis in hybrids shows
that metabolites alter physiological changes forincreased hybrid vigor (Lietal. 2020).

Both biotic and abiotic stresses along with timely growth and physiological and
biochemical occur in maize during developmental stages. Various proteins and
metabolites released vary during different developmental changes and the diverse
proteins and metabolites captured during different developmental stages. Everything
is interrelated. The altered genes will produce altered proteins, which combine to
form altered metabolites. Different developmental stages and different genes encode
for different proteins as well as metabolites. Methods used GC-LC chromatography,
confocal microscopy, high-performance liquid chromatography along with ion trap
tandem mass spectrometry, HPLC liquid chromatography, and genotype to pheno-
type prediction using genomics are not always possible for traits. The end product
in the cellular regulatory processes might be a combination of gene to gene interac-
tions, and modification leads to physiological changes. More than 200,000 metabo-
lites including primary and secondary metabolites were identified in plants. Primary
metabolites are involved in necessary plant growth and developmental activities,
and the secondary metabolites are derived from primary metabolites and are
involved in plant defense mechanism and biotic and abiotic stresses. Primary
metabolites include carbohydrates, lipids, proteins, vitamins, and amino acids,
whereas secondary metabolites are alkaloids, phenolics, sterols, steroids, lignins,
and essential oils.

Maize grains have highest polyphenol content and can be well studied in metabo-
lomics and phytochemicals. Polyphenols are known for its anticancer properties and
antioxidant properties. Modifications in the metabolites are the major outcome of
phenotypic outcome. Localization of nutritional phytochemicals in plant tissues is a
significant information for metabolomics. Maize grains have different phytochemi-
cal substances like anthocyanins in aleurone layer and 56 other compounds includ-
ing oxylipins 13-trihydroxy-octadecenoicacid and 9, 12,
13-trihydroxy-trans-10-octadecenoic acid. The genes involved in the synthesis of
these substances might be expressed only in certain tissues. Combination of differ-
ent methods allows more information about variable metabolites (Razgonova et al.
2022). Genetic regulatory mechanism of phenotypic traits can be well understood
with metabolome studies.
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In maize, the grain is the major commercial source, and improving the kernel
quality not always depends on genomics but also in different metabolites. Metabolites
from parental lines and hybrids were assessed, and they have different metabolites,
which were clustered differently in PCA and clustering. ANOVA of the metabolites
showed that 163 metabolites were exhibited significant difference between hybrids
and parents. Utilizing metabolites from hybrids and parental lines heterosis was also
studied, which indicates two third of all metabolites displayed 36% positive over
dominance for hybrids compared to parental lines (Xu et al. 2021). Seven metabolic
markers were also identified associated with multiple traits.

Maize leaf base and tip samples were subjected for metabolome analysis across
diverse population of inbreed lines, and this shows that their metabolite differences
are due to their tissues but not due to occurrence rate. Large number of metabolite
transcripts contain housekeeping genes involved in primary metabolism as well as
important cellular functions. Complex genetic architecture of the maize seedling
leaves metabolome was studied using metabolome GWAS (mGWAS) and identified
significant SNPs associated for the important metabolome on chromosome. Maize
has different metabolite accumulation like phenylpropanoid, benzoxazinoid and fla-
vonoids. Metabolomic difference were observed between tissue types and subpopu-
lations clearly (Zhou et al. 2019). Metabolomics can be used as a tool for defining
biosynthetic pathways and other maize physiological questions.

Metabotyping of maize hybrids under early sowing conditions could determine
the metabolites responsible for chilling tolerance at vegetative stage. There are dif-
ferent methods for metabolomic profiling. A specialized method is named reversed-
phase liquid chromatography (LC)-mass spectrometry (MS). Maize ear, late cob,
leaf, stem, and tassel metabolites were studied. Specialized spectral metadata
including structural characterization of candidate substrate-product pair (CSPP)
network identified several new phenyl propanoids in all organs, and other metabolic
classes are organ specific.

Oligolignols are abundant in LS-MS profile of stem, hydroxyl fatty acids are
found in late cob and leaf extracts, and benzoxazinoids are mostly present in tassels,
auxin-related compounds in late cob and tassels. Interplay of glycosylations and
acylations leads to mixed glycosides present in single type of tissue. The character-
ized compound and varied compounds are involved in metabolite discovery and
systems biology research. The spectral meta data is available in a database (DynLib
spectral database, https://bioit3.irc.ugent.be/dynlib/) (Desmet et al. 2021).

Abiotic stress causes major yield loss in maize breeding. Major abiotic stresses
involved are drought, heat, salt, and cold stresses. Prolonged stress conditions lead
to retarded growth, biomass, and yield. Leaf metabolome of B73 inbred plants
grown under long-term nonlethal drought, heat, and salt stress conditions shows that
leaf metabolites are affected strongly when compared with controlled plants.
Multiple amino acids like serine, threonine, tryptophan, histidine, glutamate, lysine,
tyrosine, and ornitine accumulated during salt stress conditions. Several secondary
metabolites like quinic acid and pipecolic acid and two unidentified phenolic com-
pounds were also accumulated. Both salt stress and heat stress show accumulation
of raffinose and its precursor galactinol. But sugar alcohol lactitol was accumulated
more, and citrate and trans-3-caffeoyl quinic acid were depleted under heat stress.
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In case of drought stress, hexoses were accumulated along with raffinose. In
stressed leaves, multiple raffinose biosynthesis genes were upregulated and are
involved in dehydration tolerance along with oxidation prevention. All together it’s
shown that biosynthesis of raffinose series sugars is the major protective mechanism
for all abiotic stresses including cold tolerance. Another important amino acid is a
proline, which is familiar as a protective osmolyte and antioxidant during stress
conditions. Proline is derived from arginine and ornithine where stress leads to
upregulation genes involved in arginine and ornithin pathways. During stress,
GABA accumulation is a common response, which affects tricorboxylic acid inter-
mediates that leads to shift in carbon and nitrogen metabolism in stressed
leaves (Joshi et al. 2021).

Metabolites associated with maize chilling tolerance during vegetative stage
(eight leaf visible leaf stage) were identified using untargeted metabolomic approach
of 30 diverse maize hybrids. Marker metabolite correlation with aerial biomass of
mature plants was not affected by early sowing. Due to early sowing, the leaf metab-
olites in field were affected, and the metabolites involve both primary and special-
ized metabolism. For leaf metabolites, the balance between sugars and organic acids
has higher carbohydrates (sucrose, fructose, starch, and glucose) and lower organic
acids (malate, succinate) in early sowing than normal sowings. Tryptophan, shi-
kimic acid, and quinic acid are in high contents during early sowings. Raffinose, a
stress metabolite accumulation, is less in early sown hybrids (Lamari et al. 2018).
Early sown hybrids showed negative correlation between aerial biomass and
raffinose.

Heat stress in maize is a major constrain for maize grain development. In order
to understand the maize heat tolerance mechanism, a heat-tolerant hybrid ZD309
derived from female H39_1 and male M 189 were tested in heat stress environments
by transcriptomic and metabolomic approaches (Liu et al. 2022). Under heat stress,
growth of hybrid and its parents was deteriorated by 6 days of heat treatment com-
pared to plants in control conditions. Plant hormone signal transduction, cystine and
methionine metabolism, and alpha linolenic acid metabolism play major roles in
maize heat tolerance. The genes involved in these mechanism can be utilized in
maize breeding for heat tolerance.

Maize response to aphid feeding is revealed by transcriptomic and metabolomic
assays. Sucking pests like corn leaf aphid directly damage plants by sucking phloem
nutrients and transmit plant viruses. B73 plant leaves were infected with aphids and
observed two different responses with both transcriptional and metabolic changes.
Increased jasmonic acid levels increase the accumulation of benzoxazinoids. It was
observed that there was a predominant effect of salicylic acid regulation and altered
gene expression for prolonged induction of oxylipins (Tzin et al. 2015).
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10 Conclusion

Omics analysis has been critical in identifying genetic processes, growth, develop-
ment, and stress tolerance in maize. In crop science, several omics approaches,
including genomics, transcriptomics, proteomics, and metabolomics, have used
high-throughput techniques to interpret functional analysis, molecular mechanisms
of genes, and gene networks.

Furthermore, combining GWAS with metabolomics, transcriptomics, and pro-
teomics has shown to be a promising tool for elucidating biochemical processes and
abiotic stress tolerance in some model crops including maize. The studies demon-
strated how combining several omics approaches could be advantageous for identi-
fying potential candidate genes and their pathways. The integration of some omics
approaches in crop sciences has become possible thanks to advances in high-
throughput technologies and computational tools.

The panomics platform, which includes integrated multi-omics such as genom-
ics, epigenomics, transcriptomics, proteomics, proteomics, and metabolomics,
would make it easier to build models to predict agronomically important traits in
order to improve crops through precision breeding. Importantly, combining systems
biology and complex omics datasets has improved our understanding of molecular
regulator networks for crop improvement. G-P—E interactions in crops have been
discovered through research. Following that, through the “genotype to phenotype”
concept, integration of functional genomics with trancriptomics, proteomics, and
metabolomics may result in apparent crop quality phenotypic traits under certain
stresses.
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