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Preface

Global food security is highly dependent on grain crops, which produce edible dry 
seeds that serve as a good source of protein, carbohydrates, and vitamins. Being 
the most critical component of a human diet, it is not astonishing that over 50% of 
world daily caloric intake is derived directly from grains. These crops are grown in 
greater quantities worldwide than any other crop and have undoubtedly played a 
key role in shaping human civilization.

Current crop production systems are under unprecedented pressure, not only 
due to the galloping world population but also because of changes in the climate. 
The frequent occurrence of extreme weather events such as drought and extreme 
temperatures are some of the key hindrances that threaten the sustainability of 
agricultural systems.

Recent developments in agriculture have only been possible due to the innovations 
and advancements in the field of biotechnology. Efforts are under way for develop-
ment of molecular markers, mapping of genes, sequencing of marker genes, and 
their utilization through marker-assisted selection. Clustered, regularly interspaced 
short palindromic repeats (CRISPRs) and the CRISPR-associated 9 (Cas9) nucleases 
are some of the remarkable breakthroughs that are shaping the future’s agriculture.

Ensuring proper water availability is pivotal for crop production. Scientists are 
focusing on developing drought resistant varieties of grain crops through con-
ventional breeding methods as well as through the use of molecular biology and 
biotechnology.

Quality characteristics of grains are major determinants of market price, which 
includes milling, physical appearance, cooking, sensory, palatability, and nutri-
tional value. A better understanding of the factors that regulate these quality 
characteristics will be useful for developing new breeding strategies.

Intensive production systems involving major grain crops all over the world have con-
tributed to soil deterioration. One promissory approach is to emphasize soil sustain-
ability through neglected and underutilized grain legumes (MNUGLs) to withstand 
the effects of abiotic stresses, climate change, and to boost nutritional security. 

This book has been co-edited by editors from Pakistan and Turkey, and as a joint 
venture; we proudly dedicate this effort to the everlasting friendship between two 
brotherly nations: Pakistan and Turkey.

Farooq Shah
Abdul Wali Khan University Mardan,

Pakistan
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Chapter 1

Introductory Chapter: Recent
Advances in Grain Crops Research
Adil Hussain, Amjad Iqbal, Zafar Hayat Khan
and Farooq Shah

1. Introduction

Grain crops produce small, hard, dry seeds that may or may not have an attached 
hull used for human and/or animal consumption. Grain crops are mainly of two
different types, i.e., cereals and legumes. Grain crops are energy sources containing 
carbohydrates, proteins, and fats. Besides being the energy providing macromol-
ecules, grain crops also contain health-supporting compounds, including dietary
fibers, antioxidants, vitamins, and minerals [1]. The relatively higher durability of
grain crops due to their low moisture content upon maturity has made them well-
suited to industrial agriculture as compared to other fleshy fruits and vegetables
that have very low shelf life due to higher moisture content. It is these attributes
of easy storage, measurements, and transportation that may well be the reasons
for selection and domestication of the grain crops by our earliest ancestors. It is
now widely accepted that the development of grain agriculture is one of the most
important factors in permanent settlements of human ancestors and their divisions
into different social classes in history [2]. Earliest evidence of plant domestication
comes from the middle east where rye grains with domesticated traits have been
recovered [3], whereas the first evidence of cereal crop domestication comes from
9000 BCE. Later on, continued domestication and the resultant shift from a hunter-
gatherer society to a settled agricultural society continued for thousands of years
mainly consisting of grain crops. However, this domestication was primarily based 
on intermittent trial and error driven by a crude knowledge of selection and choice. 
Later, the selection and use of grain crops research were based on more scientific
knowledge.

Among the grain crops, cereal grains occupied the central position concerning
production, consumption, and health benefits. Cereal crops belong to the grass
family, which is also known as Poaceae. The whole cereal grain consists of bran,
endosperm, and the germ. Bran is the outermost layer having higher amounts of
ɷ-3 fatty acids, fibers, macro and micro minerals, and vitamins. The endosperm
mainly contains starch, where the germ consists of water and fat soluble vitamins,
magnesium, and phosphorous. It is believed that the consumption of cereal grains
has been co-started with human civilization that became the major part of human
diet with the passage of time. Among the cereal grains, wheat, maize, rice, millet,
buckwheat, and sorghum are used as a staple food by the people from different
localities of the developed and under-developed world. It is assumed that about
half of the daily caloric requirement is fulfilled through the consumption of cereal
grains. A diet rich in cereals can in fact provide us with starches, soluble and insol-
uble fibers, digestible carbohydrates, essential fatty acids, appreciable amounts of
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proteins, higher amounts of folate, iron, magnesium, copper, phosphorus, zinc, 
and phytochemicals. The phytochemicals with antioxidant properties can lower 
the blood cholesterol levels and thus help in controlling heart diseases. In short, 
the whole cereal grain consists of a whole range of primary and secondary metabo-
lites that not only provides energy, but also health supporting substances [4]. The 
phytochemicals or secondary metabolites of whole cereal grains are also known 
to be associated with significant health benefits. The phytochemicals that are rich 
in cereal grains include phenolics, lignans, phytic acid, phytosterols, saponin, 
squalene, tocotrienols, phytosterol, and oryzanol. Some of these phytochemicals 
can act as antioxidants and lower the blood cholesterol level, thus preventing the 
cardiovascular diseases and reduces the risk of cancer. On the other hand, indus-
trial revolution led to the milling of the cereal grains that intensively involve the 
removal of the bran and germ. Albeit milling has improved the sensory attributes 
of the finished product, but the milled products lack important health benefi-
ciary components, such as dietary fibers, phenolics, minerals, and vitamins [4]. 
Carbohydrates are the main class of primary metabolites that attribute the health 
benefits of cereal grains. It is known for the years that insoluble polysaccharides/
fibers can relax constipation, whereas the soluble polysaccharides/mixed-link 
β-glucans can regulate the blood cholesterol level. The soluble and non-soluble 
polysaccharides that are present naturally in cereal grains have positive health 
implications in humans. These polysaccharides have the ability to hold water, give 
bulk to the stool, and can be broken down into short chain fatty acids. Such activi-
ties may help to resist the degenerative diseases, i.e., coronary heart diseases and 
cancer [5].

Another important group of grain crops include legumes that belong to the 
Leguminosae, which is also named as Fabaceae. Legumes are recognized as pulses 
after decortication or dehulling of seeds. Legumes are grown on a large area world-
wide. The important grain legumes include chickpea, cowpea, lentil, green peas, 
etc. Pulses are cultivated in tropical and temperate regions around the globe, mainly 
in the South-East Asia. Food legumes are considered to be healthy plant-based 
food and are a good source of vitamins (B-complex), minerals (macro and micro-
minerals), and dietary fiber [6]. Chickpea seed has high protein and carbohydrate 
with small amounts of fiber, oil, vitamins, and minerals. The digestibility of pulses 
proteins varies from 70–80%. Pulses have a hypocholesteremic effect, and the seeds 
are eaten fresh as green vegetables or boiled with condiments. The flour of some 
pulses, such as chickpea is used in food preparation as a dressing for vegetables 
(e.g., bringle and potato) and meat (e.g., fish and chicken). The flour of chickpea is 
utilized for making bread with pepper and salt.

Pulses are good sources of protein that add to the nutritional importance of 
cereal-based diets. Pulse proteins are abundant in amino acid, arginine and lysine, 
but they have lower amounts of cysteine and methionine, which are known as 
sulfur containing amino acids. The other limiting essential amino acids include the 
cyclic amino acid tryptophan, valine, and threonine. From the nutritional stand-
point, it is necessary to provide the body with an appropriate amount of essential 
amino acids. To meet the human dietary needs the four most important essential 
amino acids of protein should be present in the ratio of: four parts of lysine, three 
parts of methionine, two parts of threonine, and one part of tryptophan. If any one 
of these amino acids is so low as to affect the above ratio, it becomes the limiting 
factor in determining the nutritive value of the protein. The content of the proteins 
in pulses is almost double as compared to the cereals. Moreover, pulses taken with 
cereals in diet can fulfill the basic requirements for protein and thus enhance the 
nutritional importance of cereal-based diets [7].
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Pulses are known to be good sources of macro and macro-minerals, mainly 
calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), zinc (Zn), and 
iron (Fe). These minerals are important for the body because of their role in physi-
ological as well as biochemical processes of the cells and tissues. Mg is an integral 
part of metabolic enzymes, K helps in the regulation of energy and metabolism, 
P gives strength to the bone and is involved in the formation of high-energy com-
pounds, i.e., AMP, ADP, and ATP. Likewise, Zn also acts as a cofactor of certain 
enzymes, and Fe is a part of hemoglobin and myoglobin. The ionized minerals can 
help in blood coagulation and keep the membrane permeability intact. Besides, 
sodium (Na) and K are vital for the regulation of an acid-base balance and osmotic 
pressure of the cells. Legumes also contain antinutrients, i.e., phytate, which is rich 
in P. Phytic acid (Inositol hexaphosphoric acid) is abundant in legumes that can 
inhibit the absorption of Zn and other essential elements by the small intestine of 
humans and monogastric animals, thus making it unavailable to the body. Phytic 
acid forms complexes with the metal ions (Cu+2, Ca+2, Zn+2, and Fe+3), thus excret-
ing them out of the body. The excretion of such essential elements may lead to 
various deficiency diseases. Phytate may also limit the absorption of vitamins and 
proteins, which can decrease the nutritional value of the legumes [8].

Furthermore, several grain crops are also required as a source of animal feed. 
Recent interest in wheat research is supported by the directives following the meet-
ing of the G20 ministries of agriculture, of the wheat initiative [9] to profess the 
coordination of international research on wheat to fulfill global wheat production 
demand. Global population is predicted to increase up to over 9 billion by 2050 [10], 
which means that the demand will increase by 60% as compared to that in 2010. In 
order to meet this end, global wheat production must increase by 1.6% annually, 
compared to the current 1% global increase per year (2001–2010) – reviewed by 
Giraldo et al. [11]. Other initiatives such as the International Barley Hub [12] started 
to support the increasing demand of grain crops. In this chapter, we discuss the 
recent advances made in grain crops research, related to few important traits.

Seed shattering is a character that has probably played one of the most impor-
tant roles in domestication of grain crops. Grain crop varieties or cultivars with 
less auto-shattering of the seeds, siliques, seed pods, and spikelets have been more 
desirable with regards to farming [13]. Evolutionary studies show that the loss of 
seeds shattering was a character independently acquired by monocots and dicots via 
“convergent phenotypic evolution” producing low dehiscent and/or indehiscent crop 
species. At tissue level, seed or seed pod shattering level is governed by histological 
modifications that involve the development of an abscission layer at the point where 
the seeds or spikelets/pods are attached with the plant [14–17]. Pourkheirandish 
et al. [18] demonstrated that a lower thickness of both primary and secondary cell 
walls of the abscission or separation layer results in higher seeds shattering in barley. 
Because of the importance that seed shattering carries in the adoption of grain crops 
for food and feed, it has been studied in detail in various grain crops at genetic level. 
A plethora of genes have been shown to regulate seed shattering in rice [19–22], 
barley [18], and legume crops such as soybean [23, 24], cow pea [25], common 
beans [26, 27], and medicago [28]. These genes encode various proteins such as the 
Shatterproof protein, NAC, Myc, and bHLH transcription factors, ALCATRAZ and 
the BEL-1-type homeobox SH5. Careful selection of crop varieties and cultivars by 
the farmers and scientific research have settled the seed shattering issue and most 
of the grain crop cultivars grown these days are indehiscent.

Other important aspects of research on grain crops include factors responsible 
for quantity and quality of the produce. Such factors have been studied by scientists 
throughout the world and in almost all grain crops. Most of these studies describe 
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sulfur containing amino acids. The other limiting essential amino acids include the 
cyclic amino acid tryptophan, valine, and threonine. From the nutritional stand-
point, it is necessary to provide the body with an appropriate amount of essential 
amino acids. To meet the human dietary needs the four most important essential 
amino acids of protein should be present in the ratio of: four parts of lysine, three 
parts of methionine, two parts of threonine, and one part of tryptophan. If any one 
of these amino acids is so low as to affect the above ratio, it becomes the limiting 
factor in determining the nutritive value of the protein. The content of the proteins 
in pulses is almost double as compared to the cereals. Moreover, pulses taken with 
cereals in diet can fulfill the basic requirements for protein and thus enhance the 
nutritional importance of cereal-based diets [7].
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Pulses are known to be good sources of macro and macro-minerals, mainly 
calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), zinc (Zn), and 
iron (Fe). These minerals are important for the body because of their role in physi-
ological as well as biochemical processes of the cells and tissues. Mg is an integral 
part of metabolic enzymes, K helps in the regulation of energy and metabolism, 
P gives strength to the bone and is involved in the formation of high-energy com-
pounds, i.e., AMP, ADP, and ATP. Likewise, Zn also acts as a cofactor of certain 
enzymes, and Fe is a part of hemoglobin and myoglobin. The ionized minerals can 
help in blood coagulation and keep the membrane permeability intact. Besides, 
sodium (Na) and K are vital for the regulation of an acid-base balance and osmotic 
pressure of the cells. Legumes also contain antinutrients, i.e., phytate, which is rich 
in P. Phytic acid (Inositol hexaphosphoric acid) is abundant in legumes that can 
inhibit the absorption of Zn and other essential elements by the small intestine of 
humans and monogastric animals, thus making it unavailable to the body. Phytic 
acid forms complexes with the metal ions (Cu+2, Ca+2, Zn+2, and Fe+3), thus excret-
ing them out of the body. The excretion of such essential elements may lead to 
various deficiency diseases. Phytate may also limit the absorption of vitamins and 
proteins, which can decrease the nutritional value of the legumes [8].

Furthermore, several grain crops are also required as a source of animal feed. 
Recent interest in wheat research is supported by the directives following the meet-
ing of the G20 ministries of agriculture, of the wheat initiative [9] to profess the 
coordination of international research on wheat to fulfill global wheat production 
demand. Global population is predicted to increase up to over 9 billion by 2050 [10], 
which means that the demand will increase by 60% as compared to that in 2010. In 
order to meet this end, global wheat production must increase by 1.6% annually, 
compared to the current 1% global increase per year (2001–2010) – reviewed by 
Giraldo et al. [11]. Other initiatives such as the International Barley Hub [12] started 
to support the increasing demand of grain crops. In this chapter, we discuss the 
recent advances made in grain crops research, related to few important traits.

Seed shattering is a character that has probably played one of the most impor-
tant roles in domestication of grain crops. Grain crop varieties or cultivars with 
less auto-shattering of the seeds, siliques, seed pods, and spikelets have been more 
desirable with regards to farming [13]. Evolutionary studies show that the loss of 
seeds shattering was a character independently acquired by monocots and dicots via 
“convergent phenotypic evolution” producing low dehiscent and/or indehiscent crop 
species. At tissue level, seed or seed pod shattering level is governed by histological 
modifications that involve the development of an abscission layer at the point where 
the seeds or spikelets/pods are attached with the plant [14–17]. Pourkheirandish 
et al. [18] demonstrated that a lower thickness of both primary and secondary cell 
walls of the abscission or separation layer results in higher seeds shattering in barley. 
Because of the importance that seed shattering carries in the adoption of grain crops 
for food and feed, it has been studied in detail in various grain crops at genetic level. 
A plethora of genes have been shown to regulate seed shattering in rice [19–22], 
barley [18], and legume crops such as soybean [23, 24], cow pea [25], common 
beans [26, 27], and medicago [28]. These genes encode various proteins such as the 
Shatterproof protein, NAC, Myc, and bHLH transcription factors, ALCATRAZ and 
the BEL-1-type homeobox SH5. Careful selection of crop varieties and cultivars by 
the farmers and scientific research have settled the seed shattering issue and most 
of the grain crop cultivars grown these days are indehiscent.

Other important aspects of research on grain crops include factors responsible 
for quantity and quality of the produce. Such factors have been studied by scientists 
throughout the world and in almost all grain crops. Most of these studies describe 
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both negative or positive effects of different interventions and treatments. Research 
targeted toward the understanding of genetic basis of crop improvement is often 
conducted under restricted or unfavorable environmental conditions. Such projects 
include research on uptake and use efficiency of various macro and micro nutrients 
[29, 30]. Chen et al. [31] identified at least 10 genes related to nitrogen metabolism 
in different cultivars of barley. Most interestingly, these included the 2nd isoform 
of nitrate reductase enzyme (HvNIA2), which is responsible for catalyzing the 1st 
reaction in nitrate assimilation, i.e., the conversion of nitrate to nitrite and is also 
involved in the production of nitric oxide (NO) in plants [32]. Other genes induced 
under low nitrogen stress included those encoding enzymes such as the chloro-
plastic glutamine synthetase (HvGS2), ferredoxin dependent glutamate synthase 
(HvGLU2), and asparagine synthetase (HvASN1). Interestingly, the expression 
of these genes was found to be strictly regulated by nitrogen stress and in a tissue 
specific manner [31].

The elucidation of the genetic role played by the members of the plant nitrate 
transporters (NRT) or peptide transporters (PTR) is also of particular importance 
in the transportation of various nutrients from the soil to plants and ultimately crop 
production. Lin et al. [33] in the year 2000 cloned and functionally characterized 
NRT1 from rice. The NRT is constitutively expressed in the epidermis and root 
hairs of the roots. The importance of this gene in nitrate transport can be deter-
mined by the fact that even slight variations in the sequence of this gene results in 
nitrate-use divergence in different rice subspecies [34]. This is associated with the 
higher nitrate-absorption activity of Indica rice as compared to Japonica rice. As 
the Japonica rice plants expressing the Indica NRT1.1B allele showed significantly 
higher grain yield and nitrogen-use efficiency compared to Japonica plants that 
did not express the Indica allele [34]. The role of plant NRT and their functional 
applications has been reviewed by Fan et al. [35]. Plant NRT/PTR gene family has 
been renamed as NPF family [36] and contains a large number of genes that can 
be subdivided into at about 10 sub-families. The family has 93 known genes in rice 
[37]. NPF members not only transport nitrate but a wide range of other substrates 
including peptides [38], phytohormones such as auxin [39], abscisic acid [40], 
Jasmonates [41], and Gibberellins [42] further indicating the importance of these 
genes in plant physiology and crop production. Several members of the family 
have remained a focus of different scientific studies, especially in rice, describing 
significant increase in the overall yield, early maturity and the composition of soil 
microbiota [43–45] and should be a topic of future research in grain crops.

After decades of research in different living organisms, it has now become clear 
that practical utilization of recent advances in modern biotechnology is inevitable. 
Plant science has probably benefited the most from biotechnological advancements 
in terms of modifications at genome and proteome levels. With the advent of differ-
ent gene editing techniques such as the CRISPR/Cas technology, any type of genetic 
modification has become easy and quick. A simple search on the web of science 
using “CRISPR rice” as keywords turns up 96 different research papers published 
from 2013 to 2020. Similarly, a search for “CRISPR wheat” shows up 25 research 
papers between 2017 and 2019, whereas searching for “CRISPR maize” shows up 17 
research papers. This indicates the rapid adoption of newly developed techniques 
by plant scientists for genetic modifications in these plants. The use CRISPR/
Cas technology for genetic modifications in grain crops has been described in the 
chapter by Hussain et al. [46] available as online first (https://www.intechopen.com/
online-first/crispr-cas9-mediated-gene-editing-in-grain-crops). In this scenario, 
the availability of genome sequences and other genetic resources of grain crops such 
as rice (Rice Genome Annotation Project http://rice.plantbiology.msu.edu/), wheat 
(International Wheat Genome Sequencing Consortium https://www.wheatgenome.
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org/), maize (Maize Genetics and Genomics Database https://www.maizegdb.
org/), soybean (Integrating Genetics and Genomics to Advance Soybean Research: 
SoyBase https://www.soybase.org/), and other legumes (Legume Information 
system https://www.legumeinfo.org/) has further facilitated scientific research 
on grain crops at the cell or genome level. Further scientometric, informetric, and 
bibliometric studies are required to establish a detailed account for the impact of 
recent advances in grain crops research.
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Abstract

The development of reliable and efficient techniques for making precise targeted 
changes in the genome of living organisms has been a long-standing objective of 
researchers throughout the world. In plants, different methods, each with several 
different variations, have been developed for this purpose, though many of them 
are hampered either by providing only temporary modification of gene function or 
unpredictable off-target results. The recent discovery of clustered regularly inter-
spaced short palindromic repeats (CRISPRs) and the CRISPR-associated 9 (Cas9) 
nucleases started a new era in genome editing. Basically, the CRISPR/Cas system is a 
natural immune response of prokaryotes to resist foreign genetic elements entering 
via plasmids and phages. Through this naturally occurring gene editing system, 
bacteria create DNA segments known as CRISPR arrays that allow them to “remem-
ber” foreign genetic material for protection against it and other similar sequences in 
the future. This system has now been adopted by researchers in laboratory to create 
a short guide RNA that binds to specific target sequences of DNA in eukaryotic 
genome, and the Cas9 enzyme cuts the DNA at the targeted location. Once cut, the 
cell’s endogenous DNA repair machinery is used to add, delete, or replace pieces of 
genetic material. Though CRISPR/Cas9 technology has been recently developed, it 
has started to be regularly used for gene editing in plants as well as animals to good 
success. It has been proved as an efficient transgene-free technique. A simple search 
on PubMed (NCBI) shows that among all plants, 80 different studies published 
since 2013 involved CRISPR/Cas9-mediated genome editing in rice. Of these, 
20, 13, and 24 papers have been published in 2019, 2018, and 2017, respectively. 
Furthermore, 20 different studies published since 2014 utilized CRISPR/Cas9 
system for gene editing in wheat, where five of these studies were published in 2019 
and seven were published in 2018. Genomes of other grain crops edited through 
this technique include maize, sorghum, barley, etc. This indicates the high utility of 
this technique for gene editing in grain crops. Here we emphasize on CRISPR/Cas9-
mediated gene editing in rice, wheat, and maize.

Keywords: gene editing, cereal crops, CRISPR/Cas9, rice, wheat, maize

1. Introduction

Perhaps one of the most important differences that can define humans apart 
from others in the animal kingdom is the ability to make choices among good, 
better, and best. The ability to reason, argue, research, and adopt what is (or at least 
what he thinks is) best for him. Plants, being the primary producers on this planet, 
have always been the most important resource of life for the human omnivores. We 
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have always chosen, selected, and adopted plant species that produced either more 
or good; and hence, driving plant domestication to this day. Initially, this domes-
tication was only based upon observations, personal, physical likes and dislikes. 
Later, it was based on more complex characteristics that tempted the crossing of 
different plants with desirable characters to make a new variety or cultivar carry-
ing multiple desirable characters. Such classical or conventional breeding methods 
included selection and hybridization. Afterward, using DNA-level information, 
scientists used these methods to tag a large number of quantitative trait loci (QTLs) 
via marker-assisted breeding or selection for combining different traits in a single 
variety.

With further developments in genetic engineering, genome modification 
studies were performed in plants [1]. This was specifically aided by the discovery of 
nuclease enzyme, the utilization of different bacterial plasmids for cloning of target 
genes in bacteria as well as target plants and by the development of plasmid vectors 
carrying antibiotic resistance genes, a variety of constitutive, inducible as well as 
tissue-specific promoters, and different reporter genes that made the cloning and 
transformation easier. The discovery of the Zinc finger nucleases (ZFNs), transcrip-
tion activator-like effector nucleases (TALENs), and more recently that of the 
clustered regularly interspaced short palindromic repeats (CRISPRs) in genomes 
has further aided the genome editing techniques in different plant species.

1.1 Genome editing in nature

Genome editing involves molecular tools that lead to targeted modification of 
specific DNA sequences inside the genome. These are usually based on the produc-
tion of double strand brakes (DSBs) at the specific DNA sites that trigger DNA 
repair of the cell. In plant cells, this generally happens through the process of non-
homologous end-joining commonly abbreviated as NHEJ. However, this process is 
error-prone, thus exploited by scientists to target genes for possible modification. 
Sometimes, plants repair the DSBs through homologous recombination which is 
error-free. Hence, it could be used by scientists to precisely edit DNA or insert DNA 
sequences in a given genome.

Genetic modification or genome editing is already in practice in cells of living 
organisms and is one of the most magnificent specters of nature. Natural DNA 
repair mechanisms, losing and acquiring of genetic material in bacteria, transmis-
sion of bacteriophages through bacterial transduction, and genetic modification of 
plant genome by Ti plasmid during infection by Agrobacterium tumefaciens are some 
of the examples of genetic modifications from nature. DSBs have also been shown 
to be induced naturally by different factors such as various reactive oxygen species 
(ROS), radiation, and others. Intricate and complex interconnected cellular net-
works drive post-transcriptional RNA modifications and post-translational protein 
modifications to accommodate a literally unlimited number of functions from a 
limited set of genes.

In the last few decades by unraveling the details of mechanisms underlying 
natural genome editing, scientists have shown that such editing can also be induced 
by synthetic nucleases and more recently by the CRIPR system adopted from bacte-
rial defense system which is one of the most promising gene editing technologies 
introduced in 2012.

1.2 The CRISPR/Cas system

Among the different types of defense systems found in prokaryotes and 
eukaryotes, a unique molecular system known as the CRISPR/Cas not only provides 
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protection against genetic attack, but also keeps a record or genetic memory of 
such attacks for future safety. This technique has been employed in several differ-
ent studies by scientists from around the world for targeted genetic modifications 
in a plethora of living organisms, but perhaps most ambitiously by the Chinese 
scientists who not only used the technique for gene editing an armada of plant and 
animal species but also humans (https://www.nature.com/articles/d41586-019-
00673-1), which raises certain ethical concerns about the practical application and 
subsequent implications of such studies.

A key factor for sustainable agriculture is improvement of crops via genetic 
engineering. It is true that DNA-free editing techniques are now desirable for 
molecular breeding in crops for which CRISPR/Cas may offer a better option for 
more complex and controlled genetic rearrangements. CRISPR arrays are character-
ized by a series of 20- to 50-bp genomic loci, which are unique spacers separated 
by direct repeats that usually have similar length to preceding AT-rich fragments 
[2]. CRISPR loci were discovered about two decades ago in Escherichia coli follow-
ing viral infection as part of the immune system through which the bacteria keep 
a genetic memory of the viral genome fragments in order to defend against future 
infections if any other foreign DNA sequences match the unique spacer sequences 
in the memory (also known as protospacers) [2, 3]. Briefly speaking about the 
chief attributes of the mechanism of action, CRISPR-based defense system can 
be divided into three distinct events: adaptation, biogenesis of CRISPR-RNAs, 
and interference. Upon the introduction of a foreign DNA, the machinery selects 
protospacers that are inserted into the CRISPR locus following which CRISPR-RNAs 
(CrRNAs) are synthesized through a series of events, each with a corresponding 
spacer. Then, the Cas proteins interact with CrRNAs to initiate interference and 
consequent degradation of the foreign DNA by endonucleases [4]. It is now clear 
that CRISPR/Cas9 action is based on the participation of Cas9 protein and single 
guide RNA (sgRNA) [5].

Though CRISPR/Cas9 technology is relatively recent, it has started to be regu-
larly used for gene editing in plants as well as animals to good success. It has been 
proved to be an efficient transgene-free technique. A simple search on PubMed 
(NCBI) shows that among all plants, 80 different studies published since 2013 
involved CRISPR/Cas9-mediated genome editing in rice. Of these, 20, 13, and 24 
papers have been published in 2019, 2018, and 2017, respectively. Furthermore, 20 
different studies published since 2014 utilized CRISPR/Cas9 system for gene editing 
in wheat, where five of these studies were published in 2019 and seven were pub-
lished in 2018. Genomes of other grain crops edited through this technique include 
maize, sorghum, barley etc. This indicates the high utility of this technique for gene 
editing in grain crops. Evidence that CRISPR/Cas9 system can be used for gene edit-
ing came around 2013 [6, 7] and the next paper showing the use of this technique 
for gene editing in rice and wheat was published in 2014 [8]. Furthermore, other 
studies published from 2013 to 2015 showed the use of this technique for gene 
editing in an array of organisms such as yeast, zebrafish, fruit flies, mosquitoes, 
nematodes, mice, monkeys, and human embryos, and several plant species, indicat-
ing sufficiently fast and easy application of this technique in this crop.

1.3 CRISPR/Cas9 for crop improvement in rice, wheat, and maize

The importance of agriculture for human survival cannot be questioned. As 
mentioned earlier, plants are the only primary producers on planet earth providing 
food, fiber, and other raw material generating the bulk of energy required for the 
growth of human population. However, plants/crops are facing several challenges 
and now their own survival may well be at stake. In this context, classical breeding 
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and now their own survival may well be at stake. In this context, classical breeding 



Recent Advances in Grain Crops Research

12

methods may not be suitable for increasing per unit area production relatively 
quickly. Hence, the rational use of biotechnological tools is of paramount impor-
tance. Editing crop genomes is a promising technique to cope with agricultural 
challenges. Development of these methodologies is useful for genetic improvement 
of crops [9]. In 2013, the pioneering works published by Lit et al. using Arabidopsis 
[10], Nekrasov et al. using tobacco [11], and Shan et al. using rice and wheat [12] 
demonstrated the suitability of the CRISPR/Cas9 system for crop genetic improve-
ment. Since then, a plethora of research on crop genome editing via CRISPR/
Cas9 has been published. Crops targeted for genetic editing via this system include 
soybean [13–15], tomato [16–19], potato [20], cucumber [21], maize [22, 23], the 
oil-seed plant camellia sativa [24], grapes and apple [25], Brassica oleracea and 
barley [26], watermelon [27], sweet orange [28], Populus tomentosa [29], and others 
to various ends.

The maize ARGOS8 variants generated via CRISPR/Cas9 showed significantly 
improved yield under drought stress conditions [30].

Rice, given its worldwide relevance for food, has been one of the most studied 
crops in terms of CRISPR/Cas9 application [31–36]. These include genetic modi-
fication for increased disease resistance [37], and herbicide resistance [38]. At 
present, more than 80 different research papers have been published using CRISPR-
based genetic editing in rice and more than 15 papers involving wheat. These 
studies involve applicative use of CRISPR in rice. Li et al. [39] developed photo- and 
thermo-sensitive male sterile rice lines using this technique to exploit heterosis and 
speed up breeding [40]. Rice cultivars carrying high genetic resistance to the rice 
blast disease have been recently developed by Wang et al. [37]. Li et al. [41] at the 
South China Normal University, China, targeted four yield-related genes Gn1a, 
DEP1, GS3, and IPA1 in the rice genome for modification via CRISPR/Cas9 for the 
improvement of different agronomic traits such as grain number and size, panicle 
structure indicating the application of this technique for improvement of agro-
nomic traits in rice. Furthermore, the much required herbicide resistance in rice has 
also been genetically enhanced through CRISPR/Cas9-mediated gene editing [38]. 
More interestingly, the use of Cpf1 which is an endonuclease (alternative to Cas9) 
has been successfully used for targeted gene editing in rice and as a transcriptional 
regulator [42, 43]. More recently, a research group from University of Arkansas, 
USA, developed a soybean heat shock-inducible promoter CRISPR/Cas9 system for 
heritable mutations in rice. They transformed the HS-CRISPR/Cas9 vectors in rice 
and found only a low rate of target mutations before induction by heat shock com-
pared to an increased rate of target mutations after heat shock treatment indicating 
that CRISPR/Cas9 is a controlled and efficient platform for gene editing in rice. This 
work is available online as Pre-print at BioRxiv [44]. Xu et al. in 2016 [45] mutated 
three rice genes GW2, GW5, and TGW6 to increase seed size by up to 30% in the 
triple mutant lines.

Both durum and bread wheat have also been the subject of successful CRISPR/
Cas9-mediated genetic modification for powdery mildew resistance and other 
objectives [42, 46–48]. However, in wheat, regeneration of plants from CRISPR-
edited protoplasts has been difficult [12]. In addition, the complexity of wheat 
genome together with time-consuming tissue culture techniques has made it diffi-
cult for scientists to undergo ambitious genome editing projects via CRISPR/Cas9 in 
this important cereal. Researchers at the Chinese Academy of Science obtained 
the first CRISPR/Cas9-edited wheat plants [48] by editing three homoeoalleles of 
a hexaploid bread wheat cultivar to confer heritable resistance against powdery 
mildew of wheat. Later, the same research group obtained transgene-free genome-
edited wheat plants using transient expression of CRISPR/Cas9 DNA or RNA [46]. 
In 2018, Wang et al. [49] knocked out all the wheat homologs of the rice TaGW2 
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(a gene that negatively regulates seed size) in order to significantly increase wheat 
kernel size. Transgene-free low-gluten wheat has been developed by Sánchez-León 
et al. via CRISPR/Cas9-mediated genetic engineering [50]. This indicates that 
CRISPR/Cas9 can be successfully applied to engineer cereal crops for higher yields.

In their book chapter, Chilcoat et al. [51] discuss the use of CRISPR/Cas9 for 
crop improvement in maize and soybean and have discussed the molecular details 
of gene editing projects via CRISPR/Cas9 such as those involving WX1, ALS, and 
ARGOS8 genes in maize. Different studies report successful modification of maize 
genome using CRISPR/Cas technology [22, 23, 30, 52] for editing traits such as 

S. no. Plant/fungus Gene/locus Citation

1 Rice blast fungus (Pyricularia oryzae) RNAP II [57]

2 Rice (Oryza sativa) TMS5 [58]

3 MPK1 and MPK6 [59]

4 HAK1 [60]

5 CDKA1, CDKA2 and CDKB1 [32]

6 IAA23 [61]

7 EPSPS [62]

8 GN1A, DEP1, GS3 and IPA1 [41]

9 GBSSI [63]

10 OsAPL2 and OsAPS2b [64]

11 TOS17 [65]

12 SBEI and SBEIIb [66]

13 CALD5H1 [67]

14 NRAMP5 [68]

15 ERF922 [37]

16 EPFL9 [69]

17 Wheat (Triticum aestivum) DREB2 and ERF3 [70]

18 LOX2 and UBIL1 [71]

19 MS1 [72]

20 α-GLIADINS [50]

21 MS45 [73]

22 Maize (Zea mays) AGO18A and AGO18B [22]

23 MS8 [49]

24 DMC1 [74]

25 ZB7 [75]

26 ARGOS8 [76]

27 Barley (Hordeum vulgare) CKX1, CKX3 [77]

28 PAPHY [78]

29 ENGASE [79]

30 Sorghum (Sorghum bicolor) CAD and PDS [80]

Table 1. 
List of studies involving CRISPR/Cas9-mediated gene editing in grain crops.
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lignin biosynthesis, sterility, and herbicide resistance, secondary metabolism, RNA 
metabolism, drought tolerance, and agronomic traits [51]. Male sterility in maize 
provides a useful tool to harness hybrid vigor. Therefore, generation of male sterile 
mutant lines is considered to be of paramount importance in the hybrid seed pro-
duction industry. Chen et al. in 2018 [49] used CRISPR/Cas9 to target the MS8 gene 
of maize and obtained transgene-free ms8 male sterile plants in the F2 generation 
that could be used for crossing with other elite lines for hybrid seed production. 
Zhu et al. in 1999 [53] manipulated maize genes AHAs108 and AHA109 encoding 
acetohydroxyacid synthase enzyme using chimeric RNA/DNA oligonucleotides. 
Similar studies were performed for targeting various genes in cereal crops such as 
maize, rice, wheat, and barley [54–56].

Table 1 summarizes the list of important studies involving CRISPR/Cas9-
mediated gene editing in grain crops.
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Abstract

Wheat, as one of the most important cereal crops in the world and second 
major caloric source in the world after rice, is the major staple food in South Asia 
and many other countries of the world. Prior to onset of “Green Revolution,” 
South Asian countries were facing the threat of severe famine. Green Revolution 
wheat genotypes brought out these countries from the crisis they were facing 
and has helped them to sustain their productions for more than half a century. 
With the emergence of molecular biology and biotechnology, another window of 
opportunity is opened to sustain wheat yields by using modern techniques of genes 
identification and utilization. Through this chapter, we have tried to gather infor-
mation that was generated for wheat improvement in last 3 decades. These afforest 
included the development of molecular markers, mapping of genes, sequencing of 
markers genes, and their utilization through marker-assisted selection. The other 
part recorded various efforts to genetically transform wheat for traits improvements 
and/or to study their molecular control.

Keywords: wheat, marker-assisted selection (MAS), transformation, gene mapping, 
rust resistance

1. Introduction

Wheat (Triticum aestivum) belonging to Triticeae tribe of Poaceae family exhibits 
the most complex allohexaploid genome of approximately 17 Gb. Moreover, wheat is 
the second largest crop of the world after rice, but it has higher nutrition value than 
rice and is consumed by more than 2.5 billion people across the world. It is cultivated 
over a land of 215 million hectares worldwide every year, which is more than that of 
any other crop of commercial significance. Growing on a diverse range of environ-
ments and responding variably to temperate, tropical, and subtropical climates 
during spring and winter seasons, wheat is the most crucial as well as dominant staple 
food of Asia and North Africa. It is highly susceptible to abiotic stresses such as higher 
temperatures and depression in its yield could be resulted which is not permissible 
for a major food crop. Green revolution based upon a single objective to improve the 
yields of major cereal crops resulted in major yield shift for wheat during the previous 
century [1, 2]. Global export value of wheat is around 50 billion US$ [3–5].
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DNA, a biomolecule, is coiled in form of double-stranded helix which carries all 
the essential genetic information in specific codes/sequences for the proper func-
tioning of an organism. Modern era of genomics and transgenics emerged after the 
identification of DNA structure in 1958 and discovery of restriction endonucleases 
later. By thorough analysis of complexity in wheat genome, it is believed that prob-
ability of transgenic events to occur is most likely within wheat as it is far greater 
than that of other monocots as it exhibits higher gene copies [6]. Information 
generated through DNA and genome sequencing lead to genetic improvement of 
the organisms by comparing the available genomics data as well as determining the 
undiscovered perspectives. Functional genomics have unlocked the roadmap of 
transgenesis by providing necessitated annotated information of genes naturally 
present in different organisms. By following up previous genomics studies done 
through molecular and morphological markers, researchers have taken a step toward 
exploring complex wheat genome and developing detailed physical and genetic 
maps of hexaploid genome of wheat [7, 8]. The functional and structural genomics 
of wheat is being stored in databases such as GenBank, TIGR, etc. [9]. The manipu-
lation in genome comes next to exploration, and various alterations have been 
made by the implementation of conventional as well as advanced biotechnological 
approaches for the genome editing and genetic engineering [10].

Increasing wheat yield and nutritive quality are the major focus of studies 
going on currently in the world. It has been estimated that by 2050, the demand of 
wheat is going to increase up to 60%. Conventional cross breeding cannot fulfill 
this demand rapidly, only the genomics aided breeding and genetic engineering 
of wheat genotypes with genes from related and unrelated sources can speed up 
breeding and bring required genetic gains to feed rapid growing world popula-
tion. Though genetic manipulations are of utmost importance yet biosafety is a 
great concern before commercializing products carrying genetic manipulations. 
This review focuses on the status of wheat crop since the very beginning of green 
evolution and the cascades of advancements that have been made upon progress 
in science and technology with the passage of time. How have these advancements 
been utilized by now and are going to be used in near future for increasing wheat 
yields and quality in order to provide growing populations a healthy food?

Global statistics of wheat:
Wheat crop have experienced rises and declines in its yield eventually over the 

years. Figures 1 and 2 shows the graphical representation of global wheat produc-
tion among last 6 decades (1961–2018). Before the onset of green revolution in 
1960s, many wheat consuming countries were on the brink of famine due to insuf-
ficient yield. The issue had even worsened in South Asia, where wheat has been the 
major staple food and the area is thickly populated [13]. Norman Borlaug presented 
the idea of developing short-statured wheat genotypes by selective cross breed-
ing techniques, which proved beneficial, and as a result dwarf varieties of wheat 
became rust free and the yield enhanced multiple times. Green revolution indeed 
sorted out the issue of crop yield, but many challenges remained consistent [2, 14]. 
With the emergence of green revolution, older wheat genotypes were almost elimi-
nated and the diverse gene pools got weaker, as the sources of many essential genes 
were lost; in other words, the evolutionary process was shaken to a great extent. The 
older genotypes were taller, and relatively more vulnerable to rusts than the semi-
dwarf green revolution varieties. Later on, the work over acquiring resistance by 
implementing DNA manipulative technologies was evidenced [15], which involve 
different native genetic markers and transgenes from other organisms.

Graphs, given above, showed that during the last 6 decades, production of 
wheat worldwide has exceeded 3.3 folds, i.e., from 222.1 metric tons to 755.9 
metric tons. By 2050, it needs to be enhanced further over 60% for fulfilling the 
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consumers demand [16]. The global production of wheat has increased by 3.38% 
on average every year in each decade after 1970. A phase of declined production 
has been recorded after consecutive rise of production. This could be a result of 
several conditions combined, which involve exposure to insect/rust attack, harsh 
environmental conditions, and poor land management practices. After green 
revolution, the exponential growth in global wheat production can be clearly seen 
till the next decade of 1970s. First declined phase was experienced in late 1970s, 
prior to the beginning of genomic era. Following the genomic era from early 
1980s, the wheat production started to grow exponentially once again for another 
decade. The major drop in production can be seen at the start of 1990s, which 
has been recovering ever since. The decade with the most variable production 
is 2000–2010. While, the decades of highest wheat productions is 1980s and the 
most recent one.

The major producers of wheat are China (134 mt), India (98 mt), Russia (85 mt),  
US (47 mt), France (36 mt), Australia (31 mt), Canada (29 mt), Pakistan (26.6 mt), 
Ukraine (26.2 mt), and Germany (24 mt). They produce approximately 70% of total 
wheat of the world [17].

Figure 1. 
Trend of wheat production worldwide (1961–2018) (Source: [11, 12]).

Figure 2. 
Trend of area harvested and yield obtained from wheat worldwide (1961–2018).
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2. Challenges in wheat production before and after genomics Era

Wheat grain quality and yield have always remained the foremost preference 
of research interest for getting the genetically improved crop with enhanced yield 
and better grain quality. Initially, the task was performed by implementing various 
artificial breeding techniques, which took longer than usual, and still the results 
obtained were not as efficient as anticipated [18]. The genomic era started in early 
1980s with the discovery of recombinant DNA technology, a breakthrough in bio-
technology [14]. With the passage of time, advancements in these technologies have 
eased up genome-wide analyses among different organisms by using Bioinformatics 
databases and tools. Similar struggle was done for the sake of wheat improvement, 
which have been highly susceptible to numerous stresses such as insects, rusts, and 
climate change, since the very beginning and gradually shifted toward molecular 
breeding [19]; while, the most serious challenge is to fulfill the demand with con-
tinuously increasing consumption. In past, marker-assisted breeding had been used 
extensively for getting the desired manipulative task done; but with the amend-
ments in biosafety and bioethics, most of the research has been directed toward 
marker-free technology. Genomics era involved the advanced molecular breeding 
and genetic modification techniques for the wheat improvement, which was done 
by conventional plant breeding techniques under green revolution, prior to genom-
ics era which no longer seems effective lately [20, 21]. A lot of work has been done 
over acquiring resistance against these stress factors, and researchers have also 
succeeded in developing such characters/traits within the wheat by utilizing a broad 
range of genetic engineering and genome editing technologies. Though genetically 
modified wheat presents high potential for trait improvement, only one GM event 
has been commercialized, which is MON-71800 or roundup ready wheat developed 
by Monsanto in 2004 for inducing glyphosate herbicide tolerance through CP4 Epsps 
gene transformation [22].

The challenges are commonly reported from developing countries; most prob-
ably, the ones with hot and dry climatic conditions, i.e., African and Asian regions. 
Besides, some of these challenges are also encountered in developed countries such 
as America, Canada, and Australia [23, 24], as the climate change is hitting almost 
everywhere on globe.

DNA technologies opened a gateway for the detection and induction of genetic 
mutations, but the inaccuracy of developed procedures as well as off-target outcomes 
have shown certain complications which might affect some other gene, apart from 
the targeted one. Besides, rise of bioethics and biosafety issues led to the failure of 
established DNA technology regarding the genetic manipulation of living organisms, 
as it was believed that these practices are meant to be contaminating and playing 
with nature which of course showed adverse effects in some of the cases. Later on, 
with the establishment of bioethics and biosafety act, the approach of transgenesis 
for genetic improvement of crops has been granted to be used globally as long as the 
biosecurity of product is ensured [25]. The recent advancements of genome editing 
and targeted or site-directed mutagenesis are very advantageous and destined to 
provide most promising results for the development of sustainable agriculture.

3. Complexity of wheat genome

Wheat exhibits one of the enormous and complex genomes with diverse ploidy 
levels among 23 different species. Out of which, 6 species cultivated across the 
globe are most common, i.e., Bread wheat (T. aestivum), Durum (T. durum), Emmer 
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(T. dicoccon), Einkorn (T. monococcum), Khorasan (T. turgidum or T. turanicum), and 
Speltoid (T. speltoid). As known, Einkorn is diploid; Durum, Emmer, and Khorasan 
are tetraploid; while Bread wheat and Durum are hexaploid. All the species other 
than T. aestivum and T. durum are ancient ancestors as they are cultivated at limited 
locations [26, 27] (Figure 3).

Wheat consisting of three genomes (AABBDD) exhibits genome size of approxi-
mately 17 Gb with 164,000–334,000 genes, 85% of which lies within <10% of all its 
chromosomes, i.e., 7. Wheat contains six copies of each gene as per its ploidy level 
and most of its traits are polygenic including the yield causing difficulty in inducing 
modifications in its genome. It has been reported that there are greater possibilities 
of developing these changes with extensive planning and targeting each copy of the 
gene separately [5, 29–31].

4. Recent advances of genomics era in wheat improvement

By the emergence of the genomic technologies, the steps toward improvement 
of wheat crop were taken to get sustainable production. For this core purpose, the 
posed challenges needed to be sorted out, which were done by using molecular 
breeding or marker-assisted breeding technologies [21]. Various members of 
aphid-resistant Dn gene family (Dn1, Dn2, Dn4, and Dn5) within wheat were found 
to be responsible for exhibiting some resistance against these insects by screening 
via RAPD and SCAR molecular markers [32]. R genes and APR genes were reported 
to be used for rust resistance either by screening and enhancing their expression 
through SNPs or by transforming wheat through suitable technique for gene deliv-
ery into plant genome [33–35]. Inbred lines in wheat having drought tolerance were 
evaluated by using microsatellite markers to get an idea of the responsible gene(s) 
present naturally within wheat genome [36].

Figure 3. 
The complexity and evolution in wheat genome: the tetraploid wheat (T. turgidum spp. Dicoccoides) 
was developed by amphidiploidization between T. urartu and A. speltoides (diploids) (step 1),  
which later on hybridized into the allohexaploid wheat (T. aestivum) by amphiploidization of  
T. turgidum spp. Dicoccoides, T. turgidum spp. Durum (tetraploids) and A. tauschii (diploid) 
together (step 2) [28].
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5. Physical mapping of wheat genome

The International Wheat Genome Sequencing Consortium (IWGSC) database 
exhibits entire physical map of 21 chromosomes of bread wheat (T. aestivum) with 
High Information Content Fingerprinting (HCIF) and whole-genome profiling 
(WGS) in form of BAC libraries. Whereas, the physical contigs contain all the 
mapped information regarding markers, positions, and deletion bins of BAC 
clones. Different software programs, such as linear topological contig (LTC) and 
fingerprinted contig (FPC), are available within the database that are required for 
maintenance and update of data on physical map [37–39].

6. Genetic mapping of wheat genome

Molecular markers for genome mapping, such as amplified fragment length 
polymorphism (AFLP), expressed sequence tags (EST), quantitative traits Locus 
(QTLs), restricted fragment length polymorphism (RFLP), random amplification of 
polymorphic DNA (RAPD), sequence of characterized amplified region (SCAR), single 
nucleotide polymorphism (SNP), simple sequence repeats (SSR), and sequence tagged 
sites (STS) along with the sequence-based mapping technologies, can be used as the 
efficacious tools for functional genomics of wheat. These phenomena help in getting 
comprehensive understanding of the genes responsible for certain traits and their 
phylogenetic analysis, which can thereby help in improvement of some closely related 
genotype through marker-assisted breeding [40–43]. Table 1 shows some of the studies 
done in wheat to assess different populations and genotypes using molecular markers.

Molecular markers Population Mapped loci References

AFLP RILs (Wangshuibai × Alondra’s) 250 [44]

T. aestivum (Chinese Spring × T. spelta) 24 [45]

EST T. aestivum 22 [46]

QTL RILs (Arina × Forno) F5:7 8 [47]

F2 (BC5 and BC9) T. tauschii 2 [48]

RFLP T. aestivum 245 [49]

Triticum aestivum L. emThell. 82 [50]

RAPD Yangmai 5 180 [51]

T. aestivum 71 [52]

SCAR T. aestivum F2 43 [53]

T. aestivum 23 [41]

SNP T. aestivum (Chinese Spring × Renan) 3.3 × 106 [43]

RILs (Ning7840 × Clark and Heyne × Lakin) 3541 [42]

SSR RILs (Ning7840 × Clark and Heyne × Lakin) 145 [42]

DHs (Kitamoe × Munstertaler) 464 [54]

STS DHs (AC Karma × 87E03-S2B1) 165 [55]

RILs (Dream × Lynx) 283 [56]

RILS, recombinant inbred lines; DHs, doubled haploids; BC, back-crossed; F, filial generation.
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7. Sequencing technologies and wheat

The genome sequences play a crucial role in comprehensive understanding of 
phenotypic traits, their molecular basis, and alterations in them. The comparative 
genomics studies for enhancement of wheat have been constraint by its less genomic 
conservation. The wheat genome sequencing has become the utmost priority for the 
sake of crop improvement in order to know the genetic basis of traits controlled by a 
complex genome. The enormous complexity in genome and its size have caused sev-
eral limitations of efforts in sequencing studies. Currently, several drafts of wheat 
genome have been sequenced on the basis of chromosomes of either of its genomes 
with the help of advancements in next-generation sequencing technologies [57, 58].

The entire genome including cDNA of T. aestivum cv. Chinese Spring (CS42) 
was sequenced by the application of random shotgun next-generation sequencing 
that involved Illumina HiSeq 2000, Genome Analyzer IIx, and Roche 454 pyrose-
quencing technology. The sequenced data were then compared with the previously 
identified genome sequences of Aegilops, A. Tauschii, A. speltoides, and T. monoccum. 
This could identify 124,000 genes distributed into A, B, and D genomes [7, 8, 59]. 
The diploid species of wheat, T. urartu and A. tauschii were also sequenced and 
reported to be having 34,879 and 43,150 genes, respectively [60, 61]. Indeed, the 
information obtained from all these efforts have caused a lot of ease in localizing 
the identical genes in hexaploid species, while the information regarding their 
evolution remained undiscovered for a while [57]. In 2014, IWGSC started to work 
over the whole-genome sequencing of wheat cv. Chinese Spring (Hexaploid) and 
started de novo assembly of each of the chromosomes except 3B, which was done 
independently by Choulet and his coworkers [8, 62].

8. Sequence-based mapping

The advancements in new sequencing technologies of genomic era have offered 
various cost-efficient approaches to carry out the genetic mapping of complex genomes 
with high resolution. The case of wheat genome sequencing, due to its polyloidy causes 
hurdles in spite of all the known promising applications of these technologies [63]. In 
a study, DH wheat variety was mapped by application of whole-genome shotgun NGS 
and the consistent outcomes were obtained from variant mapping and compared with 
the ones obtained from 9000 SNP iSelect assay of wheat. Significant resemblance was 
found among these results. As per findings, a reference map of entire wheat genome 
was developed, which consisted of 118 SSRs, 1351 diversity array technology, 2740 
genes linked SNPs by wheat iSelect assay, and 416,856 genetic markers. By the detailed 
analysis, it was revealed that these markers reside within the range of 40–100 kb from 
their neighbor gene, hereby enhancing the possibility of genome mapping for gene 
identification. The given information is quite beneficial for the thorough study of wheat 
genome by linking both of its genetic and physical maps [63, 64].

9. Mapped traits in wheat

By the implementation of forward genetics approaches in molecular mark-
ers, such as QTLs, a large number of studies have been conducted based upon the 
genome mapping of wheat in order to identify response of plant against biotic and 
abiotic stresses. It is reported that while performing QTL study, environmental 
interactions always remain a significant factor [65, 66]. A short list of conducted 
studies for various traits in wheat regarding QTL or gene tagging is given in Table 2.
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5. Physical mapping of wheat genome

The International Wheat Genome Sequencing Consortium (IWGSC) database 
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clones. Different software programs, such as linear topological contig (LTC) and 
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polymorphic DNA (RAPD), sequence of characterized amplified region (SCAR), single 
nucleotide polymorphism (SNP), simple sequence repeats (SSR), and sequence tagged 
sites (STS) along with the sequence-based mapping technologies, can be used as the 
efficacious tools for functional genomics of wheat. These phenomena help in getting 
comprehensive understanding of the genes responsible for certain traits and their 
phylogenetic analysis, which can thereby help in improvement of some closely related 
genotype through marker-assisted breeding [40–43]. Table 1 shows some of the studies 
done in wheat to assess different populations and genotypes using molecular markers.

Molecular markers Population Mapped loci References
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EST T. aestivum 22 [46]

QTL RILs (Arina × Forno) F5:7 8 [47]

F2 (BC5 and BC9) T. tauschii 2 [48]
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RILs (Ning7840 × Clark and Heyne × Lakin) 3541 [42]

SSR RILs (Ning7840 × Clark and Heyne × Lakin) 145 [42]

DHs (Kitamoe × Munstertaler) 464 [54]

STS DHs (AC Karma × 87E03-S2B1) 165 [55]

RILs (Dream × Lynx) 283 [56]
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genomics studies for enhancement of wheat have been constraint by its less genomic 
conservation. The wheat genome sequencing has become the utmost priority for the 
sake of crop improvement in order to know the genetic basis of traits controlled by a 
complex genome. The enormous complexity in genome and its size have caused sev-
eral limitations of efforts in sequencing studies. Currently, several drafts of wheat 
genome have been sequenced on the basis of chromosomes of either of its genomes 
with the help of advancements in next-generation sequencing technologies [57, 58].

The entire genome including cDNA of T. aestivum cv. Chinese Spring (CS42) 
was sequenced by the application of random shotgun next-generation sequencing 
that involved Illumina HiSeq 2000, Genome Analyzer IIx, and Roche 454 pyrose-
quencing technology. The sequenced data were then compared with the previously 
identified genome sequences of Aegilops, A. Tauschii, A. speltoides, and T. monoccum. 
This could identify 124,000 genes distributed into A, B, and D genomes [7, 8, 59]. 
The diploid species of wheat, T. urartu and A. tauschii were also sequenced and 
reported to be having 34,879 and 43,150 genes, respectively [60, 61]. Indeed, the 
information obtained from all these efforts have caused a lot of ease in localizing 
the identical genes in hexaploid species, while the information regarding their 
evolution remained undiscovered for a while [57]. In 2014, IWGSC started to work 
over the whole-genome sequencing of wheat cv. Chinese Spring (Hexaploid) and 
started de novo assembly of each of the chromosomes except 3B, which was done 
independently by Choulet and his coworkers [8, 62].

8. Sequence-based mapping

The advancements in new sequencing technologies of genomic era have offered 
various cost-efficient approaches to carry out the genetic mapping of complex genomes 
with high resolution. The case of wheat genome sequencing, due to its polyloidy causes 
hurdles in spite of all the known promising applications of these technologies [63]. In 
a study, DH wheat variety was mapped by application of whole-genome shotgun NGS 
and the consistent outcomes were obtained from variant mapping and compared with 
the ones obtained from 9000 SNP iSelect assay of wheat. Significant resemblance was 
found among these results. As per findings, a reference map of entire wheat genome 
was developed, which consisted of 118 SSRs, 1351 diversity array technology, 2740 
genes linked SNPs by wheat iSelect assay, and 416,856 genetic markers. By the detailed 
analysis, it was revealed that these markers reside within the range of 40–100 kb from 
their neighbor gene, hereby enhancing the possibility of genome mapping for gene 
identification. The given information is quite beneficial for the thorough study of wheat 
genome by linking both of its genetic and physical maps [63, 64].

9. Mapped traits in wheat

By the implementation of forward genetics approaches in molecular mark-
ers, such as QTLs, a large number of studies have been conducted based upon the 
genome mapping of wheat in order to identify response of plant against biotic and 
abiotic stresses. It is reported that while performing QTL study, environmental 
interactions always remain a significant factor [65, 66]. A short list of conducted 
studies for various traits in wheat regarding QTL or gene tagging is given in Table 2.
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10. Comparative genomics with Arabidopsis

The genome-wide analyses in wheat (Triticum aestivum) and Arabidopsis thaliana 
have been performed for their comparative genomics studies. For this purpose, the 
ESTs as well as BLAST have been compared to evaluate the identity and similarity 

Trait Gene/QTLs Chromosome Population References

Abiotic stress tolerance

Aluminum tolerance ALMT1 4D DH [67]

Boron toxicity tolerance Bo1 7BL DH [68]

Drought tolerance DREB1 3A Barakatli-95 [69]

Frost tolerance QTL 5B RSI [70]

Photoperiod insensitive Ppd-B1 2BS RILs [71]

Salinity tolerance QTL 3A, 3B, 4,6 DL RILs [72]

Russian wheat aphid resistance Dn1, Dn2, Dn5 7DS F2 [73]

Dn4, Dn6 1D, 7D F2 [74]

Dn7 1B F2 [75]

Dn8, Dn9, Dnx 7DS, 1DL F2 [73]

Stem rust resistance Sr2 3BS F3 [76]

Sr22 7A F2 [77]

Sr38 2AS NILs [78]

Leaf rust resistance Lr1 5DL F2 [79]

Lr3 6BL F2 [80]

Lr9 6BL NILs [81]

Lr10 1AS F2 [82]

Lr19 7D F2 [83]

Lr20 7AL F2 [84]

Lr21 1DS F2 [85]

Lr22a 2DS F2 [86]

Lr24 3DL F2 [87]

Lr34 7D RILs [88]

Lr35 2B F2 [89]

Lr37 2AS NILs [78]

Lr40 1DS F2 [85]

Lr47 7A BC1F2 [90]

Lr52 5B F2 [91]

LrTr 4BS F2 [92]

Fusarium head blight resistance Fhb2 6BS RILs [93]

QTL 1B, 3B, 5A RILs [94]

QTL 2B RILs [95]

QTL 4A, 5B, 6D RILs [96]

Table 2. 
Studies for various traits conducted in wheat regarding using QTL and gene tagging.
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index within certain genes of their genome sequences taken from Arabidopsis and 
endosperm clones of wheat (Accession Numbers: BQ605537-609969, GenBank). 
As the wheat genome is approximately 126 folds greater than that of the Arabidopsis 
[97, 98]. The error rate regarding unresolved nucleotides was recorded to be less 
than 2% during comparison of almost every 500 base pairs. The data of Arabidopsis 
were recruited from the TIGR databases of nucleotide and protein, and ESTs were 
clustered by PHRAP program. ESTs of wheat (4433) were clustered by self-BLAST 
as well into the contigs. The result of multiple sequence alignment represented 
relatively lower percentage of the sequences with low complexity of ESTs con-
stituents; hence, higher score of alignments was produced on average. The number 
of clustered ESTs (Contigs) reported were 789, while that of unclustered ESTs 
was 1348. Therefore, the number of unique sequences obtained was 2137, which 
were proceeded for further genomic analyses and comparison with genome of 
Arabidopsis that revealed the grouping of these wheat ESTs with 1130 unique genes 
of Arabidopsis dispersed randomly within its genome upon different chromosomes 
which resembles in approximately 75% in their functions to wheat ESTs [99, 100].

11. Comparative genomics with other grasses

The most common members belonging to Poaceae, the grass family, include 
Avena sativa, Hordeum vulgare, Oryza sativa, and Zea mays. The wheat genome is 
1.5 folds larger than Oat, 3 folds than Barley, 6.8 folds than maize, and 39 folds than 
rice. Triticeae is a tribe of this particular family consisting of over 15 genus as well 
as 300 species including barley and wheat. Number and size of the genes present 
within members of grass family are most likely to be same [101, 102]. Apart from 
genome size, the genes present within all these species are closely related to each 
other, and hence it clarifies the fact that rice, maize, and wheat have diverged over 
50 million years ago and belong to a common ancestor [103]. The conservation of 
gene order is evident among these organisms, while the evolution is responsible for 
extent. The percentage of conserved markers among wheat, barley, and oat is 94%, 
while that of maize and rice is 62%. The greater resemblances have been observed 
among the members of Triticeae than that of the Poaceae family, while performing 
their comparative genomics studies [104–107]. The gene containing proportion 
among all the species of Poaceae seems to be similar, while the estimations upon 
presence of this particular’s fraction within their genomes have been made, i.e., 
wheat (7%), barley (12%), maize (17%), and rice (24%) [5, 108, 109].

12. Transgenics for wheat improvement

Transgenics refer to genetically engineered (GE) or genetically modified (GM) 
organisms carrying some exogenous segment of DNA that is responsible for encod-
ing some protein. The function, expression, and interaction of particular protein 
in metabolism of plant system other than its native one under variable conditions 
can be evaluated at molecular level, in vitro, as well as in vivo by using transgenic 
approaches [132]. According to ISAAA [22], only one GM wheat event got wheat 
approved for commercialization, and that for herbicide tolerance. CP4 Epsps gene 
was taken from a bacterial source which created resistance against glyphosate 
herbicide. The inserted genes might perform differently and affect some other trait 
negatively. In such cases, multiple factors are involved and all of them are of crucial 
significance, which have to be taken care of simultaneously in order to discover the 
exact cause of encountering issue [133].
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index within certain genes of their genome sequences taken from Arabidopsis and 
endosperm clones of wheat (Accession Numbers: BQ605537-609969, GenBank). 
As the wheat genome is approximately 126 folds greater than that of the Arabidopsis 
[97, 98]. The error rate regarding unresolved nucleotides was recorded to be less 
than 2% during comparison of almost every 500 base pairs. The data of Arabidopsis 
were recruited from the TIGR databases of nucleotide and protein, and ESTs were 
clustered by PHRAP program. ESTs of wheat (4433) were clustered by self-BLAST 
as well into the contigs. The result of multiple sequence alignment represented 
relatively lower percentage of the sequences with low complexity of ESTs con-
stituents; hence, higher score of alignments was produced on average. The number 
of clustered ESTs (Contigs) reported were 789, while that of unclustered ESTs 
was 1348. Therefore, the number of unique sequences obtained was 2137, which 
were proceeded for further genomic analyses and comparison with genome of 
Arabidopsis that revealed the grouping of these wheat ESTs with 1130 unique genes 
of Arabidopsis dispersed randomly within its genome upon different chromosomes 
which resembles in approximately 75% in their functions to wheat ESTs [99, 100].

11. Comparative genomics with other grasses

The most common members belonging to Poaceae, the grass family, include 
Avena sativa, Hordeum vulgare, Oryza sativa, and Zea mays. The wheat genome is 
1.5 folds larger than Oat, 3 folds than Barley, 6.8 folds than maize, and 39 folds than 
rice. Triticeae is a tribe of this particular family consisting of over 15 genus as well 
as 300 species including barley and wheat. Number and size of the genes present 
within members of grass family are most likely to be same [101, 102]. Apart from 
genome size, the genes present within all these species are closely related to each 
other, and hence it clarifies the fact that rice, maize, and wheat have diverged over 
50 million years ago and belong to a common ancestor [103]. The conservation of 
gene order is evident among these organisms, while the evolution is responsible for 
extent. The percentage of conserved markers among wheat, barley, and oat is 94%, 
while that of maize and rice is 62%. The greater resemblances have been observed 
among the members of Triticeae than that of the Poaceae family, while performing 
their comparative genomics studies [104–107]. The gene containing proportion 
among all the species of Poaceae seems to be similar, while the estimations upon 
presence of this particular’s fraction within their genomes have been made, i.e., 
wheat (7%), barley (12%), maize (17%), and rice (24%) [5, 108, 109].

12. Transgenics for wheat improvement

Transgenics refer to genetically engineered (GE) or genetically modified (GM) 
organisms carrying some exogenous segment of DNA that is responsible for encod-
ing some protein. The function, expression, and interaction of particular protein 
in metabolism of plant system other than its native one under variable conditions 
can be evaluated at molecular level, in vitro, as well as in vivo by using transgenic 
approaches [132]. According to ISAAA [22], only one GM wheat event got wheat 
approved for commercialization, and that for herbicide tolerance. CP4 Epsps gene 
was taken from a bacterial source which created resistance against glyphosate 
herbicide. The inserted genes might perform differently and affect some other trait 
negatively. In such cases, multiple factors are involved and all of them are of crucial 
significance, which have to be taken care of simultaneously in order to discover the 
exact cause of encountering issue [133].
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13. Transgenics for improvement of agronomic characters

Attempts to transform wheat were started in mid-1980s, and first successful 
wheat transformation was reported in 1991 by Vasil and colleagues using biolis-
tic transformation. Wheat protoplasts were transformed with chloramphenicol 
acetyltransferase (CAT) gene from a bacterium in order to get the gene expression 
by application of electroporation transformation technique [134]. PEG-mediated 
genetic transformation of T. monococcum protoplasts was performed for introducing 
Tn5-aminoglycoside phosphotransferase type II (NPTII) gene into wheat genome 
as a selectable marker [135]. Wheat, at its early boot stage with a few spikes, was 
transformed in planta by Agrobacterium-mediated floral-dip transformation which 
involved the pollen tube pathway for the insertion of hgh and NPTII transgenes as 
selectable markers. The inheritance pattern of this transformation was also evaluated 
into further two generations, i.e., T1 and T2 [136]. First transgene-free mutants of 

Transformation 
technique

Vector Gene Trait Transformation 
efficiency

References

Agrobacterium-
mediated (Callus)

pROK2 CptI Insect 
resistance

N/A [110]

Agrobacterium-
mediated (Seed)

pWUbi TaMATE1B Heavy metals 
tolerance

N/A [111]

Agrobacterium-
mediated (in 
planta)

pVecNeo
pWBvec8

Lr67 Disease 
resistance

N/A [112]

pBI121 CspA Drought 
tolerance

N/A [113]

Agrobacterium-
mediated 
(embryo)

pCMV35S AtNTX1 Salt tolerance 5.7–7.5% [114]

pGH215
pVS1

Gfp
Hpt

Visual 
selection

Antibiotic 
resistance

2–10% [115]

pZP201
pPTN290

Gus
Bar

Visual 
selection
Herbicide 
tolerance

2.7–37.7% [116]

pB1101 Act1
Bar

Quality 
improvement

Herbicide 
tolerance

1.28% [117]

pGA482 Gus Selectable 
marker

27% [118]

pIG121Hm Gus Selectable 
marker

52–56% [119]

pCAMBIA3301
p35SSGUSINT

Bar Herbicide 
selection

0.84–1.16% [120]

pWVec8 Bar Herbicide 
tolerance

1.5–51% [121]

pCAMBIA
pGreen

Bar
NptII

Selectable 
markers

1.4–1.8% [122]

pLC41Hm
pLC41bar

Bar
Hpt

Herbicide 
tolerance
Antibiotic 
resistance

40% [30, 31]
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wheat were reported to be generated by application of CRISPR/Cas9 system by edit-
ing the genome at directed site, while the transgene-based transformation through 
CRISPR/Cas faces certain hurdles due to complexity in wheat genome [137, 138].

Several transgenic technologies have been developed so far for the sake of 
improvement of major agronomic characters (Table 3) leading to increased grain 
yield and quality in wheat. These traits include genes for biotic and abiotic stress 
tolerance, including herbicide tolerance, drought tolerance, salt tolerance, dis-
ease resistance, etc. By the genetic transformation of wheat genome, numerous 
low-molecular-weight glutenin subunits (LMW-GS) and high-molecular weight 
glutenin subunits (HMW-GS) could be added to wheat genome, which plays a vital 
role in improvement of wheat grain quality [139–141]. Wheat cv. Bobwhite was 
transformed with 1Ax1 HMW-GS subunit through biolistics-mediated transforma-
tion of immature zygotic embryos. As a result of which, 71% improvement in gluten 
contents was observed in transformed grains [142].

14. Technologies for developing marker-free transgenic wheat

Selectable markers, as a crucial component of transformation procedures, have 
played significant role in enhancing the transformation efficiency. Various hazards 
in these particular genes upon environment and health have been feared, which 
need to be addressed by developing marker-free transgenics. Different strategies, 
such as co-transformation, site-specific recombination, and transposon-mediated 

Transformation 
technique

Vector Gene Trait Transformation 
efficiency

References

Biolistics-
mediated

pVst-HarChit
pVst-Harcho

HarChitHarCho Disease 
resistance

0.17–0.26% [123]

pLNU-SG TaGSL3
TaGSL8
TaGSL10

Disease 
resistance

Less than 1% [124]

pAHC20
pAHC17

SSI-IV
GBSS

Heat tolerance
Yield 

improvement

N/A [125]

pAHC25 HMV-GS 1Dx5 Quality 
improvement

0.4% [126]

pUba sGfp Visual 
selection

0.8% [127]

pHAC20 Gfp Visual 
selection

5–10% [125]

CRISPR/
Cas-mediated

P6U Lr34 Disease 
resistance

N/A [128]

CRISPR/
Cas-mediated

pA9mRFP
pU6sg

GW2 Improved 
grain quality

20% [129]

CRISPR/
Cas-mediated

pB1121 Inox
Pds

Quality 
improvement

8–12% [130]

PEG-mediated pAHC25 Gus
Hpt

Visual 
selection

Antibiotic 
resistance

1–5% [131]

Table 3. 
Transformation events targeted for improving agronomic traits.
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acetyltransferase (CAT) gene from a bacterium in order to get the gene expression 
by application of electroporation transformation technique [134]. PEG-mediated 
genetic transformation of T. monococcum protoplasts was performed for introducing 
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as a selectable marker [135]. Wheat, at its early boot stage with a few spikes, was 
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involved the pollen tube pathway for the insertion of hgh and NPTII transgenes as 
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wheat were reported to be generated by application of CRISPR/Cas9 system by edit-
ing the genome at directed site, while the transgene-based transformation through 
CRISPR/Cas faces certain hurdles due to complexity in wheat genome [137, 138].

Several transgenic technologies have been developed so far for the sake of 
improvement of major agronomic characters (Table 3) leading to increased grain 
yield and quality in wheat. These traits include genes for biotic and abiotic stress 
tolerance, including herbicide tolerance, drought tolerance, salt tolerance, dis-
ease resistance, etc. By the genetic transformation of wheat genome, numerous 
low-molecular-weight glutenin subunits (LMW-GS) and high-molecular weight 
glutenin subunits (HMW-GS) could be added to wheat genome, which plays a vital 
role in improvement of wheat grain quality [139–141]. Wheat cv. Bobwhite was 
transformed with 1Ax1 HMW-GS subunit through biolistics-mediated transforma-
tion of immature zygotic embryos. As a result of which, 71% improvement in gluten 
contents was observed in transformed grains [142].

14. Technologies for developing marker-free transgenic wheat

Selectable markers, as a crucial component of transformation procedures, have 
played significant role in enhancing the transformation efficiency. Various hazards 
in these particular genes upon environment and health have been feared, which 
need to be addressed by developing marker-free transgenics. Different strategies, 
such as co-transformation, site-specific recombination, and transposon-mediated 

Transformation 
technique

Vector Gene Trait Transformation 
efficiency

References

Biolistics-
mediated

pVst-HarChit
pVst-Harcho

HarChitHarCho Disease 
resistance

0.17–0.26% [123]

pLNU-SG TaGSL3
TaGSL8
TaGSL10

Disease 
resistance

Less than 1% [124]

pAHC20
pAHC17

SSI-IV
GBSS

Heat tolerance
Yield 

improvement

N/A [125]

pAHC25 HMV-GS 1Dx5 Quality 
improvement

0.4% [126]

pUba sGfp Visual 
selection

0.8% [127]

pHAC20 Gfp Visual 
selection

5–10% [125]

CRISPR/
Cas-mediated

P6U Lr34 Disease 
resistance

N/A [128]

CRISPR/
Cas-mediated

pA9mRFP
pU6sg

GW2 Improved 
grain quality

20% [129]

CRISPR/
Cas-mediated

pB1121 Inox
Pds

Quality 
improvement

8–12% [130]

PEG-mediated pAHC25 Gus
Hpt

Visual 
selection

Antibiotic 
resistance

1–5% [131]

Table 3. 
Transformation events targeted for improving agronomic traits.
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elimination, tend to be proved advantageous in the removal of selectable markers 
from plant systems [143–145]. Besides, customized marker-free vectors, known as 
pCLEAN vectors, for the transformation have been designed for delivering multiple 
transgenes specifically without adding any superfluous DNA sequences within 
plant genome [146]. The enhanced transformation efficiency has also been reported 
by the use of pCLEAN vectors for gene delivery [147]. Researchers have started to 
use the plant-derived genes for selection purpose as well while performing genetic 
transformation in wheat, i.e., AlSAP, drought and salinity-tolerant gene from 
Aeluropus littoralis; ALS, herbicide-tolerant gene from Oryza sativa; and AtMYB12, 
visible selection gene from Arabidopsis thaliana [148–150].

15. Transgenic wheat and its commercial acceptability

The level of acceptance of GM wheat is similar to that of other commercial 
transgenic crops, i.e., tomato, maize, rice, cotton, etc. European countries are 
reluctant to grow GMOs, while American and less developed countries are in favor. 
In countries like Pakistan, where wheat has been the traditional staple food, there is 
always a fear of famine on wheat crop failures. The governments in such countries 
are ready to adopt technologies ensuring yield sustainability of staple. Even due to 
the opposition of public, market, governments, farmers, and trade organizations to 
transgenic crops, the stakeholders cannot switch from them until any competitive 
alternative attracts the attention [151, 152]. The goals in wheat transgenics include 
biotic and abiotic stress tolerance, nutritive quality of grain, and herbicide toler-
ance, as described in Table 3. The core purpose of transgenic wheat development is 
to overcome global issues by providing best possible as well as permanent solutions, 
such as enhanced crop yield, improved grain quality, drought tolerance, and insect 
and rust resistance. It is reported that insertion of a gene responsible for particular 
trait causes variable improvements ranging from 20 to 40% and even higher in 
some cases, but still not complete eradication of issues under study. This illustrates 
the significance and efficacy of this technology. It is estimated that world popula-
tion will be doubled by 2050, and transgenic crops will cover up to 70% of the cul-
tivation land [153, 154]. Transgenic contamination in wild-type and organic wheat 
varieties is the most emerging issue that has been aroused for opposing transgenic 
wheat, but the acceptability of transgenic wheat does not seem to be a major issue in 
near future as the approved event of herbicide-tolerant wheat is being commercial-
ized since 2004, and no other approaches have been reported so far that could deal 
with meeting up demand and production hurdles single handedly [22, 155].

Apart from global significance, wheat is last among all the major cereal crops that 
have been transformed depending upon various parameters, such as dependency of 
genotype upon exogenous DNA delivered by Agrobacterium and recalcitrance in tissue 
culturing [156, 157]. The companies of agribusiness, like Bayer Crop Science, have 
announced the alliance of Commonwealth Scientific and Industrial Organization 
(CSIRO); Monsanto have indicated their interest in GM wheat and planned to 
commercialize it sooner, while Syngenta have formed the alliance with CIMMYT for 
working over wheat improvement regarding its stress tolerance and quality [158].

16. Future prospects

Wheat, as a staple food, is the most significant and demanding crop all over the 
world and the remarkable enhancement in its production needs to be done, which 
is only possible by the commercial application of transgenic wheat and smart use 

33

Wheat in the Era of Genomics and Transgenics
DOI: http://dx.doi.org/10.5772/intechopen.86639

of genomics for bringing desirable gene combinations in commercial varieties, at 
least in developing countries. The companies of agribusiness have been working on 
it really hard to get transgenic wheat commercialized in spite of all the challenges 
being faced and working over sorting out the challenges by developing the marker-
free transgenic approaches [159]. The advancements in current era of genomics and 
transgenics have played a crucial role in the maintenance of agriculture, health, and 
environment in the world, even though several hazards regarding them could be 
possible. A transgenic revolution similar to that of 1960s is now required in order to 
develop all the high yielding varieties for the sustainable production by implement-
ing the most recent and efficient technologies for genetic manipulation.
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Chapter 4

Morphophysiological and 
Photosynthetic Reactions of 
Wheat (T. aestivum L.) and Its 
Wild Congeners to Drought 
Condition In Vivo and In Vitro
Nina Terletskaya, Meruert Kurmanbayeva and 
Ulzhan Erezhetova

Abstract

The results of the complex analysis of different wheat species tolerance to 
drought stress in vivo at different levels of organization as well as in vitro on callus 
cultures, which was conducted, are presented. The objects of research are as follows: 
species of wheat—T. monococum L. (Au), T. dicoccum Shuebl. (AuB), T. polonicum L. 
(AuB), T. aethiopicum Jakubz. (AuB), T. macha Dek.et.Men. (AuBD), T. compactum 
Host. (AuBD), and T. aestivum L. (AuBD). The methods of this research are physi-
ological, biotechnological, and cytological. The focus was on nonspecific reactions 
of cereals to osmotic stress, and species-specific changes according to growth and 
anatomical and photosynthetic parameters which depend on studied species ploidy 
were shown. It was shown that results of testing of plant tissues in vivo and in vitro 
are comparable. It demonstrated the criterions for selection of drought-tolerant 
forms. Optimal selection criteria were identified, and more drought-resistant wheat 
species were identified.

Keywords: wheat, species, leaves, callus, drought, morphophysiology, anatomy, 
photosynthesis

1. Introduction

According to the UN [1], desert or dry lands represent about half of terrestrial 
environments worldwide. Lack of water has become a key stressor. The continued 
growth of the human population and deterioration of the ecological balance 
necessitate intensifying research in plant vulnerability and adaptive capacity under 
adverse conditions to enhancing productivity of the most important crops and—
above all—of wheat [2–4].

The understanding of how drought affects plants is an actual necessity now. Soil 
drought develops with a decrease in moisture reserves in the soil to a constant wilt-
ing. During atmospheric drought, water reserves in the soil may not reach a critical 
level, but the relative humidity of the air, which decreases to 30% and below, can 
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cause intense transpiration. The combination of soil and atmospheric droughts is 
particularly damaging to plants. Short-term, tough, “shock”-type impacts affect 
primarily the structural organization of the plant. Slowly increasing and long-term 
effects of an unfavorable factor affect the functional organization of the plant, the 
sphere of basal metabolism. The hardest effects are those vegetative and generative 
organs which are affected by drought from the beginning of their formation.

The genetic potential used in wheat breeding today is insufficient, and data on 
the nature of the drought tolerance of wild relatives of wheat may open up new 
possibilities for searching and creating promising breeding material. The tribe 
Triticeae, in which hard bread belongs, has great potential for stress tolerance. Wild 
members of the tribe, among which there are halophytes, grow in a wide range of 
conditions throughout the world and have large genetic variations [5, 6]. Effective 
diagnostics of wild-growing species of wheat and species of limited economic 
importance make it possible to form a more complete picture of their possible 
use in breeding and genetic programs and ways to preserve biodiversity [7]. The 
introduction of the new species with great potential constitutive adaptability into 
the culture (the direction of a “change of species”) along with the genetic potential 
of cultivated species requires intensive research owing to the multiple unsuccessful 
attempts to increase stress tolerance, maturation rate, and photosynthetic produc-
tivity of plants [8].

Currently, wild congeners of wheat and their derivative forms are most often 
considered as sources of disease and pest-resistant genes. Much less often, these 
species are involved in biochemical and morphophysiological studies [5]. Studies 
which are devoted to the identification of the resource potential and patterns of 
inheritance of wheat resistance to extreme stress are fragmentary. So far, there is 
very little information about the structure of photosynthetic tissue and the quan-
titative anatomy in species from different wheat species [9, 10]. Literature data 
indicate that the tetraploid species in this respect are the least studied, although the 
diversity and distribution area are widely presented [11]. Comparative studies of 
different wheat species for differences of morphologic and physiologic structures in 
both wild relatives and cultivated will contribute to obtaining new information to 
more effectively identify the limiting units of the production process.

The selection process involved factors of changes in the structure, size, and 
duration of the photosynthetic apparatus, but the activity of the photosynthetic 
apparatus remained at a level close to the original (Evans Paradox) [12, 13]. The 
few literature data on the relationship between the intensity of photosynthesis, 
parameters of the structure of the photosynthetic apparatus, growth charac-
teristics of the assimilation surface, and the level of wheat ploidy suggest that 
modern types of wheat with different numbers of chromosomes and the origin 
of the genomic set are significantly different from the ancestor forms in terms 
of growth parameters, quantitative characteristics of the structure of the leaf 
mesophyll, and its photosynthetic activity. The observed differences arose as a 
result of changes in ploidy and the genomic composition of the nucleus during 
the evolution of the genus Triticum and are associated with rearrangements 
of the internal structure of the phototrophic leaf tissues and changes in the 
functional activity of a single chloroplast. The change in the number and size of 
cells optimizes the structure of phototrophic leaf tissues in tetra- and hexaploid 
wheat species, which leads to an increase in the internal assimilation surface 
and, consequently, leaf conductivity for CO2 and a decrease in photosynthesis 
intensity in modern wheat species compared to ancestral forms and Aegilops 
species [14]. Therefore, studies aimed at finding plants with a developed and 
active photosynthetic apparatus for their involvement in the breeding process 
are also still very relevant [15–18].
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Thus, it was shown that a high density of pubescence is characteristic of 
drought-resistant forms, and for diploid species the presence the genes of control 
of leaf pubescence was determined [18, 19]. Probably, each of the elements of the 
genome of polyploidy wheat has its own genetic control system of leaf pubescence. 
The wheat may have homoallellic genes, functionally degenerate or functionally 
complementary, which also increase the total number of genes involved in the 
control of this adaptive trait [20].

In the Triticeae tribe, diploid species are characterized by a shorter stomatal cell 
length compared with tetra- and hexaploid species [21]. Larger guard cells were 
found in spring wheat varieties (Triticum aestivum L.) and are associated with 
spring-type developmental alleles (Vrn-A1a), while the smallest ones are associated 
with developmental winter-type alleles (Vrn-A1b) on chromosome 5A.

The effect of chromosomes 1A, 3A, 4A, 5A, 1B, 5B, 6D, 7A, and 7D in different 
wheat varieties on the linear dimensions of stomata is also shown [6]. It was also 
noted that there is a significant correlation between the variation in the size and 
density of the stomata of wheat and its yield, both in normal and arid growing 
conditions [14]. Lamari found a significant effect of the genetic component on the 
variation in the density of the stomata of the wheat leaf [22].

It is known that the level of ploidy of plants, as an indicator related to cell size, is 
responsible for the thickness of the lamina [23]. The parameters of the leaf plates, 
determined by the genotype, are directly related to photosynthesis—negative 
correlations were found between the intensity of photosynthesis and the ratio of 
the mesophyll cell size to the ploidy level of the nuclear genome [24]. However, the 
size of the leaf surface, being a genetically determined trait, is largely corrected by 
specific environmental conditions.

Drought tolerance is a complex trait which is a combined function of various 
morphological (leaf emergence and flowering, coleoptile length, leaf area, leaf 
rolling, wax content, awns, stomatal density, root characteristics, cell membrane 
stability, etc.) [7], physiological (transpiration rate, water use efficiency, stomatal 
conductance, osmotic adjustment, relative water content, leaf turgor, etc.), and 
different biochemical characters [25].

Physiological functions of plants are closely related to their morphological and 
anatomic features. The dehydration of tissues which is arising during drought changes 
the course of physiological biochemical processes that in turn affects growth processes, 
anatomy, and morphology of plants. The lower leaves play an important role at the 
first stages of development, when the issue of survival of sprout in stressful condi-
tions is actually resolved and the root system is created. Leaves of the upper layers 
(stem leaves) have crucial importance in photo assimilatory work of a plant, especially 
during of spike and grain formation—a critical period which is determining the size of 
losses of potential productivity in the conditions of insufficient water supply [15, 16].

The effect of abiotic stressors on the growth of leaves of seedlings entails 
changes (both upward and downward) in the thickness of the adaxial and abaxial 
epidermises, the diameter of the vascular leaf bundles, and also the decrease in the 
diameter and size of stomata [25–28].

Anatomical and morphological changes that allow plants to withstand stressful 
effects are mainly focused on maintaining water use efficiency and ensuring optimal 
carbon metabolism for plant resistance to drought. Therefore, a change in the anatomi-
cal characteristics of a leaf under drought conditions can be considered as a significant 
manifestation of the regulation of photosynthesis at the morphological level.

Accordingly, the degree of change can be used as a criterion of adaptability, which 
can be guided by the choice of forms for the expansion of work on the introduction 
and hybridization in arid climatic conditions. Thus, for the survival and growth of a 
plant under drought stress, the degree of survival and growth of leaves is extremely 
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important. If leaf growth under stress conditions occurs normally, then the process 
of photosynthesis does not stop, and the plants are able to produce seed progeny, 
even if they significantly reduce yields relative to optimal conditions. However, if the 
leaves that function at the time of the onset of stressful conditions die off faster than 
new ones develop, the plant may die. At the same time, stress-tolerant forms surpass 
stress-susceptible in a number of quantitative indicators: the area, the mass of leaves, 
and the total content in them of structural units of the photosynthetic apparatus of 
different orders. According to the degree of change of these parameters in stressful 
conditions, the leaf apparatus shows its reaction to the action of negative factors.

Tolerant forms in wheat are also characterized by higher mobility in changing the 
typical composition of the cell population of the leaf mesophyll and, respectively, the 
shape of assimilating cells depending on external conditions during the leaf growth 
period [29]. The summary of the main directions on the functional significance of the 
leaf surface is that they can be grouped into two blocks: maintaining the structural and 
functional status of the leaf and optimizing the energy supply of photosynthesis [30].

Water deficiency contributes to a faster differentiation of tissues, with a slower 
overall growth, which leads to the development of xeromorphism [31]. It is believed 
that with a larger leaf surface, evaporation of water increases, and the resistance of 
plants to its deficiency decreases [32]. According to Kumakov [33], the fluctuations 
in yield over the years are mainly due to the enormous variabilities in leaf surface 
and photosynthetic potentials. A smaller volume of plant cells allows them to more 
easily withstand the stress that occurs when cells are squeezed during dehydration 
[34]. Genkel [35] indicated that in the case when xeromorphism develops under the 
influence of water deficiency, it correlates with drought resistance.

At the same time, a different reaction of the morphometric characteristics of 
the internal structure of the leaf to osmotic stress is shown. Under conditions of 
lack of moisture against the background of a general decrease in the size of cells, an 
increase in the thickness of the vascular tissue and cell wall can be observed [36]. 
Researchers have observed such changes as a significant decrease in leaf thickness, 
an increase in cuticle thickness, both an increase and decrease in xylem diameter, a 
reduction in phloem diameter and size of vascular bundles, and a decrease in leaf 
thickness and total area of the leaf mesophyll, size of stomata, and epidermis thick-
ness for different wheat varieties, compared with the control [26, 37].

The reduction of the leaf blade area during drought is usually accompanied by 
an increase in the mesophyll layers and the development of palisade tissue, which 
allows the plant to more effectively resist dehydration [38]. Palisade parenchyma is 
the most high-performance type of tissue and makes the main contribution to leaf 
photosynthesis [39]. Developing on both sides of the leaf, it contributes to provid-
ing the plant with plastic substances while reducing the area of the photosynthesiz-
ing surface, in some way compensating for the small leaf surface of plants, which 
have an isolateral type of mesophyll.

Many mesophyll cells of wheat leaf plates are characterized by strong branching 
in cell walls, which is a necessary condition for maintaining the optimal ratio of cell 
surface to its volume as well as the presence of a significant proportion of intercel-
lular spaces during evolution [40]. It was noted that during dry periods in some 
forms, an increase in the leaf mesophyll thickness may occur as a manifestation of 
the protective mechanism. In addition, it occurs due to an increase in the volume of 
the air cavities [41]. In plants with a loose mesophyll, an adequate supply of oxygen 
and carbon dioxide may be accumulated in the intercellular space, which is neces-
sary for photosynthesis and respiration. The development of sclerenchyma around 
conductive bundles and the presence of columnar tissue are also one sign of the 
xeromorphic structure of the leaf. It is assumed that the features of growth and the 
lanceolate form of a plate of a leaf of wheat, where the layers of the mesophyll are 
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closely interconnected with conducting beams, significantly limit the diffusion of 
carbon dioxide to the chloroplasts of mesophyll cells [42].

It was discovered that T. aestivum contains 73–74% of chlorophyll-carrying cells 
in the lower tiers, while in the flag list, their share is lower and amounts to only 59% 
[43]. The evidence that the leaf blades of different tiers are of different quality is the 
fact that in the leaves of the upper phytomeres of the shoot, a certain unification of 
the mesophyll cells takes place and the proportion of cells with a pronounced cel-
lular form significantly increases [40]. Such an organization of the leaf mesophyll 
can, in particular, contribute to the expansion of the adaptive potential of a par-
ticular species or variety to the emerging agroclimatic conditions. In general, under 
conditions of growing season that are different from optimal, those forms whose 
conditions of origin and natural habitat are characterized by a similar temperature 
regime and amount of precipitation with growing conditions at the moment are 
advantageous. This may be due to the presence of genetically fixed features that are 
adaptive in the geographic and climatic zone of their origin [8].

It is well known that the economic loss of the crop is greatest if the plant was 
subjected to stress in the juvenile stage [44]. Lack of precipitation and rapid drying 
of the soil can cause a quick death of a young plant. Therefore, great importance in 
studies of stress tolerance of agricultural crops is attached to the study of changes 
in the morphology and anatomy of both the root system and the leaf apparatus of 
wheat seedlings. It is also extremely important to study the reaction of the photo-
synthetic apparatus of different types of wheat to the osmotic and salt stress effects 
at the early stages of development. Experiments on seedlings for many decades have 
been an effective model system for studying a variety of physiological processes in 
plants, but as far as we know, there are few reports about the effects of different level 
water stresses on photosynthetic and metabolites activity of wheat seedlings [45].

Literature data show that during drought, both the length and width of the flag leaf 
and other plant morphological parameters for all wheat genotypes are significantly 
reduced, which, of course, affects the grain productivity. In a number of studies, a close 
positive correlation has been established between the size ratio of flag and subflag leaf 
sizes and the economic drought tolerance of varieties [46]. However, knowledge is lim-
ited on how effectively leaves of the top tier leaves, flag leaf in particular, can function 
under stress conditions or what adaptations could allow such functioning [25].

Callus cultures now are a convenient model object for the study of physiological 
processes occurring in plant cells under the influence of stress factors. Both in vivo 
and in vitro, cells in the light, synthesizing chlorophyll, can also acquire the ability 
to photosynthetically absorb carbon, that is, to implement a photoautotrophic diet 
typical for an intact plant.

Since embryogenesis of representatives of the Poaceae family is a photo-
morphophysiological process, figuring out how stressful conditions affect the 
process of photomorphogenesis in vitro is of practical importance in terms of 
developing new test methods for assessing stress tolerance in the laboratory, 
and fundamental is the identification of cytophysiological conditions for the 
formation of photoautotrophic embryonic calluses, totipotent cells which are 
able to develop in various ways of morphogenesis in vitro. In the literature there 
are also several studies on the physiological state of photosynthetic potato and 
wheat cells cultivated in vitro [47, 48]. In this regard, the study of the formation 
of in vitro photosynthetic function is necessary for understanding the nature 
of the reactions of the photosynthetic apparatus of isolated tissues to stressors. 
Knowledge of these mechanisms will allow us to more fully characterize the 
relationship of photosynthetic parameters in vivo and in vitro.

This work is part of the comprehensive studies conducted to study the collection 
of wheat congeners, including various physiological aspects of their resistance to 



Recent Advances in Grain Crops Research

48

important. If leaf growth under stress conditions occurs normally, then the process 
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in cell walls, which is a necessary condition for maintaining the optimal ratio of cell 
surface to its volume as well as the presence of a significant proportion of intercel-
lular spaces during evolution [40]. It was noted that during dry periods in some 
forms, an increase in the leaf mesophyll thickness may occur as a manifestation of 
the protective mechanism. In addition, it occurs due to an increase in the volume of 
the air cavities [41]. In plants with a loose mesophyll, an adequate supply of oxygen 
and carbon dioxide may be accumulated in the intercellular space, which is neces-
sary for photosynthesis and respiration. The development of sclerenchyma around 
conductive bundles and the presence of columnar tissue are also one sign of the 
xeromorphic structure of the leaf. It is assumed that the features of growth and the 
lanceolate form of a plate of a leaf of wheat, where the layers of the mesophyll are 
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closely interconnected with conducting beams, significantly limit the diffusion of 
carbon dioxide to the chloroplasts of mesophyll cells [42].

It was discovered that T. aestivum contains 73–74% of chlorophyll-carrying cells 
in the lower tiers, while in the flag list, their share is lower and amounts to only 59% 
[43]. The evidence that the leaf blades of different tiers are of different quality is the 
fact that in the leaves of the upper phytomeres of the shoot, a certain unification of 
the mesophyll cells takes place and the proportion of cells with a pronounced cel-
lular form significantly increases [40]. Such an organization of the leaf mesophyll 
can, in particular, contribute to the expansion of the adaptive potential of a par-
ticular species or variety to the emerging agroclimatic conditions. In general, under 
conditions of growing season that are different from optimal, those forms whose 
conditions of origin and natural habitat are characterized by a similar temperature 
regime and amount of precipitation with growing conditions at the moment are 
advantageous. This may be due to the presence of genetically fixed features that are 
adaptive in the geographic and climatic zone of their origin [8].

It is well known that the economic loss of the crop is greatest if the plant was 
subjected to stress in the juvenile stage [44]. Lack of precipitation and rapid drying 
of the soil can cause a quick death of a young plant. Therefore, great importance in 
studies of stress tolerance of agricultural crops is attached to the study of changes 
in the morphology and anatomy of both the root system and the leaf apparatus of 
wheat seedlings. It is also extremely important to study the reaction of the photo-
synthetic apparatus of different types of wheat to the osmotic and salt stress effects 
at the early stages of development. Experiments on seedlings for many decades have 
been an effective model system for studying a variety of physiological processes in 
plants, but as far as we know, there are few reports about the effects of different level 
water stresses on photosynthetic and metabolites activity of wheat seedlings [45].

Literature data show that during drought, both the length and width of the flag leaf 
and other plant morphological parameters for all wheat genotypes are significantly 
reduced, which, of course, affects the grain productivity. In a number of studies, a close 
positive correlation has been established between the size ratio of flag and subflag leaf 
sizes and the economic drought tolerance of varieties [46]. However, knowledge is lim-
ited on how effectively leaves of the top tier leaves, flag leaf in particular, can function 
under stress conditions or what adaptations could allow such functioning [25].

Callus cultures now are a convenient model object for the study of physiological 
processes occurring in plant cells under the influence of stress factors. Both in vivo 
and in vitro, cells in the light, synthesizing chlorophyll, can also acquire the ability 
to photosynthetically absorb carbon, that is, to implement a photoautotrophic diet 
typical for an intact plant.

Since embryogenesis of representatives of the Poaceae family is a photo-
morphophysiological process, figuring out how stressful conditions affect the 
process of photomorphogenesis in vitro is of practical importance in terms of 
developing new test methods for assessing stress tolerance in the laboratory, 
and fundamental is the identification of cytophysiological conditions for the 
formation of photoautotrophic embryonic calluses, totipotent cells which are 
able to develop in various ways of morphogenesis in vitro. In the literature there 
are also several studies on the physiological state of photosynthetic potato and 
wheat cells cultivated in vitro [47, 48]. In this regard, the study of the formation 
of in vitro photosynthetic function is necessary for understanding the nature 
of the reactions of the photosynthetic apparatus of isolated tissues to stressors. 
Knowledge of these mechanisms will allow us to more fully characterize the 
relationship of photosynthetic parameters in vivo and in vitro.

This work is part of the comprehensive studies conducted to study the collection 
of wheat congeners, including various physiological aspects of their resistance to 
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abiotic stresses for effective involvement in breeding and genetic programs as the 
starting material for interspecific crosses.

Therefore, the study is certainly relevant.
Research objectives:

1. Analysis of morphophysiological and photosynthetic parameters of different 
wheat species under drought conditions.

2. Cytological analysis of the first leaf blades of various wheat species under 
drought conditions.

3. Analysis of photosynthetic parameters of the first leaves of different wheat 
species under drought conditions.

4. Morphophysiological and cytological analysis of the flag leaves of different 
wheat species under drought conditions.

5. Analysis of the influence of drought on the photomorphophysiological param-
eters of different wheat species in vitro.

2. Materials and methods

Six species of wheat, which differ in genomic composition and origin, from the 
Institute of Plant Biology and Biotechnology collection, were studied: T. monococum 
L. (Au), T. dicoccum Shuebl. (AuB), T. polonicum L. (AuB), T. aethiopicum Jakubz. 
(AuB), T. compactum Host. (AuBD), and T. aestivum L. (AuBD).

In the laboratory evaluation of 10-day-old seedlings, Kozhushko’s [49] methods 
were used as a basis. Stress conditions for seedlings were created by them exposing 
to 17.6% sucrose solution, visual differences in samples in growth and biomass accu-
mulation. Control seedlings were grown in water. The experiments were carried out 
at a temperature of 26 ± 2°C and illumination of 3000 lux.

The plants which are grown in the field to the tillering stage out have been 
transferred to vegetative vessels of 5 liters per each of 5 plants in three replications 
and at regular watering were grown up to the boot stage begins. Further, a part of 
plants was exposed to an artificial wilting by the termination of watering during 
formation of a flag leaf within 7 days. The other part continued to be grown in 
the conditions of optimum water supply–60% of full moisture capacity. To assess 
the photosynthetic activity (FA) of the flag leaf on the third day, the fluorescence 
indices of the leaves were recorded in spring planting plants. After 5 days, the fluo-
rescence indices of the third, fourth, fifth, and sixth leaves were registered in plants 
in winter planting plants. The first two leaves by this point have lost the ability to 
photosynthesize. On the seventh day, linear measurements of the length and area 
of flag and subflag leaves were carried out. By a weight method, the length and the 
area of flag and subflag leaves in control and stressful conditions were measured.

Conservation of plants was carried out by the method of Strasburger-Flemming: 
fixation was performed in 70% ethyl alcohol, and preservative fluid is a mixture of 
alcohol-glycerol-water in a ratio of 1:1:1. Anatomical specimens were prepared with 
a microtome having a freezing unit TOC-2. Sections were placed in glycerine and 
balsam in accordance with conventional techniques of Prozina [50], Permyakova 
[51], and Barykina [52]. The thickness of the anatomical sections was 10 to 15 
microns. Micrographs of anatomic sections were made on a microscope with a 
camera MC 300 CAM V400/1.3 M (Austria).
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The total water content of the leaf blades was calculated from the below 
formula.

TWC = (а – b); where а is the initial mass of leaves (mg) and б is the leaf mass 
after drying at 105°C (mg) [49].

The specific surface density of the leaf (SSDL) was calculated as the ratio of the 
wet weight to the unit area of the sheet.

Chlorophyll was extracted in 96% ethanol using purified glass sand to homoge-
nize the samples. After centrifugation at 4°C (at 14,000 rpm), the chlorophyll a and 
b concentrations were determined with a spectrophotometer at 665 and 649 nm, 
respectively, with a Genesis 10 UV Scanning (ThermoScientific, USA). The concen-
trations were calculated according to Lichtenthaler [53].

To determine the photosynthetic CO2/H2O gas exchange, the sample of the 
sheet fragment was placed in a room temperature-cured sheet cell described earlier 
by Parnik [54], illuminated by a fiber-optic light guide from the illuminator (KL 
1500 LCD, Shott, Germany) with halogen lamp (150 Вт, Philips, Netherlands) 
with the density of the light flux of PAR in the field of the object 2000 мкЕ/(cм2). 
The stationary CO2 gas exchange of the sheet was measured with an infrared gas 
analyzer (LI-820, LiCor, USA) in an open single-channel scheme. Transpiration was 
determined by the Lysk principle [55].

For the production of callus culture and plant regeneration, the technique of 
Gaponenko et al. [56], developed for wheat and barley, was used. The calluses of 
each studied wheat species were transplanted to the proliferation media of calluses 
(MC with addition of 2,4-D at a concentration of 1 mg/L) in 20–25 days, optimal 
(pH 5.6–5.7). To test the method of obtaining an actively photosynthesizing callus cul-
ture, calluses on the third passage were placed on media with a concentration of 2.4-D 
reduced to 1 mg/L in three variants of sucrose concentration (30, 20 and 10 mg/L) and 
exposed to light in the conditions of the light-cultural room, where the temperature is 
25°C and the humidity is 75–80%. Some calluses continued to be cultivated in the dark. 
After culturing under these conditions for 20 days, the calluses were weighed and 
subjected to a cytological analysis. The addition of stressors (polyethylene glycol—16% 
w/v) simulated drought. Callus, cultured on a medium without a stressor, served as a 
control. In Petri dishes, 6–12 calluses were planted for each variant of the medium.

Cytological studies of callus tissues were carried out on pressed temporary 
preparations. The material was fixed in a freshly prepared Clark reagent (3 parts 
96% ethyl alcohol: 1 part glacial acetic acid), where it was stored for 12–24 h. All 
leaf blades were examined microscopically at 10× magnification (Micros; Austria), 
photographed with a video camera (YONGXIN OPTICS CAM V200) and analyzed 
with a computer program (YONGXIN OPTICS Scope Photo version 2.4) with an 
increase in the ×10 and ×40 lens.

The data of the experiment were analyzed statistically using Udolskaya’s method 
[57]. Samples for analysis were means of three samples for each treatment.

3. Experimental data generalization and analysis

3.1  Analysis of morphophysiological and photosynthetic parameters of 
different wheat species under drought conditions

Examination of the impact of drought stress on the growth characteristics of 
seedlings of six different wheat species revealed significant species-specific differ-
ences in the reduction of growth of the first leaf and roots [58] (Table 1).

It was shown that induced drought suppressed the growth of the first leaf 
more than root growth of the six different wheat species seedlings. These results 
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mulation. Control seedlings were grown in water. The experiments were carried out 
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The plants which are grown in the field to the tillering stage out have been 
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and at regular watering were grown up to the boot stage begins. Further, a part of 
plants was exposed to an artificial wilting by the termination of watering during 
formation of a flag leaf within 7 days. The other part continued to be grown in 
the conditions of optimum water supply–60% of full moisture capacity. To assess 
the photosynthetic activity (FA) of the flag leaf on the third day, the fluorescence 
indices of the leaves were recorded in spring planting plants. After 5 days, the fluo-
rescence indices of the third, fourth, fifth, and sixth leaves were registered in plants 
in winter planting plants. The first two leaves by this point have lost the ability to 
photosynthesize. On the seventh day, linear measurements of the length and area 
of flag and subflag leaves were carried out. By a weight method, the length and the 
area of flag and subflag leaves in control and stressful conditions were measured.

Conservation of plants was carried out by the method of Strasburger-Flemming: 
fixation was performed in 70% ethyl alcohol, and preservative fluid is a mixture of 
alcohol-glycerol-water in a ratio of 1:1:1. Anatomical specimens were prepared with 
a microtome having a freezing unit TOC-2. Sections were placed in glycerine and 
balsam in accordance with conventional techniques of Prozina [50], Permyakova 
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The total water content of the leaf blades was calculated from the below 
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TWC = (а – b); where а is the initial mass of leaves (mg) and б is the leaf mass 
after drying at 105°C (mg) [49].

The specific surface density of the leaf (SSDL) was calculated as the ratio of the 
wet weight to the unit area of the sheet.

Chlorophyll was extracted in 96% ethanol using purified glass sand to homoge-
nize the samples. After centrifugation at 4°C (at 14,000 rpm), the chlorophyll a and 
b concentrations were determined with a spectrophotometer at 665 and 649 nm, 
respectively, with a Genesis 10 UV Scanning (ThermoScientific, USA). The concen-
trations were calculated according to Lichtenthaler [53].

To determine the photosynthetic CO2/H2O gas exchange, the sample of the 
sheet fragment was placed in a room temperature-cured sheet cell described earlier 
by Parnik [54], illuminated by a fiber-optic light guide from the illuminator (KL 
1500 LCD, Shott, Germany) with halogen lamp (150 Вт, Philips, Netherlands) 
with the density of the light flux of PAR in the field of the object 2000 мкЕ/(cм2). 
The stationary CO2 gas exchange of the sheet was measured with an infrared gas 
analyzer (LI-820, LiCor, USA) in an open single-channel scheme. Transpiration was 
determined by the Lysk principle [55].

For the production of callus culture and plant regeneration, the technique of 
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each studied wheat species were transplanted to the proliferation media of calluses 
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(pH 5.6–5.7). To test the method of obtaining an actively photosynthesizing callus cul-
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control. In Petri dishes, 6–12 calluses were planted for each variant of the medium.

Cytological studies of callus tissues were carried out on pressed temporary 
preparations. The material was fixed in a freshly prepared Clark reagent (3 parts 
96% ethyl alcohol: 1 part glacial acetic acid), where it was stored for 12–24 h. All 
leaf blades were examined microscopically at 10× magnification (Micros; Austria), 
photographed with a video camera (YONGXIN OPTICS CAM V200) and analyzed 
with a computer program (YONGXIN OPTICS Scope Photo version 2.4) with an 
increase in the ×10 and ×40 lens.

The data of the experiment were analyzed statistically using Udolskaya’s method 
[57]. Samples for analysis were means of three samples for each treatment.

3. Experimental data generalization and analysis

3.1  Analysis of morphophysiological and photosynthetic parameters of 
different wheat species under drought conditions

Examination of the impact of drought stress on the growth characteristics of 
seedlings of six different wheat species revealed significant species-specific differ-
ences in the reduction of growth of the first leaf and roots [58] (Table 1).

It was shown that induced drought suppressed the growth of the first leaf 
more than root growth of the six different wheat species seedlings. These results 
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Species Area, сm2 Relative water cut,%

Control Drought % to 
control

Control Drought % to 
control

T. monococcum 3.03 ± 0.45 2.03 ± 0.30 67 1.04 ± 0.12 0.50 ± .08** 48

T. dicoccum 3.48 ± 0.52 2.90 ± 0.44 83 1.73 ± 0.23 1.32 ± 0.20 76

T. polonicum 3.56 ± 0.53 2.61 ± 0.39 73 1.83 ± 0.28 1.29 ± 0.15 71

T. aethiopicum 4.30 ± 0.65 3.28 ± 0.49 76 2.73 ± 0.43 2.06 ± 0.30 75

T. compactum 3.31 ± 0.50 2.85 ± 0.43 86 1.40 ± 0.18 1.23 ± 0.15 88

T. aestivum 4.35 ± 0.65 3.01 ± 0.45 69 1.64 ± 0.28 0.92 ± 0.12* 56

Note: plus/minus sign in the tables shows the relative error of the mean value; * and ** indicate significant differences 
at p ≤ 0.05 and p ≤ 0.01, respectively.

Table 2. 
The area of the first leaf of seedlings of different wheat species under drought conditions (17.6% sucrose 
solution, 72 h).

demonstrate the important role of the actively functioning root system of wheat 
under stressful conditions [58].

The relationship of root/leaf linear sizes (an important indicator of stress) of 
different wheat species also increased under drought conditions. T. polonicum, T. aes-
tivum, and T. compactum had the greatest increase in this ratio. The root/leaf relation-
ship for T. dicoccum and T. aethiopicum remained virtually unchanged under stress.

The decrease in the surface area of the leaves was a response to drought (Table 2). 
Maximum values under drought were noted in T. dicoccum (83%) and T. compactum 
(86%) species.

The tendency to decrease the water content of the leaves under stresses con-
firmed the results of determining the relative water content (Table 2). The largest 
content of water with respect to control in leaves under arid conditions was charac-
terized by T. compactum (88%), T. dicoccum (76%), and T. aethiopicum (71%).

3.2 Cytological analysis of the first leaf blades of various wheat species under 
drought conditions

The distribution of trichomes of adaxial and abaxial epidermis and the effect 
of osmotic stress on the change in their length were studied on the outer surface 
of a sheet of 10-day-old seedlings of different wheat species [10]. An increase in 

Species Length, % of control Ratio root/leaf, %

Leaf Root Control Drought

T. monococcum 80.9 ± 4.5* 89.5 ± 2.3* 56.3 ± 3.0 62.3 ± 3.1

T. dicoccum 82.8 ± 6.4* 93.6 ± 2.5 41.6 ± 2.4 47.0 ± 2.3

T. polonicum 87.8 ± 4.0* 127.2 ± 3.0** 43.7 ± 1.9 63.3 ± 3.2**

T. aethiopicum 85.5 ± 4.2* 92.6 ± 2.5 34.3 ± 2.0 31.7 ± 2.0

T. compactum 76.7 ± 2.7** 157.9 ± 3.8** 35.9 ± 1.9 73.9 ± 3.9**

T. aestivum 56.0 ± 2.2** 78.3 ± 2.0** 38.9 ± 2.0 54.5 ± 3.5**

Note: * and ** indicate significant differences at p ≤ 0.05 and p ≤ 0.01, respectively. Means ± standard deviations are 
presented.

Table 1. 
Relative growth of the first leaf and roots of seedlings of different wheat species under drought conditions 
(17.6% sucrose, 72 h).
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the length of the trichomes with increasing ploidy wheat was noted; the longest 
trichomes were noted for hexaploid T. aestivum and the shortest for diploid type 
of T. monococcum (Figure 1). The largest number of trichomes per 1 mm2 as on 
the adaxial and abaxial epidermis with an average of characteristic values in the 
absence of stress was observed in the species T. monococcum (44.9 ± 5.7 and 81.8 
± 3.7, respectively), T. dicoccum (53.0 ± 5.5 and 67.6 ± 4.8) and T. aestivum (42.0 ± 
3.5 and 61.5 ± 4.0). At the same, all wheat species had greater hairiness of abaxial 
epidermis, except for T. aethiopicum and T. compactum, in which the hairiness of the 
upper and lower surfaces of the leaf did not differ.

There is a marked change in leaf pubescence seedlings of all species under 
drought conditions; this is consistent with literature data [47]. Under drought 
conditions for species such as T. aethiopicum, T. compactum and T aestivum, there 
was noted tendency to increase the length of the trichomes of adaxial leaf surface 
(for species T. compactum, and T. aestivum difference was statistically significant), 
whereas for the species T. aethiopicum, T. compactum increased the length of the 
trichomes of both surfaces of the leaf. For species T. monococcum, there was a statisti-
cally significant reduction in the length of the trichomes of adaxial epidermis.

It was noted that an increase in ploidy increases the length of the stomata from 
39.0 μм at T. monococсum to 72.4 μм at T. aestivum. Especially there was a clear 
dependence for the adaxial surface of leaf (Figure 2).

It was shown that the number of stomata per 1 mm2 axial leaf epidermis of all 
the species is bigger than the abaxial surface (from 40.6 ± 3.9 to 90.9 ± 7.0 and from 
30.2 ± 2.9 to 62. 7 ± 4.3, respectively). There was a downward trend in the number 
of stomata per 1 mm2 of leaf surface with increasing ploidy wheat. An exception is 
the hexaploid T. aestivum; its adaxial surface in the number of stomata per unit area 

Figure 1. 
The differences in trichome length depending on the ploidy of wheat species, magnification 10×.  
(а) T. monococum (Au); (b) T. aethiopicum (AuB); and (c) T. аestivum (AuBD).

Figure 2. 
The differences in stomata length depending on the ploidy of wheat species, magnification 10×.  
(а) T. monococum (Au) and (b) T. аestivum (AuBD).
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Species Area, сm2 Relative water cut,%

Control Drought % to 
control

Control Drought % to 
control

T. monococcum 3.03 ± 0.45 2.03 ± 0.30 67 1.04 ± 0.12 0.50 ± .08** 48

T. dicoccum 3.48 ± 0.52 2.90 ± 0.44 83 1.73 ± 0.23 1.32 ± 0.20 76

T. polonicum 3.56 ± 0.53 2.61 ± 0.39 73 1.83 ± 0.28 1.29 ± 0.15 71

T. aethiopicum 4.30 ± 0.65 3.28 ± 0.49 76 2.73 ± 0.43 2.06 ± 0.30 75

T. compactum 3.31 ± 0.50 2.85 ± 0.43 86 1.40 ± 0.18 1.23 ± 0.15 88

T. aestivum 4.35 ± 0.65 3.01 ± 0.45 69 1.64 ± 0.28 0.92 ± 0.12* 56

Note: plus/minus sign in the tables shows the relative error of the mean value; * and ** indicate significant differences 
at p ≤ 0.05 and p ≤ 0.01, respectively.

Table 2. 
The area of the first leaf of seedlings of different wheat species under drought conditions (17.6% sucrose 
solution, 72 h).

demonstrate the important role of the actively functioning root system of wheat 
under stressful conditions [58].

The relationship of root/leaf linear sizes (an important indicator of stress) of 
different wheat species also increased under drought conditions. T. polonicum, T. aes-
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terized by T. compactum (88%), T. dicoccum (76%), and T. aethiopicum (71%).

3.2 Cytological analysis of the first leaf blades of various wheat species under 
drought conditions

The distribution of trichomes of adaxial and abaxial epidermis and the effect 
of osmotic stress on the change in their length were studied on the outer surface 
of a sheet of 10-day-old seedlings of different wheat species [10]. An increase in 

Species Length, % of control Ratio root/leaf, %

Leaf Root Control Drought

T. monococcum 80.9 ± 4.5* 89.5 ± 2.3* 56.3 ± 3.0 62.3 ± 3.1

T. dicoccum 82.8 ± 6.4* 93.6 ± 2.5 41.6 ± 2.4 47.0 ± 2.3

T. polonicum 87.8 ± 4.0* 127.2 ± 3.0** 43.7 ± 1.9 63.3 ± 3.2**

T. aethiopicum 85.5 ± 4.2* 92.6 ± 2.5 34.3 ± 2.0 31.7 ± 2.0

T. compactum 76.7 ± 2.7** 157.9 ± 3.8** 35.9 ± 1.9 73.9 ± 3.9**

T. aestivum 56.0 ± 2.2** 78.3 ± 2.0** 38.9 ± 2.0 54.5 ± 3.5**

Note: * and ** indicate significant differences at p ≤ 0.05 and p ≤ 0.01, respectively. Means ± standard deviations are 
presented.

Table 1. 
Relative growth of the first leaf and roots of seedlings of different wheat species under drought conditions 
(17.6% sucrose, 72 h).
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3.5 and 61.5 ± 4.0). At the same, all wheat species had greater hairiness of abaxial 
epidermis, except for T. aethiopicum and T. compactum, in which the hairiness of the 
upper and lower surfaces of the leaf did not differ.

There is a marked change in leaf pubescence seedlings of all species under 
drought conditions; this is consistent with literature data [47]. Under drought 
conditions for species such as T. aethiopicum, T. compactum and T aestivum, there 
was noted tendency to increase the length of the trichomes of adaxial leaf surface 
(for species T. compactum, and T. aestivum difference was statistically significant), 
whereas for the species T. aethiopicum, T. compactum increased the length of the 
trichomes of both surfaces of the leaf. For species T. monococcum, there was a statisti-
cally significant reduction in the length of the trichomes of adaxial epidermis.

It was noted that an increase in ploidy increases the length of the stomata from 
39.0 μм at T. monococсum to 72.4 μм at T. aestivum. Especially there was a clear 
dependence for the adaxial surface of leaf (Figure 2).

It was shown that the number of stomata per 1 mm2 axial leaf epidermis of all 
the species is bigger than the abaxial surface (from 40.6 ± 3.9 to 90.9 ± 7.0 and from 
30.2 ± 2.9 to 62. 7 ± 4.3, respectively). There was a downward trend in the number 
of stomata per 1 mm2 of leaf surface with increasing ploidy wheat. An exception is 
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Figure 1. 
The differences in trichome length depending on the ploidy of wheat species, magnification 10×.  
(а) T. monococum (Au); (b) T. aethiopicum (AuB); and (c) T. аestivum (AuBD).

Figure 2. 
The differences in stomata length depending on the ploidy of wheat species, magnification 10×.  
(а) T. monococum (Au) and (b) T. аestivum (AuBD).
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Figure 3. 
SSDL of leaf blades of different wheat species of in stress conditions, g/dm2.

exceeds the tetraploid species. The total area of stomata was: for adaxial surface, 
from 5 to 12%; for abaxial, from 3 to 5% of leaf area (1 mm2); and for T. aestivum, it 
was also maximal [10].

It was revealed that the effect of the stressors not only leads to the closure of 
stomata but also to their deformation—compression, bending, reducing linear 
value of the width and length, or, alternatively, swelling and “mucilaginized” for 
less stable forms, which causes a slight increase in the linear values of the width. In 
drought conditions there was a significant decrease in the parameters of length and 
width of stomata adaxial epidermis of species T. aestivum.

It was noted for the species T. dicoccum and T. aethiopicum the decrease in the 
magnitude of the specific density of leaf surface SDLS in stressful conditions was 
the most significant (Figure 3). Probably, the mesophyll of the first leaf of these 
species was packed less tightly in drought conditions than in control.

For a detailed understanding of the mechanisms of changing leaf density in 
osmotic stress, anatomical studies of the internal structure of leaf blades of 10-day 
seedlings of the studied wheat species were carried out.

This species was differenced in a number of anatomical parameters (Table 3).
From the presented data, it follows that the greatest thickening of both the abaxial 

and adaxial epidermis under stress conditions is characteristic of the species T. dicoc-
cum, T. polonicum, and T. aethiopicum. A similar arrangement of mesophyll cells allows 
us to characterize the type of structure of leaf mesophyll in all studied wheat species 
as a loose cellular-isolateral-palisade. It is characteristic for the T. aethiopicum and  
T. aestivum under drought conditions (thickening of mesophyll was 115.3% and 
117.4%, respectively, to control). In this experiment drought stress causes thickening 
of the central veins of almost all studied species except for wheat T. aestivum. As fol-
lows from the presented data, in most of the species except for T. monococcum,  
T. aestivum and size of the central vascular bundle during drought stress was 
increased, which is an indicative of its high adaptation ability to the drought. 
Consequently, indicators such as an increase in the stress of the sizes of protective and 
mechanical tissues, as well as mesophyll, can serve as criteria for selecting stress-
resistant forms of wheat. By analyzing the data virtually in all considered anatomical 
parameters of the leaves, we can say of a higher adaptive capacity of tetraploid wheat 
species T. dicoccum, T. polonicum and T. aethiopicum than hexaploid [10].

3.3  Analysis of photosynthetic parameters of the first leaf blades of various 
wheat species under drought conditions

A more uniform distribution of chloroplasts in the cells of the leaf blade in the 
absence of stress was observed. Chloroplasts were concentrated in the areas of 
vascular bundles under stressful conditions (Figure 4).
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Earlier, it was shown that the chlorophyll content in leaf blades was species-spe-
cific in the absence of stress, but it was independent of the ploidy level of the species 
studied, but T. aestivum had the highest concentration of chlorophyll (a+b) in leaf 
blades under normal conditions (control). Under stressful conditions the chlorophyll 
content of all studied species except for T. compactum and T. aethiopicum decreased 
significantly (by 75–84%), but for T. dicoccum it was increased [45] (Figure 5).

The ratio of chlorophyll a/b in our experiments was stable, independent of the 
changes in total chlorophyll content, suggesting that the osmotic stress applied in 
this study did not cause significant structural changes in the photosynthetic appara-
tus of seedlings of different wheat species [46].

The study of photosynthetic CO2 gas exchange, attributed to the chlorophyll 
(a + b) content in the leaf, revealed that the assimilation index remained practi-
cally unchanged under drought conditions only in T. dicoccum (Figure 6).

Species The 
thickness of 
the adaxial 
epidermis

The 
thickness of 
the abaxial 
epidermis

The 
thickness 

of the 
mesophyll

The thickness 
of the central 

vein

Size of the 
central 

vascular 
bundle

Control

T. monococcum 38.25 ± 2.50 31.50 ± 1.98 117.48 ± 17.80 490.57 ± 0.90* 39,408.14*

T. dicoccum 37.25 ± 2.02 38.80 ± 2.01 158.22 ± 2.30* 480.61 ± 1.80* 32,614.23*

T. polonicum 32.77 ± 0.65 26.57 ± 3.31 146.89 ± 0.98* 470.62 ± 3.40* 23,235.22*

T. aethiopicum 39.07 ± 1.70 36.97 ± 2.10 117.34 ± 0.90* 490.57 ± 2.30* 39,408.14*

T. compactum 32.60 ± 3.04 34.82 ± 2.60 105.73 ± 4.60 377.47 ± 7.80 11,309.73

T. aestivum 36.65 ± 1.42 27.94 ± 1.40 106.18 ± 3.80 411.71 ± 2.30 33,979.45

Drought

T. monococcum 37.25 ± 1.70 32.75 ± 0.50 144.29 ± 0.60 481.36 ± 0.70 28,952.92

T. dicoccum 42.25 ± 1.70* 40.05 ± 0.80* 145.25 ± 0.80 529.91 ± 1.90* 33,575.91*

T. polonicum 43.80 ± 0.80* 39.37 ± 0.70* 145.23 ± 0.50 553.59 ± 6.20* 54,739.11*

T. aethiopicum 41.80 ± 0.80* 39.37 ± 0.70* 135.23 ± 0.50 553.59 ± 6.20* 34,739.22*

T. compactum 38.98 ± 0.20 35.47 ± 0.50 138.03 ± 2.90 488.26 ± 4.50 22,167.12

T. aestivum 31.67 ± 2.80 28.94 ± 1.60 124.67 ± 0.70 374.99 ± 3.50 16,361.22

Note: plus/minus sign in the tables shows the relative error of the mean value; *, ** indicate significant differences at 
p ≤ 0.05 and p ≤ 0.01 respectively.

Table 3. 
Morphometric parameters of the first leaves of different wheat species under control and drought stress 
conditions (17.6% sucrose solution, 72 h).

Figure 4. 
Coloring of leaf blades of T. monococcum seedlings under (a) control and (b) drought stress conditions (17.6% 
sucrose solution, 72 h), magnification 10×.
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Figure 3. 
SSDL of leaf blades of different wheat species of in stress conditions, g/dm2.

exceeds the tetraploid species. The total area of stomata was: for adaxial surface, 
from 5 to 12%; for abaxial, from 3 to 5% of leaf area (1 mm2); and for T. aestivum, it 
was also maximal [10].

It was revealed that the effect of the stressors not only leads to the closure of 
stomata but also to their deformation—compression, bending, reducing linear 
value of the width and length, or, alternatively, swelling and “mucilaginized” for 
less stable forms, which causes a slight increase in the linear values of the width. In 
drought conditions there was a significant decrease in the parameters of length and 
width of stomata adaxial epidermis of species T. aestivum.

It was noted for the species T. dicoccum and T. aethiopicum the decrease in the 
magnitude of the specific density of leaf surface SDLS in stressful conditions was 
the most significant (Figure 3). Probably, the mesophyll of the first leaf of these 
species was packed less tightly in drought conditions than in control.

For a detailed understanding of the mechanisms of changing leaf density in 
osmotic stress, anatomical studies of the internal structure of leaf blades of 10-day 
seedlings of the studied wheat species were carried out.

This species was differenced in a number of anatomical parameters (Table 3).
From the presented data, it follows that the greatest thickening of both the abaxial 

and adaxial epidermis under stress conditions is characteristic of the species T. dicoc-
cum, T. polonicum, and T. aethiopicum. A similar arrangement of mesophyll cells allows 
us to characterize the type of structure of leaf mesophyll in all studied wheat species 
as a loose cellular-isolateral-palisade. It is characteristic for the T. aethiopicum and  
T. aestivum under drought conditions (thickening of mesophyll was 115.3% and 
117.4%, respectively, to control). In this experiment drought stress causes thickening 
of the central veins of almost all studied species except for wheat T. aestivum. As fol-
lows from the presented data, in most of the species except for T. monococcum,  
T. aestivum and size of the central vascular bundle during drought stress was 
increased, which is an indicative of its high adaptation ability to the drought. 
Consequently, indicators such as an increase in the stress of the sizes of protective and 
mechanical tissues, as well as mesophyll, can serve as criteria for selecting stress-
resistant forms of wheat. By analyzing the data virtually in all considered anatomical 
parameters of the leaves, we can say of a higher adaptive capacity of tetraploid wheat 
species T. dicoccum, T. polonicum and T. aethiopicum than hexaploid [10].

3.3  Analysis of photosynthetic parameters of the first leaf blades of various 
wheat species under drought conditions

A more uniform distribution of chloroplasts in the cells of the leaf blade in the 
absence of stress was observed. Chloroplasts were concentrated in the areas of 
vascular bundles under stressful conditions (Figure 4).
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Earlier, it was shown that the chlorophyll content in leaf blades was species-spe-
cific in the absence of stress, but it was independent of the ploidy level of the species 
studied, but T. aestivum had the highest concentration of chlorophyll (a+b) in leaf 
blades under normal conditions (control). Under stressful conditions the chlorophyll 
content of all studied species except for T. compactum and T. aethiopicum decreased 
significantly (by 75–84%), but for T. dicoccum it was increased [45] (Figure 5).

The ratio of chlorophyll a/b in our experiments was stable, independent of the 
changes in total chlorophyll content, suggesting that the osmotic stress applied in 
this study did not cause significant structural changes in the photosynthetic appara-
tus of seedlings of different wheat species [46].

The study of photosynthetic CO2 gas exchange, attributed to the chlorophyll 
(a + b) content in the leaf, revealed that the assimilation index remained practi-
cally unchanged under drought conditions only in T. dicoccum (Figure 6).
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p ≤ 0.05 and p ≤ 0.01 respectively.

Table 3. 
Morphometric parameters of the first leaves of different wheat species under control and drought stress 
conditions (17.6% sucrose solution, 72 h).

Figure 4. 
Coloring of leaf blades of T. monococcum seedlings under (a) control and (b) drought stress conditions (17.6% 
sucrose solution, 72 h), magnification 10×.
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Figure 6. 
The level of CO2 assimilation under control and drought conditions (17.6% sucrose solution, 72 h)  
(mkmol/(c* g Chl).

Figure 7. 
Intensity of transpiration of different wheat species under control and drought conditions (17.6% sucrose 
solution, 72 h) (mmol/c* g Chl).

Transpiration of leaves, correlated to the chlorophyll content (a + b), during 
drought, increased in T. aestivum and in T. dicoccum and in T. dicoccum—almost four 
times (Figure 7).

Figure 5. 
Concentrations of chlorophyll (a + b) under control and drought conditions (17.6% sucrose solution, 72 h). 
Note: Different letters above the bars represent significant differences at p ≤ 0.05.
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These results are consistent with literature data in which the increase in tran-
spiration intensity in conditions of water deficiency in the Saratovskaya-29 strain 
correlates with the specificity of response to osmotic stress, which is not typical for 
most plants but is one of the signs of high drought resistance of this variety [59]. 
Perhaps this sign is a pronounced indicator of drought resistance and for the species 
T. dicoccum.

We can also assume that one of the reasons for the increase in the rate of tran-
spiration, the renewal of growth, and the active functioning of the leaf in the T. 
aestivum and T. dicoccum species under induced drought conditions was the increase 
in water inflow from the roots, which is provided by the active work of the little 
stress-damaged root system of these species.

Reduction of stomatal conductance not only reduces water losses during transpi-
ration but also increases the efficiency of its use. Using a parameter, usually in the 
literature denoted as WUE (water use efficiency, ratio of intensity of assimilation 
of CO2/transpiration) or TE (transpiration efficiency) [36, 60], we estimated how 
great the loss of water by the plant is by assimilating a unit of carbon. The results of 
our experiments showed a significant reduction in the vegetative WUE both under 
artificial drought stress conditions (Figure 8).

The change in the specific surface density of the leaf (SSDL) was evaluated. A 
negative relationship was found between the indices of the SSDL and the WUE. But 
if under control conditions, it was r = −0.6** and under the conditions of induced 
drought, it decreased by half (r = −0.3*), which indicates the importance of taking 
into account the structural changes in leaf blades in connection with the efficiency 
of water exchange under stressful conditions.

Besides, we used the “saturation pulse” method for the detection of the effects 
of drought on photosynthesis of leaves different wheat species. As shown [45], most 
species had higher and light-dependent thermal dissipation (Y(NPQ )) under induced 
drought than in controls, indicating the presence of lesions in FS II. But there were no 
significant differences in the maximum quantum yield of PSII (Fv/Fm ratio).

3.4  Morphophysiological and cytological analysis of the flag leaf blades of 
various wheat species under drought conditions

It was revealed that the length of the two upper leaves of plants did not change 
significantly under the influence of drought and is made up by the flag sheet from 
81.7% (T. aethiopicum) to 107.5% (T. dicoccum) to control (according to the subflag 
sheet—104.9% (T. dicoccum) to the control) [60]. The area of the two upper leaves 

Figure 8. 
Change in plant WUE of different wheat species under control and drought conditions (17.6% sucrose solution, 
72 h), umol/mmol.
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These results are consistent with literature data in which the increase in tran-
spiration intensity in conditions of water deficiency in the Saratovskaya-29 strain 
correlates with the specificity of response to osmotic stress, which is not typical for 
most plants but is one of the signs of high drought resistance of this variety [59]. 
Perhaps this sign is a pronounced indicator of drought resistance and for the species 
T. dicoccum.

We can also assume that one of the reasons for the increase in the rate of tran-
spiration, the renewal of growth, and the active functioning of the leaf in the T. 
aestivum and T. dicoccum species under induced drought conditions was the increase 
in water inflow from the roots, which is provided by the active work of the little 
stress-damaged root system of these species.

Reduction of stomatal conductance not only reduces water losses during transpi-
ration but also increases the efficiency of its use. Using a parameter, usually in the 
literature denoted as WUE (water use efficiency, ratio of intensity of assimilation 
of CO2/transpiration) or TE (transpiration efficiency) [36, 60], we estimated how 
great the loss of water by the plant is by assimilating a unit of carbon. The results of 
our experiments showed a significant reduction in the vegetative WUE both under 
artificial drought stress conditions (Figure 8).

The change in the specific surface density of the leaf (SSDL) was evaluated. A 
negative relationship was found between the indices of the SSDL and the WUE. But 
if under control conditions, it was r = −0.6** and under the conditions of induced 
drought, it decreased by half (r = −0.3*), which indicates the importance of taking 
into account the structural changes in leaf blades in connection with the efficiency 
of water exchange under stressful conditions.

Besides, we used the “saturation pulse” method for the detection of the effects 
of drought on photosynthesis of leaves different wheat species. As shown [45], most 
species had higher and light-dependent thermal dissipation (Y(NPQ )) under induced 
drought than in controls, indicating the presence of lesions in FS II. But there were no 
significant differences in the maximum quantum yield of PSII (Fv/Fm ratio).

3.4  Morphophysiological and cytological analysis of the flag leaf blades of 
various wheat species under drought conditions

It was revealed that the length of the two upper leaves of plants did not change 
significantly under the influence of drought and is made up by the flag sheet from 
81.7% (T. aethiopicum) to 107.5% (T. dicoccum) to control (according to the subflag 
sheet—104.9% (T. dicoccum) to the control) [60]. The area of the two upper leaves 

Figure 8. 
Change in plant WUE of different wheat species under control and drought conditions (17.6% sucrose solution, 
72 h), umol/mmol.



Recent Advances in Grain Crops Research

58

of the studied wheat species was more strongly affected by the growth conditions. 
Thus, according to the flag sheet, the area under drought conditions was from 
41.3% (T. aethiopicum) to 79.1% (T. aestivum) to control; the area of the subflag leaf 
is from 58.9% (T. monococcum) to 101.2% (T. dicoccum) to the control (Table 4).

Observed increases of flag and subflag leaves area at tetra- and hexaploid species 
in comparison with a diploid T. monococcum can be a consequence of increase of total 
number of cells counting on a leaf, increase of the number of cellular divisions and an 
intensifications of division and stretching processes [33, 35].

Such species as T. aestivum and T. dicoccum were characterized by the largest area 
of a subflag leaf (91 and 101% to control, respectively), with some decrease for ratio 
of the flag/subflag area under drought from 125.5 to 109.1% in T. aestivum and from 
86.6 to 66.2% in T. dicoccum, but remain quite high. Thus, change of a ratio of a flag/
subflag is directly connected with preservation of functional abilities of a subflag 
leaf and with extent of development of a flag leaf under drought conditions. At 
more tolerance species decrease in this indicator was the smallest (Table 4).

Structural transformations of leaves observed in different phases of plant 
ontogeny under drought are described as changes in the direction of amplifica-
tion of xeromorphism [40]. The flag leaf may be inferior in length and density 
of pubescence to the rest [38]. According to our data [35], in di- and tetraploid 
species, the upper side of the flag leaf is pubescent less than the lower side. On 
the upper side of the leaf, the hairs are concentrated mainly on the veins, keep-
ing the same density throughout the entire width of the leaf blade. In this case, 
more hairs occur on the central vein and less—on the lateral. On the lower side of 
the leaf, the trichomes are placed evenly over the surface, both on the veins, and 
between them.

The drought that occurred during the formation of the flag leaf had a significant 
impact not only on the density of pubescence of the leaf blades but also on the 
length of trichomes of some species (Table 5). In the case of the diploid species,  
T. monococcum, trichome length reduction in both adaxial and abaxial epidermises 
was noted, while tetraploid species T. dicoccum and T. aethiopicum showed an 
increase in adaxial epidermal trichomes length. But in T. aethiopicum and T. aes-
tivum, we show an increase of the abaxial trichomes length, and in the species T. 
aestivum, it is expressed in greatest extent.

It is known that the larger the stomata and the smaller the cells, the more 
xeromorphous the species [41]. In accordance with our data [35], the largest 
xeromorphism of the flag leaf is also characteristic for tetraploid wheat species. 
The regularity of the location of a larger number of stomata on the lower (abaxial) 
epidermis of the leaf blade was remained. As in our experiment on seedlings [10], 
the stomata size was dependent on the ploidy of wheat species. The deficiency of 
soil moisture did not significantly affect the length of the stomata of most of the 
studied forms, which indicates a significant genetic stability of this trait [61].

The importance for the vital activity of plants of the internal structure of the 
flag leaf, carrying out basic water and gas exchange, during critical periods from 
20 days to flowering up to 10 days after flowering and during the period of grain 
filling, is unconditional. In the absence of a stress, the maximum values of adaxial 
epidermis characterized the species as T. dicoccum and T. aestivum (33.49 and 34.00 μм,  
respectively) regardless of their ploidy. The maximum values of abaxial epidermis 
were at hexaploid species of T. compactum (26.45 μм) [35] (Table 6).

The maximum thickness of a mesophile is noted at a tetraploid of T. dicoccum 
(352.89 μм). The tetraploids of T. dicoccum and T. aethiopicum had a maximum thick-
ness of the central vein (951.60, 931.57, and 926.86 μм, respectively). And the biggest 
size of the central conducting bundle is noted at a diploidic species of T. monococcum 
and a hexaploid of T. compactum (35,155.73 and 38,424.32 μм, respectively).
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of the studied wheat species was more strongly affected by the growth conditions. 
Thus, according to the flag sheet, the area under drought conditions was from 
41.3% (T. aethiopicum) to 79.1% (T. aestivum) to control; the area of the subflag leaf 
is from 58.9% (T. monococcum) to 101.2% (T. dicoccum) to the control (Table 4).

Observed increases of flag and subflag leaves area at tetra- and hexaploid species 
in comparison with a diploid T. monococcum can be a consequence of increase of total 
number of cells counting on a leaf, increase of the number of cellular divisions and an 
intensifications of division and stretching processes [33, 35].

Such species as T. aestivum and T. dicoccum were characterized by the largest area 
of a subflag leaf (91 and 101% to control, respectively), with some decrease for ratio 
of the flag/subflag area under drought from 125.5 to 109.1% in T. aestivum and from 
86.6 to 66.2% in T. dicoccum, but remain quite high. Thus, change of a ratio of a flag/
subflag is directly connected with preservation of functional abilities of a subflag 
leaf and with extent of development of a flag leaf under drought conditions. At 
more tolerance species decrease in this indicator was the smallest (Table 4).

Structural transformations of leaves observed in different phases of plant 
ontogeny under drought are described as changes in the direction of amplifica-
tion of xeromorphism [40]. The flag leaf may be inferior in length and density 
of pubescence to the rest [38]. According to our data [35], in di- and tetraploid 
species, the upper side of the flag leaf is pubescent less than the lower side. On 
the upper side of the leaf, the hairs are concentrated mainly on the veins, keep-
ing the same density throughout the entire width of the leaf blade. In this case, 
more hairs occur on the central vein and less—on the lateral. On the lower side of 
the leaf, the trichomes are placed evenly over the surface, both on the veins, and 
between them.

The drought that occurred during the formation of the flag leaf had a significant 
impact not only on the density of pubescence of the leaf blades but also on the 
length of trichomes of some species (Table 5). In the case of the diploid species,  
T. monococcum, trichome length reduction in both adaxial and abaxial epidermises 
was noted, while tetraploid species T. dicoccum and T. aethiopicum showed an 
increase in adaxial epidermal trichomes length. But in T. aethiopicum and T. aes-
tivum, we show an increase of the abaxial trichomes length, and in the species T. 
aestivum, it is expressed in greatest extent.

It is known that the larger the stomata and the smaller the cells, the more 
xeromorphous the species [41]. In accordance with our data [35], the largest 
xeromorphism of the flag leaf is also characteristic for tetraploid wheat species. 
The regularity of the location of a larger number of stomata on the lower (abaxial) 
epidermis of the leaf blade was remained. As in our experiment on seedlings [10], 
the stomata size was dependent on the ploidy of wheat species. The deficiency of 
soil moisture did not significantly affect the length of the stomata of most of the 
studied forms, which indicates a significant genetic stability of this trait [61].

The importance for the vital activity of plants of the internal structure of the 
flag leaf, carrying out basic water and gas exchange, during critical periods from 
20 days to flowering up to 10 days after flowering and during the period of grain 
filling, is unconditional. In the absence of a stress, the maximum values of adaxial 
epidermis characterized the species as T. dicoccum and T. aestivum (33.49 and 34.00 μм,  
respectively) regardless of their ploidy. The maximum values of abaxial epidermis 
were at hexaploid species of T. compactum (26.45 μм) [35] (Table 6).

The maximum thickness of a mesophile is noted at a tetraploid of T. dicoccum 
(352.89 μм). The tetraploids of T. dicoccum and T. aethiopicum had a maximum thick-
ness of the central vein (951.60, 931.57, and 926.86 μм, respectively). And the biggest 
size of the central conducting bundle is noted at a diploidic species of T. monococcum 
and a hexaploid of T. compactum (35,155.73 and 38,424.32 μм, respectively).
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Species Width of 
adaxial 

epidermis

Width of 
abaxial 

epidermis

Thickness of 
a mesophile

Thickness of 
the central 

vein

The size of 
the central 
conducting 

bundle

Control

T. monococcum 20.5 ± 0.6 19.8 ± 0.1 210.5 ± 1.9 457.8 ± 3.3 35,155.7*

T. dicoccum 33.5 ± 0.4** 19.8 ± 0.1 352.9 ± 3.3* 951.6 ± 7.9** 24,859.6

T. polonicum 29.3 ± 1.9* 22.2 ± 0.0* 209.2 ± 2.6 409.4 ± 4.8 29,054.3*

T. aethiopicum 27.4 ± 0.2* 16.8 ± 0.1 252.7 ± 3.1 931.6 ± 5.9** 18,594.8

T. compactum 27.4 ± 0.3* 26.5 ± 0.1** 134.8 ± 2.2 512.9 ± 4.9 38,424.3*

T. aestivum 34.0 ± 0.9** 19.2 ± 0.01 215.3 ± 2.2 520.1 ± 4.5 22,244.7

Drought (the termination of watering, 7 days)

T. monococcum 30.2 ± 0.6** 17.0 ± 0.8 90.5 ± 1.7 298.7 ± 3.7 8807.1

T. dicoccum 28.1 ± 0.5* 24.8 ± 0.7* 141.9 ± 2.3* 577.9 ± 5.6* 19,775.1*

T. polonicum 28.9 ± 0.7* 18.8 ± 0.6 65.1 ± 0.9 789.2 ± 3.2** 18,612.9

T. aethiopicum 22.7 ± 0.3 18.3 ± 0.2 99.1 ± 1.8 371.1 ± 3.9 18,612.9

T. compactum 29.4 ± 0.3* 21.5 ± 0.1 163.5 ± 2.1* 510.3 ± 4.7* 18,612.9

T. aestivum 26.0 ± 0.4 24.0 ± 0.3* 183.5 ± 2.2* 483.2 ± 4.4* 20,991.8*

Note: plus/minus sign in the tables shows the relative error of the mean value; *, ** indicate significant differences at 
p ≤ 0.05 and p ≤ 0.01 respectively.

Table 6. 
Morphometric parameters of a flag leafs of different species of wheat in control and drought conditions, μм.

In control the maximum thickness of a mesophile is noted for the tetraploid 
T. dicoccum (352.89 μм). The tetraploids T. dicoccum and T. aethiopicum had 
also a maximum thickness of the central vein (951.60, 931.57 and 926.86 μм, 
respectively).

The drought exerted various impacts on parameters of a flag leaf of the studied 
wheat species. In hexaploid group the average value of thickness of a mesophyll 
increased by 50–56% in comparison with tetra- and diploids, respectively.

Species The length of the trichomes, μм

Adaxial epidermis Abaxial epidermis

Control Drought Control Drought

T. monococcum 35.5 ± 1.7 21.2 ± 2.6** 44.0 ± 4.3 21.1 ± 3.5**

T. dicoccum 21.4 ± 3.1 30.1 ± 1.4** 32.1 ± 3.8 32.2 ± 2.1

T. polonicum 19.4 ± 2.4 18.7 ± 2.4 23.5 ± 2.6 22.7 ± 2.7

T. aethiopicum 54.8 ± 0.9 59.8 ± 2.6 65.5 ± 1.8 44.3 ± 4.4**

T. compactum 21.7 ± 2.5 21.0 ± 3.4 22.5 ± 0.7 20.1 ± 2.9

T. aestivum 72.8 ± 3.4 34.2 ± 1.5** 21.8 ± 4.1 74.5 ± 4.2**

Note: The plus/minus sign in the tables shows the relative error of the mean value. The *, ** signs show the reliability 
of the t-test differences at 0.05 and 0.01 significance level with respect to the control.

Table 5. 
Change the size of trichomes of flag leafs blades of different species of wheat depending on the influence of stress 
factors (the termination of watering, 7 days).
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On the flag leaf, we did not find such clear relations by formation of anatomical 
parameters with ploidy under stress as on the seedlings. This may be due to the dif-
ferent quality of leaf blades of different tiers. Since the conditions for the formation 
of the upper leaves, in contrast to the lower ones, vary to a very wide extent, respec-
tively, the morphological characteristics of the leaves of the upper tiers have a much 
greater range of variation. At the hexaploid species, more “degrees of protection” to 
a lack of moisture than di- and tetraploid were obeserved. In general, the anatomi-
cal structure of the leaves of various wheat species under the influence of drought is 
labile and reflects the degree of adaptation of individual species.

As appears from the submitted data, in control conditions we could see the 
impact on formation of the area of a leaf thickness of adaxial (top) epidermis, 
thickness of the central vein (r = 0.7*), and indirectly influenced thickness of a 
mesophyll (r = 0.4) (Figure 9).

But the drought that completely leveled the importance of thickness of the top 
epidermis has reduced the importance of a mesophyll (r = 0.3) and the central 
vein (r = 0.5*) but has brought to the forefront influence of the sizes of the central 
conducting bundle (r = 0.9**) and thickness of abaxial (lower) epidermis (r = 0.6*).

As the lower epidermis of a leaf is not covered with a cuticle and it has bigger 
quantity of stomas than the top, what making it the main location of gas exchange 
and transpiration, its thickening at drought is an important adaptation sign.

The decrease in the sizes of the main conducting bundle at a drought is directly 
connected with reduction of the sizes of area of a xylem which is directly responsible 
for the ability of plants to absorb water and to carry out nutrients, changing the 
diameter of a vessel. Consequently, such indicators as thickness of abaxial (lower) 
epidermis and the size of the central conducting bundle are correlatively connected 
with growth indicators of a flag leaf in case of a drought and do not depend on the 
ploidy of the studied species. Thus, it is eaten out of the maximal capability to adap-
tation to drought conditions in the late stages of ontogeny of a flag leaf of T. dicoccum 
and T. aestivum wheat species.

3.5  Analysis of the influence of drought on the photomorphophysiological 
parameters of different wheat species in vitro

Embryogenic photomorphogenic calluses for all studied types of wheat were 
obtained. The lowest percentage of callusogenesis from immature embryos was noted 
in the diploid species T. monococcum (14.6%), and hexaploid forms were character-
ized by the highest frequency of callusogenesis (87–91%).

Figure 9. 
Influence of drought on correlative interactions between the leaf area and basic anatomic parameters of a flag leaf.
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Species Width of 
adaxial 

epidermis

Width of 
abaxial 

epidermis

Thickness of 
a mesophile

Thickness of 
the central 

vein

The size of 
the central 
conducting 

bundle

Control

T. monococcum 20.5 ± 0.6 19.8 ± 0.1 210.5 ± 1.9 457.8 ± 3.3 35,155.7*

T. dicoccum 33.5 ± 0.4** 19.8 ± 0.1 352.9 ± 3.3* 951.6 ± 7.9** 24,859.6

T. polonicum 29.3 ± 1.9* 22.2 ± 0.0* 209.2 ± 2.6 409.4 ± 4.8 29,054.3*

T. aethiopicum 27.4 ± 0.2* 16.8 ± 0.1 252.7 ± 3.1 931.6 ± 5.9** 18,594.8

T. compactum 27.4 ± 0.3* 26.5 ± 0.1** 134.8 ± 2.2 512.9 ± 4.9 38,424.3*

T. aestivum 34.0 ± 0.9** 19.2 ± 0.01 215.3 ± 2.2 520.1 ± 4.5 22,244.7

Drought (the termination of watering, 7 days)

T. monococcum 30.2 ± 0.6** 17.0 ± 0.8 90.5 ± 1.7 298.7 ± 3.7 8807.1

T. dicoccum 28.1 ± 0.5* 24.8 ± 0.7* 141.9 ± 2.3* 577.9 ± 5.6* 19,775.1*

T. polonicum 28.9 ± 0.7* 18.8 ± 0.6 65.1 ± 0.9 789.2 ± 3.2** 18,612.9

T. aethiopicum 22.7 ± 0.3 18.3 ± 0.2 99.1 ± 1.8 371.1 ± 3.9 18,612.9

T. compactum 29.4 ± 0.3* 21.5 ± 0.1 163.5 ± 2.1* 510.3 ± 4.7* 18,612.9

T. aestivum 26.0 ± 0.4 24.0 ± 0.3* 183.5 ± 2.2* 483.2 ± 4.4* 20,991.8*

Note: plus/minus sign in the tables shows the relative error of the mean value; *, ** indicate significant differences at 
p ≤ 0.05 and p ≤ 0.01 respectively.

Table 6. 
Morphometric parameters of a flag leafs of different species of wheat in control and drought conditions, μм.

In control the maximum thickness of a mesophile is noted for the tetraploid 
T. dicoccum (352.89 μм). The tetraploids T. dicoccum and T. aethiopicum had 
also a maximum thickness of the central vein (951.60, 931.57 and 926.86 μм, 
respectively).

The drought exerted various impacts on parameters of a flag leaf of the studied 
wheat species. In hexaploid group the average value of thickness of a mesophyll 
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Table 5. 
Change the size of trichomes of flag leafs blades of different species of wheat depending on the influence of stress 
factors (the termination of watering, 7 days).
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On the flag leaf, we did not find such clear relations by formation of anatomical 
parameters with ploidy under stress as on the seedlings. This may be due to the dif-
ferent quality of leaf blades of different tiers. Since the conditions for the formation 
of the upper leaves, in contrast to the lower ones, vary to a very wide extent, respec-
tively, the morphological characteristics of the leaves of the upper tiers have a much 
greater range of variation. At the hexaploid species, more “degrees of protection” to 
a lack of moisture than di- and tetraploid were obeserved. In general, the anatomi-
cal structure of the leaves of various wheat species under the influence of drought is 
labile and reflects the degree of adaptation of individual species.

As appears from the submitted data, in control conditions we could see the 
impact on formation of the area of a leaf thickness of adaxial (top) epidermis, 
thickness of the central vein (r = 0.7*), and indirectly influenced thickness of a 
mesophyll (r = 0.4) (Figure 9).

But the drought that completely leveled the importance of thickness of the top 
epidermis has reduced the importance of a mesophyll (r = 0.3) and the central 
vein (r = 0.5*) but has brought to the forefront influence of the sizes of the central 
conducting bundle (r = 0.9**) and thickness of abaxial (lower) epidermis (r = 0.6*).

As the lower epidermis of a leaf is not covered with a cuticle and it has bigger 
quantity of stomas than the top, what making it the main location of gas exchange 
and transpiration, its thickening at drought is an important adaptation sign.

The decrease in the sizes of the main conducting bundle at a drought is directly 
connected with reduction of the sizes of area of a xylem which is directly responsible 
for the ability of plants to absorb water and to carry out nutrients, changing the 
diameter of a vessel. Consequently, such indicators as thickness of abaxial (lower) 
epidermis and the size of the central conducting bundle are correlatively connected 
with growth indicators of a flag leaf in case of a drought and do not depend on the 
ploidy of the studied species. Thus, it is eaten out of the maximal capability to adap-
tation to drought conditions in the late stages of ontogeny of a flag leaf of T. dicoccum 
and T. aestivum wheat species.

3.5  Analysis of the influence of drought on the photomorphophysiological 
parameters of different wheat species in vitro

Embryogenic photomorphogenic calluses for all studied types of wheat were 
obtained. The lowest percentage of callusogenesis from immature embryos was noted 
in the diploid species T. monococcum (14.6%), and hexaploid forms were character-
ized by the highest frequency of callusogenesis (87–91%).

Figure 9. 
Influence of drought on correlative interactions between the leaf area and basic anatomic parameters of a flag leaf.
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It was revealed that the growth rates of callus tissue in the studied species and 
hybrids of wheat in the dark and in the light differed on media differing in the level 
of carbohydrate nutrition. At 20 g/L, the accumulation of biomass, as a rule, was 
the greatest (83–117%) [62, 63].

A comparative analysis of the morphophysiological characteristics of calluses, 
which was cultivated in the dark and in the light, showed that the calli growing in the 
dark had a disordered loose structure, callus tissue watered, easily disintegrating into 
individual cells.

At 20% sucrose concentration in the nutrient medium, we pronounced zones of 
formation of morphogenic structures in calluses were revealed. They lacked almost 
no chlorophyll in the absence of lighting, but when the callus was exposed, they 
were green. The isodiametric shape of the cells, the intensely colored cytoplasm, 
and the tight adherence of the cells to each other made it possible to characterize the 
cells of such callus as meristematically active, with photomorphogenic light, which 
also agrees with the literature data [53]. In the light, in the greening meristematic 
zones, chlorophyll-containing areas (CCA) of formation of tracheid structures and 
conducting beams are clearly marked, which indicates the onset of the regeneration 
process (Figure 10). These processes were characteristic of the calluses of all the 
species studied. Thus, it is possible to draw a positive conclusion about the possibil-
ity of obtaining strains of the photoheterotrophic callus culture from heterotrophic 
calli of various wheat species with optimum light conditions and carbohydrate 
composition of the nutrient medium.

It was shown that the onset of the formation of chlorophyll in callus indicates 
the onset of morphogenesis. Optimum conditions for intensive formation of green 

Figure 10. 
Cells of calli growing at 20% sucrose concentration, magnification 40×. (а) meristematic cells of morphogenic 
callus growing in the dark; (b) site of formation of tracheid structures; (c) chloroplasts in callus cells in the 
light; and (d) green zone of regeneration start.
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pigments in cells were 20 g/L sucrose in a nutrient medium and stimulation of callus 
tissues by illumination. Most of the calluses had a high regenerative capacity during 
further cultivation for 2–3 weeks. At the same time, the correlation between the 
accumulation of callus biomass in the studied wheat species and their regenerative 
capacity under optimized conditions was quite high (−r = 0.9***) (Figure 11).

Reliable correlation between the average size of the main spike of the studied 
wheat species in the field (averaged perennial data) and the ability to accumulate 
biomass by calluses of these species in vitro was r = 1*** (Figure 12a), and cor-
relation between the main spike and ability of callus tissues to regeneratе a plants 
r = 0.7** was revealed (Figure 12b).

Thus, these results show that the optimization of the conditions for the cultiva-
tion of calluses of various types of wheat has been achieved both for obtaining 
photomorphogenic callus culture and plant regeneration and for obtaining callus 
tissue of sufficient biomass for various experiments, including resistance to abiotic 
stresses in vitro. According to the results of this research, the Patent of the Republic 
of Kazakhstan No. 1642 for the utility model “Method for obtaining of photosyn-
thesizing callus culture of wheat” in 2016 was obtained.

The analysis of drought effect on the callus tissues of different wheat species 
showed that calluses of tetraploid species of T. dicoccum, T. polonicum, T. aethiopi-
cum, and hexaploid T. aestivum in control conditions were significantly superior 
to other species in terms of the growth of raw biomass. In drought conditions in 
tetraploid wheat forms, biomass depression was also less pronounced than in others 
(Figure 13).

We showed that photomorphogenic calluses even in stressful conditions formed 
several greening loci (Figure 14a). Chloroplasts in zones of somatic embryogenesis 
were similar to chloroplasts of leaf mesophyll cells. But in contrast to intact plants, 
in which chloroplasts are usually located near the cell walls, in the callus cells, the 
arrangement of chloroplasts is chaotic (Figure 14b).

The most active processes of photomorphogenesis under stress conditions are 
found in callus developing in the light, which have a relatively small increase in the 
biomass of cell colonies. This reflects the negative genetic mechanism of interac-
tion between growth processes and photosynthesis in the formation of plant tissue 
in vitro and is consistent with the literature data [64].

Thus, a large percentage of regenerating plants under conditions of induced 
drought in vitro was noted in species T. dicoccum (67%) and T. aestivum (50%). 
With prolonged exposure to stress, plasmolysis observed in most of the studied 
forms and the proportion of vacuolated cells that lie in the lower part of the callus 
and contact with the nutrient medium was decreased. The increase in the duration 

Figure 11. 
The correlations between the accumulation of biomass and the regenerative capacity of callus tissues of various 
wheat species in vitro.
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Figure 14. 
Regeneration processes (hemogenesis) in callus tissue of wheat, magnification 40×. (a) Numerous regeneration 
zones in callus tissue and (b) chloroplasts in callus cells.

Figure 12. 
Correlation links between (a) regenerative ability of callus tissues and (b) biomass of calluses of different 
wheat species and number of grains in the main spike (average long-term data).

Figure 13. 
Growth of biomass of calli of various wheat species in vitro in control and induced drought (PEG-6000, 16% 
(weight/volume)) conditions.
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of the stressful action led to the processes of degeneration of the photomorphogenic 
tissues and the destruction of ССA and trachea-like structures, primarily in the 
calluses of less stable species (Figure 15).

The destruction of synthesized pigments and the cessation of their synthesis 
de novo indicate a stress-induced disturbance of the mechanisms coordinating the 
formation of pigments and their protein carriers. In general, the proportion of cal-
lus cells containing chloroplasts, as well as the osmotic characteristics of callus cells, 
can serve as indicators of the photomorphogenetic competence of the species under 
stress conditions in vitro. The T. dicoccum and T. aestivum species, in which the for-
mation of ССA under stress conditions prevailed over the processes of rhizogenesis, 
can be considered the most resistant to drought stress in vitro.

4. Conclusion

The present study, which involved wheat species with different genome con-
tents, includes a complex analysis of photosynthetic apparatus resistance to drought 
stress in vivo at different levels of organization as well as in vitro on callus cultures, 
which was conducted for the first time.

Six species of wheat were studied: T. monococum L. (AuAu), T. dicoccum Shuebl. 
(AuAuBB), T. polonicum L. (AuAuBB), T. aethiopicum Jakubz. (AuAuBB), T. compactum  
Host. (AuAuBBDD), and T. aestivum L. (AuAuBBDD).

The new results were obtained. These experiments revealed a number of com-
mon nonspecific mechanisms regulating growth and photosynthetic activity of 
the leaf apparatus of seedlings of different wheat species seedlings under drought 
stress. Furthermore, species-specific differences in the response to induced drought 
were demonstrated. Drought stress had effect on the leaf apparatus of juvenile 
plants. Among the wheat species with different origins, levels of ploidy and 
genomic composition, a variety of evolutionary mechanisms for protection against 
exposure to stressors in the form of tolerance, were identified in tetraploid species 
and especially T. dicoccum.

T. dicoccum as well as T. aestivum species also had the largest under flag leaf area 
at late stages of ontogeny. They also had in comparison with other studied species 
the maximum flag leaf area under drought conditions compared to optimal ones. 
The changes in flag/subflag ratio appeared to be closely connected with subflag 
functionality retention as well as with flag development level under stress condi-
tions. The more tolerant forms showed less decrease of this ratio under drought.

Figure 15. 
Processes of degeneration of photomorphogenic callus tissue of wheat under conditions of induced drought, 
magnification 40×. (а) Plasmolysis in large vacuolated cells of T. compactum and (b) destruction of CCA in 
callus cells of T. polonicum.



Recent Advances in Grain Crops Research

64

Figure 14. 
Regeneration processes (hemogenesis) in callus tissue of wheat, magnification 40×. (a) Numerous regeneration 
zones in callus tissue and (b) chloroplasts in callus cells.

Figure 12. 
Correlation links between (a) regenerative ability of callus tissues and (b) biomass of calluses of different 
wheat species and number of grains in the main spike (average long-term data).

Figure 13. 
Growth of biomass of calli of various wheat species in vitro in control and induced drought (PEG-6000, 16% 
(weight/volume)) conditions.

65

Morphophysiological and Photosynthetic Reactions of Wheat (T. aestivum L.) and Its Wild…
DOI: http://dx.doi.org/10.5772/intechopen.86340

of the stressful action led to the processes of degeneration of the photomorphogenic 
tissues and the destruction of ССA and trachea-like structures, primarily in the 
calluses of less stable species (Figure 15).

The destruction of synthesized pigments and the cessation of their synthesis 
de novo indicate a stress-induced disturbance of the mechanisms coordinating the 
formation of pigments and their protein carriers. In general, the proportion of cal-
lus cells containing chloroplasts, as well as the osmotic characteristics of callus cells, 
can serve as indicators of the photomorphogenetic competence of the species under 
stress conditions in vitro. The T. dicoccum and T. aestivum species, in which the for-
mation of ССA under stress conditions prevailed over the processes of rhizogenesis, 
can be considered the most resistant to drought stress in vitro.

4. Conclusion

The present study, which involved wheat species with different genome con-
tents, includes a complex analysis of photosynthetic apparatus resistance to drought 
stress in vivo at different levels of organization as well as in vitro on callus cultures, 
which was conducted for the first time.

Six species of wheat were studied: T. monococum L. (AuAu), T. dicoccum Shuebl. 
(AuAuBB), T. polonicum L. (AuAuBB), T. aethiopicum Jakubz. (AuAuBB), T. compactum  
Host. (AuAuBBDD), and T. aestivum L. (AuAuBBDD).

The new results were obtained. These experiments revealed a number of com-
mon nonspecific mechanisms regulating growth and photosynthetic activity of 
the leaf apparatus of seedlings of different wheat species seedlings under drought 
stress. Furthermore, species-specific differences in the response to induced drought 
were demonstrated. Drought stress had effect on the leaf apparatus of juvenile 
plants. Among the wheat species with different origins, levels of ploidy and 
genomic composition, a variety of evolutionary mechanisms for protection against 
exposure to stressors in the form of tolerance, were identified in tetraploid species 
and especially T. dicoccum.

T. dicoccum as well as T. aestivum species also had the largest under flag leaf area 
at late stages of ontogeny. They also had in comparison with other studied species 
the maximum flag leaf area under drought conditions compared to optimal ones. 
The changes in flag/subflag ratio appeared to be closely connected with subflag 
functionality retention as well as with flag development level under stress condi-
tions. The more tolerant forms showed less decrease of this ratio under drought.

Figure 15. 
Processes of degeneration of photomorphogenic callus tissue of wheat under conditions of induced drought, 
magnification 40×. (а) Plasmolysis in large vacuolated cells of T. compactum and (b) destruction of CCA in 
callus cells of T. polonicum.



Recent Advances in Grain Crops Research

66

Changes in growth activity of different wheat species appeared to be connected 
changes in photosynthetic apparatus work under stress conditions. Also different 
mechanisms developed with evolution can be involved in resistant processes against 
abiotic factors influence.

The study of photosynthetic CO2 gas exchange at the background of significant 
decrease of assimilation and transpiration of most studied species showed high lev-
els of these parameters in T. dicoccum as well as T. aestivum samples. The significant 
decrease of plant WUE was described under drought stress. A negative relationship 
was found between the indices of the SSDL and the WUE, which decreased under 
stress conditions, which indicates the importance of taking into account the struc-
tural changes in leaf blades in connection with the efficiency of water exchange 
under stressful conditions.

The anatomic features of inner and external surfaces of leaves of all studied 
wheat species growing under optimal and stress conditions were described. Most 
of studied anatomic parameters of seedlings testified higher adaptation ability 
of tetraploid wheat species compared to hexaploid species. The enlargement of 
resistant and mechanical tissues and mesophyll size appeared to be a good criteria 
of stress-tolerant form selection at early growth stages.

Leaf blades of hexaploid species have more adaptive mechanisms than leaf 
blades of di- and tetraploid species at late growth stages. It was revealed that abaxial 
epidermis thickness and central conducting bundle size correlate with flag size 
under drought conditions. So these parameters can become suitable criteria of 
selection of wheat drought-tolerant forms. T. dicoccum as well as T. aestivum had the 
highest adaptive potential to drought according to data on the anatomy of leaves of 
upper tiers.

The maximum in vitro callusogenesis frequency was detected in immature 
embryo culture of hexaploid species, the minimum of diploid species T. monococcum.  
The tetraploid species calluses had higher weight than calluses of other species. The 
species specific of CCA formation was shown. It was revealed that callusogenesis, 
morphogenesis, and CCA formation parameters were lower in mature embryo 
culture than in culture, developed from immature embryos.

Optimization of different wheat species callus culture cultivation was reached 
for the purpose of photomorphogenic callus culture production. Significant correla-
tion between studied species callus weight and regeneration capacity was found out. 
Correlations between crop yield and growth parameters of callus culture of those 
species under optimized conditions of in vitro cultivation were shown.

The results of the present project may be applied in plant physiology, genetics, 
biotechnology, and plant breeding. The developed approaches may be used for 
screening of wheat selection collection for drought-tolerant forms. These methods 
provide and sustain morphophysiological, anatomic, physiological, and biotechno-
logical markers at different stages of ontogenesis in callus cultures in vitro.

The tetraploid species calluses had higher weight than calluses of other species. 
The species specific of CCA formation was shown. It was revealed that callusogen-
esis, morphogenesis, and CCA formation parameters were lower in mature embryo 
culture than in culture, developed from immature embryos.

Optimization of different wheat species callus culture cultivation was reached 
for the purpose of photomorphogenic callus culture production. Significant cor-
relation between studied species callus weight and regeneration capacity was found 
out. As a result of the study, a new “method of photosynthetic active wheat callus 
culture production” was developed.

Thus, tetraploid wheat species, and especially the T. dicoccum, can be success-
fully used as sources of drought resistance in interspecific corosses in wheat breed-
ing programs.
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Improving Dual-Purpose Winter 
Wheat in the Southern Great 
Plains of the United States
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Abstract

This chapter covers the production and breeding status of winter wheat 
(Triticum aestivum L.) used for early-season animal grazing and late-season grain 
production in the Southern Great Plains of the United States. Besides, in the chap-
ter, the current production status and needs, the drawbacks of current cultivars, 
breeding strategies of the crop, novel genomics tools, and sensor technologies that 
can be used to improve dual-purpose winter wheat cultivars were presented. We 
will focus on traits that are, in general, not required by cultivars used for grain-only 
production but are critical for cool-season forage production.

Keywords: seedling vigor, regrowth vigor, grazing tolerance, seedling drought  
and heat stress tolerance, forage yield, grain yield, winter wheat

1. Introduction

Wheat (Triticum aestivum L.) is an important crop grown not only for grain 
in the world but also for forage production in some countries, such as the United 
States, Argentina, and Australia, during the cool-season months [1–4]. It is a 
good source of high-quality forage when other forage species are low in quantity 
and quality [5]. In the Southern Great Plains of the United States, especially in 
Oklahoma and Texas, winter wheat is often grown as a dual-purpose crop for both 
forage and grain production.

According to the United States Department of Agriculture (USDA)’s National 
Agricultural Statistics Service, about 9–11 million acres of winter wheat were 
planted annually in Oklahoma and Texas, but a significant portion of them were not 
harvested because of being used as winter pasture or poor production (Table 1). 
However, we were not able to get the precise acreage estimate of dual-purpose win-
ter wheat that has been grazed over winter but still harvested for grain. According 
to a survey, approximately 40% of wheat acreage in Oklahoma was utilized as dual 
purpose for both forage grazing and grain production [5].

Compared to a grain-only production system, wheat used for winter grazing is 
often planted several weeks early, when air temperature is still high in the autumn. 
However, dual-purpose winter wheat often encounters seedling establishment 
challenges because of an excessive period of biotic and abiotic stresses resulting 
from early planting. In addition, wheat planted for forage also suffers grazing stress. 
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Therefore, dual-purpose wheat cultivars should adapt to early planting and animal 
grazing. In this chapter, we will discuss the traits that are critical for dual-purpose 
winter wheat cultivars and how they could be improved.

2. Wheat cultivars used for dual-purpose production

The best cultivars for grain-only production may not be the best for dual-
purpose production; therefore, it is crucial to select cultivars that are suitable for 
a grazing and grain system. Winter wheat cultivars planted in the Southern Great 
Plains of the United States show significant variation in forage yield [6]. Wheat 
cultivars that are suitable for grazing and grain should demonstrate both high for-
age yield and grain yield with tolerance to grazing stress and various other seedling 
stresses, such as heat, drought, disease, and insect stresses.

However, most current winter wheat cultivars being grown for dual-purpose 
use were developed for high grain yield and quality [7]. Autumn-winter forage 
yield, early-planting-associated seedling stresses, grazing tolerance, and regrowth 
ability have never been the focus of breeding programs because (1) forage yield 
is often negatively correlated with grain yield, (2) early planting stresses such as 
seedling heat and drought stresses may not be well evaluated because of climate 
variability of growing seasons, and (3) evaluation of grazing tolerance and forage 
yield is quite challenging because of lack of grazing facilities for effective grazing 
response selection in most wheat breeding programs. A common practice used in 
developing dual-purpose wheat cultivars is to use simulated grazing (i.e., clip-
ping), which is very different from animal grazing in terms of grazing stresses 
encountered by the crop [5]. Therefore, proper breeding approaches should be 
followed to develop cultivars that have competitive autumn-winter forage yield 
while maintaining comparative grain yield. In addition to many agronomic traits 
that are generally required for grain production, wheat cultivars ideally grown in 
dual-purpose production systems should have seedling drought and heat stress tol-
erance, robust early seedling vigor, regrowth vigor, grazing tolerance, and Hessian 
fly (Mayetiola destructor) resistance.

Year Oklahoma Texas

Planted  
(million acres)

Harvested  
(million acres)

Planted  
(million acres)

Harvested  
(million acres)

2010 5.2 3.9 5.7 3.8

2011 5.1 3.2 5.3 1.9

2012 5.4 4.3 5.6 2.9

2013 5.6 3.4 6.3 2.4

2014 5.3 2.8 6.0 2.3

2015 5.3 3.8 6.1 3.6

2016 5.0 3.5 5.0 2.8

2017 4.5 2.9 4.7 2.4

2018 4.3 2.0 4.7 1.6

Source: Crop production (May 2018), USDA, National Agricultural Statistics Service, Southern Plains Regional 
Field Office.

Table 1. 
Winter wheat planted and harvested annually in Oklahoma and Texas.

75

Improving Dual-Purpose Winter Wheat in the Southern Great Plains of the United States
DOI: http://dx.doi.org/10.5772/intechopen.86417

3. Management practices of dual-purpose winter wheat

3.1 Early planting for increased forage yield

When moisture is available, early planting increases autumn biomass production. 
In the Southern Great Plains of the United States, farmers can grow winter wheat 
for forage-only, grain-only, or both forage and grain production [8]. Wheat used 
for grazing (forage-only or dual-purpose wheat) has been typically planted in early 
September, while wheat for grain-only production is planted in October. Planting in 
October minimizes disease and insect infestation, which is prevalent on early-planted 
wheat [9]. Disease and insect infestation on early-planted wheat can adversely reduce 
grain yield. There is generally a trade-off between forage production and grain yield 
when choosing a planting date. Previous research showed that planting 2–4 weeks 
earlier than the planting date of grain-only wheat can significantly increase autumn 
forage production by extending the vegetative growth period. In contrast, delaying 
planting (from September 10 to 30) has shown to increase grain yield by 18% but 
reduce forage production by 68% because the crop does not get enough time before 
winter to accumulate forage biomass [5]. Therefore, the focus of improving wheat 
for dual-purpose production is to develop cultivars with increased forage production 
while minimizing grain yield loss trade-off after grazing.

3.2 Proper grazing management to minimize grain yield loss

In a dual-purpose wheat production system, ideal grazing management is the key 
to ensure both high forage yield and high grain yield because grazing has shown to 
reduce the number of plant tillers, which are crucial for grain production after graz-
ing. In general, grazing starts at least 60 days after planting, when the crown root 
system is fully developed, to prevent wheat plants from being uprooted by grazing 
animals [10]. Therefore, whole-plant sampling should be done to assess root devel-
opment before cattle grazing is initiated. Estimated forage yield at grazing initiation 
is approximately 1700 kg DM/ha. Depending on the environmental conditions, graz-
ing is done in the autumn, spring, or both. However, overgrazing should be avoided 
to prevent winterkill and reduced grain yield [10]. Grazing should be terminated 
when green canopy cover falls below 50% in autumn and 60% during late winter. 
Green canopy coverage is crucial for recovery from grazing, to maintain sufficient 
photosynthetic activity for increased forage biomass and grain production [11].

As a general recommendation, grazing must be stopped no later than the first 
hollow stem (FHS) stage, a growth stage in which hollow stem is visible above the 
root system and below the developing head [5]. Failure to stop grazing after FHS 
results in significant grain yield losses because of the damage to the reproductive 
structures by grazing [7, 8, 11–14]. Fieser et al. [11] found that grazing 2 weeks 
after the first FHS reduced grain yield by 10%, with an additional 10% each week, 
thereafter. Therefore, dual-purpose winter wheat cultivars with late FHS develop-
ment will extend the grazing period during spring.

3.3  Other management practices for a successful dual-purpose production 
system

Other management practices, such as increased seeding rates and increased fer-
tilizer rates, should also be considered to ensure a productive dual-purpose system. 
Greater seeding rates can not only increase forage yield but also stabilize grain yield, 
as some plants and tillers are lost from cattle trampling during grazing. When winter 
wheat is used for grazing, seeding rates (112–135 kg ha−1) should be 50–100% greater 
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winter to accumulate forage biomass [5]. Therefore, the focus of improving wheat 
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In a dual-purpose wheat production system, ideal grazing management is the key 
to ensure both high forage yield and high grain yield because grazing has shown to 
reduce the number of plant tillers, which are crucial for grain production after graz-
ing. In general, grazing starts at least 60 days after planting, when the crown root 
system is fully developed, to prevent wheat plants from being uprooted by grazing 
animals [10]. Therefore, whole-plant sampling should be done to assess root devel-
opment before cattle grazing is initiated. Estimated forage yield at grazing initiation 
is approximately 1700 kg DM/ha. Depending on the environmental conditions, graz-
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to prevent winterkill and reduced grain yield [10]. Grazing should be terminated 
when green canopy cover falls below 50% in autumn and 60% during late winter. 
Green canopy coverage is crucial for recovery from grazing, to maintain sufficient 
photosynthetic activity for increased forage biomass and grain production [11].

As a general recommendation, grazing must be stopped no later than the first 
hollow stem (FHS) stage, a growth stage in which hollow stem is visible above the 
root system and below the developing head [5]. Failure to stop grazing after FHS 
results in significant grain yield losses because of the damage to the reproductive 
structures by grazing [7, 8, 11–14]. Fieser et al. [11] found that grazing 2 weeks 
after the first FHS reduced grain yield by 10%, with an additional 10% each week, 
thereafter. Therefore, dual-purpose winter wheat cultivars with late FHS develop-
ment will extend the grazing period during spring.

3.3  Other management practices for a successful dual-purpose production 
system

Other management practices, such as increased seeding rates and increased fer-
tilizer rates, should also be considered to ensure a productive dual-purpose system. 
Greater seeding rates can not only increase forage yield but also stabilize grain yield, 
as some plants and tillers are lost from cattle trampling during grazing. When winter 
wheat is used for grazing, seeding rates (112–135 kg ha−1) should be 50–100% greater 
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than that of wheat grown for grain only (65–85 kg ha−1) [15, 16]. Similarly, increas-
ing fertilizer application rates for nutrients essential to plant growth, such as nitro-
gen (N) and phosphorus (P), is crucial for the success of dual-purpose winter wheat 
[16]. Grazing tends to deplete nutrients, such as N and P, accumulated in the aboveg-
round biomass; as such, it is a general practice to increase fertilizer application 
rates for wheat grown for grazing. Nitrogen is one of the most important nutrients, 
which plays a significant role in regrowth after grazing [17]. Phosphorus application 
at planting has also shown to increase tillering and forage yield [16]. A common 
practice is to apply fertilizer nutrients at or before planting; however, care should be 
taken to not over apply and damage wheat seedlings. A general recommendation is 
to apply 56 kg ha−1 of diammonium phosphate (DAP, 18-46-0) by either banding or 
broadcasting at planting, or by topdressing after plants have completely covered the 
ground, followed by topdressing with an additional 56 kg ha−1 of N fertilizer (urea 
46-0-0 or urea ammonium nitrate 33-0-0) when grazing is stopped. Soil sampling 
before planting to test for pH and available soil nutrients is helpful in determining 
the amount of nutrients needed [16].

Early planting also increases the potential risk from damage associated with 
insects. Fall armyworm (Spodoptera frugiperda) can be especially devastating to 
early-planted wheat [18]. Fall armyworm does not overwinter in Oklahoma; how-
ever, moths are typically blown north by the predominant southern winds during 
the early fall season and can lay eggs that hatch into larvae that consume forage [18]. 
Wheat seedlings not yet tillered are most at risk since the larvae can consume the 
forage to ground level and the seedlings are not able to regrow. The fall armyworm 
lifecycle completes in 3–4 weeks; thus, several generations can hatch before frost 
[18]. Scouting early and often is recommended until a killing frost has occurred. 
As a general rule, pesticide application to control fall armyworm is required about 
40% of the time. Larvae populations can be highly concentrated and sporadic, so 
pesticide applications are often necessary only along the field perimeters or where 
moths first land. A treatment threshold is two to four larvae per linear foot of row, 
and greater control is achieved in small larvae [18].

Early-planted wheat is also at increased risk from sucking insects such as Hessian 
fly, Russian wheat aphid (Diuraphis noxia), and wheat curl mite (Aceria tosichella). 
These insects are not particularly damaging themselves; however, they are vectors 
for various viruses, such as Wheat streak mosaic virus, and Triticum mosaic virus, 
which can be potentially devastating for grain production [19] although causing 
minor loss in forage yield. Control measures are limited, as few tolerant varieties 
are available and pesticide applications are typically ineffective. Typical control is 
achieved from later planting dates and maintaining “green-free” fields for a mini-
mum of 14 days before planting; however, these control measures are often not used 
when wheat is grown for forage.

4.  Improving traits of wheat cultivars desirable for dual-purpose 
production systems

4.1 Seedling drought and heat stress tolerance

In the Southern Great Plains of the United States, farming is generally water-
limited, as drought occasionally occurs and impacts the whole agricultural system. 
Wheat grown for dual-purpose use often encounters seedling establishment 
challenges because of drought and heat stresses at the seedling stage. According to 
current climate predictions, water will become scarce by the year 2025 and more 
farming land will be drought-stressed [20]. Previous studies have found yield losses 
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associated with drought stress during the early vegetative growth of wheat to be as 
high as 79.7% [21, 22]. During the seedling stage, the stress can reduce the photo-
synthetic activity and respiration rate of seedlings, eventually causing them to die 
because of excessive dehydration [23–25].

Similarly, heat stress continues to be a pressing challenge to the crop. It is antici-
pated that the average global temperature will increase by 1–4°C by the end of the 
twenty-first century [26]. Heat stress affects the growth and development of wheat 
by impairing its morphological, physiological, and biochemical processes  
[24, 27–31]. The stress can impair the thylakoid membrane and photosystem II, a 
very important compartment of the plant cell involved in photosynthetic activity 
[23, 32, 33]. Therefore, development of seedling drought- and heat-tolerant cultivars 
is crucial for wheat being used in dual-purpose production systems in the region.

The two stresses at seedling stage are very difficult to phenotype under field 
conditions because of their genetic complexity, weather variability, interaction 
between the two stresses, and interaction with the environment. Generally, manual 
phenotyping of the stresses is tedious and time-consuming; in addition, stress 
response and data quality largely depend on plant growth and weather conditions. 
For this reason, marker-assisted selection (MAS) of the traits should be adopted 
once quantitative trait loci (QTLs) or genes are identified.

To date, QTL studies for drought tolerance have focused on either the flowering 
or the grain-filling stage of wheat [34–38] with few studies being done at the seed-
ling stage. Similarly, QTLs for heat tolerance during the vegetative or the grain-fill-
ing stage have been discovered [32, 39, 40]. Recently, a QTL study for seedling heat 
tolerance was conducted under controlled growth chamber conditions using winter 
wheat cultivars collected across the Great Plains of the United States [41]. This 
study detected multiple QTLs in different chromosomes spreading across the wheat 
genome [41]. The molecular markers identified to date will facilitate the selection of 
seedling drought and heat tolerance during dual-purpose wheat breeding.

4.2 Early-seedling vigor and regrowth vigor

Robust early-seedling vigor and regrowth vigor traits are important for both 
forage and grain production because early-seedling vigor indicates the initial forage 
yield, while regrowth vigor reflects grazing tolerance and grain yield potential  
[5, 10]. For example, one previous study reported improved dry matter accumula-
tion and grain yield from wheat lines with strong early-seedling vigor [42]. Over the 
years, seedling height and dry biomass weight have been used as good indicators of 
early-seedling vigor in different crop species, including wheat [43], maize (Zea mays) 
[44], and rice (Oryza sativa) [45]. In addition, early-seedling and regrowth vigor 
traits enhance the competitive ability of cultivars against invading weed species.

However, phenotyping early-seedling and regrowth vigor traits using phenotypic 
selection under field conditions is challenging because the traits are polygenic in 
nature and they are very hard to characterize. Therefore, identification of reliable 
molecular markers associated with the traits would facilitate cultivars’ develop-
ment using MAS. Currently, little research is being done to understand the genetic 
architecture of the early-seedling vigor and regrowth vigor that are negligible to 
grain-only production systems but crucial to cool-season wheat pasture in dual-
purpose production systems. In addition, there is a need to employ high-throughput 
phenotyping technologies to characterize early-seedling vigor and regrowth vigor. 
Recently, unmanned aerial vehicles (UAVs) have been developed and adopted for 
use in large-scale phenotyping. However, the UAVs are not amenable to capturing 
high-resolution images of small plants such as seedlings because they were designed 
to fly at specified altitudes above the ground, making it difficult to record detailed 
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associated with drought stress during the early vegetative growth of wheat to be as 
high as 79.7% [21, 22]. During the seedling stage, the stress can reduce the photo-
synthetic activity and respiration rate of seedlings, eventually causing them to die 
because of excessive dehydration [23–25].

Similarly, heat stress continues to be a pressing challenge to the crop. It is antici-
pated that the average global temperature will increase by 1–4°C by the end of the 
twenty-first century [26]. Heat stress affects the growth and development of wheat 
by impairing its morphological, physiological, and biochemical processes  
[24, 27–31]. The stress can impair the thylakoid membrane and photosystem II, a 
very important compartment of the plant cell involved in photosynthetic activity 
[23, 32, 33]. Therefore, development of seedling drought- and heat-tolerant cultivars 
is crucial for wheat being used in dual-purpose production systems in the region.

The two stresses at seedling stage are very difficult to phenotype under field 
conditions because of their genetic complexity, weather variability, interaction 
between the two stresses, and interaction with the environment. Generally, manual 
phenotyping of the stresses is tedious and time-consuming; in addition, stress 
response and data quality largely depend on plant growth and weather conditions. 
For this reason, marker-assisted selection (MAS) of the traits should be adopted 
once quantitative trait loci (QTLs) or genes are identified.

To date, QTL studies for drought tolerance have focused on either the flowering 
or the grain-filling stage of wheat [34–38] with few studies being done at the seed-
ling stage. Similarly, QTLs for heat tolerance during the vegetative or the grain-fill-
ing stage have been discovered [32, 39, 40]. Recently, a QTL study for seedling heat 
tolerance was conducted under controlled growth chamber conditions using winter 
wheat cultivars collected across the Great Plains of the United States [41]. This 
study detected multiple QTLs in different chromosomes spreading across the wheat 
genome [41]. The molecular markers identified to date will facilitate the selection of 
seedling drought and heat tolerance during dual-purpose wheat breeding.

4.2 Early-seedling vigor and regrowth vigor

Robust early-seedling vigor and regrowth vigor traits are important for both 
forage and grain production because early-seedling vigor indicates the initial forage 
yield, while regrowth vigor reflects grazing tolerance and grain yield potential  
[5, 10]. For example, one previous study reported improved dry matter accumula-
tion and grain yield from wheat lines with strong early-seedling vigor [42]. Over the 
years, seedling height and dry biomass weight have been used as good indicators of 
early-seedling vigor in different crop species, including wheat [43], maize (Zea mays) 
[44], and rice (Oryza sativa) [45]. In addition, early-seedling and regrowth vigor 
traits enhance the competitive ability of cultivars against invading weed species.

However, phenotyping early-seedling and regrowth vigor traits using phenotypic 
selection under field conditions is challenging because the traits are polygenic in 
nature and they are very hard to characterize. Therefore, identification of reliable 
molecular markers associated with the traits would facilitate cultivars’ develop-
ment using MAS. Currently, little research is being done to understand the genetic 
architecture of the early-seedling vigor and regrowth vigor that are negligible to 
grain-only production systems but crucial to cool-season wheat pasture in dual-
purpose production systems. In addition, there is a need to employ high-throughput 
phenotyping technologies to characterize early-seedling vigor and regrowth vigor. 
Recently, unmanned aerial vehicles (UAVs) have been developed and adopted for 
use in large-scale phenotyping. However, the UAVs are not amenable to capturing 
high-resolution images of small plants such as seedlings because they were designed 
to fly at specified altitudes above the ground, making it difficult to record detailed 
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information for small plants [46, 47]. Alternatively, small plants can be characterized 
using ground-based automated platforms at high-throughput phenotyping scales 
[48–50]. Image-based phenotyping offers a feasible tool to capture high-resolution 
images for evaluating seedling traits. Therefore, MAS and high-throughput pheno-
typing methods should be adopted to improve breeding efficiency of dual-purpose 
wheat cultivars with desired early-seedling vigor and regrowth vigor.

4.3 Grazing tolerance

Grazing tolerance is an important trait for sustainable production of autumn-
winter forage biomass under forage-only and dual-purpose management systems. 
This trait is even more complex in nature; as such, it is extremely difficult to evalu-
ate under field conditions. Presently, little work has been done to understand and 
to assess grazing tolerance in wheat. In alfalfa (Medicago sativa), grazing tolerance 
involves many interrelated morphological and physiological traits that interact with 
grazing activities and environmental conditions [51, 52]. Over the years, grazing 
tolerance has often been assessed by the survival of the plants after grazing or 
simulated clipping. However, evaluation of grazing tolerance using simulated clip-
ping has not been successful in alfalfa [51, 52]. Counce et al. found no correlation 
between alfalfa’s response to clipping and its response to grazing [52]. These studies 
concluded that the best way to phenotype grazing tolerance is to expose plants to 
stresses caused by the grazing animals rather than by simulated grazing [53]. The 
same principal could be applied to selecting grazing tolerance in wheat. However, 
most wheat breeding programs do not use grazing tolerance as a selection trait dur-
ing the early stages of cultivar development because of limited grazing facilities.

Selection of grazing-tolerant plants is more effective under continuous stock-
ing compared to selection based on morphological traits [51]. The “standard test 
protocol,” whereby intensive grazing was incorporated with continuous stocking, 
was developed in alfalfa [51]. This protocol is currently used in phenotyping graz-
ing tolerance by both public and private alfalfa breeders and in cultivar evaluation 
programs in the United States and other countries. However, it is still uncertain 
whether this protocol is applicable to the annual crop wheat. To date, there is no 
reliable phenotyping method that can efficiently assess variation in grazing toler-
ance during dual-purpose wheat breeding. No molecular markers associated with 
grazing tolerance have been identified for use in MAS. Therefore, QTL mapping 
or marker-trait association of grazing tolerance is needed before MAS becomes a 
feasible tool in selecting grazing tolerance of dual-purpose wheat.

4.4 Hessian fly resistance

The Hessian fly is one of the most destructive pests of wheat in the world, 
including the dual-purpose-wheat-growing areas in the Southern Great Plains of 
the United States. The fly can significantly reduce grain yield and quality by damag-
ing leaves and stems of wheat in fall and spring. Its outbreaks have become more 
common in the last decade [54]. The fly preferably attacks wheat, but other cereal 
crops can also be the hosts [55].

Over the years, fly-free planting dates have been identified in some wheat-
growing areas of the United States for managing Hessian fly. Wheat planted after 
the fly-free date is less likely to be infested [55]. However, it is impractical to delay 
planting for wheat grown for winter grazing in dual-purpose production systems. 
Although Hessian fly populations can be controlled by management practices such 
as stubble destruction and crop rotation, growing varieties resistant to the fly is the 
most economical strategy [55].
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In the dual-purpose-wheat-growing areas, the chance of a Hessian fly outbreak 
is much greater than in areas growing wheat for grain only because of the extended 
growing season resulting from early sowing. No-till practice also increases the 
risk of widespread Hessian fly occurrence in general [55]. Therefore, developing 
cultivars that are resistant to the fly is critical for securing wheat production.

During the last two decades, great progress has been made in identifying Hessian 
fly biotypes, mapping and transferring resistant genes, characterizing resistant 
germplasm, and developing genetic markers for MAS [54–58]. To date, at least 18 
Hessian fly biotypes have been classified, and at least 34 Hessian fly-resistant genes 
have been described in wheat and its relatives [57]. A few major resistant genes have 
been precisely mapped and effectively used in breeding wheat cultivars resistant to 
the Hessian fly using MAS [57, 58]. As selecting genotypes resistant to the Hessian 
fly is impractical in the field, MAS will be the most effective approach in breeding 
wheat cultivars resistant to the fly, and it has become a common practice in several 
wheat breeding programs in the Southern Great Plains of the United States.

4.5 Other traits significantly affecting grain yield

Besides the major traits discussed above that could significantly affect forage 
yield, winter wheat should also have a package of comprehensive traits required for 
grain production. The common traits that significantly affect grain yield and quality 
include resistance to various diseases and pests, tolerance to various abiotic stresses, 
lodging resistance, and high grain yield and quality. The most common diseases 
and pests include powdery mildew, leaf rust, stripe rust, Wheat streak mosaic virus, 
Fusarium head blight, wheat curl mite, greenbug, and Russian wheat aphid [59], 
and the most common abiotic stresses are drought and heat stresses at the flowering 
and grain-filling stages. Most of these traits have been the focuses of QTL or gene 
mapping in the wheat research community, and diagnostic molecular markers are 
available for MAS [59]; thus, they are not the focus of this chapter.

5.  Adopting novel technologies to improve wheat cultivars desirable  
for dual-purpose production systems

5.1 Genomic tools

Plant breeders have attempted to use genomic markers to increase selection 
efficiency and accelerate breeding cycles. Molecular markers facilitate selection of 
important traits or genes that are interesting to breeders; thus, they play a major 
role in the genetic improvement of crop plants [60, 61]. In wheat, a vast number of 
QTLs or genes have been mapped, and markers tightly linked to the genes have been 
validated for MAS [59]. Marker-assisted selection has been very useful for selecting 
some traits that are hard to phenotype in the field. However, markers being used in 
breeding are still restricted to traits that are controlled by major genes, which have 
relatively large effects [59]. Unfortunately, only rarely have studies been done on 
forage-relevant traits, such as seedling drought and heat tolerance, early-seedling 
vigor, regrowth vigor, and grazing tolerance, which are critical for forage yield 
in dual-purpose production systems. Therefore, QTL mapping or marker-trait 
association of forage traits needs to be conducted for MAS in dual-purpose wheat 
breeding. The recent release of the wheat reference genome sequence [62] will 
undoubtedly accelerate marker discoveries of any traits that are of interest.

As most forage traits, such as grazing tolerance, are very complex in nature, 
genomic selection (GS) could be a good alternative option in dual-purpose wheat 
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5.  Adopting novel technologies to improve wheat cultivars desirable  
for dual-purpose production systems

5.1 Genomic tools

Plant breeders have attempted to use genomic markers to increase selection 
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As most forage traits, such as grazing tolerance, are very complex in nature, 
genomic selection (GS) could be a good alternative option in dual-purpose wheat 
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breeding. Genomic selection is a form of MAS whereby the breeding values of 
individuals with only genotype data are predicted using marker effects estimated 
from individuals with both genotypes and phenotypes from a training population. 
Although MAS is considered more efficient than phenotypic selection [63, 64], it 
has not been effective for complex traits [65]. In addition, MAS is not applicable 
across populations with different genetic backgrounds, and it requires significant 
efforts in marker-trait analysis to identify large-effect QTLs. In contrast, GS does 
not require marker-trait analysis, and it is suitable for complex traits. Therefore, GS 
is regarded as a better option than MAS [66, 67].

Moreover, GS has shown to improve genetic gain, reduce phenotyping costs, 
and accelerate the development of new cultivars by reducing the selection cycle 
[68]. So far, a number of GS models, including ridge regression best linear unbi-
ased prediction (RR-BLUP) [69], Gaussian kernel (GAUSS) [69], and Bayesian 
LASSO (least absolute shrinkage and selection operator) [70], have been devel-
oped. Studies of the GS models in forage traits of dual-purpose wheat showed 
moderate to high prediction accuracies, ranging from 0.34 to 0.74, suggesting 
that at least some of the forage traits can be predicted with acceptable accuracy in 
wheat breeding (Maulana et al., unpublished data). Therefore, given the com-
plexity of the forage traits to be selected and resource limitation, GS provides an 
alternative approach to facilitate trait selection during dual-purpose winter wheat 
breeding.

5.2 Sensor technologies for phenotyping forage yield traits

Forage biomass yield is one of the major target traits to improve in dual-purpose 
wheat breeding. However, manual phenotyping of the forage yield by harvesting and 
weighing forage samples at field breeding scales is not amenable in practice. Physical 
measurements of plant height and biomass estimation in different forage species 
have been performed using rising plate meters, capacitance meters, and meter sticks 
[71–74]. However, not only are these methods laborious and time-consuming, but it 
is also difficult to develop a reliable estimation model with them [75].

Recently, remote sensing has been developed and used successfully to predict 
plant height and forage biomass using ultrasonic, laser, and spectral sensors in 
different forage species [75–78]. The remote sensors greatly facilitate biomass 
estimation in field breeding because they are able to estimate biomass of a large 
sampling area within a short period of time. One of the parameters that has been 
most commonly used to predict biomass is the normalized difference vegetation 
index (NDVI). Normalized difference vegetation index has been employed in 
biomass estimation in several crops, such as wheat, maize, rice, bermudagrass 
(Cynodon dactylon), and alfalfa, with correlations between NDVI and biomass rang-
ing from 0.52 to 0.84 [79]. These correlations suggest that NDVI is a good predictor 
of aboveground biomass. The prediction accuracies can be further increased when 
prediction models incorporate NDVI with proximal sensors, such as ultrasonic and 
laser height measurements [75].

In addition, forage nutritive values can also be predicted by modeling plant 
crude protein (CP) contents using a hyperspectral passive spectrometer [80]. 
Forage quality analysis has often been performed using near-infrared spectros-
copy (NIRS) [81]. Positive high correlations were observed between CP mea-
surements from NIRS and CP estimates from a hyperspectral reflectance model 
in wheat, bermudagrass, and tall fescue [80]. Therefore, sensor phenotyping 
platforms greatly increased the breeding efficiency, and facilitated the selec-
tion of forage biomass and quality traits during dual-purpose winter wheat 
breeding.
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6. Summary

Winter wheat is an important crop grown in the Southern Great Plains of the 
United States. It is often grown for grazing during the cool-season months, when most 
forage species are not productive, and for grain under a dual-purpose or grain-only 
management system. The profit of managing wheat as a dual-purpose crop is usually 
better than managing it as a grain-only or forage-only crop when growing conditions 
are favorable because of alternative income options from livestock and/or grain. 
However, winter wheat cultivars grown for dual-purpose use are mostly developed for 
high grain yield only. Therefore, there is a need to develop wheat cultivars desirable 
for dual-purpose production systems in the region. The traits, such as seedling vigor, 
seedling tolerance to various stresses, and grazing tolerance, highlighted in this chap-
ter, in general, are not required by or not important for cultivars used for grain-only 
production, but they are critical for cultivars desired for both cool-season grazing and 
end-season grain yield in dual-purpose production systems. Novel genomics tools will 
provide resources to increase the selection efficiencies of complex forage traits, and 
sensor technologies will significantly facilitate large-scale field phenotyping and selec-
tion. Therefore, it is expected that winter wheat cultivars can be improved desirably for 
dual-purpose production systems in the Southern Great Plains of the United States.
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Abstract

Trends in Indian wheat production before and after the inception of the All 
India Coordinated Research Project (AICRP) on wheat have been analyzed to 
show its significant progress over the years. A brief intercountry comparison of 
productivity, production and area coupled with regional comparison within India 
has been attempted to give an idea about the contribution of country and regions, 
respectively, for global and national food security. The milestones in Indian wheat 
programme and research outcomes were highlighted post-AICRP along with the 
vision and strategies set for 2050 against diverse production challenges. Regional 
disparities, zone-wise production constraints and research programmes for achiev-
ing the set production target were briefed. The chapter concludes with possible 
interventions in strengthening the complete wheat value chain for ensuring food 
security for the future generation.

Keywords: wheat, AICRP on wheat, vision 2050, yield gaps, trends

1. Introduction

Cereals play a pivotal role to satisfy the global food demand of growing popu-
lation, particularly in developing nations where cereal-based production system 
is the only predominant source of nutrition and calorie intake [1, 2]. The nutri-
rich cereal is grown in diversified environments; globally wheat occupies around 
217 million hectares holding the position of highest acreage among all crops with 
an annual production hovering around 731 million tonnes [3]. Wheat (Triticum 
aestivum L.) is one of the principal cereal crops grown worldwide and one of the 
important staples of nearly 2.5 billion of world population. Wheat is the major 
staple food crop, providing almost half of all calories in the region of North 
Africa and West and Central Asia. Being next to rice, wheat constitutes one of the 
key sources of protein in least developed countries and middle-income nations 
and in terms of calories and dietary intake. The crop being cultivated as winter 
and spring in the world, winter wheat is grown in cold countries like Europe, the 
USA, Australia, Russian Federation, etc., while spring wheat is grown in Asia and 
in some parts of the USA.

India, being blessed and enriched with a diverse agroecological condition, 
ensuring food and nutrition security to a majority of the Indian population 
through production and steady supply particularly in the recent past, is the 
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second largest producer of wheat worldwide [4–6]. The crop has been under 
cultivation in about 30 million hectares (14% of global area) to produce the all-
time highest output of 99.70 million tonnes of wheat (13.64% of world produc-
tion) with a record average productivity of 3371 kg/ha [7]. Having a significant 
share in consumption of food basket with a 36% share in the total food grains 
produced from India and ensuring not only food security but also nutrition 
security, wheat is extensively procured by the government and distributed to a 
majority of the population; it ensures not only food security but also nutrition 
security. The cereal is one of the cheapest sources of energy, provides a major 
share of protein (20%) and calorie intake (19%) from consumption. Wheat is 
accessible across the country and consumed as various processed forms from 
prehistoric times [4].

After independence, India was net deficit in food production and had to import 
wheat for domestic consumption. During 1966–1967, India adopted new strat-
egy which led the ‘Green Revolution’, especially in the production of wheat and 
rice. Coordinated research and several developmental and food security-based 
programmes in various phases have made the nation to progress closer towards 
‘food and nutrition for all’ by achieving record and surplus production of wheat. 
After the Green Revolution, the nation has maintained strategic distance from 
famine even during unfavorable weather conditions. The impact of the All India 
Coordinated Research Project (AICRP) on wheat improvement is explicit and 
contributed significantly to the nation’s food security [8].

2. AICRP on wheat: an overview

The All India Coordinated Wheat Improvement Project (AICWIP) was 
started in 1965 at the Indian Agricultural Research Institute (IARI), New 
Delhi, the nodal centre of the coordinated research. The AICWIP is one of the 
largest crop improvement network projects which set the dawn for the ‘Green 
Revolution’ in India. Under this project, several high-yielding wheat varieties 
have been developed which became extensively popular and adopted by the 
farming community. For instance, C 306, HD 2009, WL 711, UP 262, HUW 
234, HD 2189, WH 147, Lok 1, HI 617 (Sujata), HD 2285, HD 2329, PBW 343, 
Raj 3765, PBW 502, HD 2733, HD 2967, HD 3086, DBW 17, PBW 550, GW 273, 
GW 322 and GW 496 in bread wheat and Raj 1555, PBW 34, HI 8498 and PDW 
233 in durum wheat were developed and became the popular deliverables of 
the project. Apart from the aforementioned varieties, viz., NP 4, Kalyansona, 
Sonalika, Sharbati Sonora, WL 711, HD 1220, HD 1931 ‘SIB’, HD 2009, HD 
2172, UP 262, etc., developed through the AICWIP were also cultivated beyond 
national borders. Several changes happened post inception of the AICWIP, and 
during 2017, the project has been renamed as the All India Coordinated Research 
Project (AICRP) on Wheat and Barley with ICAR-Indian Institute of Wheat and 
Barley Research as its headquarter based at Karnal (Haryana). It is a premier 
organization under the aegis of ICAR coordinating the multidisciplinary and 
multilocation testing of varieties in different AICRP centres across the different 
ecosystems for enhancing and sustaining the wheat production [8]. At present, 
there are 29 funded centres located in different agroclimatic regions across the 
country supporting the multidisciplinary research. The project, hitherto, has 
contributed in the release of around 448 high-yielding improved wheat variet-
ies comprising bread, durum and dicoccum wheat. Over the years, prominent 
improvements have been made in the development arena post inception of the 
coordinated project (Figure 1).
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Since the establishment of the AICRP, the productivity of wheat has increased 
by 2.5-folds (308%: +2.54 tonnes/ha) as furnished in Figure 2. A decadal analy-
sis of productivity growth across major food commodities indicates that wheat 
production growth has outperformed rice and pulses for the past 5 decades since 
1950. Overall scenario indicated that wheat production has grown at 4.72 percent 
per annum since 1950, the highest among other food grains [9].

Figure 1. 
Major developments in the country post inception of the AICRP.
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3. Current status of area, production and yield of Indian wheat

In India wheat crop is cultivated in Rabi season. It is normally sown during 
November and harvested between March and April. Tables 1 and 2 furnish recent sce-
nario in wheat area, production and productivity. The cultivated area under wheat at 
national level has shown increasing trend, from 29.04 million hectare to 30.54 million 
hectare with a magnitude of 1.5 million hectare (5%) net gain in terms of area. Uttar 
Pradesh has largest share in area with 9.75 million hectare (32%), followed by Madhya 
Pradesh (18.75%), Punjab (11.48%), Rajasthan (9.74%), Haryana (8.36%) and Bihar 
(6.82%). However, a major expansion in wheat area was observed in the states such 
as Jharkhand (51%), Madhya Pradesh (27%) and Rajasthan (13%). The sharp rise in 
minimum support price and government’s procurement are the two important drivers 
which led to significant increase in the area under wheat cultivation [10].

The production of wheat has also showed an increasing trend, from 87.39 to 
94.57 million tonnes from 2012–2013 to 2017–2018 with a magnitude of 7.18 million 
tonnes (8.22%). The major source of this increase in production is mainly attributed 
to expansion in area followed by marginal increase in productivity. Uttar Pradesh 
still holds the position of largest producer in the country accounting for about 
28 million tonnes which is roughly 30% of the total production. Around 85 million 
tonnes (90%) of wheat has been produced from traditional wheat-growing regions 
such as Uttar Pradesh, Punjab, Haryana, Madhya Pradesh, Bihar and Rajasthan 
[10]. The maximum quantum jump has been noticed in Madhya Pradesh and 
Jharkhand which almost doubled their production from 9.45–16.32 million tonnes 
to 0.22–0.38 million tonnes. However, 1.4 million tonnes reduction was noticed in 
Uttar Pradesh during the same period which is a matter of serious concern.

The national productivity trend for wheat showed a marginal improvement, 
which has increased from 3009 kg/ha to 3100 kg/ha from 2012–2013 to 2017–2018 
(Table 2). This rise in productivity is due to adoption of high-yielding varieties 
coupled with other inputs. The traditional wheat-growing states Punjab and Haryana 
have highest productivity than the national productivity [10]. The maximum 
increase in productivity has been observed in nontraditional wheat-growing states 
like West Bengal (23%), Himachal Pradesh (19.28%) and Assam (16.39%). However, 
the productivity of Haryana has declined which pose a serious matter of concern.

Quinquennial data on wheat area, production and yield for India indicates that there 
is a variation in crop acreage that declined to 29.58 million hectare (Figure 3). However, 
the production of wheat has increased significantly from 95.85 to 99.70 million tonnes. 
Increase in production was largely attributed to rise in productivity levels registered 
across the wheat-growing regions.

Figure 2. 
Productivity trend in Indian wheat pre- and post-AICRP.

93

Wheat Production in India: Trends and Prospects
DOI: http://dx.doi.org/10.5772/intechopen.86341

State/UT 2008–2009 to 2012–2013 2013–2014 to 2017–2018 Change (%)

India 3009 3100 3.03

Punjab 4617 4738 2.61

Haryana 4544 4407 −3.01

Others 3083 3331 8.05

Rajasthan 3038 3133 3.12

Gujarat 2845 2922 2.69

Uttar Pradesh 2724 2867 5.23

Madhya Pradesh 2698 2843 5.38

West Bengal 2241 2754 22.90

Uttarakhand 2144 2375 10.76

Bihar 2091 2339 11.87

Jharkhand 1790 2005 12.01

Himachal Pradesh 1602 1911 19.28

Jammu and Kashmir 1511 1656 9.58

Maharashtra 1466 1400 −4.53

Assam 1180 1373 16.39

Chhattisgarh 1149 1328 15.59

Karnataka 914 1057 15.64

Table 2. 
Statewise quinquennial average of wheat yield (kg/ha).

State/UT Area (million ha) Change 
(%)

Production (million 
tonnes)

Change 
(%)

2008–2009 
to 

2012–2013

2013–2014 
to 

2017–2018

2008–2009 
to 

2012–2013

2013–2014  
to  

2017–2018

Assam 0.05 0.02 −52.35 0.06 0.03 −43.40

Bihar 2.16 2.08 −3.57 4.63 4.86 4.98

Chhattisgarh 0.10 0.10 0.59 0.12 0.14 13.22

Gujarat 1.12 1.09 −2.85 3.20 3.22 0.60

Haryana 2.50 2.55 2.21 11.35 11.24 −0.93

Himachal Pradesh 0.36 0.34 −4.26 0.53 0.66 24.79

Jammu and Kashmir 0.29 0.29 1.83 0.44 0.48 10.52

Jharkhand 0.12 0.19 50.99 0.22 0.38 70.04

Karnataka 0.25 0.19 −25.30 0.23 0.20 −13.23

Madhya Pradesh 4.52 5.73 26.76 9.45 16.32 72.72

Maharashtra 1.01 1.05 4.79 1.61 1.48 −8.27

Punjab 3.52 3.51 −0.40 16.25 16.61 2.21

Rajasthan 2.63 2.98 12.99 8.12 9.31 14.62

Uttar Pradesh 9.66 9.75 0.94 29.33 27.93 −4.77

Uttarakhand 0.38 0.34 −9.89 0.85 0.81 −4.64

West Bengal 0.32 0.29 −8.33 0.85 0.80 −5.94

Others 0.04 0.04 −20.64 0.12 0.12 −3.54

All India 29.04 30.54 5.16 87.39 94.57 8.22

Table 1. 
Statewise quinquennial average of area and production of wheat.
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3. Current status of area, production and yield of Indian wheat

In India wheat crop is cultivated in Rabi season. It is normally sown during 
November and harvested between March and April. Tables 1 and 2 furnish recent sce-
nario in wheat area, production and productivity. The cultivated area under wheat at 
national level has shown increasing trend, from 29.04 million hectare to 30.54 million 
hectare with a magnitude of 1.5 million hectare (5%) net gain in terms of area. Uttar 
Pradesh has largest share in area with 9.75 million hectare (32%), followed by Madhya 
Pradesh (18.75%), Punjab (11.48%), Rajasthan (9.74%), Haryana (8.36%) and Bihar 
(6.82%). However, a major expansion in wheat area was observed in the states such 
as Jharkhand (51%), Madhya Pradesh (27%) and Rajasthan (13%). The sharp rise in 
minimum support price and government’s procurement are the two important drivers 
which led to significant increase in the area under wheat cultivation [10].

The production of wheat has also showed an increasing trend, from 87.39 to 
94.57 million tonnes from 2012–2013 to 2017–2018 with a magnitude of 7.18 million 
tonnes (8.22%). The major source of this increase in production is mainly attributed 
to expansion in area followed by marginal increase in productivity. Uttar Pradesh 
still holds the position of largest producer in the country accounting for about 
28 million tonnes which is roughly 30% of the total production. Around 85 million 
tonnes (90%) of wheat has been produced from traditional wheat-growing regions 
such as Uttar Pradesh, Punjab, Haryana, Madhya Pradesh, Bihar and Rajasthan 
[10]. The maximum quantum jump has been noticed in Madhya Pradesh and 
Jharkhand which almost doubled their production from 9.45–16.32 million tonnes 
to 0.22–0.38 million tonnes. However, 1.4 million tonnes reduction was noticed in 
Uttar Pradesh during the same period which is a matter of serious concern.

The national productivity trend for wheat showed a marginal improvement, 
which has increased from 3009 kg/ha to 3100 kg/ha from 2012–2013 to 2017–2018 
(Table 2). This rise in productivity is due to adoption of high-yielding varieties 
coupled with other inputs. The traditional wheat-growing states Punjab and Haryana 
have highest productivity than the national productivity [10]. The maximum 
increase in productivity has been observed in nontraditional wheat-growing states 
like West Bengal (23%), Himachal Pradesh (19.28%) and Assam (16.39%). However, 
the productivity of Haryana has declined which pose a serious matter of concern.

Quinquennial data on wheat area, production and yield for India indicates that there 
is a variation in crop acreage that declined to 29.58 million hectare (Figure 3). However, 
the production of wheat has increased significantly from 95.85 to 99.70 million tonnes. 
Increase in production was largely attributed to rise in productivity levels registered 
across the wheat-growing regions.

Figure 2. 
Productivity trend in Indian wheat pre- and post-AICRP.
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4. Global scenario of area, production and yield of wheat

Wheat is one of the predominant staple foods and a main cereal crop of many 
diets around the world. Table 3 furnishes the current scenario of area, produc-
tion and yield of wheat in the world. Globally wheat is cultivated in an area about 

Countries Area
(million ha)

Production
(million tonnes)

Yield
(tonnes/ha)

China 24.51
(11.14)

134.33
(17.60)

5.48

India 29.58
(14.00)

99.70
(12.91)

3.37

Russia 27.34
(12.43)

84.99
(11.14)

3.11

USA 15.19
(6.90)

47.35
(6.21)

3.12

Canada 8.98
(4.08)

29.98
(3.93)

3.34

Ukraine 6.64
(3.02)

26.98
(3.54)

4.06

Pakistan 8.97
(4.08)

26.67
(3.50)

2.97

Australia 12.25
(5.57)

21.30
(2.79)

1.74

Turkey 7.8
(3.55)

21.00
(2.75)

2.69

Kazakhstan 11.91
(5.41)

14.80
(1.93)

1.24

World 220 763.06 3.47

Note: Figure within parenthesis indicates the percent to world.

Table 3. 
Area, production and yield of major wheat-producing countries (2017–2018).

Figure 3. 
Quinquennial scenario in area, production and yield of wheat.
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220 million hectares with a record production of 763.06 million tonnes of grain. 
Maximum area under wheat is in India (14%), followed by Russia (12.43%), China 
(11.14%) and the USA (6.90%) which altogether accounts for about 45% of global 
area. However, China is the major producer of wheat with a record production 
of 136 million tonnes, followed by India (98.51mt), Russia (85mt) and the USA 
(47.35mt). Around 449 million tonnes (58%) of wheat has been produced from 
traditional wheat-growing countries like China, India, Russia, the USA, Canada, 
Ukraine and Pakistan. The average yield per hectare is maximum in New Zealand 
(10 tonnes/ha), followed by Zambia (7 tonnes/ha) and Mexico (6 tonnes/ha). 
However, the average wheat yield in major wheat-growing countries is significantly 
low, and only China has maximum yield (5.48 tonnes/ha) followed by Ukraine, 
India and the USA. Despite India’s productivity being on par with the world aver-
age, the per day productivity is relatively high (20 kg/day) in comparison to other 
countries, viz. the USA, Uzbekistan, Hungary, Poland, Italy, Bulgaria and Romania, 
which predominantly cultivates winter wheat with crop cycle hovering around 
275 days. However, in India, in comparison to its competing country, China, the 
per day productivity is almost the same. It should be noted that the winter wheat-
cultivating countries do not deal with any other crop in a year, while in India, in 
which spring wheat cultivation occurs around 150 days duration, farmers has the 
choice to grow at the maximum two sole crops apart from wheat [8].

The global wheat production has increased around 7 million tonnes (0.9%) in 
the year 2017–2018 in comparison to its past. The major source for the increase in 
production is mainly attributed to increase in productivity followed by marginal 
increase in area in major wheat-growing countries (Figure 4).

5. Regional disparity in Indian wheat production

At the national level, there is a shift in area, production and yield under wheat 
during 2008–2009 to 2012–2013 vis-à-vis 2013–2014 to 2017–2018. Currently, wheat 
acreage is around 30 million hectares. Comparing the past two periods, the change was 
more prominent in wheat production, followed by area and yield (Tables 1 and 2). The 
average change in production was around 9%. The country on an average produced 

Figure 4. 
Annual growth in area, production and yield (2017–2018 over 2016–2017).



Recent Advances in Grain Crops Research

94

4. Global scenario of area, production and yield of wheat

Wheat is one of the predominant staple foods and a main cereal crop of many 
diets around the world. Table 3 furnishes the current scenario of area, produc-
tion and yield of wheat in the world. Globally wheat is cultivated in an area about 

Countries Area
(million ha)

Production
(million tonnes)

Yield
(tonnes/ha)

China 24.51
(11.14)

134.33
(17.60)

5.48

India 29.58
(14.00)

99.70
(12.91)

3.37

Russia 27.34
(12.43)

84.99
(11.14)

3.11

USA 15.19
(6.90)

47.35
(6.21)

3.12

Canada 8.98
(4.08)

29.98
(3.93)

3.34

Ukraine 6.64
(3.02)

26.98
(3.54)

4.06

Pakistan 8.97
(4.08)

26.67
(3.50)

2.97

Australia 12.25
(5.57)

21.30
(2.79)

1.74

Turkey 7.8
(3.55)

21.00
(2.75)

2.69

Kazakhstan 11.91
(5.41)

14.80
(1.93)

1.24

World 220 763.06 3.47

Note: Figure within parenthesis indicates the percent to world.

Table 3. 
Area, production and yield of major wheat-producing countries (2017–2018).

Figure 3. 
Quinquennial scenario in area, production and yield of wheat.

95

Wheat Production in India: Trends and Prospects
DOI: http://dx.doi.org/10.5772/intechopen.86341

220 million hectares with a record production of 763.06 million tonnes of grain. 
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(11.14%) and the USA (6.90%) which altogether accounts for about 45% of global 
area. However, China is the major producer of wheat with a record production 
of 136 million tonnes, followed by India (98.51mt), Russia (85mt) and the USA 
(47.35mt). Around 449 million tonnes (58%) of wheat has been produced from 
traditional wheat-growing countries like China, India, Russia, the USA, Canada, 
Ukraine and Pakistan. The average yield per hectare is maximum in New Zealand 
(10 tonnes/ha), followed by Zambia (7 tonnes/ha) and Mexico (6 tonnes/ha). 
However, the average wheat yield in major wheat-growing countries is significantly 
low, and only China has maximum yield (5.48 tonnes/ha) followed by Ukraine, 
India and the USA. Despite India’s productivity being on par with the world aver-
age, the per day productivity is relatively high (20 kg/day) in comparison to other 
countries, viz. the USA, Uzbekistan, Hungary, Poland, Italy, Bulgaria and Romania, 
which predominantly cultivates winter wheat with crop cycle hovering around 
275 days. However, in India, in comparison to its competing country, China, the 
per day productivity is almost the same. It should be noted that the winter wheat-
cultivating countries do not deal with any other crop in a year, while in India, in 
which spring wheat cultivation occurs around 150 days duration, farmers has the 
choice to grow at the maximum two sole crops apart from wheat [8].

The global wheat production has increased around 7 million tonnes (0.9%) in 
the year 2017–2018 in comparison to its past. The major source for the increase in 
production is mainly attributed to increase in productivity followed by marginal 
increase in area in major wheat-growing countries (Figure 4).

5. Regional disparity in Indian wheat production

At the national level, there is a shift in area, production and yield under wheat 
during 2008–2009 to 2012–2013 vis-à-vis 2013–2014 to 2017–2018. Currently, wheat 
acreage is around 30 million hectares. Comparing the past two periods, the change was 
more prominent in wheat production, followed by area and yield (Tables 1 and 2). The 
average change in production was around 9%. The country on an average produced 

Figure 4. 
Annual growth in area, production and yield (2017–2018 over 2016–2017).
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7.3 million tonnes more than the past period. The major wheat-growing states like 
Punjab, Madhya Pradesh and Rajasthan have witnessed positive change in area and 
yield and production [6]. Surprisingly, Jharkhand registered positive change in area, 
yield and production, while Haryana and Uttar Pradesh, the major traditional wheat-
growing states, witnessed a negative change in production due to negative change 
in yield. Regional disparities in area and yield had a significant impact on the wheat 
production. Average production in Madhya Pradesh showed an increase by 6.87 million 
tonnes, followed by Rajasthan (1.2 million tonnes). However, the production has 
declined in Uttar Pradesh (1.41 million tonnes) and Haryana (0.11 million tonnes).

Statewise comparison of area and production for 2017–2018 shows that Uttar 
Pradesh, Punjab, Madhya Pradesh and Haryana were the major contributors to 
the national production (Figure 5). However, Punjab, Haryana and Uttar Pradesh 
retained the status of higher productivity for many years. The scope for additional 
production of these states has been limited due to stagnation of wheat acreage 
and yield. This indicates that these states almost reached their saturation in wheat 
cultivation and production. Potential exists for states like Rajasthan and Madhya 
Pradesh to explore for additional wheat production in the coming years. Area under 
these states has to increase in yield at farmers’ field so as to attain higher production. 
The current production from these states is around 29 million tonnes which has to be 
doubled by 2050 with an overall production target of 140 million tonnes [11–13].

6. Production constraints and challenges for wheat production

Production constraints are manifold and vary from crop to crop and between 
regions. Burgeoning population vis-à-vis increasing demand for food; growing 
competition for cultivable land, irrigation water and energy; intensive cropping 
especially in the Indo-Gangetic Plains resulting in irrational use of resources; pest-
environment interaction; reduction of natural resource base; declining total factor 
productivity; and yield plateau (Figure 6) are the prominent challenges put forth 
against crop production [11–14]. Wheat production not only faces the above routine 
challenges, but the intensity gets magnified in the context of climate change owing 
to its vulnerability [15–18].

Figure 5. 
Statewise comparison of wheat area and production (2017–2018).
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6.1 Climatic vulnerability

In India a significant part of wheat area is under heat stress, and Gangetic plains 
and central and peninsular India are the most heat-stressed regions, whereas it is 
moderate in northwestern parts of Indo-Gangetic Plains [19]. Variability in climate 
is also one of the biggest environmental threats to Indian agriculture, potentially 
impacting the wheat production and security. In India, it has been predicted that 
with every rise in 1°C temperature, the wheat production will be decreased by 
4–6 million tonnes. Rainfed wheat will experience a reduction in yield with 9–25% 
profit loss for every 2–3.5°C rise in temperature [20].

6.2 Excessive use of inputs and land resources

After the Green Revolution, the productivity of wheat has been significantly 
increased with the increase in input usage, plant protection chemicals and irrigated 
areas. The excessive use of fertilizer, chemicals and irrigation has degraded the 
fertility of the soil and also caused a reduction in groundwater table. The mono-
cropping system led to deterioration in soil quality. If the current trend continues, 
the country will face a serious problem in utilization of scarce natural resources.

6.3 Salt-affected and problematic soils

In India about 4.5 million hectares salt affected area is under wheat cultivation 
posing a major problem for canal irrigated areas [21]. Even though soil amendments 
and proper drainage are the more constructive solution, pace of reclamation is not 
substantial. This will significantly reduce the wheat yield.

Figure 6. 
Production challenges in Indian setting.
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6.4 Pest and disease complex

As year passes, the pests of wheat have developed some resistance even though 
controlled under contingent situation. If not, a new range of pests and diseases have 
been emerging putting a serious constraint on the wheat productivity.

6.5 Availability of improved seed

Adoption system and germplasm dissemination in India have been made in formal 
(organized) and informal (unorganized) ways [22]. Even though new improved variet-
ies are developed and made available to farmers by NARS around, 80% of all seeds are 
saved by the farmers [19]. Further, a majority of farmers in India have lack of aware-
ness of improved wheat varieties due to weak linkages [19]. The development and 
diffusion of improved varieties are crucial for achieving target production of wheat.

6.6 Price volatility

Volatility in prices of agricultural commodities has received considerable atten-
tion in the recent past among producers, consumers and policy makers. Price fluc-
tuations create an uncertain farming situation threatening wheat production and 
have a negative impact on the welfare of wheat growers. Further, volatility in prices 
of wheat in international market hinders the smooth flow of trade across nations.

6.7 Decline in farm size

Over the years, a visible declining trend in farm holding size has been observed 
and is another major concern for the nation as a whole. This is caused by fragmenta-
tion of farmland owing to nuclear family system and decline in cultivable area due 
to urbanization. Estimate from the agricultural census (2010–2011) reports that 

Zone Major production constraints

Northern hills 
zone

Lack of accessibility of seed of newly released variety, Phalaris minor, small land 
holdings, high cost of inputs, non-availability of farm machinery, yellow rust, birds, 
lack of knowledge among the farmers about recent technologies, imbalanced use of 
fertilizer, lack of irrigation facilities

Northwestern 
plains zone

High cost of inputs, low price of wheat, erratic power supply, Phalaris minor, low 
organic matter in the soil, poor quality of seeds, non-availability of labour, untimely 
rain, Chenopodium album, non-availability of electricity

Northeastern 
plains zone

Small land holdings, inadequacy of seeds of newly released variety, lack of 
information among the farmers about recently developed new technologies, late 
sowing, temperature fluctuations during growth, high-priced inputs, poor quality of 
seeds, non-availability of labour, low organic matter in the soil, non-availability of 
farm machinery

Central zone Non-availability of labour, imbalanced use of fertilizer, high temperature at maturity, 
limited accessibility to seed of newly released variety, temperature fluctuation during 
crop growth, high cost of inputs, lack of irrigation facilities, small land holding, 
decline in water table, untimely rain

Peninsular zone Low price of wheat, irregular power supply, high cost of inputs, non-availability of 
labour, non-availability of electricity, higher rate of custom hiring, untimely rain, lack 
of facilities of canal irrigation, poor accessibility to seeds of newly released variety, 
temperature fluctuation during crop growth

Table 4. 
Zone-wise production constraints in wheat.
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the average operational holding in India was 1.16 ha. Among major wheat-growing 
states, average operational holding was highest in the case of Punjab (3.77 ha) 
and lowest in Bihar (0.39 ha). Declining farm size and conversion of farmland to 
residential area are the major setbacks with respect to food production in general 
and wheat production in particular.

6.8 Declining total factor productivity

A major concern among policy makers is the declining total factor productivity 
over the years owing to stagnating yield levels with increased use of inputs and 
resource services. It is a major concern in the intensive cropping areas wherein rice-
wheat is widely under cultivation. This can be countered by adoption of improved 
technologies coupled with the use of optimal resources.

The constraints in wheat production are region-specific (Table 4), and it 
requires setting research priorities to address them. Rust, infestation of weeds such 
as Phalaris minor, wild oat, late sowing, low plant population, etc., were identified 
as the major constraints across wheat-growing zones.

7.  Production target set for 2050 and strategies for increasing the 
productivity

With a limited scope for increasing the crop acreage besides the production 
threats and challenges at the forefront [12, 13], the production target has been 
fixed at 140 mt by 2050 (Figure 7) [11]. Under stable wheat acreage and given the 
optimistic production target, the existing average yield has to be increased from 33 
to 47 Qtls/ha by 2050. Concerted research should focus to break the yield barriers in 
gradual manner and develop genotypes tailored for specific wheat-growing regions.

The following are the strategies set for increasing the crop productivity to 
achieve the set target of 140 million tonnes [9, 23, 24]:

• Improvement of wheat under conventional methods

a. Exploitation of heterosis for developing the hybrids

b. Pre-breeding programme by broadening the varieties’ genetic base

i. Capitalizing exotic germplasm and extensive utilization

ii. Precision phenotyping of germplasm

iii. Mining novel alleles for genes of known function

iv. Production of segregating populations for lines of interest identified in 
primary germplasm screens

v. Use of existing landrace x elite segregating populations to identify QTL 
controlling traits of interest

vi. Production of NILs for QTL and allelic variants

vii. Assessing agronomic performance of NILs

viii. Development of informative genetic markers and their use in commercial 
wheat breeding programmes
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saved by the farmers [19]. Further, a majority of farmers in India have lack of aware-
ness of improved wheat varieties due to weak linkages [19]. The development and 
diffusion of improved varieties are crucial for achieving target production of wheat.

6.6 Price volatility

Volatility in prices of agricultural commodities has received considerable atten-
tion in the recent past among producers, consumers and policy makers. Price fluc-
tuations create an uncertain farming situation threatening wheat production and 
have a negative impact on the welfare of wheat growers. Further, volatility in prices 
of wheat in international market hinders the smooth flow of trade across nations.

6.7 Decline in farm size

Over the years, a visible declining trend in farm holding size has been observed 
and is another major concern for the nation as a whole. This is caused by fragmenta-
tion of farmland owing to nuclear family system and decline in cultivable area due 
to urbanization. Estimate from the agricultural census (2010–2011) reports that 

Zone Major production constraints

Northern hills 
zone

Lack of accessibility of seed of newly released variety, Phalaris minor, small land 
holdings, high cost of inputs, non-availability of farm machinery, yellow rust, birds, 
lack of knowledge among the farmers about recent technologies, imbalanced use of 
fertilizer, lack of irrigation facilities

Northwestern 
plains zone

High cost of inputs, low price of wheat, erratic power supply, Phalaris minor, low 
organic matter in the soil, poor quality of seeds, non-availability of labour, untimely 
rain, Chenopodium album, non-availability of electricity

Northeastern 
plains zone

Small land holdings, inadequacy of seeds of newly released variety, lack of 
information among the farmers about recently developed new technologies, late 
sowing, temperature fluctuations during growth, high-priced inputs, poor quality of 
seeds, non-availability of labour, low organic matter in the soil, non-availability of 
farm machinery

Central zone Non-availability of labour, imbalanced use of fertilizer, high temperature at maturity, 
limited accessibility to seed of newly released variety, temperature fluctuation during 
crop growth, high cost of inputs, lack of irrigation facilities, small land holding, 
decline in water table, untimely rain

Peninsular zone Low price of wheat, irregular power supply, high cost of inputs, non-availability of 
labour, non-availability of electricity, higher rate of custom hiring, untimely rain, lack 
of facilities of canal irrigation, poor accessibility to seeds of newly released variety, 
temperature fluctuation during crop growth

Table 4. 
Zone-wise production constraints in wheat.
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the average operational holding in India was 1.16 ha. Among major wheat-growing 
states, average operational holding was highest in the case of Punjab (3.77 ha) 
and lowest in Bihar (0.39 ha). Declining farm size and conversion of farmland to 
residential area are the major setbacks with respect to food production in general 
and wheat production in particular.

6.8 Declining total factor productivity

A major concern among policy makers is the declining total factor productivity 
over the years owing to stagnating yield levels with increased use of inputs and 
resource services. It is a major concern in the intensive cropping areas wherein rice-
wheat is widely under cultivation. This can be countered by adoption of improved 
technologies coupled with the use of optimal resources.

The constraints in wheat production are region-specific (Table 4), and it 
requires setting research priorities to address them. Rust, infestation of weeds such 
as Phalaris minor, wild oat, late sowing, low plant population, etc., were identified 
as the major constraints across wheat-growing zones.

7.  Production target set for 2050 and strategies for increasing the 
productivity

With a limited scope for increasing the crop acreage besides the production 
threats and challenges at the forefront [12, 13], the production target has been 
fixed at 140 mt by 2050 (Figure 7) [11]. Under stable wheat acreage and given the 
optimistic production target, the existing average yield has to be increased from 33 
to 47 Qtls/ha by 2050. Concerted research should focus to break the yield barriers in 
gradual manner and develop genotypes tailored for specific wheat-growing regions.

The following are the strategies set for increasing the crop productivity to 
achieve the set target of 140 million tonnes [9, 23, 24]:

• Improvement of wheat under conventional methods

a. Exploitation of heterosis for developing the hybrids

b. Pre-breeding programme by broadening the varieties’ genetic base

i. Capitalizing exotic germplasm and extensive utilization

ii. Precision phenotyping of germplasm

iii. Mining novel alleles for genes of known function

iv. Production of segregating populations for lines of interest identified in 
primary germplasm screens

v. Use of existing landrace x elite segregating populations to identify QTL 
controlling traits of interest

vi. Production of NILs for QTL and allelic variants

vii. Assessing agronomic performance of NILs

viii. Development of informative genetic markers and their use in commercial 
wheat breeding programmes
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c. Development of new plant types

i. Desired canopy structure

ii. Rapid leaf area development

iii. Rapid nutrient uptake

iv. Increasing lodging resistance (robust stem)

• Biotechnological interventions

a. Marker-assisted breeding

b. Wheat genome sequence and associated genomic tools

i. Allele mining on the basis of probing germplasm sets for specific gene 
sequences

ii. Innumerable new molecular markers in genomic regions of choice to 
facilitate large-scale cloning of new genes

iii. A plethora of approaches for understanding the function of each and 
every gene

iv. Understanding temporal and tissue-specific gene expression in response to 
developmental and environmental cues

v. Uncovering molecular basis of complex adaptation syndromes including 
tolerance to various abiotic stresses

vi. Designing of a genome-wide perfect marker system based on SNPs in 
entire gene space of the species

c. Potential of wheat transgenics and possibilities of greater public acceptance

d. Functional characterization of genome

Figure 7. 
Existing production and target for 2050.
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• Tackling disease resistance

• Tackling abiotic stress-climate change

• Resource management

• Quality improvement

• Policy reorientation [6]

a. Price policy

b. Seed policy

c. Credit policy

• Institutional innovations like e-National Agriculture Market

• Extension: transfer of technology

a. Economic assessment of various improved technologies for upscaling and 
outscaling

b. Promotion of resource conservation technologies [25]

c. Awareness among farmers of new improved varieties and production tech-
nologies for yield as well as income enhancement [26, 27]

d. Wheat atlas: creation and updating regional-level database on parameters 
like area, production, yield, yield gaps and input usage.

e. Analysis of benefit-cost ratio (BCR) in wheat production and development

f. Access to critical inputs for timely sowing like improved seeds particularly in 
eastern UP, Bihar, Jharkhand and Chhattisgarh; access to fertilizers, irriga-
tion water and farm machinery [28]

g. Infrastructure development (roads, storage structures, market)

8. Conclusion

Agriculture transformation is of utmost importance for regional develop-
ment. Cutting-edge research involving multidiscipline is the need of the hour 
and is expected to develop superior genotypes breaking the yield barrier. Despite 
being cost-intensive, development is mandatory which warrants for higher public 
and private investment in R&D. In addition, productivity has to be increased 
through massive efforts from extension personnel who serve as change agents 
among the farming community. A reorientation in price policy (fair price system 
benefiting both producers and consumers, deficient payment system to producers 
for difference between the market and procurement price and cash transfers to 
producers under colossal loss), seed policy (quality seed production and ensur-
ing its availability for all) and credit policy (timely distribution with minimum 



Recent Advances in Grain Crops Research

100

c. Development of new plant types

i. Desired canopy structure

ii. Rapid leaf area development

iii. Rapid nutrient uptake

iv. Increasing lodging resistance (robust stem)

• Biotechnological interventions

a. Marker-assisted breeding

b. Wheat genome sequence and associated genomic tools

i. Allele mining on the basis of probing germplasm sets for specific gene 
sequences

ii. Innumerable new molecular markers in genomic regions of choice to 
facilitate large-scale cloning of new genes

iii. A plethora of approaches for understanding the function of each and 
every gene

iv. Understanding temporal and tissue-specific gene expression in response to 
developmental and environmental cues

v. Uncovering molecular basis of complex adaptation syndromes including 
tolerance to various abiotic stresses

vi. Designing of a genome-wide perfect marker system based on SNPs in 
entire gene space of the species

c. Potential of wheat transgenics and possibilities of greater public acceptance

d. Functional characterization of genome

Figure 7. 
Existing production and target for 2050.

101

Wheat Production in India: Trends and Prospects
DOI: http://dx.doi.org/10.5772/intechopen.86341

• Tackling disease resistance

• Tackling abiotic stress-climate change

• Resource management

• Quality improvement

• Policy reorientation [6]

a. Price policy

b. Seed policy
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a. Economic assessment of various improved technologies for upscaling and 
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b. Promotion of resource conservation technologies [25]

c. Awareness among farmers of new improved varieties and production tech-
nologies for yield as well as income enhancement [26, 27]

d. Wheat atlas: creation and updating regional-level database on parameters 
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8. Conclusion

Agriculture transformation is of utmost importance for regional develop-
ment. Cutting-edge research involving multidiscipline is the need of the hour 
and is expected to develop superior genotypes breaking the yield barrier. Despite 
being cost-intensive, development is mandatory which warrants for higher public 
and private investment in R&D. In addition, productivity has to be increased 
through massive efforts from extension personnel who serve as change agents 
among the farming community. A reorientation in price policy (fair price system 
benefiting both producers and consumers, deficient payment system to producers 
for difference between the market and procurement price and cash transfers to 
producers under colossal loss), seed policy (quality seed production and ensur-
ing its availability for all) and credit policy (timely distribution with minimum 
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administrative work) is highly required to support the existing production system 
and to carry forward. Increased access to input and output markets, revamped 
distributions systems, investment in rural infrastructures and skilling of the rural 
labour force will help immensely to increase the crop productivity. On the whole, 
a synergy between research-extension-policy-institutions will play an impending 
role to achieve the desired level of production as well as to ensure food security 
for future generation. The realization of the expected increase in production in 
agriculture will only be possible with high efficiency, high quality, resistance to 
biotic and abiotic stresses and by offering them to the service of the farmer by 
improving the stable varieties in breeding programmes.
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Chapter 7

Rice Grain Quality: Current 
Developments and Future 
Prospects
Neerja Sharma and Renu Khanna

Abstract

Grain quality of rice is more complex than other cereals, since it is mostly 
consumed as whole grain in countries where it serves as a staple food. Quality 
characteristics are major determinants of market price and include milling, physi-
cal appearance, cooking, sensory, palatability, and nutritional value. A better 
understanding of the factors that control these quality characteristics will be useful 
for developing new breeding strategies. In this chapter, we will review the progress 
made toward improvement of important grain quality traits along with their genetic 
basis. This chapter will also give innovative insights into the knowledge gained 
through new tools that integrate grain quality with high yield in the present scenario 
of diminishing natural resources and environmental fluctuations.

Keywords: rice, cooking traits, sensory quality, appearance quality, genetic basis, 
nutritional quality

1. Introduction

Rice is the staple food of half of human population globally and fulfills over 21% 
calorific requirement of world population. About 90% of the rice is produced and 
consumed in Asia. During 1960s to 1970 when the major rice producing countries 
relied on rice as a subsistence crop, the major emphasis was on high yield. As these 
countries attained food security and standard of living of the rice eating popula-
tion improved, consumers became conscious about grain quality. Their potential 
as exporters of surplus rice produced, gave a further impetus to grain quality 
research. The world population is expected to reach 9.8 billion from the current 
7.6 billion by 2050 (The World Population Prospects: The 2017 Revision, published 
by the UN Department of Economic and Social Affairs). The current challenge to 
rice improvement programs is to feed the ever-growing population with diminish-
ing natural resources and environmental fluctuations on one-hand and varieties 
that have grain quality that the consumer demands, on the other. The economic 
value and the consumer acceptance/preference of a rice variety depend on rice 
grain quality [1–3]. Rice grain quality is a complex trait and is therefore difficult to 
define comprehensively. Rice quality comes from a polygenic group of traits that 
are affected by environmental factors, crop management and the resulting interac-
tions among these. It involves the physical appearance, milling quality, cooking, 
sensory and nutritional value. The emphasis laid on each of these traits depends 
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Chapter 7

Rice Grain Quality: Current 
Developments and Future 
Prospects
Neerja Sharma and Renu Khanna

Abstract

Grain quality of rice is more complex than other cereals, since it is mostly 
consumed as whole grain in countries where it serves as a staple food. Quality 
characteristics are major determinants of market price and include milling, physi-
cal appearance, cooking, sensory, palatability, and nutritional value. A better 
understanding of the factors that control these quality characteristics will be useful 
for developing new breeding strategies. In this chapter, we will review the progress 
made toward improvement of important grain quality traits along with their genetic 
basis. This chapter will also give innovative insights into the knowledge gained 
through new tools that integrate grain quality with high yield in the present scenario 
of diminishing natural resources and environmental fluctuations.

Keywords: rice, cooking traits, sensory quality, appearance quality, genetic basis, 
nutritional quality

1. Introduction

Rice is the staple food of half of human population globally and fulfills over 21% 
calorific requirement of world population. About 90% of the rice is produced and 
consumed in Asia. During 1960s to 1970 when the major rice producing countries 
relied on rice as a subsistence crop, the major emphasis was on high yield. As these 
countries attained food security and standard of living of the rice eating popula-
tion improved, consumers became conscious about grain quality. Their potential 
as exporters of surplus rice produced, gave a further impetus to grain quality 
research. The world population is expected to reach 9.8 billion from the current 
7.6 billion by 2050 (The World Population Prospects: The 2017 Revision, published 
by the UN Department of Economic and Social Affairs). The current challenge to 
rice improvement programs is to feed the ever-growing population with diminish-
ing natural resources and environmental fluctuations on one-hand and varieties 
that have grain quality that the consumer demands, on the other. The economic 
value and the consumer acceptance/preference of a rice variety depend on rice 
grain quality [1–3]. Rice grain quality is a complex trait and is therefore difficult to 
define comprehensively. Rice quality comes from a polygenic group of traits that 
are affected by environmental factors, crop management and the resulting interac-
tions among these. It involves the physical appearance, milling quality, cooking, 
sensory and nutritional value. The emphasis laid on each of these traits depends 
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on regional consumer preference, market demand, and intended functional use. 
For instance, consumers in North Asia prefer short and bold rice grains with low 
amylose, whereas in several states of India, most parts of Pakistan and Iran prefer 
long, slender grains having intermediate amylose content [4]. One of the major 
challenges facing the rice improvement programs is to have simple, robust, high 
throughput methods for assessing various quality traits that can reflect consumer 
preference. We review here the key grain quality traits and the classical and modern 
methods used in rice improvement programs to evaluate them. A comprehensive 
list of quality evaluation methods for different parameters is given in Table 1.

S. No. Quality parameter Recent quality evaluation method(s)

Cooking and eating quality

1. Apparent amylose 
content

HPLC-SEC [5]
DSC [6]
NIRS [7, 8]

2. Cooking time Measured indirectly by estimating gelatinization 
temperature using DSC [6]

3. Kernel elongation None

4. Grain volume expansion None

5. Gelatinization 
temperature

Measurement of starch gelatinization by DSC, 
photometric method, alkali photometry, or RVA 
pasting curve [9]

6. Pasting properties Brabender visco-amylograph, micro Visco-analyzer 
[10, 11]

Textural and sensory quality

7. Gel consistency None

8. Texture profiling Instron hardness testing. Parallel plate plastometer, 
consistometer, texturometer, hardness tester, 
viscoelastograph, tensipresser, surface tensiometer, 
Kramer shear or texture press, extrusion and back 
extrusion, puncture test

9. Sensory evaluation None

10. Aroma profiling Detection and quantification of 2-acetyl-1-pyrroline by 
GC-MS [3]
Detection of total volatile metabolome by GC-MS

11. Rancidity test Detection of free fatty acids by titration or colorimetry 
[12]

Nutritional quality

12. Protein content NIRS [13]

13. Lipid content Metabolomics approach using LC-MS [14] or GC-MS

14. Resistant starch content None

15. Nonstarch 
polysaccharide content 
and dietary fiber content

CE [15], HPLC coupled with mass spec detector

16. Micronutrients AAS, ICP-OES, ICP-MS [16, 17], XRF

17. Digestibility Time-resolved NMR [18]

Table 1. 
Summary of evaluation methods used for determining rice quality.
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2. Rice quality traits

2.1 Appearance quality

Major factors determining market value are immediately discernible by the 
consumers and include physical properties like, whiteness, translucence, uniform 
shape and yield of edible polished grain. Visual characters of rice grains like grain 
dimensions, chalk, color and whole grain recovery are important attributes that 
affect the choice of consumers’ and millers. Therefore, these are among some of 
the first selection criteria in varietal improvement programs [19–21]. Grain size 
depends on the length of the grain in its greatest dimension, while grain shape is 
based on length-to-breadth ratio [20]. The classification of rice samples based on 
size and shape is not standardized across different countries and different market-
ing areas [22, 23]. The routine classification system used by the International Rice 
Research Institute (IRRI) breeding programs for grain size is as follows: short 
(≤5.50 mm), medium/intermediate (5.51–6.60 mm), long (6.61–7.50 mm), and very 
long (>7.50 mm). Similarly, the grain shapes of rice can be described based on the 
length-to breadth ratio values, and the classification used in IRRI is: bold (≤2.0), 
medium (2.1–3.0), and slender (>3.0) [23]. Chalky areas in rice grains present on 
the dorsal (white belly), ventral side (white back) or in the center are opaque white 
parts of the endosperm and generally, associated with poor quality in many rice 
markets thus these grains have lower market acceptability [24]. Classification of 
the grains is based on the proportion of the grain that is chalky: none (0%), small 
(<10%), medium (10–20%), and large (>20%) [23, 25, 26]. The starch granules 
in the chalky areas of the grain have air spaces between them, are small and less 
compact compared to bigger and tightly packed granules in translucent areas and 
hence are more prone to breakage during milling [27, 28]. Chalk thus affects both 
the esthetic value and head rice yield decreasing the marketability of rice. Chalk 
is caused by both environment and genetic factors. Increase in nighttime air tem-
peratures during grain filling stage can increase chalk and reduce head rice yields 
[29, 30]. Rice grain dimensions are conventionally measured using transparent 
rulers, vernier calipers and photographic enlargers [31], while the proportion of 
grain that is chalky is visually scored. Measuring of grain dimensions using manual 
methods is both labor intensive and time-consuming. Moreover, visual scoring of 
chalk involves subjectivity. Now-a-days, image analysis methods are being used in 
advanced laboratories that are very convenient and objective [31–33].

Yin et al. [34] divided the dimensions of grain shape into grain length, grain 
width, length-to-width ratio, grain area, grain circumference, grain diameter, and 
grain roundness. Several important genes have been characterized in previous stud-
ies that control grain shape traits, e.g., GS3 [35] affecting grain length, qSW5/GW5/
GSE5 [14, 36, 37] affecting grain width, GL7/GW7 [38] shaping both grain length 
and grain width. In various studies across different environments and genetic 
backgrounds, a major effect quantitative trait loci (QTL) for grain length, GS3 was 
identified near the centromeric region of chromosome 3 [12, 35, 39, 40]. However, 
a functional marker in the second exon of GS3 was identified that explains 80–90% 
of the kernel length variation [41]. Bai et al. [42] identified four QTLs for grain 
length on chromosomes 3 and 7; and 10 QTLs for grain width and 9 QTLs for grain 
thickness on chromosomes 2, 3, 5, 7, 9 and 10, respectively. A total of 28 QTLs were 
detected, of which numerous were reported for the first time. Four major and six 
minor QTLs for grain shape were also identified in their study. Later on, qGL7 was 
narrowed down to an interval covering a 258 kb region in the Nipponbare genome 
between InDel marker RID711 and SSR marker RM6389, and co-segregated with 
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and grain width. In various studies across different environments and genetic 
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InDel markers RID710 and RID76. The dimensions of grain shape were dissected by 
Yin et al. [34] into grain length, grain width, length-to-width ratio, grain area, grain 
circumference, grain diameter, and grain roundness. By contrast, a few QTLs for 
grain chalkiness have been finely mapped and characterized functionally. Chalk5 
was the first cloned and functionally characterized gene that controls rice grain 
chalkiness which encodes a vacuolar H+-translocating pyrophosphatase [43]. Two 
methods are commonly applied for genetic dissection of these complex traits: QTL 
mapping in bi-parental recombinant populations and genome-wide association 
studies (GWAS) using diverse varieties. In general, genetic diversity and mapping 
resolution are limitations in the bi-parental linkage approach, while conventional 
GWAS is often mystified by complicated population structure and low power to 
map the low-frequency alleles [44, 45]. Genome-wide high-resolution mapping for 
the traits of grain shape and grain chalkiness was performed by Gong et al. [46] in 
hybrid rice using multiple collaborative populations for joint analyses.

2.2 Milling quality

Milling yield is an important quality character especially from the commercial 
standpoint [47]. It includes milled rice yield and head rice yield. Milling yield 
is the estimate of the quantity of total milled rice obtained from a unit of rough 
rice (paddy) and produced by removing the hulls, germ, and most of the bran. 
It includes intact and broken kernels and generally expressed as percentage [48]. 
Head rice is the intact or “whole” kernels and includes milled kernels having equal 
to or more than three-fourth length. The economic value of broken kernels is only 
50–60% that of head rice, supporting the immense impact it has on marketability. 
Bran consists of several layers of outer covering of the endosperm. These layers 
include the pericarp, testa (seed coat), the nucellus and the aleurone, including the 
germ, are collectively called bran. Both, the degree of milling, which is an estimate 
of the degree to which the bran layers are removed from the endosperm, and fissur-
ing of grains contribute to the percentage of broken kernels and hence, determine 
the overall milling quality [49]. Fissures or cracks in the grains weaken the strength 
of the grain and predispose them to break when exposed to mechanical forces 
during milling process [50]. Post-harvest drying of rice is one of the greatest factors 
that affect the percentage of broken kernels. Alternate wetting and drying of grains, 
drying at high temperatures and non-equilibrated grains before polishing lead to a 
decrease in head rice recovery [51–55]. Milling quality is determined with the help 
of laboratory-sized mills. They include dehuskers that remove husk, polishers or 
Test Rice Whitening Machine and graders, indent cylinders and shaker tables to 
segregate broken kernels from milled rice. Lam and Proctor [56] determined that 
linoleic and oleic acids were the main fatty acids released during milled rice surface 
lipids hydrolysis. Limited number of QTLs has been identified for milling quality. 
Two have been fine mapped but none has been cloned so far [57].

2.3 Cooking and sensory quality

Rice is mainly consumed as polished grain in contrast to other staple cereals like 
wheat and maize that are consumed after the grain is ground to flour. Therefore, the 
quality characters of rice grain assume greater importance. The chief component of 
milled rice grain is starch which constitutes approximately 78% (14% moisture) or 
90% (dry weight) of the endosperm [58]. Thus, the properties of starch mainly deter-
mine the cooking and eating quality of rice grains. Three important traits of starch 
that determine the cooking and organoleptic properties of rice grain are: apparent 
amylose content (AAC), gelatinization temperature (GT) and gel consistency.
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The amylose fraction, essentially the linear polymer of glucose, forms only a 
small component of starch. The other major form of starch is the highly branched 
amylopectin molecule. Amylose is an important quality trait of rice and is consid-
ered as an indirect predictor of cooking and sensory quality [59–61]. Iodine-binding 
assay, generally used for measuring amylose content, also detects long-chain 
amylopectin in addition to ‘true’ amylose [62]. Hence, amylose is referred to as 
apparent amylose content (AAC). AAC of starch ranges from 0.8 to 1.3% in waxy 
rice, whereas it constitutes 8–37% [58] in non-waxy rice, the rest being amylopec-
tin. AAC is directly proportional to water absorption, volume expansion, fluffiness, 
hardness and inversely proportional to cohesiveness, tenderness, stickiness and 
glossiness of cooked rice. Based on AAC, rice can be classified as: waxy (0–2%), 
very low (3–9%), low (10–19%), intermediate (20–25%), and high (>25%) [10]. 
Despite overestimating the actual amylose content and other limitations, iodine—
binding assay that produces blue iodine—amylose complex when iodine binds 
to gelatinized rice flour which is quantified using a spectrophotometer, remains 
the method of choice for determining AAC. The two methods approved for the 
estimation of amylose content in milled rice are: the AACCI Method61-03.01 and 
ISO Method 6647-1:2015 [63, 64]. Auto-analyzers are also being used for routine 
amylose estimations in several rice improvement programs [65].

In general, the AAC is related to sensory quality of cooked rice however, there 
are varieties that have the same AAC but differ in their cooked rice hardness [66]. 
To account for such differences, a complementary test called gel consistency (GC) 
is routinely used [32]. It measures the length moved by rice flour gel, before it sets. 
Rice is classified into three GC groups based on gel length: hard and very flaky 
(≤40 mm), medium and flaky (41–60 mm), and soft (>61 mm). The differences in 
GC groups are explained on the basis of the proportion of hot water soluble amylose 
compared to that of insoluble amylose. The varieties with higher proportion of 
hot water insoluble amylose exhibit hard GC [67, 68]. Studies have indicated that 
long-chain amylopectin that remains in the gelatinized starch granule is probably 
the hot water insoluble amylose [69, 70]. According to Matsue et al. [71], amylose 
and protein content, amylographic characteristics, and even palatability showed 
significant difference depending on the position of spikelets in a panicle.

Conventional genetic studies have revealed that AAC is under the control of one 
major gene with several modifiers [56]. Among non-waxy parents, high amylose 
is completely dominant over low or intermediate amylose, and intermediate is 
dominant over low [72]. With the advent of molecular marker technology, it is now 
easy to apprehend complex quantitative traits [73]. Amylose content is reported to 
be mainly controlled by the waxy gene locus (Wx) present on chromosome 6, which 
encodes the granule-bound starch synthase (GBSS) [74].This enzyme is required for 
amylose synthesis, and several alleles are encoded by the Wx locus [75, 76]. Three 
alleles of the waxy gene—Wx, Wxa and Wxb are known, which exist in waxy (sticky) 
rice, indica and japonica sub-species, respectively. The activity of the encoded 
protein, GBSS differs in different genetic backgrounds [77]. A single nucleotide 
polymorphism (SNP) at the splice site of intron 1 differentiates low amylose varieties 
from intermediate and high varieties. This SNP defines the Wxa and Wxb alleles for 
high and low amylose, respectively [78]. In the Wxin allele [76] it was identified that 
an SNP in exon 6, results in an amino acid substitution from serine to tyrosine that 
distinguishes high and intermediate amylose varieties [75].

Gelatinization temperature (GT) is another important physicochemical parame-
ter that ranges from 55 to 80°C and provides information regarding the cooking time 
of rice and its texture [79]. The temperature at which the semi-crystalline structure 
of starch begins to melt in hot water with loss of birefringence is termed GT [1]. 
GT is classified into three classes: low (55–69°C), intermediate (70–74°C) or high 
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ter that ranges from 55 to 80°C and provides information regarding the cooking time 
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of starch begins to melt in hot water with loss of birefringence is termed GT [1]. 
GT is classified into three classes: low (55–69°C), intermediate (70–74°C) or high 
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(75–79°C) [27]. GT is dependent on the amylopectin fine structure of starch with 
higher proportion of short chains (DP 6–12) decreasing the GT [80, 81]. Consumer 
preferences are varied throughout the world but varieties with intermediate GT are 
mostly preferred [82]. The two most commonly used methods for GT determination 
are: alkali spreading value (ASV) and Differential Scanning Calorimetry (DSC). 
ASV is based on the disintegration of starch granules present in milled rice grains in 
dilute KOH. The extent of disintegration is numerically scored on a scale of 1–7  
[31, 68]. Though ASV is a high throughput method for the determination of GT, it is 
an indirect and subjective test. In contrast, DSC is an instrumental method based on 
measuring in real time, the first peak of the endotherm as the starch granules gela-
tinize [6, 83, 84]. DSC is a precise but an expensive method for measuring GT and 
cannot be routinely used to screen thousands of breeding lines in rice improvement 
programs. GT is also determined by an amylograph method [85] which tracks the 
viscosity changes that take place when rice flour-water slurry is heated with continu-
ous stirring and was approved as the AACCI Method 61-01.01. The temperature at 
which the viscosity of 20% slurry begins to rise, determines the GT. The instrument 
used extensively in advanced rice quality labs is Rapid Viscoamylograph (RVA) [1]. 
It determines the viscosity changes during the heating and cooling of relatively small 
rice flour samples (6 g) AACCI Method 61-02.01.

A QTL corresponding to the alk locus was identified by Fan et al. [35], having a 
major effect on alkali spreading value. Alk/alk codes for starch synthase IIa (SSIIa) 
which is responsible for the vital differences in amylopectin chain length distribu-
tion [81]. Specifically, four haplotypes are able to distinguish between low and high 
GT. But a marker which is able to identify genotypes with the intermediate class of 
GT has yet to be discovered. GT is classified into two groups by allelic variation in 
SSlla [81, 86]. The SNPs in SSlla define four haplotypes [87, 88] and two haplotypes 
associate with high and two with low GT. Varieties having intermediate GT are 
found in all haplotype groups [89], thereby suggesting that another locus interacts 
with SSlla to produce the intermediate phenotype. SNP mutations in the rice alk 
gene have been shown to alter the amylose content in grains [88]. Although several 
alleles of Waxy/waxy and Alk/alk genes linked with different forms of starch have 
been identified [87], other starch biosynthesis genes in addition to Waxy/waxy 
and Alk/alk also affect rice cooking and eating quality. However, starch structure 
does not clarify all the variation in rice grain quality parameters present in all rice 
germplasm [90].

Aroma is a prized sensory trait of cooked rice that increases its market value. 
Among more than 100 identified volatile compounds, 2-acetyl-1-pyrroline (2-AP) 
is the major chemical compound contributing to the fragrance of Basmati rice, 
Jasmine rice and Pandanus leaves [91–94]. Aroma is traditionally detected by smell-
ing after reaction with 0.1 M KOH. However, this method is subjective and is also 
harmful to the nasal cavity of the analyst upon continuous and prolonged exposure. 
To solve this problem, gas chromatography coupled with flame ionization detector 
(GC-FID) or mass spectrometry (GC-MS) is being used in advanced rice breeding 
facilities. However, these methods are expensive and involve high running and 
maintenance costs. Therefore, molecular markers related to 2-AP are routinely used 
in rice breeding programs working on aroma.

Genetics studies of aroma have been an attractive research topic and many 
researchers studied it by employing various sensory tests. A few scientists like Reddy 
and Reddy [95] described two to three recessive or dominant genes that determine 
the fragrance, but most researchers believe that Basmati fragrance is under the 
control of a single recessive gene [96, 97]. Almost two decades of attempts to know 
the genetics of aroma at molecular level concluded in mapping of a single locus (fgr) 
on chromosome 8. QTL mapping [98, 99] followed by fine mapping [94], sequence 
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analysis and complementation test [100] have helped to determine that Betaine 
Aldehyde Dehydrogenase (BADH2) gene possessing 15 exons and 14 introns is the 
fragrance causing gene (fgr). Several studies have suggested that a recessive allele of 
BADH2 carrying fragment deletions, badh2 includes 7 bp deletion in 2nd exon, an 
8 bp deletion in 7th exon and an 803 bp deletion between exons 4 and 5 [101, 102]. 
This characterization of fragrant and non-aromatic rice varieties suggested that 
these events might have occurred after the divergence of aromatic and non-aromatic 
varieties from the common ancestor. On the other hand, the functional BADH2 
converts AB-ald (presumed 2-AP precursor) into GABA (4-aminobutyraldehyde) 
in non-fragrant rice and the non-functional BADH2 causes accumulation of AB-ald 
and thereby enhances 2-AP biosynthesis in fragrant rice [100]. A study by Kovach 
et al [103] suggested that Basmati cultivars were nearly identical to the ancestral 
japonica haplotype across 5.3 Mb region flanking BADH2 thereby, demonstrat-
ing the close evolutionary relationship of Basmati cultivars with japonica varietal 
group. Due to instability in expression of Badh2 gene and complexity in fragrance 
determination, marker assisted selection (MAS) is considered to be a useful tool for 
screening this trait.

Detailed studies were done by Sood and Siddiq [104] on the geological distribu-
tion of kernel elongation gene(s) in rice and reported that varieties showing high 
kernel elongation on cooking were known to be traditionally cultivated in the 
northwest part of undivided India. Kernel elongation upon cooking is an endo-
sperm character significantly influenced by factors like environment, aging, etc. 
Basmati rices are characterized by doubling of kernel length upon cooking. Despite 
being an important trait, not many reports are available on the inheritance of kernel 
elongation on cooking. Among the limited number of studies on this trait, one 
study had reported identification of a QTL between two RFLP markers viz., RZ323 
and RZ562 and mapped it at a distance of 14.6 cM on chromosome 8 [105].

2.4 Nutritional quality

Rice is consumed as a staple for providing sustenance to its consumers’. With 
improving purchasing power of the rice consumers’ post green revolution, nutri-
tional quality of rice gained importance. As starch is the main constituent of milled 
rice grain, it is the major source of energy and affects its nutritional quality. It has 
been reported that starch is digested at different rates in human gastro-intestinal 
tract [106]. The digestibility of starch is measured by estimating the rise in blood 
glucose level of humans upon consumption of a food containing 50 g available car-
bohydrates compared to a standard solution containing 50 g glucose [107–109]. This 
glycemic response is reported as glycemic index (GI). However, estimation of GI 
involves low-throughput and expensive clinical assays, therefore, it is not routinely 
used in screening for low GI rices [110]. In vitro estimation of nutritional fractions 
of starch can be carried out by estimating the content of total sugars, total starch, 
rapidly digestible starch, slowly digestible starch and resistant starch [111, 112]. 
Apart from starch, the other major macronutrients present in milled rice grain are: 
storage proteins (7%), storage lipids (<1%) and non-starch polysaccharides (NSPs, 
trace amounts). These macronutrients significantly affect the nutritional qual-
ity, textural and sensory traits, and functional properties [113] even though they 
constitute minor components of milled rice grain. Storage proteins are major source 
of proteins in developing countries, are hypoallergenic and possess superior amino 
acid composition [114]. The Kjeldahl method with modifications to accommodate 
smaller sample sizes (AACCI Method 46-13.01) [63] is widely used method for the 
estimation of total proteins. Individual amino acids can be quantified after acid 
hydrolysis using pre-column derivatization with a fluorescent derivatizing reagent 
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followed by HPLC separation [115, 116]. Rice lipids serve nutritional and functional 
role. They provide protection against cardiovascular diseases and cancer [117] and 
also affect the pasting properties. Crude fat in rice grains is routinely analyzed using 
a standard method (AACCI Method 30-10.01). The fatty acid composition of the 
bran layer can also be analyzed using gas-liquid chromatography (GLC) [118]. NSPs 
are concentrated in the bran layer and only trace amounts are detected in the milled 
rice grains but have nutritional importance because of their unique composition 
compared to other cereals [109].

Nutritional components such as minerals, vitamins and phytochemicals are 
concentrated in the bran layer and are either absent or present at low levels in milled 
grains. The iron and zinc content are generally low and some of which is lost during 
milling. So a modest increase in these levels in rice would provide a significant 
nutritional boost to the hundreds of millions of people who depend on it. Hence 
there is an imperative need for a shift in emphasis toward development of nutri-
tionally high quality rice. This is achieved by evaluating the available germplasm 
lines for micro nutrient content and by generation of knowledge regarding their 
inheritance pattern to use in future breeding programs. Micronutrients are being 
quantified by using atomic absorption spectroscopy (AAS), X-ray fluorescence 
spectrometry (XRF), inductively coupled plasma-mass spectrometry (ICP-MS), 
laser-induced breakdown spectroscopy (LIBS), and inductively coupled plasma-
optical emission spectrometry (ICP-OES) [16, 17].

Integration of marker assisted breeding with conventional breeding creates a 
possibility to track the introgression of nutritional quality associated QTLs and genes 
into a popular/elite cultivar from various germplasm sources [119]. Two consistent 
QTLs for protein content in milled rice were reported by Zhong et al. [120] as qPr1 
and qPr7 and located in the marker interval of RM493-RM562 and RM445-RM418 
on chromosome 1 and 7, respectively. Gande et al. [121] identified 24 candidate genes 
namely OsNAC, OsZIP8a, OsZIP8c and OsZIP4b showed significant phenotypic 
variance of 4.5, 19.0, 5.1 and 10.2%, respectively. The QTL associated with increased 
grain protein content has been cloned and designated as Gpc-B1 [122].

3. Future prospects

Rice quantity and quality are directly or indirectly influenced by decrease in 
suitable arable land due to increase in urbanization, urban migration, soil dete-
rioration and problems relating to climate fluctuations. Rice eating and cooking 
quality traits appear to be simple but the genetic machinery is too complex and 
needs to be deciphered. Rice appearance quality is a complex trait and involves 
interaction between quality and yield and also between quality and environment. 
Grain chalkiness is of primary concern since it affects milling, appearance, eat-
ing and cooking qualities [123]. To reduce chalkiness, genotypes with low chalk 
formation at high temperature after heading can be identified and utilized through 
MAS. Biochemical, physiological and molecular mechanisms have to be worked 
out by identifying and cloning chalkiness functional genes. The most challenging 
issue facing milling industry is to obtain high head rice recovery, since it is directly 
related to profitability to both the farmers and millers. Genetic understanding of 
milling quality is still limited [57]. Improvement of milling quality requires (i) 
search for QTLs with large effect (ii) robust and accurate analytical tools to measure 
the trait (iii) improvement in postharvest handling and storage techniques (iv) 
Breeding efforts through MAS. With the expeditious progress in functional genom-
ics and development of high throughput genotyping technologies, more number of 
rice functional genes will be cloned in the future.

113

Rice Grain Quality: Current Developments and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.89367

Increased awareness among the rice consuming population toward sensory 
and nutritional traits makes it necessary to develop evaluation techniques that can 
directly correlate with the consumer perception. To improve eating and sensory 
quality of rice it is important to integrate methods in textural analysis and rheology 
with taste and flavor metabolomics. Nutritional quality of rice is another trait that 
needs to be included in rice improvement programs. Rice has an important role 
to play to mitigate the impact of non-communicable diseases like diabetes. Since 
starch forms about 90% of milled rice grain weight, its structure (amylose content, 
branching pattern) and digestibility (resistant starch) affect its nutritional quality. 
Clinical evaluation of rice digestibility is difficult, therefore, methods for accurate 
in vitro estimations should be developed and validated in vivo. Available germplasm 
can be screened for resistant starch, amylose content, digestibility, and other 
health-promoting properties [110]. Cooking and processing methods have a major 
impact on digestibility and eating quality [33]. Further research is needed to assess 
how these cooking and processing techniques affect the structural, physical-chemi-
cal, and mechanical properties of rice. Robust and innovative modeling approaches 
that link the physical-chemical changes that occur during cooking (amylose leach-
ing, gelatinization, water absorption) with rice grain digestibility and nutritional 
value and consumer demands could help in identifying the key determinants of rice 
grain cooking and sensory quality.
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Abstract

Sustainable agricultural productivity is hampered by over-dependency on major 
staple crops, neglect and underutilization of others, climate change, as well as land 
deterioration. Challenges posed by these limiting factors are undoubtedly contribut-
ing to global food insecurity, increased rural poverty, and malnutrition in the less 
developed countries. Miscellaneous neglected and underutilized grain legumes 
(MNUGLs) are crops primarily characterized by inherent features and capabilities to 
withstand the effects of abiotic stress and climate change, significantly replenish the 
soil, as well as boost food and protein security. This chapter provides insight into the 
benefits of MNUGLs as food and nutritional security climate smart crops, capable of 
growing on marginal lands. Exploring and improving MNUGLs depend on a number 
of factors among which are concerted research efforts, cultivation and production, 
as well as utilization awareness across global populace geared toward reawakening 
the interest on the abandoned legumes. The emergence of the clustered regularly 
interspaced short palindromic repeat (CRISPR/cas9) technology combined with 
marker-assisted selection (MAS) offers great opportunities to improve MNUGLs for 
sustainable utilization. Advances in improvement of MNUGLs using omic technolo-
gies and the prospects for their genetic modification were highlighted and discussed.

Keywords: climate change, CRISPR/cas9, food security, marker-assisted  
selection (MAS), omic technologies, underutilized grain legumes

1. Introduction

The world is confronted with the challenges of climate change, terrorism, and 
poverty, among other factors, which hinder food production, food availability, as 
well as food and nutritional security. Globally, food insecurity and low supply in 
many areas are threatening the human population and survival in the areas where 
terrorism and transborder and internal displacement of persons are entrenched 
in many parts of the world. Food as an important commodity for survival is under 
threat, and if survival strategies are not devised, the catastrophe will be overbear-
ing. A number of crop species are becoming extinct from our agricultural and forest 
fields, while some others are declining both in cultivation and utilization. A review 
of global food security indicates re-strategizing crop genetic improvement and 
production agronomy toward grain legumes to identify climate-resilient species and 
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varieties with enhanced grain features [1, 2]. This is highly desirable considering 
the significant roles that grain legumes play in the food cultures around the world 
as veritable sources of quality protein, natural medicine, animal fodder, natural 
fertilizers, and environmental restoration products, alongside the well-established 
soil enrichment property of symbiosis with nitrogen-fixing bacteria [3].

In order to meet the global food demands, focus should be on promoting the 
cultivation and utilization of other crops which have been neglected and underex-
ploited but have the potential to enhance food and nutrition security especially in 
the developing countries of sub-Saharan Africa. With the recent negative impact of 
climate change being experienced globally, Africa is the most affected as a region that 
depends on rain-fed agriculture. The effect of increased drought on agricultural crops 
has led to yield reductions at harvest, death of livestock, and loss of income and jobs 
in some parts of Africa especially in Somalia, Kenya, and Ethiopia. This has drasti-
cally increased the level of malnutrition and food insecurity. Most of the staple crops 
are unable to withstand the harsh environmental changes currently taking place. 
Nevertheless, miscellaneous neglected and underutilized grain legumes (MNUGLs) 
are more advantageous over the conventional staple crops. These MNUGLs are 
often linked to the cultural heritage of their places of origin, well adapted to precise 
agroecological areas, harsh environments, and marginal lands. They also perform well 
in traditional production systems with little or no external inputs [4–6].

The chapter will cover some selected minor grain legumes with huge potentials to 
boost protein security in period of hunger and malnutrition in the sub-Saharan Africa 
and elsewhere. The species are known by many appellations such as miscellaneous, 
neglected, underutilized, underexploited, and under-researched, among others. 
These MNUGLs could be further improved using recent advancements in omic tech-
nologies for better acceptance and utilization as well as for improved food security.

2.  What are miscellaneous, neglected and underutilized grain legumes 
(MNUGLs?)

Globally, neglected and underutilized species (NUS) are often identified based 
on their local usefulness, localized domestication, adaptation coupled with general 
abandonment by mainstream agricultural researchers, extension services, plant 
breeders, donors, technology providers, policy- and decision-makers, as well as 
consumers [2, 6]. NUS are classically identified based on certain criteria which 
include the following:

1. Local importance in consumption and production systems

2. Adaptation to agroecological niches/marginal areas

3. Representation by ecotypes/landraces

4. Cultivation and utilization based only on indigenous knowledge

5. Rare representation in ex situ collections

6. Uncoordinated attention from national agricultural and biodiversity conserva-
tion policies, research, and development

7. Neglect by mainstream market system
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In reality and broad consideration, a large percentage of such NUS are 
underutilized legume crops. As such these legume species are classified as 
minor grain legumes, though consumed as food and forage crops in many parts 
of the world. Thus, we can refer to this category of legume crops as MNUGLs. 
On global distribution, these species are endemic to the tropical regions of the 
world. Several reports and findings have established that MNUGLs are drought-
tolerant, endure and thrive under harsh environments, highly adaptable to 
varying ecogeographical settings, and withstand or mitigate conditions such 
as heat, drought, diseases, frost, cold, and insect pest attack [1, 5, 7]. These 
qualities could be scientifically explored for crop improvement and sustainable 
utilization. Apart from these good qualities, MNUGLs also contain high-quality 
proteins and micronutrients which are comparable to those found in conven-
tional legumes. They are also indispensable in crop rotation strategies to fertilize 
agricultural soils.

3. General background information: grain legumes

Grain legumes belong to the family Fabaceae of the Angiospermae and are 
considered rich in high-quality proteins with significant impacts on the nutri-
tion, diet, and health of many people across the world. The family Fabaceae 
is divided into grain legumes and pasture/forage legumes. The grain legumes 
are grown mainly as pulses providing food for humans, while pasture legumes 
are cultivated to feed domestic animals. Based on plant utility and economy, 
legumes are categorized into major and minor species. Major legumes are 
popular and common with well-established domestication and cultivation, 
agronomic practices, utilization, and conservation. Examples include soybean 
(Glycine max L.), cowpea (Vigna unguiculata L.), groundnut (Arachis hypogaea L.),  
common beans (Phaseolus vulgaris L.), pea (Pisum sativum L.), and chicken 
pea (Cicer arietinum L.), among others. Minor legumes are less known, less 
exploited, neglected, and considered underutilized. Several species in this 
category include winged bean (Psophocarpus tetragonolobus L.), pigeon pea 
(Cajanus cajan L.), lablab (Lablab purpureus L.), lima bean (Phaseolus lunatus L.),  
jack and sword bean (Canavalia sp.), mung bean (Vigna mungo L.), bambara 
groundnut (Vigna subterranea L.), marama bean (Tylosema esculentum L.), 
kersting’s groundnut (Kerstingiella geocarpa Harms), African yam bean (AYB) 
(Sphenostylis stenocarpa Harms), and rice bean (Vigna angularies L.). The wild 
species of the minor grain legumes include kersting’s groundnut (Kerstingiella 
geocarpa Harms), marama bean (Tylosema esculentum), and the wild Vigna 
species such as V. ambacensis, V. vexillata, V. luteola, V. oblongifolia, and V. 
racemosa, among others. These species are found in many African countries and 
could be exploited for food, medicine, agriculture (as cover crops and fodder), 
and more importantly for genetic improvement of cowpea and related  
species [8, 9].

A review of literatures indicated that most of the MNUGLs have been relegated 
to unimportant underutilized crops grown by the older generation of farmers  
[5, 10]. Thus, sizeable and valuable genetic resources housed within MNUGLs 
would have been lost due to neglect and lack of concerted focused research. Several 
authors have highlighted the usefulness of MNUGLs as food security in lean times 
as farmers in rural areas make a living on the species [11, 12]. Presently, there is no 
available genome sequence of MNUGLs species which could be utilized for success-
ful breeding and for specific purposes.
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3.1 Brief description on some selected MNUGLs

3.1.1 African yam bean (Sphenostylis stenocarpa Ex. A. Rich Harms)

The African yam bean (Sphenostylis stenocarpa) with somatic chromosome 
number 2n = 22 is a dicotyledonous species [13]. AYB is an important food crop in 
tropical Africa with great medicinal values and pesticidal potential [14]. AYB con-
tains approximately 29 and 19% crude protein in its grain and tuber, respectively, 
though lower than that of soybean (38%) [15]. The seeds are edible like the common 
beans and cowpea (Vigna unguiculata), and the tubers are richer in protein than 
Irish potatoes and 10 times the amount in cassava tubers [16, 17]. The whole seed 
is also rich in potassium (649.49 mg/100 g) and phosphorus (241.21 mg/100 g) 
[16]. The most prominent minerals in AYB whole seeds were reported as mag-
nesium (454.16 mg/100 g), potassium (398.25 mg/100 g), and phosphorous 
(204.86 mg/100 g) with appreciable amounts of calcium (37.44 mg/100 g) and iron 
(11.70 mg/100 g) [18]. Similarly, Ojuederie and Balogun [18] confirmed the average 
proximate parameters of AYB seeds to include protein (22.40%), fat (1.90%), total 
carbohydrate (56.40%), total ash (3.60%), and moisture (11.80%) with a caloric value 
of 1396.10 Kjg−1. Some of the accessions evaluated in their study had up to 25% pro-
tein (TSs 41, TSs150, and TSs152). An inverse relationship was detected between the 
concentrations of protein and carbohydrate. Higher carbohydrate content of 62.50% 
was obtained in accession TSs153, with a protein content of 19.30% [18]. The pods 
and seeds are resistant to major pests of cowpea such as cowpea pod borer (Maruca 
vitrata) and cowpea weevil (Callosobruchus maculatus) [19, 20]. This resistance was 
attributed to the lectin present in the seeds as confirmed in the study of Ojuederie [21] 
who reported high levels of lectin in the seeds of AYB especially for accessions TSs68 
(73.34 Lu mg−1) and TSs5 (66.87 Lu mg−1). Valuable diversities that can be explored 
for diverse utilization purposes have also been reported in AYB [9, 22, 23].

3.1.2 Bambara groundnut (Vigna subterranea)

Bambara groundnut (Vigna subterranea) is less used in many parts of Africa, 
yet its nutritional and health benefits are well established [24]. It is the fourth 
crop among the grain legume crops after the well-known groundnut, cowpea, and 
soybean. In recent times, there has been renewed interest for cultivation of V. subter-
ranea in the arid savannah zones to mitigate the effect of stress and increase protein 
supply to people of that region [24]. Bambara groundnut is resistant to drought, 
withstands stress, contains higher nutrients than other legumes, and is known to 
produce good yield even when grown on poor soils [25]. The protein composition 
contains 6–43% globulin, 14–71% albumin, 1.6–2.2% prolamins, and 3.3–5.2% glute-
lins [26]. Bambara groundnut gets about 51–67% of their N nutrition from symbiotic 
fixation; hence the crop could serve as high-protein forage for livestock [24, 26].

3.1.3 Winged bean (Psophocarpus tetragonolobus)

Psophocarpus tetragonolobus popularly known as winged bean with somatic 
chromosome number of 2n = 18 is one of the old legumes [27]. Winged bean is a 
multipurpose legume plant with all parts being edible and useful as medicine in 
tropics of Asia, Africa, and Latin America. It is grown in many parts of the humid 
tropics, including Central and South America, the Caribbean, Africa, Oceania, and 
Asia [28]. All parts of the plant are considered rich in vitamins, minerals, protein, 
and secondary metabolites such as phenolic and flavonoids [28]. Leaves are usually 
eaten like spinach, flowers are used in salads, tubers are eaten raw or cooked, while 
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seeds are consumed when cooked [29]. In addition, winged bean is highly resistant 
to biotic and abiotic stresses and thus capable of growing under varying environ-
mental conditions. It is now a toast of many scientists trying to explore its rich 
potentials [28, 30]. The seeds of winged bean also exhibit tolerance to storage pests 
[31]. Apart from its seeds, the tubers/roots are also nutritious and rich in protein of 
about 20%, while the leaves and flowers are also high in protein (10–15%) [32].

3.1.4 Lima bean (Phaseolus lunatus L.)

Lima bean is grown for its edible seeds and as leafy vegetable in the Caribbean, 
Peru, Mexico, and Asian regions [33, 34]. Rich in protein, lima beans are resistant 
to viral and rust diseases and withstand insect pests, drought, and abiotic stress 
[35]. The species also tolerates different levels of aluminum and manganese toxicity 
which can be exploited to advance the sustainable utilization of other legumes [36].

3.1.5 Hyacinth bean (Lablab purpureus L.)

Hyacinth bean (Lablab purpureus L.) is cultivated for its edible seeds and pods. 
It is mainly grown in Africa and Asia as source of food in the form of vegetable, 
green pods, and seeds [37]. Several field trials suggested that the species is drought 
tolerant and water efficient and produces high yield [37, 38]. The protein content is 
comparable to that of soybean. Reports also indicate that L. purpureus has potential 
to be a source of pharmaceuticals and nutraceutical as medicine and traditional 
medicine in Asia and Africa [37].

3.1.6 Jack bean (Canavalia ensiformis L.)

Canavalia ensiformis known as jack bean is the most economically important 
species in the genus Canavalia, with enormous potentials to serve as food for both 
humans and livestock [39]. It is widely distributed in Africa, Asia, and America, with 
large-scale cultivation reported in Congo and Angola [39]. It is rich in protein and 
thrives well in poor and acidic soils. Jack bean is mainly grown for its nutritious pods, 
seeds, and as fodder. It is a forage crop with high green manure capacity to enrich 
the soils and also to control soil erosion. The crop tolerates adverse environment, 
drought, heat, and leached soils; also it resists pest attacks [40]. The leaf of jack bean 
contains crude proteins and fiber comparable to other legumes [15, 39, 40]. Jack 
bean possesses deep root system which enables the plant to penetrate deeply into the 
soil which enables it to withstand very dry conditions. Raw jack bean contains toxic 
compounds such as tannin, phytate, saponins, canavanine, concanavalin A (hemag-
glutinin), and trypsin inhibitors [40].

3.1.7 Sword bean (Canavalia gladiata L.)

Sword bean (Canavalia gladiata L.) is another species in the genus Canavalia 
of the Fabaceae family with rich potentials likely to be adopted as an important 
source of food, leafy vegetable, medicine, forage, and as cover crop. It is a vigor-
ous perennial climber plant usually cultivated as an annual. Reports indicated that 
sword bean originated from the Asian continent and is now known in the tropics 
as an introduced species. The red sword bean is one of the edible beans of China 
reportedly rich in antioxidant polyphenols with great medicinal uses [41, 42]. 
Furthermore, the seed coat of the bean is rich in gallic acid and its derivatives, 
mainly gallotannins, a common trait found in legume polyphenols [41]. The chemi-
cal composition of seeds of sword bean has been reported and compares quite well 
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eaten like spinach, flowers are used in salads, tubers are eaten raw or cooked, while 
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seeds are consumed when cooked [29]. In addition, winged bean is highly resistant 
to biotic and abiotic stresses and thus capable of growing under varying environ-
mental conditions. It is now a toast of many scientists trying to explore its rich 
potentials [28, 30]. The seeds of winged bean also exhibit tolerance to storage pests 
[31]. Apart from its seeds, the tubers/roots are also nutritious and rich in protein of 
about 20%, while the leaves and flowers are also high in protein (10–15%) [32].

3.1.4 Lima bean (Phaseolus lunatus L.)

Lima bean is grown for its edible seeds and as leafy vegetable in the Caribbean, 
Peru, Mexico, and Asian regions [33, 34]. Rich in protein, lima beans are resistant 
to viral and rust diseases and withstand insect pests, drought, and abiotic stress 
[35]. The species also tolerates different levels of aluminum and manganese toxicity 
which can be exploited to advance the sustainable utilization of other legumes [36].

3.1.5 Hyacinth bean (Lablab purpureus L.)

Hyacinth bean (Lablab purpureus L.) is cultivated for its edible seeds and pods. 
It is mainly grown in Africa and Asia as source of food in the form of vegetable, 
green pods, and seeds [37]. Several field trials suggested that the species is drought 
tolerant and water efficient and produces high yield [37, 38]. The protein content is 
comparable to that of soybean. Reports also indicate that L. purpureus has potential 
to be a source of pharmaceuticals and nutraceutical as medicine and traditional 
medicine in Asia and Africa [37].

3.1.6 Jack bean (Canavalia ensiformis L.)

Canavalia ensiformis known as jack bean is the most economically important 
species in the genus Canavalia, with enormous potentials to serve as food for both 
humans and livestock [39]. It is widely distributed in Africa, Asia, and America, with 
large-scale cultivation reported in Congo and Angola [39]. It is rich in protein and 
thrives well in poor and acidic soils. Jack bean is mainly grown for its nutritious pods, 
seeds, and as fodder. It is a forage crop with high green manure capacity to enrich 
the soils and also to control soil erosion. The crop tolerates adverse environment, 
drought, heat, and leached soils; also it resists pest attacks [40]. The leaf of jack bean 
contains crude proteins and fiber comparable to other legumes [15, 39, 40]. Jack 
bean possesses deep root system which enables the plant to penetrate deeply into the 
soil which enables it to withstand very dry conditions. Raw jack bean contains toxic 
compounds such as tannin, phytate, saponins, canavanine, concanavalin A (hemag-
glutinin), and trypsin inhibitors [40].

3.1.7 Sword bean (Canavalia gladiata L.)

Sword bean (Canavalia gladiata L.) is another species in the genus Canavalia 
of the Fabaceae family with rich potentials likely to be adopted as an important 
source of food, leafy vegetable, medicine, forage, and as cover crop. It is a vigor-
ous perennial climber plant usually cultivated as an annual. Reports indicated that 
sword bean originated from the Asian continent and is now known in the tropics 
as an introduced species. The red sword bean is one of the edible beans of China 
reportedly rich in antioxidant polyphenols with great medicinal uses [41, 42]. 
Furthermore, the seed coat of the bean is rich in gallic acid and its derivatives, 
mainly gallotannins, a common trait found in legume polyphenols [41]. The chemi-
cal composition of seeds of sword bean has been reported and compares quite well 
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with soybean [43–45]. Average yield ranges from 720 to 1500 kg/ha which can be 
compared with soybean yield of 600–1000 kg/ha [43, 46]. The fruits mature in 
6–10 months after planting. The sword bean is relatively resistant to attack from 
pests and diseases [43].

3.1.8 Pigeon pea (Cajanus cajan L. Millsp)

Cajanus cajan, commonly known as pigeon pea, is an erect, perennial shrub, 
or woody plant widely grown in the tropical regions [47]. Pigeon pea is mainly 
cultivated for its edible seed grains as well as feed, forage, and fuel. It has a diploid 
genome with somatic chromosome number of 2n = 22 [47]. Most farmers depend 
on C. cajan as alternative source of protein to support workers and families during 
lean times [47]. The plant grows well in areas with low rainfall and varying climatic 
conditions. It is a drought-tolerant crop capable of withstanding poor soil and abi-
otic stress [48]. Diversity exists in seed coat color, size, texture, and taste. The leaves 
are source of medicine in combination with other plants such as mango and lemon 
to treat malaria and typhoid fever. The dried woody stem is used as firewood for 
cooking by women in farms. Its seed protein content is high (20–22%) and is quite 
rich in vitamins such as vitamin B and minerals which can promote health [47].

3.1.9 Kersting’s groundnut (Kerstingiella geocarpa Harms)

Kersting’s groundnut is an indigenous legume grown in Africa for its edible 
seeds. It is considered rich in nutritional proteins and minerals. Its protein content 
of 12.9% is higher than that of bambara groundnut (12.1%) and cowpea (7.1%), 
while the total amino acid content of the seed is 42% [49]. It is a likely alternative 
source of quality protein for feed and food in the tropics [50, 51]. The crop can 
withstand drought, pest, and diseases. It adapts to varying ecological conditions of 
tropical Africa. However, only the elderly farmers cultivate this crop as alternative 
source of protein, and as such it has been neglected and underutilized in several 
African countries.

3.2  Research efforts and constraints to the global cultivation and adoption of 
MNUGLs

MNUGLs are increasingly becoming rare across the world with their associ-
ated valuable genetic resources disappearing rapidly in all their natural ranges. 
Therefore, there is the need for a paradigm shift from present scenario of neglect to 
sustainable cultivation, exploitation, and utilization of the species. In recent years, 
grain legume stakeholders had advocated for an increased global cultivation and 
production of MNUGLs toward sustainable solution to food and protein security, 
plus agricultural and environmental restoration [1, 52]. Similarly, significant 
efforts are ongoing to increase genomic resources and apply innovative breeding 
techniques to improve the nutritional quality and yield of legume crops, alongside 
enhanced resilience to climate change [1, 53]. MNUGLs are highly adapted to 
agroecological niches/marginal areas having capacity to contribute considerably 
to global protein security and productive agricultural practices and alleviate rural 
poverty, among others. The potential genetic resources available among and within 
the MNUGLs have not been properly explored to advance sustainable utilization for 
future food and nutritional security as well as biodiversity maintenance to alleviate 
the negative effects of climate change and abiotic stress. Likewise, the possibili-
ties of the species to withstand abiotic stress even in the face of biological limiting 
factors are important to their continued use and survival. In order to prevent total 
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genetic erosion/loss of valuable genetic resources and exploit MNUGLs for present 
and future food, nutrition, and protein security, a holistic approach needs to be 
adopted to improve the species.

Constraints limiting the sustainable cultivation and utilization of MNUGLs 
include long cooking time of seeds, growth habit requiring mandatory staking, 
intensive labor requirements, and lack of staking materials [22, 54, 55]. Others 
are low product market demand, poor seed quality, high cost of labor, postharvest 
diseases, and anti-nutritional factors (ANF) [55]. The constraints to cultivation and 
utilization of MNUGLs, breeding intervention approaches, and possible solutions 
are presented in Table 1.

3.3 Genetic potentials of MNUGLs

In recent times, the Food and Agriculture Organization (FAO) of the United 
Nations estimated that around 800 million people particularly in the develop-
ing countries suffer from food and nutrition insecurity [82]. The Sustainable 
Development Goals (SDGs) of the 2030 Agenda adopted by the United Nations in 
September 2015 (https://sustainabledevelopment.un.org/) also aimed at having 
zero hunger as one of its SDGs by abolishing hunger and malnutrition especially in 
the less developed world (https://sustainabledevelopment.un.org/sdg2). A tactical 
approach to addressing this challenge is to promote biodiversity and utilization 
of the neglected and underutilized crop species in the dietary and food pattern 
of the people [5, 82, 83]. The MNUGLs could increase food production levels, 
diversify the human diet, and enhance sustainable utilization of broad spectrum 
of climate smart crops [6, 82, 84]. Additionally, MNUGLs are rich in nutrients and 
health-enhancing composites that are capable of preventing malnutrition and some 
chronic diseases [1, 52, 55, 82]. Awareness programs in local communities around 
the world on the rich potentials of MNUGLs and their inclusion in local diets could 
also be an effective tool to improve human nutrition and health. MNUGLs could be 
exploited to achieve optimum utilization to meet human nutritional needs in the 
developing world.

Though huge genetic potentials exist among and within MNUGLs, genetic ero-
sion or loss of valuable genetic resources is alarming. The discovery and utilization 
of untapped potential genetic resources within the minor crop gene pool deserve 
research attention. Concerted research efforts are therefore needed to prevent the 
continuous loss of genetic resources among the MNUGLs. Recent reports indicate 
that development of effective phenotyping and breeding approaches constitute 
a challenge among the MNUGLs [1]. Modern breeding efforts to improve disease 
resistance, quality, and yield are also constrained by low level of genetic diversity 
available to breeding programs [1, 52]. Though fairly large genetic diversity exists in 
seeds of grain legumes in gene banks, such diversities have not been fully utilized in 
active breeding programs [1, 85, 86]. Large quantities of these minor grain legumes 
are reportedly available in Africa [87] which if properly harnessed could mitigate 
the effect of malnutrition and poverty in sub-Saharan Africa. The diversity existing 
among the seeds of the species are worthy of research attention for food, agricul-
ture, and medicine (Figure 1).

3.4 Genetic improvement and prospects of MNUGL

Genetic and breeding efforts to improve the underutilized and neglected legume 
crops in architecture, period of maturation, yield, and nutritional contents have 
not recorded commiserate level of success as expected [88, 89]. Traditional hybrid-
ization and other breeding techniques, though have been used for some desired 
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with soybean [43–45]. Average yield ranges from 720 to 1500 kg/ha which can be 
compared with soybean yield of 600–1000 kg/ha [43, 46]. The fruits mature in 
6–10 months after planting. The sword bean is relatively resistant to attack from 
pests and diseases [43].
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on C. cajan as alternative source of protein to support workers and families during 
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conditions. It is a drought-tolerant crop capable of withstanding poor soil and abi-
otic stress [48]. Diversity exists in seed coat color, size, texture, and taste. The leaves 
are source of medicine in combination with other plants such as mango and lemon 
to treat malaria and typhoid fever. The dried woody stem is used as firewood for 
cooking by women in farms. Its seed protein content is high (20–22%) and is quite 
rich in vitamins such as vitamin B and minerals which can promote health [47].
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Kersting’s groundnut is an indigenous legume grown in Africa for its edible 
seeds. It is considered rich in nutritional proteins and minerals. Its protein content 
of 12.9% is higher than that of bambara groundnut (12.1%) and cowpea (7.1%), 
while the total amino acid content of the seed is 42% [49]. It is a likely alternative 
source of quality protein for feed and food in the tropics [50, 51]. The crop can 
withstand drought, pest, and diseases. It adapts to varying ecological conditions of 
tropical Africa. However, only the elderly farmers cultivate this crop as alternative 
source of protein, and as such it has been neglected and underutilized in several 
African countries.

3.2  Research efforts and constraints to the global cultivation and adoption of 
MNUGLs

MNUGLs are increasingly becoming rare across the world with their associ-
ated valuable genetic resources disappearing rapidly in all their natural ranges. 
Therefore, there is the need for a paradigm shift from present scenario of neglect to 
sustainable cultivation, exploitation, and utilization of the species. In recent years, 
grain legume stakeholders had advocated for an increased global cultivation and 
production of MNUGLs toward sustainable solution to food and protein security, 
plus agricultural and environmental restoration [1, 52]. Similarly, significant 
efforts are ongoing to increase genomic resources and apply innovative breeding 
techniques to improve the nutritional quality and yield of legume crops, alongside 
enhanced resilience to climate change [1, 53]. MNUGLs are highly adapted to 
agroecological niches/marginal areas having capacity to contribute considerably 
to global protein security and productive agricultural practices and alleviate rural 
poverty, among others. The potential genetic resources available among and within 
the MNUGLs have not been properly explored to advance sustainable utilization for 
future food and nutritional security as well as biodiversity maintenance to alleviate 
the negative effects of climate change and abiotic stress. Likewise, the possibili-
ties of the species to withstand abiotic stress even in the face of biological limiting 
factors are important to their continued use and survival. In order to prevent total 
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genetic erosion/loss of valuable genetic resources and exploit MNUGLs for present 
and future food, nutrition, and protein security, a holistic approach needs to be 
adopted to improve the species.

Constraints limiting the sustainable cultivation and utilization of MNUGLs 
include long cooking time of seeds, growth habit requiring mandatory staking, 
intensive labor requirements, and lack of staking materials [22, 54, 55]. Others 
are low product market demand, poor seed quality, high cost of labor, postharvest 
diseases, and anti-nutritional factors (ANF) [55]. The constraints to cultivation and 
utilization of MNUGLs, breeding intervention approaches, and possible solutions 
are presented in Table 1.
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In recent times, the Food and Agriculture Organization (FAO) of the United 
Nations estimated that around 800 million people particularly in the develop-
ing countries suffer from food and nutrition insecurity [82]. The Sustainable 
Development Goals (SDGs) of the 2030 Agenda adopted by the United Nations in 
September 2015 (https://sustainabledevelopment.un.org/) also aimed at having 
zero hunger as one of its SDGs by abolishing hunger and malnutrition especially in 
the less developed world (https://sustainabledevelopment.un.org/sdg2). A tactical 
approach to addressing this challenge is to promote biodiversity and utilization 
of the neglected and underutilized crop species in the dietary and food pattern 
of the people [5, 82, 83]. The MNUGLs could increase food production levels, 
diversify the human diet, and enhance sustainable utilization of broad spectrum 
of climate smart crops [6, 82, 84]. Additionally, MNUGLs are rich in nutrients and 
health-enhancing composites that are capable of preventing malnutrition and some 
chronic diseases [1, 52, 55, 82]. Awareness programs in local communities around 
the world on the rich potentials of MNUGLs and their inclusion in local diets could 
also be an effective tool to improve human nutrition and health. MNUGLs could be 
exploited to achieve optimum utilization to meet human nutritional needs in the 
developing world.

Though huge genetic potentials exist among and within MNUGLs, genetic ero-
sion or loss of valuable genetic resources is alarming. The discovery and utilization 
of untapped potential genetic resources within the minor crop gene pool deserve 
research attention. Concerted research efforts are therefore needed to prevent the 
continuous loss of genetic resources among the MNUGLs. Recent reports indicate 
that development of effective phenotyping and breeding approaches constitute 
a challenge among the MNUGLs [1]. Modern breeding efforts to improve disease 
resistance, quality, and yield are also constrained by low level of genetic diversity 
available to breeding programs [1, 52]. Though fairly large genetic diversity exists in 
seeds of grain legumes in gene banks, such diversities have not been fully utilized in 
active breeding programs [1, 85, 86]. Large quantities of these minor grain legumes 
are reportedly available in Africa [87] which if properly harnessed could mitigate 
the effect of malnutrition and poverty in sub-Saharan Africa. The diversity existing 
among the seeds of the species are worthy of research attention for food, agricul-
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3.4 Genetic improvement and prospects of MNUGL

Genetic and breeding efforts to improve the underutilized and neglected legume 
crops in architecture, period of maturation, yield, and nutritional contents have 
not recorded commiserate level of success as expected [88, 89]. Traditional hybrid-
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intentions, are yet to translate to desired results. Few successful crosses have been 
recorded so far on MNUGLs. Few successes have been reported on Cajanus cajan 
and some species [90, 91]. Reproductive barriers such as embryo abortion have been 
reported in many MNUGLs as limiting factors to genetic enhancement/improve-
ment. However, tissue culture and micropropagation could be further employed to 
overcome such barriers with capacity to generate fertile haploid plants [5, 6].

Advancement in DNA technology has enhanced our understanding on the 
huge potentials available in the genome of many plant species and particularly 
the underutilized legumes. Several genomic breakthroughs involving genetic 
engineering of cereal crops have been reported [92, 93]. DNA-based methods are 
reliable and have been employed to identify, trace, and certify plant genealogies, 
origins, and phylogenetic relationships [94, 95]. DNA barcoding has been applied 
to identify and characterize some underutilized and neglected legumes such as 
Lablab purpureus, Tylosema esculentum, Vigna subterranea, V. vexillata, and Vigna 
unguiculata [96, 97].

The use of molecular markers for marker-assisted selection (MAS) or breed-
ing programs has played significant roles in the assessment of the level of genetic 
diversity or relatedness among various species of underutilized legumes [9, 98]. 
Globally, different DNA techniques such as random amplified polymorphic DNA 
(RAPD), amplified fragment length polymorphisms (AFLPs), inter simple sequence 
repeats (ISSR), single feature polymorphisms (SFP), single-nucleotide polymor-
phisms (SNP), and chloroplast gene RBCL, among others, have been employed to 
evaluate the genetic relationships and diversities among neglected underutilized 
species [85, 99, 100]. RAPD and ISSR markers were used for genetic diversity 
studies in winged bean by Mohanty et al. [101]. The study linked the physiological 
and phytochemical parameters to the genotypes investigated. Distinct winged bean 
novel lines were identified, and the information from analysis of photosynthesis 

Figure 1. 
Some selected underutilized and neglected legumes showing diversity in their seeds. (A) African yam bean 
(Sphenostylis stenocarpa Ex. A. Rich Harms). (B) Sword bean (Canavalia gladiata L.). (C) Jack bean 
(Canavalia ensiformis L.). (D) Hyacinth bean (Lablab purpureus L.). (E) Bambara groundnut (Vigna 
subterranean L. Verdc.). (F) Lima bean (Phaseolus lunatus L.). Source of seeds: Genetic Resources Centre of 
the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria.
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rate, photosynthetic yield, and stomatal conductance data revealed two clusters in 
correspondence with the phytochemical affinities of the genotypes. The use of SSR, 
SNP, and genotype by sequencing (GBS) for the studies of phylogenetic relationships 
and genetic diversities among the MNUGLs is rare due to lack of sequence informa-
tion; hence RAPD and AFLP were used for such species, and attempts were made 
in transferability of specific SSR markers in cowpea for genetic diversity studies in 
underutilized legumes by other authors as in the case of African yam bean [12].

Globally, complexity of plant genomes had led to advancement in genome 
sequencing, determination of polyploidy, genome size, repetitive DNA sequences, 
and transposable elements toward genetic engineering of plants to generate useful 
products apart from innate uses [102, 103]. Transposable elements (TEs) are ubiq-
uitous in flowering plant genomes of which higher percentage of such genomes 
are occupied by TEs [104]. Studies have shown that TEs via their amplification, 
methylation, and recombination contribute to the restructuring of plant genomes, 
epigenomes, centromeric regions, and evolution of new genes for novel genetic 
functions [99, 105, 106]. Identification of TEs in a species is critically significant 
to the understanding of their functional roles [107]. Therefore, detail descrip-
tion of TEs is a major procedure to precisely identify specific genes and evaluate 
association between genes and TEs in a complex sequenced genome [107]. Such 
studies have not been applied on MNUGLs to understand the role of transposons 
in long duration of seed cooking of most of the MNUGLs and expressivity of sec-
ondary nutritional metabolites. We believe that such studies will have an overall 
influence on the genetic manipulation of the MNUGLs, understanding of poten-
tial gene-TE interaction, identification of active TEs for functional genomics, and 
development of TE-based molecular markers for genotyping studies. Currently, 
sophisticated sequencing genomic approaches such as de novo transcriptome 
sequencing are being utilized to identify and describe key genes responsible for 
varied economic, nutritional, physiological, and pharmaceutical uses of plant 
species [30, 88, 108, 109]. Transcriptome sequence analysis is one of the molecu-
lar tools that can also be applied to MNUGLs for improvement purposes. It is 
hoped that some of these tools will be employed in due course, not only to analyze 
genetic diversity among the MNUGLs but also to identify key genes that will be 
potentially useful for breeding and utilization purposes. Genes that are useful for 
varied needs could be identified, described, and extracted from the MNUGLs, 
thus ensuring the sustainable utilization of the species. Proteomics and genom-
ics are increasingly being applied to unravel a number of genetic constraints 
and proffer robust solutions toward their sustainable production and utilization 
[24, 110]. These areas combined with metabolomics offers great possibility in the 
quest for improvement of MNUGLs. Consequently, the application of molecular 
breeding tools such as marker-assisted selection, genomic selection (GS), and 
genome-wide association (GWAS) has been appraised to influence scientific 
efforts for improving grain yield of orphan crops in the developing countries  
[111, 112]. These of course, including next-generation sequencing (NGS), 
have greatly enhanced the improvement of many commercial crops which the 
MNUGLs can also benefit from.

Recent advancement in omic technologies such as genomics, proteomics, 
transcriptomics, and metabolomics has equally enhanced our understanding of the 
genetic structure of plant species, as well as the expression of genes through tran-
scriptomic/proteomic profiling and their role in the overall metabolism of plants 
[32, 113]. Recently Vatanparast et al. [32] used transcriptome sequencing to develop 
SSR and SNP markers for winged bean (Psophocarpus tetragonolobus) and also 
gave insights into the divergence of the Kunitz-type trypsin inhibitors, which are 
essential anti-nutritional factors in winged bean and other legumes. Transcriptome 
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sequencing is inexpensive and a reliable method for efficient and rapid identifica-
tion of molecular markers in underutilized plant species [32]. Future prospects also 
lie in the adoption of high-throughput tools including gene editing, GWAS, and 
clustered regularly interspaced short palindromic repeat (CRISPR), among others, 
toward genetic improvement of the species for sustainable cultivation, production, 
and utilization.

4. Conclusions

Significant improvement and scientific breakthroughs have been reported on 
many crop species based on molecular characterization, linkage genetic maps, 
MAS, and genomics, which cannot be said of MNUGLs [114, 115]. MAS in combi-
nation with the traditional hybridization techniques provides clear-cut potential 
to enhance the overall improvement of plant species. The areas of genomics and 
proteomics are rapidly expanding in the field of food and agriculture, medicine, 
and environment. Though few genomic studies have been conducted on some 
MNUGLs, proteomics and metabolomics have not been employed to explore the 
rich potentials available in MNUGLs. Generally, these sets of grain legumes have 
not been subjected to biotechnological techniques/solutions including sophisti-
cated tissue culture micropropagation and genetic engineering which offer great 
opportunities to improve the species for sustainable utilization. Genome editing 
provides the possibility to modify the genomes of the MNUGLs particularly 
for plant architecture, hardness of the seeds, and anti-nutritional factors. The 
emergence of the CRISPR technology supports this position to possibly enhance 
the genomes of MNUGLs for higher productivity and utilization via removal of 
the constraints. Added to this advancement is the use of high-throughput targeted 
genotyping using next-generation sequencing to effectively unravel the rich 
diversity potentials available among the MNUGLs. Through proteomic analysis, 
essential genes and their pathways can be discovered. This is of utmost impor-
tance considering the present increased changes in climatic conditions leading to 
abiotic stresses such as drought and extreme temperatures. MNUGLs are known 
to be resilient crops capable of withstanding unfavorable environmental condi-
tions. Proteomics therefore offers plant breeders the opportunity to study the 
broad spectrum of proteins present in underutilized plant species and could give 
a clue on specific proteins produced by MNUGLs under abiotic stresses, as well 
as information relating to nutritional and yield traits. On global research funds 
and activities, research funds are usually not available for these species as many 
funding agencies or organizations are skeptical about their sustainable utilization 
and overall benefits to human and environment and hence to the organizations. 
Stakeholders including policy-makers and plant breeders, among others, should as 
a matter of urgent priority consider the MNUGLs as important crops for research 
and development toward food and nutritional security as well as socioeconomic 
development of rural areas where these species are abundantly available.
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