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Preface

Wheat is an important food crop grown on 30% of land occupied by cereal crops 
worldwide. Currently, it feeds about 40% of the global population. The production 
of wheat is affected by various factors including drought, salinity, water logging, 
and trends in urbanization. This book discusses strategies to increase wheat yield 
under adverse conditions. Developing biotic and abiotic stress-tolerant wheat plants 
may lead to improved production. This book discusses diverse aspects of wheat. It 
 contains five sections.

Section 1 includes an introductory chapter that presents an overview of recent 
developments for the improvement of wheat. Section 2 describes various diseases of 
wheat as well as its insect pests. It also describes strategies to develop better plants 
with biotic stress tolerance. Section 3 presents the latest information on various 
approaches to developing abiotic stress-tolerant wheat plants. The chapters in this 
section contain advanced research accomplishments in the field related to drought 
and salinity. Climate change is the special focus of this section. Section 4 contains 
chapters on modern and innovative techniques in wheat improvement. The chapters 
discuss technologies like genome editing and genomics. Section 5 focuses on grain 
quality and value-added products obtained from the wheat crop.

I would like to thank the staff at IntechOpen, particularly Author Service Manager 
Ms. Zrinka Tomicic for her valuable help throughout the editing process. I am also 
grateful to my research student Mr. Abdul Manan for his assistance in preparing the 
introductory chapter. I am especially thankful to all the authors for their valuable 
contributions to this book.

Mahmood-ur-Rahman Ansari, Ph.D.
Department of Bioinformatics and Biotechnology,

Government College University,
Faisalabad, Pakistan
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Chapter 1

Introductory Chapter: 
Advancements in Wheat Research
Abdul Manan, Usman Ali Ashfaq  
and Mahmood-ur-Rahman Ansari

1. Introduction

Wheat is the most common food crop we grow. In 2018, it was grown on 214 million 
hectares, which is approximately 30% of the total land area sown to cereal crops. 
With an average yield of about 3.4 tonnes per hectare, 734 million tonnes of wheat 
were produced in 2018 [1]. Wheat’s role in human nutrition is another way to show 
how important it is. Approximately 20% of our protein intake and 20% of our 
carbohydrate intake come from wheat. Also, wheat represents our most traded cereal 
[2]. In 2018, over 118 mt of wheat was exported, which was 40% of all cereal exports. 
Australia, which is a major wheat producer, has average yields of less than 2 tons/ha, 
whereas yields in the UK are normally somewhere around 7 tons/ha and 8 tons/ha and 
are well more than 10 tons/ha in several zones [3]. Early in 2020, New Zealand had 
the maximum wheat yield ever observed: 17.4 t/ha. In many other places, it is hard to 
get more than 1 t/ha. The wide range of wheat yields shows how different the places 
where wheat is grown [4]. Due to variable environments, breeding programs usu-
ally concentrate on specific target areas. Breeding of wheat has been done mostly by 
the general public around the world, with help from governmental bodies or farmer 
groups. However, this has gradually evolved as profit incentive in breeding has grown, 
particularly in the EU and countries like Australia in which there is a clear way to 
make money from the benefits of improved varieties [5].

2. Recent developments in wheat for drought stress tolerance

Early on, the breeders realized that making wheat mature at right time for growing 
season was the most important adaptation trait that had to do with yield. The most 
important thing that affects yield, or more accurately, yield potential, is how much 
water is available. To get the most out of the crop, breeders look for patterns that mature 
and develop throughout the growth period. There is usually, although not always a 
proper relationship between both grain yield and biomass, growers try to time the 
development of the plant to coincide with when there is enough water. In cool climates, 
planting in the fall gives plants time to grow roots before the cold weather of winter, and 
then they grow quickly in the spring and early summer. If the winters are too cold and 
there is a chance of freezing damage, growers need to select varieties that can be planted 
after the danger has receded. They should also endeavor to extend the planting season 
as late as possible before drought and heat stress slow growth. This is different from hot 
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season crops, whose growing season is cut short by killing frosts in temperate zones [6]. 
If there is enough irrigation water, the season can be extended into the summer. If there 
is not enough fertigation water, early maturing lines are needed. In Mediterranean-type 
climates, where it rains in the winter but is hot and dry in the summer, biomass can be 
built by planting in the fall and letting the plants grow over the winter. However, the 
plants need to be mature early enough to be harvested before every dry season.

It is well known how important it is to match maturity to the growing season, and 
so this attribute is usually well organized in existing projects by using genes and loci 
for earliness, vernalization, and photoperiod response. There might still be ways to 
change the various growth stages to better match the environment, but generally, the 
way elite varieties grow and develop makes sure that the crop could indeed take ben-
efit of the times when there is enough water and then flower and have full seed before 
the end of the season. Even though adjusting development to the atmosphere has 
been important for increasing the yield of wheat, complications stem during unusual 
stages when the growth trajectory of elite varieties does not match the patterns of 
rainfall and temperature [7]. This problem is getting worse because the weather is 
becoming more unpredictable. Farmers know that some periods will be severe and 
that they may take a loss. However, good years can make up for this. The fact that bad 
years are happening more and more often is a big problem, and farmers are looking 
for varieties that will do well in good years but cause less damage in bad ones. Breeders 
try to solve this problem by looking for ways to use water more efficiently and reduce 
the effects of things that might make yield stability less stable.

3. Recent developments in wheat for high temperature tolerance

Wheat production is in danger from many environmental factors. For example, 
the last 10 years (2010–2019) were the warmest on record, and the steady temperature 
rise is thought to have caused many changes in the way the climate system works [8]. 
In its Fifth Assessment Report, the Intergovernmental Panel on Climate Change said 
that by 2050, the average global temperature could rise by 2–5°C, or even more, and 
rain trends are likely to become less consistent [9]. “High confidence” says that these 
changes, like more frequent extreme events, are having an effect on food security. 
Food insecurity has effects that reach far and wide. Hagel, who used to be the head 
of the US Department of Defense, said that changes in climate “can add a lot to the 
problems of global instability, hunger, poverty, and war.” In 2018, climate was found 
to be a cause of “crisis-level acute food insecurity” in 26 of the 33 countries where 
it happened [10]. Since Russia, India, France, China, and the United States produce 
50% of the world’s wheat, “any weather shock or external shock to production in 
these countries will have an immediate effect on global prices and price volatility.” 
Improving how efficiently food is made is seen as a key way to make food production 
more sustainable in the future. About half of the world’s wheat is affected by excessive 
heat, and 20 million ha or more often have too little water [11].

Models show that there is a chance that crops in global “breadbaskets” could fail at 
the same time because of heat or drought, and variation in rainfall and temperature 
(including drought) are indeed blamed for 40% of the variation in the production 
of wheat from 1 year to the next. By the end of this century, severe water shortages 
are predicted in approximately 60% of the world’s cereal growing regions, and each 
1°C temperature rise is expected to decrease yield by a mean of 6% [12]. A few other 
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research and modeling research shows that increasing the level of CO2 in the atmo-
sphere at least to some extent counteract the harmful effects of drought and heat 
stress, but the data are not constant [13]. Also, the models do not take into account 
the harmful effects of rising night-time temperatures, thermal shocks, unsteady rain 
patterns, and dietary components, which are not helped by higher CO2 levels.

4. Recent developments in wheat for quality improvement

Wheat can be used for many different things, and each of these needs different 
qualities. The most important is GPC (grain protein content), which is a key factor 
how well a grain makes bread and pasta. Farmers usually get more money for grains 
that are high in protein. Content of protein is the most important quality trait, but 
the type of grain protein and a number of other qualities, such as grain hardness, also 
affect how the grain will be used [14]. There are several ways that heat and drought 
stress can change the quality. Extreme stress can stop starch from forming, which 
makes the grain smaller. Even mild stress can change the balance between gliadin 
and glutenin proteins, which changes the quality of the grain. But heat and drought 
have the most important effect on quality through their relationship to GPC. GPC is 
a complicated trait that is strongly affected by the environment but also has a clear 
genetic part. Breeders often choose plants based on how much protein they have since 
this is such a big part of how much the grain is worth [15]. Not surprisingly, the most 
important environmental factor that affects GPC is the amount of N fertilizer applied, 
but there is also a negative relationship between GCP and yield in many environments. 
GPD stands for “grain protein deviation,” which is a way that varieties can be different 
from the relationship between yield and GPC [16]. It has been suggested that breeders 
could use GPD as a selection target to get around or lessen the effect of the negative 
relationship. In a study done in Australia, the negative correlation was found to be 
the strongest in low-yielding environments that are stressed by heat and drought. 
Breeders in Australia seem to have chosen high-protein genotypes that do well in low-
yield environments based on how well these genotypes limit biomass accumulation 
to save nitrogen for grain filling. Analysis of a large number of field trials in different 
environments has shown that breeders need to select under drought stress and limited 
N supply to maximize both yield and GCP in new varieties, and studies in Europe have 
shown that selecting based on GPD is also important [17].

5. Future prospects

Way forward in “Climate Change” conditions is to produce wheat cultivars having 
multiple favorable traits which may better mitigate the crop in stress environment. 
The wheat plants may be stronger to tolerate various biotic as well as abiotic stresses 
along with better nutritional value, as food security and safety are both equally 
important. What we need now is to produce wheat plants having temperature, 
drought, salinity tolerance as well as more protein contents so that plant may be 
grown healthy under adverse environments along with more nutrition in terms of 
protein, carbohydrates, etc. The breeders are highly recommended to include all 
possible factors contributing toward climate change in their breeding programs while 
developing new wheat cultivars.



Wheat - Recent Advances

6

Author details

Abdul Manan, Usman Ali Ashfaq* and Mahmood-ur-Rahman Ansari
Department of Bioinformatics and Biotechnology, G.C. University, Faisalabad, 
Pakistan

*Address all correspondence to: ashfaqua@gcuf.edu.pk

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Introductory Chapter: Advancements in Wheat Research
DOI: http://dx.doi.org/10.5772/intechopen.108193

7

References

[1] Langridge P, Reynolds M. Breeding 
for drought and heat tolerance in wheat. 
Theoretical and Applied Genetics. 
2021;134(6):1753-1769

[2] Brouns F, van Rooy G, Shewry P, 
Rustgi S, Jonkers D. Adverse reactions 
to wheat or wheat components. 
Comprehensive Reviews in Food Science 
and Food Safety. 2019;18(5):1437-1452

[3] Helman D, Bonfil DJ. Six decades of 
warming and drought in the world’s top 
wheat-producing countries offset the 
benefits of rising CO2 to yield. Scientific 
Reports. 2022;12(1):7921. DOI: 10.1038/
s41598-022-11423-1

[4] Ladha JK, Jat ML, Stirling CM,  
Chakraborty D, Pradhan P, Krupnik TJ,  
et al. Achieving the sustainable 
development goals in agriculture: The 
crucial role of nitrogen in cereal-based 
systems. Advances in Agronomy. 
2020;163:39-116

[5] Fatima Z, Ahmed M, Hussain M, 
Abbas G, Ul-Allah S, Ahmad S, et al. The 
fingerprints of climate warming on cereal 
crops phenology and adaptation options. 
Scientific Reports. 2020;10(1):1-21

[6] Lippmann R, Babben S, Menger A, 
Delker C, Quint M. Development of 
wild and cultivated plants under global 
warming conditions. Current Biology. 
2019;29(24):R1326-R1338

[7] Reynolds M, Chapman S,  
Crespo-Herrera L, Molero G, 
Mondal S, Pequeno DN, et al. Breeder 
friendly phenotyping. Plant Science. 
2020;295:110396

[8] Obembe OS, Hendricks NP, Tack J. 
Decreased wheat production in the USA 
from climate change driven by yield 
losses rather than crop abandonment. 

PLoS One. 2021;16(6):e0252067.  
DOI: 10.1371/journal.pone.0252067

[9] IPPC. Global Warming of 1.5 °C. 
2020. Available from: https://www.ipcc.
ch/sr15/

[10] Giraldo P, Benavente E,  
Manzano-Agugliaro F, Gimenez E. 
Worldwide research trends on wheat 
and barley: A bibliometric comparative 
analysis. Agronomy. 2019;9(7):352

[11] Tyagi M, Pandey G. Physiology of 
heat and drought tolerance in wheat: An 
overview. Journal of Cereal Research. 
2022;14(1):13-25. DOI: 10.25174/ 
2582-2675/2022/122868

[12] Gezie M. Farmer’s response to climate 
change and variability in Ethiopia: A 
review. Cogent Food & Agriculture. 
2019;5(1):1613770

[13] De Kauwe MG, Medlyn BE, 
Tissue DT. To what extent can rising 
[CO2] ameliorate plant drought stress? 
The New Phytologist. 2021;231(6):2118-
2124. DOI: 10.1111/nph.17540

[14] De Santis MA, Soccio M, Laus MN, 
Flagella Z. Influence of drought and 
salt stress on durum wheat grain quality 
and composition: A review. Plants. 
2021;10(12):2599

[15] Rebetzke G, Jimenez-Berni J, 
Fischer R, Deery D, Smith D. High-
throughput phenotyping to enhance 
the use of crop genetic resources. Plant 
Science. 2019;282:40-48

[16] Fradgley NS, Bentley AR,  
Swarbreck SM. Defining the 
physiological determinants of low 
nitrogen requirement in wheat. 
Biochemical Society Transactions. 
2021;49(2):609-616



Wheat - Recent Advances

8

[17] Hawkesford MJ, Griffiths S. 
Exploiting genetic variation in nitrogen 
use efficiency for cereal crop 
improvement. Current Opinion in Plant 
Biology. 2019;49:35-42



9

Chapter 2

Breaking Yield Ceiling in Wheat: 
Progress and Future Prospects
Neeraj Pal, Dinesh Kumar Saini and Sundip Kumar

Abstract

Wheat is one of the most important staple crops that contribute considerably to 
global food and nutritional security. The future projections of the demand for wheat 
show significant enhancement owing to the population growth and probable changes 
in diets. Further, historical yield trends show a reduction in the relative rate of gain 
for grain yield over time. To maintain future food security, there is a strong need to 
find ways to further increase the yield potential of wheat. Grain yield is a quantitative 
trait that is highly influenced by the environment. It is determined by various inter-
linked yield component traits. Molecular breeding approaches have already proven 
useful in improving the grain yield of wheat and recent advances in high-throughput 
genotyping platforms now have remodelled molecular breeding to genomics-assisted 
breeding. Hence, here in this chapter, we have discussed various advancements in 
understanding the genetics of grain yield, its major components, and summarised the 
various powerful strategies, such as gene cloning, mining superior alleles, transgenic 
technologies, advanced genome editing techniques, genomic selection, genome-wide 
association studies-assisted genomic selection, haplotype-based breeding (HBB), 
which may be/being used for grain yield improvement in wheat and as the new 
 breeding strategies they could also be utilised to break the yield ceiling in wheat.

Keywords: wheat, grain yield, genomics resources, molecular breeding,  
genomics-assisted breeding

1. Introduction

Wheat (Triticum aestivum L.) is the most extensively grown food crop around the 
world and ranks second after rice [1]. China is the top wheat-growing country which 
recently in 2020, produced 134,250 thousand tonnes of wheat accounting for approx-
imately 20.66% of the total wheat production around the globe. The top five wheat-
growing countries (China, India, Russian Federation, United States of America, and 
Canada) together account for 63.46% of the world’s wheat production (6,499,759 
thousand tonnes in 2020) [2]. It accounts for more than 20% of the calorific intake of 
humans and supplies more protein (approximately 23%) than all animal sources [1]. 
The progress for the genetic improvement of grain yield in wheat ranged from 0.3% 
to 1.0% per year during the last century [3]. Nevertheless, it has been decreased in 
recent years, largely due to the narrow genetic base of the germplasm used for the 
development of new genotypes and the lack of adoption of novel breeding strategies. 
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Noticeably, there is a need to increase wheat yield to feed the world population which 
may be increased from the current 7.5 billion to more than 9 billion by 2050, and this 
is with the unusual constraints posed by climate change. Under such kind of pres-
sure, wheat breeding programs need to do more to achieve the targeted genetic gain 
in grain yield ensuring food security in the near future. Many studies have shown 
that increases in the harvest index (HI), grain weight (GW), grain number per spike 
(GNPS), and decreases in plant height (PH) are the major traits associated with 
genetic gain in wheat [4, 5]. Improvement in HI has permitted better partitioning of 
photosynthetic assimilates to the developing grains, resulting in greater grain yield 
(GY). The HI of cultivated wheat varieties generally ranges from 0.4 to 0.5 which is 
already close to the theoretical maximum value of 0.62 [6, 7]. Furthermore, HI val-
ues more than 0.5 are very hard to achieve, particularly in unfavourable environmen-
tal conditions [8]. This situation again shows that genetic progress in wheat breeding 
programs may be difficult. Therefore, understanding the changes (either increment 
or reduction) in yield and related traits is an essential step towards developing new 
breeding strategies and a further improvement in the grain yield.

Grain yield is the final result of plant growth and development and hence 
most, if not all, genes are supposed to contribute towards yield either indirectly or 
directly. Consequently, achieving increased grain yield is a non-trivial task, and 
the accumulative knowledge from wheat breeding suggests that we would require 
concurrent improvements of both the ‘source’ and ‘sink’ tissues. Traditional breed-
ing largely depends on empirical phenotypic selection, which has already resulted in 
the development and release of a large number of high-yielding varieties. However, 
time consumption, labour intensity, environmental dependence, and low efficiency 
are prime barriers that nowadays hinder conventional/traditional wheat breeding. 
High-yielding wheat varieties can result from the uncovering of novel genetic varia-
tion, better selection techniques, or the identification of superior genotypes with 
novel or improved characteristics caused by favourable combinations of superior 
alleles at multiple loci. In recent years, an impressive number of advancements in 
genetics and genomics have been made in wheat. Owing to the tremendous effort of 
IWGSC, the ‘gold standard’ reference genome has become available for wheat cultivar 
‘Chinese Spring’. The most comprehensive assembly of this reference line has been 
recently released in 2018 which gave access to a total of 107,891 high-confidence 
genes [9]. The genome sequences may assist the identification of important genes at 
an unprecedented level which is a key aspect in wheat breeding. Different types of 
molecular markers, such as RFLP, AFLP, SCAR, STS, SSR, CAPS, and GBS-SNPs, 
have been identified and mapped on the different chromosomes of wheat and highly 
dense genetic maps have also been developed (available at https://wheat.pw.usda.gov/
GG3/) which are being utilised in various genetic studies in wheat [10, 11]. To date, 
more than 15 different high-throughput GBS strategies have been developed and 
utilised in various crops including wheat [12]. Moreover, several SNP arrays/assays 
have also been developed which are flexible in terms of data point and sample number 
customization, which contributes to its high-density scanning and robust call rates 
compared to PCR and NGS-based markers. Several high-density SNP genotyping 
arrays have been utilised for genetic dissection of different traits and marker-assisted 
breeding in wheat namely the Illumina Wheat 9 K iSelect SNP array [13], the Illumina 
Wheat 90 K iSelect SNP genotyping array [14], the Wheat 15 K SNP array [15], the 
Wheat 55 K SNP array, the Axiom Wheat 660 K SNP array, the Axiom HD Wheat 
genotyping (820 K) array [16], the Wheat Breeders’ 35 K Axiom array [17], and the 
Wheat 50 K Triticum TraitBreed array [18]. These advancements in genomics have 
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greatly enhanced our understanding of structural and functional aspects of the wheat 
genome and contributed to wheat improvement in two ways. First, they provided a 
better understanding of the various biological mechanisms that have led to new or 
improved screening methods for identifying and selecting superior genotypes more 
efficiently. Secondly, this new information improved the decision-making process 
for more efficient breeding strategies. With these advancements, the focus of wheat 
breeding has gradually switched from phenotype-based to genotype-based selection. 
Marker-assisted selection (MAS) has improved wheat breeding efficiency to some 
extent and predominated in breeding programs for decades. Several MAS strategies 
have been developed—marker-assisted backcrossing (MABC) or introgression of 
QTL or major genes, selection of complex quantitative traits using molecular markers, 
and enrichment of favourable alleles in early generations [19]. Availability of high-
throughput genotyping platforms and genomics resources now rapidly remodelling 
marker-assisted breeding to genomics-assisted breeding.

Here in this chapter, we summarise the recent progress in understanding the 
genetics of grain yield and other related traits together with the new strategies, such 
as gene cloning and mining of superior alleles, transgenic technologies, genome edit-
ing technologies, genomic selection (GS), genome-wide association studies (GWAS)-
assisted GS, and haplotype-based breeding (including haplotype-based GWAS and 
haplotype-based GS), which altogether make it available for genomics-assisted 
breeding (GAB) in crop improvement and to break the yield ceiling in wheat.

2. Genetics of grain yield and its related traits

Grain yield is a complex polygenic trait, significantly associated with grain number 
per spike, grain weight, harvest index, number of productive tillers, plant height, 
days to heading/flowering, etc. The trait is also influenced by the environment and 
shows a significant level of genotype × environment interaction with low heritability. 
Previous studies showed that increased yield potential in the major wheat-growing 
countries was largely associated with increased grains per square meter, harvest 
index, and biomass, and reduced plant height [4, 5]. Moreover, it has been revealed 
that the use of dwarfing genes (Rht1, Rht2, Rht8, and Rht24), the 1BL.1RS transloca-
tion lines [20–23], and positive selection of desirable alleles of major genes including 
grain size (for instances, TaGS3-A1, TaTGW6, TaSus1, TaGW2, TaGW8, and so on), 
vernalization requirements (Vrn genes), photoperiod response (Ppd-1), etc. resulted 
into the enormous improvement in wheat grain yield [24, 25]. It is now believed that 
further improvement in grain yield can be attained only by exploiting untapped 
genetic variation and depth understanding of its genetic architecture combined with 
the use of advanced genomics-assisted breeding techniques. QTL mapping has been 
one of the innovative approaches for understanding the genetic architecture of grain 
yield and its component traits in wheat. Advancements in molecular marker systems 
have revolutionised the field of QTL mapping, as hundreds of QTLs for different 
yield-related traits have been mapped using different bi-parental and multi-parental 
mapping populations in several countries [26–31]. The QTL regions identified by 
the standard interval mapping procedure frequently extend to several centimorgans 
(cM) on linkage map (on the physical map, it may be equivalent to the several Mbp) 
which may encompass a large number of genes [31]. Therefore, it becomes very 
hard to pinpoint the causative locus/candidate gene responsible for a specific trait. 
Furthermore, the introgression of such large QTL regions based on linked or flanking 
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markers might carry several unwanted genes due to linkage drag, thereby negatively 
affecting the performance of generated cultivars encompassing the introgressed 
genomic segments. Therefore, the genetic resolution of the mapping procedures must 
be increased to allow QTL placement within the shortest possible genomic region 
using advanced strategies. Fine mapping is an important strategy that can be used 
for refining the QTL region. Three major factors, such as phenotyping, population 
size, and the number of markers, mainly regulate the success of QTL dissection, fine 
mapping, and further cloning of desired QTLs. Advances in NGS technologies have 
dramatically reduced per sample genotyping cost and offered increased throughput. 
Moreover, with the latest SNP genotyping platforms such as SNP chips or arrays in 
place, it is now quite possible to genotype tens of thousands of samples in a short 
period [32]. Moreover, QTL fine mapping occasionally reveals surprises, for instance, 
the presence of distinct genes whose combined effects contribute to the QTL identi-
fied using standard mapping procedures, distinct upstream non-coding enhancer/
modifier sequences that contribute to phenotypic effects of a QTL, and substantial 
genetic differences between the alleles in the QTL region. Identification of the genes 
or sequence variants that underlie QTL may help in investigating the contribution of 
specific genes or structural variants to the overall genetic architecture of grain yield 
and related traits [26, 33].

As discussed above, several studies have reported hundreds of QTLs in differ-
ent mapping populations evaluated under different environments. An innovative 
approach i.e., meta-QTL analysis has emerged which helps in refining the QTL 
positions by combining the QTL results from independent studies and identifying the 
most stable and consensus QTLs [34]. The power of this approach lies in detecting 
regions of the genome that are most often involved in trait variation and reducing the 
QTL confidence intervals, thus facilitating the identification and characterisation 
of underlying candidate genes. For the first time in 2010, Zhang and his colleagues 
[35] conducted a meta-QTL analysis of major QTLs for grain yield and yield-related 
traits and identified 12 significant MQTLs on chromosomes 1A, 1B, 2A, 2D, 3B, 4A, 
4B, 4D, and 5A, few of which also included important known genes, such as Vrn and 
Rht [35]. Another study reported 16 MQTLs on chromosomes 1B, 2A, 2D, 3B, 4A, 6A, 
and 6B, related to grain weight [36]. Most recently in 2021, Saini and his colleagues 
[37] have identified a total of 141 MQTLs responsible for grain yield and related traits, 
which included 13 breeder’s MQTLs and 24 ortho-MQTLs. This study also identified 
1202 high-confidence candidate genes within the physical positions of the MQTL 
flanking markers [37]. Beside these, recently, various other MQTL studies have been 
also conducted in wheat [38–41]. DNA markers tightly linked to these meta-QTLs 
(MQTLs) may be used as molecular tools for MAS in wheat breeding. Association 
mapping or GWAS offers an alternative route for identifying genomic regions that 
have effects across a wider range of germplasm if false associations that are caused by 
population structure and relatedness can be minimised. With the advancements in 
high-throughput genotyping technologies, haplotypes and SNP-sets (instead of single 
SNPs) are being utilised for GWAS, thereby reducing the detection of false positives 
via overcoming the limitations of multiple testing and enhancing the identification of 
underlying candidate genes which in turn facilitate gene-based association mapping. 
Several GWAS studies have been conducted in wheat for grain yield and related traits, 
which have also resulted in the identification of hundreds of high-confidence candi-
date genes governing yield-related traits [42–46]. Combined linkage analysis and joint 
linkage association mapping (JLAM) have also been used in wheat for genetic dissec-
tion of grain yield-related traits. Unlike meta-QTL analysis, meta-GWAS studies have 
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been rare in wheat for yield and related traits. For the first time in 2018, Battenfield 
and his colleagues [47] described this meta-GWAS approach, which combined GWAS 
analysis from multi-year unbalanced breeding nurseries and identified the consensus 
and stable marker-trait associations (MTAs) and underlying candidate genes [47]. 
The markers, as well as candidate genes identified for grain yield and its component 
traits, provide important genomic resources for wheat breeding. These genomics 
resources can be immediately implemented to genomics-assisted breeding in wheat 
for genetic improvement of grain yield.

3. Gene cloning and allele mining: to be used for MAS

MAS allows a more effective selection of target genotypes which further enable 
certain traits to be ‘fast-tracked’, resulting in faster line development and variety 
release. MAS is a more cost-effective approach that can replace phenotyping and 
thereby allows selection in off-season nurseries as well. Another advantage of using 
MAS is that the total number of genotypes that need to be tested can be reduced 
significantly in early generations which allow more efficient use of field or glasshouse 
space which is generally limited [48]. MAS remains a valid option for major gene 
or QTL, whereas QTL cloning or gene cloning may become a more routine activity 
assisted by increased utilisation of high-throughput phenotyping techniques [49], 
sequencing [50], and identification of high-confidence candidate genes through 
‘omics’ profiling [51]. Cloned QTL/gene may provide new opportunities for a more 
targeted search for novel alleles in wild wheat germplasm and mutants (Table 1).

At present, tremendous sequence information is available in public databases as 
a result of the sequencing of diverse wheat crop genomes, including reference lines 
and wild progenitors. This information can be used for mining the novel and superior 
alleles of agronomically important genes from gene pools to appropriately deploy for 
the development of high-yielding cultivars. Allele mining also provides insights into 
the molecular basis of trait variations and identifies the sequence variants associated 
with superior alleles. Moreover, it helps in the development of allele-specific molecu-
lar markers, assisting the introgression of novel alleles via MAS.

4. Transgenic technologies to boost grain yield

Considerable progress has been made in the past for manipulation of genes from 
diverse sources, including wild relatives and progenitors, and transferring them into 
wheat to confer increased grain yield, transgenesis can be employed as a powerful 
alternative for increasing the grain yield through exploiting the genes/traits which does 
not occur naturally in the wheat species. Transgenic plants refer to plants that contain 
a gene(s) that has been artificially inserted from an unrelated plant or a completely 
different species. The increase in grain yield potential through transgenesis involves 
an ideotypic detail of potential targets for transformation. In 2017, Nadolska-Orczyk 
and his colleagues [79] reported potential targets for transgenesis which can result 
in the increased grain yield in wheat. These include ‘transcription factors, regulating 
spike development, which mainly affect grain number; genes involved in metabolism 
or signalling of growth regulators—cytokinins, gibberellins, and brassinosteroids—
which control plant architecture and consequently stem hardiness and grain yield; 
genes determining cell division and proliferation mainly impacting grain size; floral 
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Genes/QTLs Chromosome Products/enzymes Associated yield-
related traits

References

TaSus2 2A, 2B, 2D Sucrose synthase Endosperm 
development

[52]

TaCwi-A1 2A Cell wall invertase Kernel weight [53]

TaCWI-5D 5D Cell wall invertase Kernel weight [54]

TaSAP1-A1 7A Zinc-finger protein Thousand grain 
weight, number of 

grains per spike, spike 
length, peduncle 

length and spikelet’s 
per spike

[55]

TaGS1a 6D Glutamine synthetase Mineral nutrient and 
grain size

[56]

TaTGW-7A 7A Indole-3-glycerol-
phosphate synthase

Thousand grain 
weight

[57]

TaGASR7-A1 7A Snakin/GASA protein Grain length [58]

TaGS-D1 7D Glutamine synthetase Thousand grain 
weight, grain length

[59]

TaCKX6a02 3D Cytokinin oxidase/
dehydrogenase

Grain size, grain 
filling rate, grain 

weight

[60]

Tackx 3A Cytokinin oxidase Grain weight and leaf 
chlorophyll content

[61]

TaTPP-6AL1 6A Trehalose 6-phosphate 
phosphatase

Grain weight [62]

TaFlo2-A1 2A FLO2 protein Thousand grain 
weight, grain size

[63]

TaSnRK2.3 1A, 1B, 1D Plant-specific protein 
kinase

Plant height, 
length of peduncle, 
penultimate node, 

thousand grain 
weight

[64]

TaSnRK2.10 4A, 4B,4D Sucrose non-fermenting 
1-related protein kinases

Thousand grain 
weight, spike length

[65]

6-SFT-A2 4A Fructan 
6-fructosyltransferase

Thousand grain 
weight

[66]

TaGW2-6A 6A E3 ubiquitin ligase Grain weight, grain 
size

[25]

TaCKX6-D1 3D Cytokinin oxidase/
dehydrogenase

Thousand grain 
weight

[67]

TaGL3-5A 5A Putative protein 
phosphatase

Grain length [68]

TaAPO-A1 7A F-box protein of 429 amino 
acids

Total spikelet number 
per spike

[69]

TaTGW6-A1 3A Indole-3- acetic acid-
glucose hydrolase

Thousand grain 
weight

[24]

TaGW8-B1a 7B E3 ubiquitin ligase Kernel size [70]
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regulators influencing inflorescence architecture and consequently seed number, and 
genes involved in carbohydrate metabolism having an impact on plant architecture 
and grain yield’. Furthermore, modulated expression of flowering genes, which control 
vernalization and photoperiod-dependent floral induction, may be good for winter or 
spring wheat varieties [79, 80]. Besides, augmenting photosynthetic rates of laminar 
and non-laminar organs and the capability to access and utilise a greater amount of 
resources, such as nutrients or water, may also be potential targets for transgenesis in 
wheat for grain yield improvement [81, 82]. Besides, information about specific geno-
types as well as climatic and agronomic conditions and consideration of the fact that 
the majority of the genes are members of multigene families is required for successful 
implementation of selected potential genes in breeding programs [79].

Transgenic wheat has the capacity to transform agriculture, but progress has been 
very limited as no transgenic wheat cultivar could be commercially approved so far 
because of consumers’ concerns. Few promising reports are available where newly 
developed transgenic wheat showed a significant grain yield advantage [72, 83]. Over-
expression of a nitrate-inducible transcription factor (NAC TF) in wheat enhanced root 
growth and the ability to uptake nitrogen, therefore, increased nitrogen accumulation 
and grain yield by 10% (on a single plant basis) [72]. In another study, Gonzalez and his 
colleagues [83] reported that transgenic wheat lines carrying a mutated version of the 
sunflower TF (HaHB4) can significantly increase grain yield and water use efficiency 
across a range of environments [83]. Most recently in 2020, Argentina has become the 
first country to approve a genetically modified wheat variety (HB4). This is a drought-
tolerant high-yielding wheat variety jointly developed by Argentine crop inputs 
manufacturer ‘Bioceres’ and ‘Trigall Genetics’ yielding 20% more than other standard 
wheat varieties in 10 years trials under drought conditions. The commercial approval 
of this GMO variety solely depends on approval by Brazil, which imports more than 

Genes/QTLs Chromosome Products/enzymes Associated yield-
related traits

References

TaTAR2.1-3A 3A Tryptophan amino 
transferase

Plant height, spike 
number

[71]

TaNAC2-5A 5A NAC transcription factor Spike number, grain 
number per spike, 

and thousand grain 
weight

[72]

TaGS5-3A 3A Serine carboxypeptidases Grain size, grain 
weight

[73]

TaTEF-7A 7A Transcript elongation 
factor

Grain number [74]

TaPPH-A 7A Pheophytin pheophorbide 
hydrolase

Thousand grain 
weight, grain filling

[75]

TaNF-YB4 3B Histone-like transcription 
factor

Number of spikes per 
plant

[76]

TaNFYA-B1 6B Histone-like transcription 
factor

Number of spikes per 
plant

[77]

TaCYP78A3 7A, 7B, 7D Cytochrome P450 
CYP78A3

Seed size [78]

Table 1. 
Cloned genes/QTLs regulating various yield-related traits in wheat.
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85% of Argentine wheat [84]. Experts have also raised concerns about the growth and 
marketing of this GMO wheat variety, citing challenges related to food safety, con-
sumer preferences, environmental effects, and socioeconomic issues. More research is 
required to determine the true safety of this GMO wheat and to decide, whether they 
are safe for both the consumers and the environment. At least, most would agree that 
the possible advantage of producing transgenic wheat, which furnishes the human 
population with cheaper and more food, makes transgenesis a useful invention.

5. Genome-editing technologies

Targeted genome editing has emerged as a powerful tool for studying gene func-
tion, correcting defective genes, or introducing novel functionality. Its mechanism 
involves sequence-specific double-strand breaks (DSBs) in the target DNA, with edits 
incorporated during the endogenous repair. In the earlier phase of genome editing, 
to induce the desired double-strand breaks at the target site, the engineering for 
zinc-finger nucleases (ZFNs) [85] or meganucleases [86] attracted the attention of 
the researcher community. These genome-editing systems needed specialised compe-
tence to produce artificial proteins consisting of customizable DNA-binding domains 
(sequence-specific), each linked to a non-specific nuclease for target DNA cleavage, 
and offered researchers with extraordinary tools to perform genetic manipulation. 
Later, the identification of a novel class of a Flavobacterium okeanokoites catalytic 
domain (FokI) derived from bacterial proteins termed transcription activator-like 
effectors (TALEs) further offered new possibilities for precisely targeted genome 
editing [87]. TALE-based programmable nucleases allowed the cleavage of any DNA 
sequence of interest with comparatively high frequency. Dimerization of FokI nucle-
ase is needed to make an active nuclease, therefore, every time two modules need to 
be designed to target closely DNA sequences for generating DSBs at target sites. This 
dimerization requirement limited the use of these two powerful genomes-editing 
tools, as designing active nucleases was difficult and very expensive [88].

In 2012, an inexpensive, simple, easy to use, and effective genome-editing system 
that is clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (CRISPR/Cas9) was introduced which revolutionised the field of 
genome editing [89]. The use of this powerful tool allows producing genome-edited 
plants in a very short period. CRISPR technology can be efficiently utilised for both 
precisely eliminating the negative regulator genes and augmenting the activity of 
positive-regulator genes that affect the trait of interest. Nevertheless, there are only a 
couple of reports available for validation of the CRISPR technique in wheat compared 
to other crops, such as rice [90]. In these reports, different genes were targeted by 
CRISPR/Cas9 to address the major biotic, and abiotic stresses along with improving a 
few agronomic traits in wheat [90]. An exciting advantage of using the CRISPR/Cas9 
technology is the possibility of simultaneously editing multiple target genes using a 
single CRISPR construct. For instance, Wang and his colleagues [91] practiced this 
multiplexed genome editing in hexaploid wheat for targeting three different genes viz. 
TaLpx-1, TaGW2, and TaMLO. They placed three sgRNAs (each specific to a different 
gene) in a tRNA polycistronic cassette under the control of a single promoter to pro-
duce knockouts. Multiplex genome-editing tools can be efficiently utilised to address 
more complex traits (such as grain yield) involving multiple genes in a single attempt 
[91]. Moreover, this CRISPR/Cas9 mediated multiplex genome editing can also be uti-
lised to mimic the domestication process during evolution in a short time frame, with 
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implications for a convenient and rapid generation of high-yielding wheat varieties. 
Despite the several advantages of using CRISPR/Cas9, one of the prominently associ-
ated challenges is off-target effects, that is undesired mutations at unintended sites 
induced by genome editing. Various methods have been developed to find off-target 
mutations both in vitro and in vivo. These include SITE-seq [92], Digenome-seq [93], 
CIRCLE-seq [94], GUIDE-seq [95], and DISCOVER-seq [96]. In the same way, the 
engineering of Cas9 proteins has also been performed to enhance the specificity.

5.1  Base editors and prime editing: opening up new avenues for wheat genome 
engineering

Many crucial agronomic traits are determined by a few base changes or point 
mutations in a gene [97–99]. CRISPR/Cas9 mediated gene replacements or gene 
modifications through homology-directed repair (HDR) has been reported as a 
practicable approach to correct the point mutations in the target DNA/gene and has 
the capability for accelerating crop improvement [100, 101]. Yet, the low efficiency 
of template DNA delivery and the rare occurrence of HDR (endogenous) has always 
been a difficult task in attaining success in plants. Furthermore, the CRISPR/
Cas9 system is amenable for gene knock-in or knock-out, but cannot covert base 
into another. These challenges highlighted the demand for alternative powerful 
approaches that can result in precise and stable genome editing in crops. In 2016, a 
novel approach that is ‘Base editing’ was emerged which allows precise base (nucleo-
tide) substitutions in a programmable manner, without requiring a donor template 
or disruption of a gene [102]. A base editor is a fusion of catalytically inactive Cas9 
domain (Cas9 variants, Cas9 nickase, or dCas9) and an adenosine or cytosine 
domain that converts one base to another. Nucleotide substitutions or single-base 
changes may generate elite trait variations in crops which assist in accelerating crop 
improvement. The base-editing system can revert an SNP or single-base change 
without gene disruption. In recent years, many adenine and cytosine base editors 
have emerged as powerful tools for precise genome modifications (A to G or C to T) 
in eukaryotic genomes [102]. The potential of this approach has been demonstrated 
in several crops, including wheat [103–106]. As aforementioned, HDR efficiency is 
comparatively low in plant cells, so knock-ins of DNA fragments to target sites are 
challenging. Recently in 2019, Anzalone and co-workers developed a more efficient 
genome-editing technology that is ‘Prime editing’ which consists of CRISPR-Cas9 
nickase–reverse transcriptase fusions programmed with pegRNAs (prime-editing 
guide RNAs) that enable precise genome editing without inducing DSBs or requiring 
a donor DNA template (mandatory for genome editing via HDR) in mammalian cells 
[107]. The prime editors have been adapted for use in wheat via optimization of the 
codon, promoter, and editing conditions [108]. This optimised suite of prime editors 
enabled InDels and point mutations in wheat and rice at higher frequencies [108]. 
Development of new technologies and tools, newly discovered CRISPR/Cas systems, 
are being continuously reported, inferring that the CRISPR toolbox for wheat genome 
engineering would expand further in the near future. Researchers have also focused 
on the development of efficient approaches for eliminating transgenes from genome-
edited plants, such as (a) transient expression of DNA and RNA [109], (b) use of 
CRISPR/Cas9 ribonucleoprotein complexes [110], (c) use of CRISPR-S—an active 
interference element [111], and (d) programmed self-elimination of the CRISPR/Cas9 
constructs [112] to generate transgene-free genome-edited plants. The elimination 
of transgenes offers the following two advantages—(i) elimination of Cas9 construct 
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from genome-edited plants prevents the induction of genetic changes at undesired 
loci, (ii) elimination of the transgenes is likely a prerequisite for getting regulatory 
approval of genome-edited crops for commercial applications. In the future, CRISPR 
technology may be supposed to accelerate wheat biology research, ultimately facilitat-
ing the development of high-yielding wheat varieties.

6. Genomic selection for grain yield improvement

The genetic complexity of grain yield and other yield-related traits limit the power 
of QTL mapping and association mapping in identifying small effect loci [113]. A 
powerful breeding strategy that is genomic selection (GS) has been introduced to 
circumvent this problem which implements whole-genome markers for predictions, 
and thus can efficiently complement QTL mapping and association analysis in dis-
secting the complex genetic base of grain yield-related traits in wheat [114, 115]. 
High-throughput/next-generation genotyping technologies have accelerated the 
adoption of GS by enabling the development of large sets of DNA marker data at 
reasonable costs [116]. GS is a potential GAB tool that predicts genomic-estimated 
breeding values (GEBVs) of individuals (from the breeding population) with geno-
typic data available via prediction models constructed based on a training population 
(TP) with available phenotypic and genotypic information [117]. As aforementioned, 
using the prediction models, the GEBVs of unobserved individuals are predicted, 
circumventing the omission of the small-effect genomic region (markers) that would 
fail a threshold (significance) test. Though the effect of each marker is small, a large 
volume of genotypic information covering the whole genome still has the power to 
explain all the genetic variance. GS complements conventional breeding approaches 
and can potentially decrease the requirement of large-scale phenotyping and hasten 
the rate of genetic gain via shorter breeding cycles [118, 119]. The performance of GS 
relies mainly on the prediction accuracy, defined as the ‘Pearson’s correlation between 
the selection criterion and the true breeding value to select individuals with unknown 
phenotypes’ [120, 121]. Other factors that affect the GS accuracy include gene effects, 
level of linkage disequilibrium (LD), statistical models, the genetic composition of the 
TP, relationship between validation population (VP) or selection individuals and TP, 
and heritability of the target traits [120]. The major objective of GS is to decrease the 
cost of phenotyping and hasten genetic gains, use of high-throughput phenotyping 
tools and platforms that enable high-density phenotyping of hundreds to thousands 
of individuals across time and space using proximal or remote sensing, can increase 
the intensity and accuracy of selection and, eventually the selection response, as well 
as reduce phenotyping costs. The main idea of high-throughput phenotyping is to 
exploit secondary traits, such as canopy temperature, and green normalised difference 
vegetation index (NDVI) are closely related to grain yield that may be advantageous in 
early-generation testing of individuals. Data recorded on secondary traits (genetically 
correlated to grain yield) can be incorporated in multivariate pedigree and GS models, 
improving indirect selection for GY [122–124]. Moreover, GS can also be applied to 
gene bank accessions for germplasm enhancement. Accessions stored in germplasm 
bank represents an under-exploited rich genetic resource for wheat breeders, superior 
alleles can be extracted from these accessions which may be exploited for grain yield 
improvement in wheat [125, 126]. In general, lengthy pre-breeding programs are 
needed to develop lines that possess favourable alleles/genes from the wild accessions 
with superior agronomic performance and that may be utilised as parents in breeding 
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Population type and size* Number of 
genotyped 

markers

Traits Accuracy 
of GEBV 

used

References

Advanced breeding lines from 
CIMMYT (254)

41,371 
GBS-SNPs

TGW, DTH, 
and GY

0.28–0.45 [128]

Two DH populations (165 and 159) 1975 and 1483 
SNPs (90K 

SNP)

GNPS 0.10–0.42 [129]

European winter wheat lines (2325) 12,642 SNPs 
(9K SNP)

GY 0.5–0.65 [130]

Winter wheat population (273) 40,267 SNPs 
(90K SNP)

GY, TGW, PH 
and DTH

0.33–0.67 [131]

Inbred breeding lines (557) 12,083 
GBS-SNPs

DTH and GY 0.57 [132]

Advanced elite spring wheat lines 
(287)

15,000 SNPs 
(90 K SNP)

GY, TGW and 
GN

0.38–0.63 [133]

Lines from multiple families (659) 9500 DArT-
GBS-SNPs

GY 0.38–0.41 [134]

Winter wheat breeding population 
from multiple families (861)

6600 DArT-
GBS-SNPs

GY 0.39–0.48 [135]

Inbred breeding lines (557) 12,083 
GBS-SNPs

GY 0.65–0.76 [136]

Hybrids obtained by crossing 18 
males and 667 females (1888)

13,005 SNPs 
(90 K and 

15 K)

GY, DTH and 
PH

0.5–0.55 [137]

Winter wheat lines (1100) 27,000 
GBS-SNPs

GY 0.23–0.55 [138]

European winter and spring 
cultivars (210)

GBS-SNPs 44 spike 
morphology 

traits

0.2–0.5 [139]

Elite wheat lines (4368) 2038 
GBS-SNPs

DTH, DTM, PH 
and GY

0.35–0.44 [140]

Bread wheat lines (10375) 18,101 
GBS-SNPs

GY and TGW 0.59–0.98 [141]

Double haploid lines (282) 7426 
GBS-SNPs

GY and TGW 0.47–0.54 [142]

Bread wheat lines (3771) 8519 
GBS-SNPs

DTH, DTM and 
GY

0–0.75 [143]

Soft red winter wheat lines 
(239), Double haploid (100), and 
Recombinant inbred lines (156)

2721 SNPs (9 
and 90K)

GY, DTH, 
TGW, GNPS, 

and PH

− 0.14-
0.43

[144]

F4:6 generation and double haploid 
winter wheat breeding lines (1114)

7300 DArT-
GBS-SNPs

GY 0.45 [145]

Winter wheat lines (3282) 18,728 
GBS-SNPs

GY 0.25 [122]
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programs. Using GS, germplasm enhancement breeding programs can be directly 
started using wild accessions and landraces. In a recent GS-based study, NGS tech-
nologies with multi-environment phenotyping were used to study the contribution of 
exotic genomes to 984 pre-breeding lines. Significant positive contributions of exotic 
germplasm to pre-breeding lines derived from crosses of CIMMYT’s best elite lines 
with exotics were reported [127]. Genomic selection studies conducted in wheat for 
grain yield and related traits are presented in Table 1. The prediction accuracy of GS 
for different grain yield-related traits has varied from 0 to 0.98% in wheat (Table 2).

6.1 GWAS-assisted GS: making GS more efficient

As discussed above, GWAS estimates marker effects throughout the genome on 
the target association panel (diverse germplasm) based on prediction models. Based 
on LD, GWAS may identify new functional variants, including novel MTAs and 
genes for many agronomically important traits in diverse germplasm. According to a 
comprehensive simulation study in plants, the use of a few major MTAs/QTLs/genes 
(each explaining ≥ 10% of the phenotypic variance) as fixed effects in GS models 
can increase the accuracy of GS for complex quantitative traits [151]. Although, the 
potential to combine robust and consistent associations identified from GWAS as 
fixed effects in GS models to increase prediction accuracy for complex traits such as 
grain yield has not been investigated comprehensively in wheat. The first report of 
integrating the genetic architecture of GY (revealed through GWAS) into prediction 
models in wheat has come from the work by Sehgal and co-workers, most recently 
in 2020 [149]. Firstly, using a haplotype-based genome-wide association study, they 
identified 58 MTAs for GY. Out of these 58 MTAs, 16 were ‘environment-specific’ 
with large effects and eight MTAs were consistent across trials and environments. 
These consistent MTAs were then used as fixed effects in the prediction models which 
resulted in a 9–10% increase in prediction accuracy for GY [149]. It is suggested that 
the utility of GS incorporating GWAS results may be noteworthy for GY when GWAS 
results detect highly robust and significant genomic regions.

Population type and size* Number of 
genotyped 

markers

Traits Accuracy 
of GEBV 

used

References

>6400 breeding lines 78,662 
GBS-SNPs

GY 0.41 [146]

Advanced breeding lines (456) 11,089 
GBS-SNPs

GY 0.33–0.66 [147]

Association mapping panel (456), 
two F5 populations (61 and 501), 
two DH populations (447 and 759)

16,233 
GBS-SNPs

GY 0.21 [148]

Advanced bread wheat lines (4302) 8443 
GBS-SNPs

GY 0.35–0.43 [149]

Winter wheat lines (1325) 11,154 SNPs 
(15 K)

GY 0.57 [150]

GY, GNPS, DTH, DTM, PH, and TGW refer to grain yield, grain number per spike, days to heading, days to maturity, 
plant height, and thousand grain weight, respectively.*Figures in parenthesis are the population size.

Table 2. 
Genomic selection studies conducted in wheat for grain yield and related traits.
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7.  Haplotype-based breeding (HBB) for grain yield improvement

Due to low heritability and persistent ‘genotype × environment’ interactions, 
improving grain yield (GY) is a difficult task for the global plant breeding community, 
especially under stressful environmental conditions [152–154]. As discussed  
earlier, GWAS-assisted GS has proven to be an effective method for deciphering the  
genetic architecture of complex traits, population improvement, and the development 
of better varieties with a higher yield. However, the problem of ‘missing heritability’, 
which is widespread in single marker-based GWAS, is not addressed by this approach. 
The alternative approach to boost the power of GWAS is by constructing haplotypes 
between neighbouring SNPs on a chromosome. As specific sets of alleles are observed 
on a single chromosome, haplotypes are inherited jointly with the limited probability of 
contemporaneous recombination. Haplotypes are implemented in crop improvement 
in two ways—retrospective and prospective [155]. Plant breeders have to choose the 
advantageous haplotypes that lead to desirable phenotype(s) for the trait(s) of inter-
est during the long-term selection process. As a result, these advantageous haplotypes 
in elite crop germplasm can be found utilising the genome resequencing technique 
to sequence an elite gene pool [156]. Later, molecular markers that characterise these 
beneficial haplotypes can be produced, and all of these haplotype-defining markers can 
then be utilised to pick the most ideal combination of haplotypes that govern a certain 
phenotype. Furthermore, by identifying lines with unique recombination in chromo-
somal blocks of relevance, these haplotype-related markers can be utilised to distinguish 
between favourable and unfavourable genetic variation. On the other hand, haplotypes 
can be employed in a prospective approach, in which a vast collection of ancestral and 
wild germplasm of specific crop species (not just elite breeding pools) is re-sequenced 
to find haplotypes with a wider range of genetic variation [153, 155]. The genome-wide 
haplotypes are employed in this strategy to find novel haplotypes in a wide variety of 
natural germplasm. For the discovery of QTLs/genes, recent GWA studies based on 
empirical and simulation data (i.e., better p-values) and allelic effect estimation have 
demonstrated that haplotype blocks have higher mapping accuracy and power than 
individual SNPs [153, 155–160]. Haplotype superiority can be explained by a number 
of factors. Stephens and his colleagues [161] showed that haplotype blocks are more 
informative than SNP markers because of their multi-allelic character in nature. The 
scientists found that haplotype variants were more common than SNPs, implying that 
recombination and recurrent mutation events occurred within and among haplotype 
genes (Figure 1). In addition, as compared to individual SNPs, haplotype-based analysis 
is predicted to reduce the false positives and shows the intricate mechanism of causal 
haplotypes [162]. Similarly, the haplotype-assisted GS depicts the complex relationships 
between genotypic information and phenotypes more accurately than individual SNPs. 
As a result, this method could eventually aid in improving selection gain per unit of 
time. Because haplotypes can better capture LD and genomic similarities in various lines 
and may capture local high-order allelic interactions, they may improve the accuracy 
of genomic prediction [163]. Furthermore, by depicting population structure in the 
calibration set, prediction accuracy might be enhanced. The superiority of haplotype-
based predictions over SNP-based predictions for all studied traits, including yield, test 
weight, and protein content, was established in a recent GS study that compared the 
prediction ability computed from haplotypes and SNPs in a set of 383 advanced lines 
and cultivars of wheat [164]. Based on evidence revealing higher haplotype-assisted 
genomic prediction efficiency than SNPs, researchers are increasingly embracing 
haplotype-assisted genomic prediction in crop development programmes.
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8. Conclusions

Significant progress has been made in wheat in developing various genomics 
resources, including high-throughput molecular markers, dense genetic maps, and 
next-generation genotyping platforms. The availability of high-quality wheat genome 
information has also enabled many next-generation sequencing-based approaches 
for genetic mapping, allele mining, and identification of candidate genes which have 
enhanced the precision, pace, and efficiency of trait mapping. At present, trait-asso-
ciated markers, high-throughput genotyping platforms, and expertise are available 
for deploying genomics-assisted breeding in wheat. We believe that in the coming 
years, extensive deployment of genome editing, transgenic technology, genomic 
selection, haplotype-based breeding in combination or alone would be undertaken for 
crop improvement and breaking the yield ceiling. Various steps involved in generating 
high-yielding wheat genotypes using genomics-assisted breeding technologies are 
represented in Figure 2.

Figure 2. 
Flowchart demonstrating the steps involved in generating high-yielding wheat genotypes using different  
genomics-assisted breeding strategies.

Figure 1. 
Flow diagram indicating how haplotype-based GWAS and haplotype-based GS, when combined with  
high-throughput genotyping, have the potential to improve gene identification precision and accuracy  
(modified from Bhat et al. [162]).
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Chapter 3

Past, Current and Future of Wheat 
Diseases in Kenya
Ruth Wanyera and Mercy Wamalwa

Abstract

Wheat (Triticum aestivum L.) is an important cereal and is among the crops that 
contribute significantly to food security in Kenya. However, wheat diseases are among 
the biotic factors that affect wheat production. Considerable progress has been made 
to control wheat diseases through host plant resistance breeding and chemical appli-
cations. Frequent changes in the pathogens population still present a major challenge 
to achieving durable resistance. Disease surveillance and monitoring of the pathogens 
have revealed the changes in virulence across the region, justifying the need to 
develop and deploy more efficient and sustainable strategies to manage the diseases. 
Understanding the genetic variability and composition of the diseases is important for 
variety release with appropriate resistance gene combinations for sustainable disease 
management. This review highlights the prevalence, distribution of wheat diseases, 
host plant resistance in the key wheat-growing regions of Kenya, and future prospects 
in Kenya.

Keywords: wheat, diseases, challenges, control strategies

1. Introduction

Wheat (Triticum aestivum L) is the second most important cereal crop in Kenya 
after maize and is produced mainly under rainfed conditions on 0.4% of the arable 
land [1, 2]. The crop has greater potential in the country where it is grown in Agro-
ecological zones: UH2-UH3; LH2-LH3) [3]. Annual estimated area under production 
is 150,000 hectares [4] with a production of 320,000MT in 2019 compared to local 
consumption of 2,450,000MT [5]. The national demand for wheat and wheat con-
sumption is on the increase, partly due to the high population growth, increased 
urbanization, and changing diet [6, 7]. The local wheat production has not been 
able to meet this demand leading to the importation of large quantities to fill the gap 
between supply and demand [8]. However, this is unlikely to be satisfied partly due 
to pre-harvest sprouting, lodging, losses caused by re-emerging diseases, insect pests, 
intermittent droughts [6, 9], inadequate seed systems, and poor crop practices under 
resource-constrained small scale farming conditions. The crop grows in a consider-
ably wide range of altitudes in the country, maturing between 90−145 days depend-
ing on the location and cultivars.

There are various wheat diseases such as fungal, which include stem or black rust, 
caused by Puccinia graminis f. sp. tritici Erikss and Henning (Pgt), yellow/stripe rust, 
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caused by Puccinia striiformis f. sp. tritici (Pst), leaf/brown rust caused by Puccinia tri-
ticina (Pt) and Fusarium caused by Gibberella zeae that infect wheat in Kenya. Other 
diseases include Septoria leaf and glume blotch caused by S. tritici and S. nodorum, 
respectively Spot blotch (Bipolaris sorokiniana), Loose smut (Ustilago tritici), Take All 
(Gaeumannomyces graminis var. tritici) and a viral disease, Barley Yellow Dwarf, causal 
agent Barley Yellow Dwarf Virus (BYDV) [10].

1.1 Wheat rust diseases in Kenya

Among the wheat diseases, rusts have become the most destructive diseases of 
wheat in Kenya resulting in yield losses of up to 100% in susceptible cultivars  
[10, 11]. Breeders have been breeding for wheat rust resistance, since 1908, but up 
to date, there is no permanent solution to the rust diseases as the pathogens keep on 
evolving rendering the resistant cultivars ineffective [12]. Since the beginning of the 
wheat breeding program in Kenya in the 1900s, until early 1980s, stem rust was the 
most serious disease of the three wheat rusts and therefore was given a high research 
priority by the breeding program. Consequently, many resistant wheat cultivars were 
developed and the disease seemed to have been controlled. It was until between 1985 
and 1988 that trace amounts of the disease were observed in the experimental plots in 
Njoro; in 1996, it was recorded in some commercial cultivars in Mau-Narok and Molo, 
and in the year 2000 all the cultivars had become susceptible [10, 12].

Stem or black rust of wheat, caused by Pgt is known historically for causing severe 
losses to wheat production and was the most feared disease in various countries 
where wheat is grown [13]. The common host is wheat with other small grain cere-
als, durum wheat (Triticum durum), barley (Hordeum vulgare L), Rye (Secale cereael 
L.), oats (Avena fatua L.), wild barley, goatgrass and forage grasses [14]. Although 
the disease has been under control through widespread use of resistant cultivars, 
the re-emergence of a new virulent race, Ug99 [15] first keyed to pathotype TTKS 
[16] using the North American nomenclature [17] and later as TTKSK after a fifth 
set of differentials was adapted to further expand the characterization [18]. Prior to 
the official reporting of the new race, trace amounts of the disease were observed in 
experimental plots in Njoro between 1985 and 1988, in 1996 the disease was recorded 
in some commercial cultivars in Mau-Narok and Molo (high altitude areas) in 1996 
and in 2000 all the cultivars had become susceptible [10, 12]. This Ug99 race group 
has evolved and is now composed of 15 races in 14 countries [19–21] with 12 vari-
ants (TTKSK, TTKST, TTTSK, PTKSK, PTKST, TTKTT, TTKTK, TTHSK, PTKTK, 
TTHST, TTKTT+, TTHTT) present in Kenya reversing the gains made by breeders, 
posing a new and significant threat to wheat production in the Eastern Africa region 
[16]. In the year 2016, race TKTTF (Digalu race) was genotyped in Kenya for the first 
time. A new variant TTKTT+ with additional virulence on Sr8155B1 was detected 
in 2019 and another new variant, TTHTT detected in Kenya in 2020 [22]. This is an 
indication that Ug99 race group is spreading faster specifically, in the areas where 
close to one billion people reside and the majority of this population consumes wheat 
and its products [23].

Wheat yellow or stripe rust, caused by Pst, is one of the key economical diseases of 
wheat worldwide [24, 25]. In Kenya, it occurred as early as 1908 and is prevalent in the 
Rift valley region [12, 26, 27]. Since then it has become a major threat every year as no 
commercial cultivar is resistant [28, 29]. Serious attacks of the pathogen occur annu-
ally and newly introduced resistant cultivars lose their resistance within a short time.
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Stripe rust to limits wheat production by affecting the yield and quality of ker-
nels as it develops at an early crop stage when temperatures are favorable for rust 
development [30]. Stripe rust destroys leaves at jointing to booting growth stages. 
Consequently, infection of stripe rust on wheat reduces photosynthetic area as early 
as tillering and jointing stages of development. Stripe rust epidemic has occurred 
in more than 60 countries in every continent causing yield losses of up to 100% in 
susceptible cultivars [31]. In East Africa, Kenya, and Ethiopia the epidemics caused 
yield loss of 67−100% in the year 2010 [25]. In Kenya, wheat is grown throughout 
the year in different agro-ecological zones, and this increases the concentration of 
the urediniospores in the air making it difficult to control the disease in susceptible 
varieties [12, 16]. Yield losses of up to 80% have been estimated but some fields with 
susceptible cultivars go up to 100% [10, 25].

Stripe rust is a global problem evolving into different races, either from their wild 
ancestor or their host through introductions [32]. In Kenya and Ethiopia Yr9 and Yr27 
based cultivars broke down due to evolution of virulent stripe rust races to these genes 
resulting to yield losses of up to 40% in commercial cultivars like Paa that carried Yr9 
gene [12, 33]. Stripe rust race 134 with virulence for Yr7, 6, 9+ genes were present in 
Ethiopia, Kenya, Syria, and Yemen [34]. Thirteen races with virulence corresponding to 
stripe rust resistance genes Yr1, Yr2, Yr3, Yr6, Yr7, Yr8, Yr9, Yr17, Yr25, Yr27, and Avocet 
S are present in wheat-growing regions of Kenya [35], these races belong to either strain 
Pst1 or Pst2 which might have been present much earlier than 1982 and 1970.

Wheat leaf rust caused by Pt is the most common and widely distributed of the 
three wheat rusts and occurs in more regions than stem rust and stripe rust [36, 37]. 
Leaf rust mostly infects wheat in low to medium altitude wheat-growing areas of 
Kenya [38, 39]. The earliest epidemics of this rust were reported in Kenya as early as 
1908 [26]; therefore, it is considered to be among the major three wheat rusts (stem, 
yellow and leaf) responsible for depressing crop yields drastically depending on 
the cultivar because of its high frequency and widespread occurrence. Yield losses 
attributed to leaf rust have been reported to range from 5–16% on average, and up to 
40% in epidemic years [40]. Yield losses are usually the result of lower kernel weights 
and decreased number of kernels as the pathogen may kill wheat seedlings by elevat-
ing respiration rate, reducing photosynthetic area on the leaf surfaces, and lessening 
translocation of carbohydrates [41]. In Kenya, the disease appears sporadically and 
has not been a problem for the past 20 years, but it has recently emerged in the wheat 
fields, and experimental plots, including the Kenya Agricultural and Livestock 
Research Organization (KALRO), Njoro international screening nursery with severity 
of over 50% [42]. One of the recent studies [43] reported a high reduction in grain 
yield and kernel weight in some of the Kenyan wheat cultivars.

Highly effective durable resistance to leaf rust has been difficult to achieve due to the 
high degree of virulence variation in the Pt population and the rapid selection of races 
with virulence to effective Lr genes in wheat genotypes [44]. This high degree of speci-
ficity has made durable rust resistance in wheat difficult to achieve because the virulence 
of leaf rust against wheat resistance genes is highly diverse resulting in the existence of 
many different pathogenic races [37]. For instance, the novel race BBG/BN and its vari-
ant BBG/BP overcame the resistance of widely adapted durum cultivars in northwestern 
Mexico. In Kenya, leaf rust samples collected from wheat-growing areas were found to 
have virulence for leaf rust resistance genes Lr1, Lr2b, Lr3, Lr9, Lr11, Lr12, Lr14a, Lr14b, 
Lr18, Lr20, Lr22a, Lr23, Lr24, Lr26, and Lr27. The race for an isolate collected from 
Ololulung’a, Narok in the South Rift region was designated as LBBTN [45].
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1.2 Other wheat diseases in Kenya

Fusarium diseases, mainly Fusarium head blight of wheat (FHB), also called 
head scab, are caused mainly by the fungus Gibberella zeae (also known as Fusarium 
graminearum), periodically causes significant yield losses and reduced grain quality. 
Gibberella zeae also produces mycotoxins [46]. All Kenya wheat cultivars are suscep-
tible to Fusarium infection [47]. Studies done in Kenya show that the prevalence of 
FHB and yield loss due to FHB varies from trace to 100% [47, 48].

Septoria diseases are caused by S. tritici and S. nodorum [49]. Yield losses attrib-
uted to heavy incidences of S. tritici and S. nodorum have been reported to range from 
31–53% resulting in shriveled kernels [49]. The occurrence of Septoria diseases in the 
wheat-growing areas of Kenya is sporadic and severe infection leading to shriveled 
grain is observed (Wanyera, Personal observation). Some of the foliar fungicides 
recommended for the control of rust diseases in wheat have been observed to reduce 
Septoria disease infection when applied at the right time. These foliar fungicides 
include: (azoxystrobin 200 g/L+ tebuconazole 300 g/L (Stamina 500 SC); benzovin-
diflupy 30 g/L + azoxystrobin114G/L + propiconazole 132 g/L (Elatus Arc 265.14 SE); 
difenaconazole 125 g/L + azoxystrobin200g/L (Token 325 SC); (trifloxystrobin250g/
Kg/L + tebuconazole 500 g/Kg (Shadow 750 WG).

Spot blotch caused by Bipolaris sorokiniana (Sacc) Shoemaker, perfect stage 
Cochliobolus sativus (S.Ito & Kurib) also causes black point, root rot, and crown rot 
in wheat. It is known to occur worldwide in warmer environments and is a serious 
constraint in wheat production in India, Bangladesh, and Nepal [50]. It is also a 
serious problem on barley. The disease can attack all parts of the wheat plant (seed, 
roots, shoots and leaves) causing seed-rot, seedling emergence, reduced yield affect-
ing end-use quality of the harvested grain [51, 52]. Bipolaris sp. is known to reduce 
seed viability in wheat and also causes a significant reduction in seed quality and flour 
[53]. Yield loss estimates of 15−25% and 30% have been reported [54] and on barley 
in Canada [55].

The sudden upsurge of Bipolaris sp. in certain areas of the country has been 
associated with acid soils. It is estimated that 30% of the soil in the wheat-growing 
areas is acidic. High infection has been recorded on wheat cultivars Ngamia in Uasin 
Gishu county (North Rift) and Kenya Nyangumi in Rongai areas of Nakuru county 
(Central Rift) (Wanyera, Personal observation).

The highland areas of wheat production in Kenya: Molo, Mau Narok (Central 
Rift), Eldoret and Endebess (North Rift) have a pH of 4.3−5.5 [56]. All wheat cul-
tivars grown in these areas have shown susceptibility to the pathogen but no direct 
screening has been done. Aluminum toxicity in acid soils has been documented as 
the primary factor in the reduction of the crop yields [56]. Seed borne nature of the 
disease has been reported in wheat cultivars in Kenya [57, 58], and studies on disease 
management revealed that the pathogen can be reduced by the use of seed treatment 
fungicides [59]. Biological control methods have also been reported [60, 61].

Loose smut caused by Ustilago tritici is seed-borne and common in the wheat-growing 
areas of the world. Infection occurs during flowering through wind-borne spores. In 
Kenya, the disease occurs rarely and is mostly observed in recycled wheat seeds.

Take All (Gaeumannomyces graminis var. tritici) is soil and debri-borne, detected 
mostly in fields that are continuously cultivated with cereals. Both Loose smut and 
Take All are well managed through use of certified seed, cultural control, and seed 
treatment fungicides. Some of the recommended seed treatment fungicides are: 
prothioconazole 100 g/L (Redigo FS100), difenoconazole92g/L + metalaxyl-M 23 g/L 



41

Past, Current and Future of Wheat Diseases in Kenya
DOI: http://dx.doi.org/10.5772/intechopen.102854

(Dividend Extreme 115 FS), and azoxystrobin 141.4 g/L+ propiconazole122.4 g/L (Quilt 
Excel 263.5 SE) [6].

Apart from fungal diseases, another disease that threatens wheat production in 
Kenya is the Barley Yellow Dwarf Virus (BYDV), which is an important virus disease of 
cereals globally and has a wide host range that includes wheat, barley, oats, triticale, and 
over 150 grass species [51]. The disease was first reported in Kenya in 1984 and causes 
serious damage in barley, wheat, and oats and estimated losses range from 16.5−54.7% 
[62, 63]. Cereal aphids are vectors of the barley yellow dwarf and five strains have 
been known to occur in Kenya: RPV (Rhopalosiphumpadi), RMV (R. maidis), MAV 
(Sitobionavenae), SGV (Schizaphis graminum), and PAV (R. padi, S. avenae [63]. 
Outbreaks are frequent, and management practices require use of seed dressing insec-
ticides: Gaucho 350FS (Imidacloprid), Cruiser 350FS (Thiamethoxam), Redigo Deter 
350FS (Clothianidin + prothioconazole), Celest Top 312FS (Thiamethoxam + fludioxonil 
+difenoconozole, and (ii) foliar-applied insecticides (Karate Zeon (Lambda-
cyhalothrin), Bulldock star 262.5EC (Betacyfluthrin + Chlorpyrifos), Thunder OD 
145 (Imidacloprid + Betacyfluthrin), Keshet 2.5EC (Deltamethrin),Twigathoate 40EC 
(Dimethoate), Nurelle D 50/505 EC (Cypermethrin + Chlorpyrifos), Alphadime (Alpha-
cypermethrin + Dimethoate), Cyclone 505EC (Cypermethrin + Chlorpyrifos), and Pirimor 
50WG (Pirimicarb) [6, 64, 65].

Under favorable environmental conditions, infection of the wheat crop with 
these diseases can reduce quantity and quality of the grain. Disease surveillance is an 
epidemiological practice by which the spread is monitored to establish patterns of 
progression and is key in identifying new diseases and races which can be used in risk 
assessment and resistance breeding. This review highlights the prevalence, distribution 
of wheat diseases, host plant resistance in the key wheat-growing regions, and future 
prospects in Kenya.

1.3 Distribution of diseases in wheat-growing regions of Kenya

Surveys were conducted in the farmer fields in the major wheat-growing regions 
(Central Rift, South Rift, North Rift, and Mount (Mt) Kenya from 2011 to 2019. The 
objective was to determine the prevalence and distribution of the wheat diseases and 
host plant resistance in these regions. Farms were randomly picked along the routes, 
stopping at every 3 to 5 kilometers. Crops were observed for disease symptoms. An 
International Standardized survey form was used to keep the records on disease 
incidence and severity, cultivar grown, production area, and growth stage [66], also 
any other data that was useful. The Global positioning system (GPS) tool was used to 
collect precise information on latitude, longitude, and elevation of the sampled farms. 
Stem, yellow, and leaf rust severities were taken using modified Cobb scale, 0−100% 
where; 0- immune and 100- susceptible [67]. The host plant response to infection was 
scored as resistant (R), moderately resistant (MR), moderately susceptible (MS), and 
susceptible(S) [68]. Incidence and severity of other diseases observed during the sur-
veys were also taken using recommended scales. Septoria diseases were assessed using 
0−9 scale [49], where 0 = Free from infection and 9 = Very susceptible/severe infec-
tion. Similarly, barley yellow dwarf virus was assessed on a scale of 0−9 [69], where 
0 = no symptoms and 9 = full symptom expression, and the Fusarium disease score 
rating system was 0−5 [70]. Tables 1 and 2 show the occurrence (percent infection 
and severity & plant response) of the diseases in all the wheat-growing regions. Rust 
diseases are common in the wheat fields and stem rust is widespread in all the regions. 
This explains the importance of stem rust, Ug99 race group, since its detection in 
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Year Region No. of 
sampled 

farms

Sr % 
Infection 

(%)

Sr % 
severity 

and plant 
response

Yr 
infection 

(%)

Yr % 
severity 

and plant 
response

Lr 
Infection 

(%)

Lr% 
severity 

(%)

2011 Central Rift 62 70.9 0-100S 17.7 TR -60S 17.7 TR-40S

South Rift 125 68.8 TR-100S 6.4 TR- 20S 17.7 TR-20S

North Rift 73 48.3 TR-90S 10.9 TR- 20S 10.9 TR-20S

Mt. Kenya 
region

67 68.0 TR- 60S 10.4 0 - 40S 13.4 TR-20S

Total/
Mean

327 63.9 11.3 14.9

2012 Central Rift 67 65.7 TR-80S 4.5 5-50S 11.9 5-30S

South Rift 71 5.6 TR-20S — — — —

North Rift 101 26.7 TR-70S 5.9 5-70S 3.9 10-50S

Mt. Kenya 
region

39 58.9 TR-50S 5.1% 5-60S 2.6 30S

Total/
Mean

278 39.2 3.9 4.6

2013 Central Rift 97 71.0 TR-70S 8.3 TR-50S 6.7 TR-50S

South Rift 104 68.3 TR-100S 3.8 10S–30S 5.8 TR-50S

North Rift 78 33.3 TR-70S 10.3 TR-50S 6.5 TR-50S

Mt. Kenya 
region

54 25.9 TR-60S 7.4 10S–30S 0 0

Total/
Mean

333 49.6 7.5 4.8

2014 Central Rift 92 82.5 TR-80S 6.2 TR -50S 6.2 10S–50S

South Rift 79 72.2 TR-80S 8.9 TR- 60S — —

North Rift 95 55.8 TR-80S 6.3 TR- 40S 5.3 0 - 40S

Mt. Kenya 
region

71 57.7 TR- 60S 15.5 5S - 60S 1.4 0-40S

Total/
Mean

342 67.05 4.0 4.0

2015 Central Rift 66 54.54 TR-80S 5.8 5S–40S 1.5 0-30S

South Rift 101 35.6 TR-60S — — — —

North Rift 106 75.5 TR-50S 8.5 TR-40S 1.9 TR-30S

Mt. Kenya 
region

63 71.4 TR-60S — — — —

Total/
Mean

336 59.26 3.58 0.85

2016 Central Rift 60 88.3 TR-80S 16.7 TR-60S 3.3 30S–50S

South Rift 81 76.5 TR-70S 4.9 TR-10S 1.2 0-50S

North Rift 98 72.4 TR-80S 13.3 TR-40S 10.2 TR-50S

Mt. Kenya 
region

61 80.3 TR-90S 1.6 TR — —
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Uganda and spread to the wheat-growing areas of Kenya, throughout eastern Africa, 
Yemen, Sudan, Iran, Zimbabwe, Tanzania, South Africa, Mozambique, Zimbabwe, 
and Iraq [15, 16, 22]. The prediction for the rust diseases to spread towards North 
Africa, Middle East, Asia and beyond, raises serious concerns of major epidemics that 
could destroy the world’s wheat crop [19].

Yellow rust, which was first described in 1777, and attacked wheat in Kenya as 
early as 1908 [26], was observed in low incidences but high severities across all the 
regions (Table 1). The disease is also a major threat as no cultivar is resistant [28, 29]. 
Newly introduced resistant varieties lose their resistance within a short time and 
farmers are forced to spray to save on yields. Serious attacks of the pathogen occur 
annually and the disease severity increases with altitude [33]. Serious epidemics also 
occur in the lower latitudes areas. All the wheat-growing areas are prone to disease in 
low medium and high altitudes areas.

In Kenya, leaf rust has been sporadic and has not been a problem for the past 
20 years, but it has recently emerged in the wheat fields (Table 1), and experimental 
plots, including the international screening nursery with a severity of over 50%. Our 

Year Region No. of 
sampled 

farms

Sr % 
Infection 

(%)

Sr % 
severity 

and plant 
response

Yr 
infection 

(%)

Yr % 
severity 

and plant 
response

Lr 
Infection 

(%)

Lr% 
severity 

(%)

Total/
Mean

300 79.38 9.13 3.68

2017 Central Rift 54 87.03 TR-70S 8.9 0 -30S — —

South Rift 79 69.2 TR-100S 3.79 TR- 10S — —

North Rift 78 64.1 TR-60S 8.97 TR- 30S 24.4 TR-40S

Mt. Kenya 
region

38 44.1 TR- 30S 10.5 TR - 40S — —

Total/
Mean

249 66.11 8.04 6.10

2018 Central Rift 64 74.0 5-50S 10.0 5-60S 10.0 TR-30S

South Rift 85 42.2 5-70S 3.3 10S–30S 1.1 TR-40S

North Rift 89 25.84 5-80S 19.1 5S–60S 24.35 5S–70S

Mt. Kenya 
region

62 47.9 5-40S 2.81 10S–30S — —

Total/
Mean

300 47.78 8.80 4.0

2019 Central Rift 56 82.2 TR-50S 2.2 0-40S — —

South Rift 87 83.13 TR-80S 1.2 TR — —

North Rift 101 22.77 TR-40S 7.92 TR-40S 4.95 TR-20S

Mt. Kenya 
region

46 63.04 TR-50S 10.86 15S–60S 6.5 5S–30S

Total/
Mean

290 62.79 5.62 2.86

Sr = Stem rust; Yr = Yellow rust; Lr = Leaf rust; TR- trace; S = susceptible; − = no disease observed.

Table 1. 
Occurrence of wheat rust diseases in the commercial fields in year 2011−2019.



Wheat - Recent Advances

44

cultivars are now at risk given the fact that virulences and new races have been identi-
fied in Njoro and also South Rift, Ololulung’a areas (data not shown).

The growing of wheat in diverse agro-ecological zones throughout the year [71, 
72] in Kenya creates a significant pool of airborne urediniospores, which coupled 
with favorable climatic conditions and the presence of host plants, favors rapid build 
up of inoculum and the occurrence of epidemics. This implies that there is a shift in 
races present each year, which affects different cultivars of wheat. There is continu-
ous attack, due to the presence of wheat crops throughout the year. The breakdown 
in resistance could also be attributed to mutations [24]. It is, therefore, a problem to 
reduce the disease infection in susceptible cultivars and also not possible to grow a 
profitable crop of wheat without the application of fungicides [10, 16]. Septoria dis-
eases, Fusarium spp., Barley yellow dwarf virus are also becoming more prevalent in 
the commercial fields (Table 2), year 2011 to 2013. Disease incidence varied from year 
to year depending on the chemical/spray applied. Data for the occurrence of these 
diseases from 2014 to 2019 was not shown because it was similar as shown in Table 2.

1.4 Wheat breeding in Kenya

Conventional breeding, which includes testing genotypes in different environments 
to determine the adaptability of the varieties has been used largely in Kenyan wheat 
breeding programs to identify resistant varieties [72]. Crop improvement by traditional 
methods, involves collection, hybridization, and inbreeding that has been practiced 
since the beginning of 20th Century. However, it has now been realized that these meth-
ods are insufficient to make further breakthroughs or cope with the increasing demand 
for improvement in crop varieties [73]. Some of the limitations of conventional breeding 
include the exhaustion of the gene pool, low response to biotic and abiotic stress of the 
introduced materials, and low combining ability, especially with complex characters. 
In Kenya, diverse agro-ecological zones and favorable environs highly contribute to 

Year Region No of sampled farms Disease incidence (%)

Septoria diseases Fusarium sp BYDV

2011 Central Rift 62 16.1 9.6 0

South Rift 125 4 1.6 0.8

North Rift 73 27.4 12.3 0

Mt. Kenya 67 1.5 0 0

2012 Central Rift 67 42.8 8.9 16.4

South Rift 71 46.5 2.8 0

North Rift 101 41.8 0.9 0.9

Mt. Kenya 39 17.9 2.7 0

2013 Central Rift 97 8.2 6.2 2.1

South Rift 104 14.4 0.9 0.9

North Rift 78 28.2 0 0

Mt. Kenya 54 45.3 1.9 0

Table 2. 
Occurrence of Septoria diseases, Fusarium sp. and Barley yellow dwarf virus (BYDV) in commercial wheat field 
year 2011, 2012, and 2013.
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the emergence of new races. The cultivars grown are at high risk of being infected with 
diseases, therefore, it is necessary to identify and incorporate genes that confer durable 
resistance to contain major epidemics [74, 75]. There are various strategies employed to 
control these diseases in wheat. These include incorporation of genetic resistance into 
susceptible wheat genotypes, crop management plus use of fungicides. Despite the fact 
that it takes a long-time, breeding for durable resistance remains to be a cost-effective 
strategy of minimizing loss due to wheat diseases [76]. Therefore, host resistance is the 
primary tool to protect wheat crops from wheat fungal rust diseases and other biotic 
stresses [77]. Breeding for vertical (qualitative) resistance based on major genes and 
horizontal (quantitative) influenced by several minor genes for wheat disease resistance 
has been going on in Kenya since wheat introduction in the 19th century. However, 
due to pathogen evolution, most of the genotypes with qualitative and quantitative 
resistance become susceptible to the new races, especially wheat rusts pathogens. For 
instance, wheat cultivars Robin and Eagle 10 released in Kenya as resistant varieties in 
2009 and 2010 were overcome by Ug99 variant SrTmp [78, 79]. Durable resistance by 
selecting resistant wheat varieties has been going on in Kenya for the past decades, most 
of the varieties released with resistant genes are now ineffective against the evolving 
wheat rusts pathogens (Table 3).

Kenyan wheat cultivars Robin, NjoroBW2, KS Mwamba, Kwale, Kenya Korongo, 
Robin, Eagle 10, Kenya Black Hawk 12 (Tables 3 and 4), and Kenya Seed Company 
cultivars were grown by most farmers in the wheat-growing regions of Kenya.

In 2011, KS Mwamba occupied the largest area in Central and South Rift (50.4%), 
North Rift (45.2%), and in Mount Kenya region 33.8% (Table 3). In 2012, the area 
planted with NjoroBW2 increased: 34.3%, 39.4%, 60.4%, while it decreased for KS 
Mwamba, 14.9%, 15.5%, and 28.7% in Central, South, and North Rift, respectively 
(Table 3). Cultivar Kwale was highly grown in Central Rift (20.9%), Mt. Kenya 
(23.1%), and South Rift (20.2%) in 2013. For the cultivars released in 2010 with adult 
plant resistance (APR) to the wheat stem rust race Ug99, Robin occupied 20.6% in 
Central Rift, 22.2% in Mt. Kenya, 7.7% in North Rift (2013). Cultivar Eagle 10 occu-
pied 1.6% in Mt. Kenya region and 0.9% in South Rift. Mixed and other unknown 
cultivars were common across the regions and this could be due to the high cost of 
certified seed.

No Variety Region and variety area planted (%)

Central Rift South Rift North Rift Mt.Kenya

2011 2012 2013 2011 2012 2013 2011 2012 2013 2011 2012 2013

1 NjoroBW2 30.4 34.3 24.7 29.6 39.4 42.3 49.0 60.4 57.7 26.2 — —

2 KS Mwamba 50.4 14.9 12.3 50.4 15.5 20.2 45.2 28.7 26.9 33.8 25.6 25.9

3 Kwale 14.0 20.9 14.4 14.4 9.9 20.2 4.1 1.9 5.1 6.2 23.1 11.4

4 Robin — 7.5 20.6 — 1.4 — — — 7.7 — — 22.2

5 Mixed 3.2 8.9 10.3 — — 1.9 1.3 5.9 1.3 — 17.9 7.4

6 Eagle10 1.6 — — — 1.4 0.9 — — — — 1.6

7 Others 0.4 13.5 17.7 5.6 32.4 14.5 0.4 3.1 1.3 33.8 33.1 31.5

-cultivar not planted.

Table 3. 
Commonly grown cultivars in the key wheat-growing regions in the year 2011−2013.
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In 2014, cultivar Robin was highest in Central Rift (43.3%), South Rift (41.8%), and 
Mt. Kenya region (43.7%) while cultivar NjoroBW2 was highest in North Rift (64.2%), 
Central Rift (15.5%), Mt. Kenya (12.7%), and South Rift (8.9%). KS Mwamba was 
highest in North Rift (16.4%), Central Rift (15.5%), South Rift (11.4%), and Mount 
Kenya (9.9%). The area under cultivar Kwale was highest in Central Rift (10.3%), 
followed by South Rift and Mt. Kenya region (7.6% and 7.0%), respectively. The area 
under cultivar Eagle 10 was only noted in South Rift 18.9% and overall occupied only 
4.4% across the region. Mixed and other unknown cultivars were common in Mt. 
Kenya region: Kenya Ibis occupied 1.2%, Duma (0.6%), mixed cultivars (1.8%).

In 2015, the area planted with NjoroBW2 increased in North Rift from 63.2% in 2014 
to 70.6% in 2015 cultivar Robin increased in Mt. Kenya region (66.7%) as opposed to 
2014 (43.7%), but decreased in Central Rift from to 21.2%. The area under production 
in North Rift increased from to 16.5% and decreased in South Rift from 35.6%. Cultivar 
Eagle 10 was only observed in South Rift (20.8%) of the sampled fields. Cultivars Kenya 
Wren and Kenya Hawk12 were observed only in the South Rift (1.9%).

The area planted on NjoroBW2 decreased in North Rift to 64.3% Mt. Kenya 49.2% 
in 2016. Cultivar Eagle 10 was only grown in South Rift (9.9%) and in North Rift 
(2.0%) of the sampled fields. Cultivars Kenya Wren was grown in South Rift (2.5%) 
and North Rift (1.0%) while Kenya Hawk12 was grown in the South Rift (6.2%). 
Kenya Korongo was grown in South Rift (8.3%) and North Rift (1.0%).

In 2017, cultivar NjoroBW2 was popular in North Rift (69.2%), Central Rift 
(40.7%), and South Rift (32.9%). Robin was popular in Mt. Kenya region (32.4%), 
followed by South Rift (20.3%), Central Rift (10.7%), and North Rift (7.7%). Kenya 
Korongo was only popular in the Central Rift (27.8%). Kwale was popular in Central 
Rift (7.4%), South Rift (6.3%), and Mt. Kenya (5.3%) area under production of the 
sampled fields. Cultivar NjoroBW2 occupied the largest area in North Rift (69.2%) 
and Central Rift (40.7%). Cultivar Eagle 10 was recorded in South Rift (13.9%), 
Central Rift (1.9%), and in North Rift (1.3%) of the sampled fields. While variety 
Duma was popular in Mt. Kenya region (42.1%) area under production of the sampled 
fields. Kenya Wren was grown in Central Rift 1.9.3%), South Rift (1.3%), and North 
Rift (1.0%) while Kenya Black Hawk12 was grown in South Rift (6.2%) and North 
Rift (1.3%). Kingbird was only grown in South Rift (2.5%) and North Rift (1.3%) area 
under production of the sampled fields.

In 2018, cultivar NjoroBW2 was popular in all the regions: North Rift (70.8%), 
Central Rift (44.0%), South Rift (34.4%), and Mt. Kenya region (14.08%). Robin was 
grown in North Rift (16.0%), Mt. Kenya (14.6%), Central Rift (12.0%), and South 
Rift (11.8). Kenya Korongo was only popular in the Mt. Kenya region (36.6%) while 
Kwale was grown in Central Rift (8.0%) and South Rift (4.7%). Variety Eagle 10 was 
only popular in South Rift (14.0%) area under production of the sampled fields. The 
area under production of variety Eagle 10 remained the same in the South Rift as the 
previous year. Kenya Wren was only grown in South Rift (3.5%), Kenya Black Hawk12 
was grown in North Rift (2.5%). while Kingbird was grown in South Rift (1.2%) and 
North Rift (1.3%).

In 2019 cultivar NjoroBW2 was popular in Mt. Kenya (43.5%). North Rift (42.5%), 
Central Rift (39.28%), South Rift (31.0%). Kenya Korongo was grown in Mt. Kenya 
(23.9%), Central Rift (16.0%), South Rift (11.5%), and North Rift (7.92%). Cultivar 
Robin was popular in the Mt. Kenya (23.9%), South Rift (13.8%), and Central Rift 
(5.4%). Kwale was grown in North Rift (9.9.0%), South Rift (8.0%), Mt. Kenya 
(6.5%), Central Rift (5.4%) area under production of the sampled fields. Cultivar 
Eagle 10 was only popular in South Rift (14.9%) and Central Rift (7.1%) area under 
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production of the sampled fields. The Kenya Seed Company cultivars were more 
popular in the North Rift (24.8%) area under production of the sampled fields.

Over fifty percent of the previously released varieties (Table 4) are now suscep-
tible to the Ug99 race. Robin, Kenya Black Hawk12, Kenya Korongo, Kenya Jacana, 
and Kenya Kasuko are susceptible to Ug99 races (TTKTK and TTKTT) that were 
detected on Robin with virulence to SrTmp and virulence to Sr24, respectively. The 
resistance in Kwale and other genotypes like Kenya Plume (not included) is due 
to adult plant resistance (APR) genes and others associated with variable levels of 
disease symptoms, which show recessive inheritance and is expressed primarily 
during the APR which has been deployed in a breeding program in Kenya [80]. Stem 
rust resistance gene Sr2 is an APR gene present in some of the Kenyan genotypes such 
as Kwale, Kenya Swara, Kenya Nyangumi, and Kenya Popo together with other APR 
genes condition resistance to stem rust [11, 81].

There is a long history of wheat breeding in Kenya as early as 1908, however, the 
use of molecular breeding tools is very limited thereby hampering the rate of genetic 
gains achieved. As such, the national breeding program has depended on introduc-
tions of wheat lines from international wheat breeding programs including CIMMYT 
and ICARDA. Understanding the composition and diversity of fungal wheat disease 
resistance in Kenya wheat germplasm is important for defining breeding strategies 
and prioritizing trait targets for wheat improvement [82].

Biotechnological approaches in wheat breeding such as double haploid (DH) 
and mutational breeding have been used to speed up breeding by complementing 
conventional breeding [72]. DH which shortens the breeding period by a single 
cycle has been used in Kenya to produce varieties such as K. Ibis. Mutation breeding 
brings about genetic variation and accelerates the outcome of variety release has been 
applied at KARLO, Njoro to release varieties NjoroBW2 and K. Heroe by irradiation 
using gamma rays [72, 83]. Conventional method of gene pyramiding is time-con-
suming, hence, the incorporation of molecular breeding is efficient in breeding for 
biotic and abiotic stresses in wheat for quick release of resistant varieties. The use of 
molecular markers enhances phenotypic selection because it makes it more efficient, 
effective, reliable, and cost-effective compared to conventional plant breeding, hence 
improving the latter [84]. There has been some concern about the incorporation of 
DNA marker technology in many plant-breeding institutions and most institutions 
can now develop their own markers [85, 86]. Molecular markers such as SSR, AFLP, 
and KASP markers have been developed to evaluate genotypes for biotic stresses such 
as diseases in Kenyan varieties [7, 82, 87].

1.5 Control of wheat diseases in Kenya

Other than host plant resistance, cultural and chemical methods have been used to 
control wheat diseases in Kenya. Cultural control techniques such as growing resistant 
genotypes, late planting, reduced irrigation, avoidance of excessive nitrogen use, and 
elimination of volunteer and grass plants can reduce stripe rust severities as they limit 
exposure time to inoculum [25]. Altering planting date and separating the vulnerable 
crop from the pathogen in either time or space controls certain airborne disseminated 
pathogens of wheat [88]. Although the cultural techniques are used, they are either 
not profitable, conflict with conservation farming, or reduce yield potential [89]. 
Genetic resistance combined with chemical treatments, although expensive to the 
poor resource farmers may often be very effective in controlling wheat diseases [90]. 
Some of the fungicides used by farmers in Kenya are listed in Table 5. The application 
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of seed treatment chemicals such as triadimenol (sterol biosynthesis inhibitors) and 
carboxin (respiratory inhibitors) and the use of moderately resistant cultivars is effec-
tive in controlling wheat diseases as it provides the most efficient use of fungicides 
at the lowest rates [91, 92]. Reduced chemical applications could also minimize the 
potential development of resistance to the chemicals [90]. Although wheat diseases 
have been controlled by timely use of effective chemicals, the cost of chemicals and 
their application creates a huge burden for growers. In Kenya, large-scale farmers are 
the only ones who can afford to spray chemicals, but it costs about $ 8 million annually 
[10]. Fungicides can be used to control fungal diseases, but they cause environmental 
hazards and lead to fungicide tolerant strains [25]. Re-emergence of new virulent races 
has reversed the gains made by breeders, posing a new and significant threat to wheat 
breeding in Kenya [16]. Resistance in the commercial wheat cultivars in Kenya, includ-
ing those released in the last decade, has been overcome by the new races making it 
impossible to grow a profitable crop of wheat without the use of fungicides [10, 90].

During surveys, we noted that farmers who sprayed following the right recom-
mendations of fungicides in Table 5 had good yields compared to those who did not 
spray or sprayed without following the proper recommendations hence losing the 
crop to the disease. Majority of the farmers sprayed the fungicides to reduce/suppress 
disease infections, particularly the rusts, but some sprayed farms were noted to have 
high disease infections. These are farms that either had been sprayed late or the tim-
ing/ chemical concentrations were not right.

1.6 Future of breeding for wheat diseases resistance in Kenya

Despite the occurrence of wheat diseases in Kenya, information on the genetic basis 
of the diseases and wheat cultivars is limited. Molecular genetic markers have been 
advanced from phenotypic and protein-based markers to DNA sequence polymor-
phism, this accelerates the process of plant breeding when coupled with conventional 
breeding [93]. Since many traits valued by plant breeders are complex and polygenic, it 
is essential to involve the deliberate combination of various genomic regions from many 
different individuals in the development of an adapted elite variety [94]. Sequencing 
polymorphism markers are important in identifying genetic diversity in cultivated and 
wild genotypes, the source of novel genomic regions, alleles, and traits [95].

In crops, marker-assisted selection (MAS) has been made efficient by designation 
of markers associated with economic importance, for instance, disease resistance 
(wheat rust), response to abiotic stress and seed quality [96, 97]. The use of molecular 
markers enhances phenotypic selection because it makes it more efficient, effective, 
reliable, and cost-effective compared to conventional plant breeding hence improv-
ing the latter [84]. There has been some concern about the incorporation of DNA 
marker technology in many plant-breeding institutions but most institutions can now 
develop their own markers [85, 86].

In genetic studies of wheat, genetic markers such as amplified fragment length 
polymorphism (AFLP), restriction fragment length polymorphism (RFLP), random 
amplified polymorphic DNA (RAPD), simple sequence repeat (SSR), and single 
nucleotide polymorphism (SNP) have been used but they are limited in their own 
ways [98]. These limitations are being overcome by improving already available 
techniques to form next-generation sequencing (NGS) [98]. With next-generation 
sequencing (NGS) technologies, SNP markers have been discovered in wheat, which 
is a good choice due to their abundance in the genome as they are distributed across 
all the wheat chromosomes [99]. These technologies offer easier means to map 
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polymorphic genetic loci and identify genes for important traits [98]. Microsatellite 
markers have been used to determine the genetic diversity of wheat stem rust races in 
Kenya ([100]; Wanyera, unpublished data).

No Chemical name Common name Rate L/ha

1 trifloxystrobin 100gL+ tebuconazole 200 g/Ll Nativo 300SC 1.0

2 prothioconazole 125gL + tebuconazole 125gLl Prosaro 250EC 1.0

3 epoxiconazole 250 g/L Twiga Epox GF 1.0

4 tebuconazole 200 g/L Fezan 250 EW 
GF

1.0

5 picoxystrobin 200 g/L + cyproconazole 80 g/L Acanto Plus 1.0

6 epoxiconazole 62.5 g/L + pyraclostrobin 62.5 g/L Abacus SE 1.0

7 epoxiconazole 18 g/L + thiophanate methyl 310 g/L Rexduo SE 1.0

8 metconazole 27.5 g/L+ epoxiconazole 37.5 g/L + 200 g/L 
picoxystrobin + 80 g/L cyproconazole

Osiris EC 1.0

9 propiconazole 62.5 g/L+ chlorothalonil 375 g/L + cyproconazole 50 g/L Cherokee 487.5 
SE

1.0

10 propiconazole 250 g/L + cyproconazole 60 g/L Menara 410EC 0.5

11 tebuconazole 430 g/L Tebulis 430 SC 0.5

12 tebuconazole 200 g/L + azoxystrobin 200 g/L Azimut SC 1.0

13 bixafen 75 g/L + prothioconazole 100 g/L + tebuconazole100g/L Skyway Xpro 
275 EC

1.2

14 propiconazole 150 g/L + difeconazole 150 g/L Atlas 300EC 1.0

15 propiconazole 172.4 g/L + azoxystrobin 141.1 g/L Quilt Excel 265 
SE

1.25

16 epoxiconazole 187 g/L + thiophanate methyl 310 g/L Swing Xtra 497 
SC

1.0

17 monopotassium phosphate 43% + dipotassiumphosphate 19% Fosphite Liquid 4.0

18 azoxystrobin 80 g/L+ chlorothalonil 400 g/L Amizoc 480 EC 1.8

19 bixafen 50 g/L+ tebuconazole 166 g/L Zantara 216 EC 1.0

20 fluxapyroxad 41.6 g/L + epoxiconazole 41.6 g/L + pyraclostrobin 
66.60 g/L

Ceriax 149.8 EC 1.0

21 azoxystrobin 200 g/L+ tebuconazole 300 g/L Stamina 500SC 0.9

22 difenaconazole 125 g/L + azoxystrobin200g/L Token 325 SC 0.75

23 benzovindiflupy 30 g/L + azoxystrobin114G/L + propiconazole 132 g/L Elatus Arc 265.14 
SE

1.0

24 tebuconazole/tridimenol Silvacur 375 EC 1.0

25 tebuconazole Folicur 250 EC 1.0

26 (trifloxystrobin 250g/Kg/L + tebuconazole 500 g/Kg)) Shadow 750 
WG SC

400 g

* Can control Fusarium Head Blight (FHB) when spayed at flowering**Can control Fusarium Head Blight (FHB) and 
Septoria diseases GF- Generic fungicide.

Table 5. 
Recommended fungicides for control/reduction of foliar wheat diseases in Kenya.
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1.6.1 Single nucleotide polymorphism (SNP) markers

Single nucleotide variations in genome sequences of individuals of a population 
are known as SNPs. They result when DNA sequence differs by a single base and 
are the most abundant molecular markers in the genome [101]. SNPs and flanking 
sequences are found by library construction and sequencing or through the screening 
of readily available sequence databases [102]. Genotyping methods, including DNA 
chips, allele-specific PCR, and primer extension approaches based on SNPs, are par-
ticularly attractive for their high data throughput and for suitability for automation 
[103]. They are used for a wide range of purposes, including rapid identification of 
crop cultivars and construction of ultra-high-density genetic maps [103, 104]. SNPs 
markers have been used in wheat in identifying resistance genes for stripe rust Yr5, 
leaf rust Lr16, stem rust Sr6, the waxy starch gene Wx-D, and Karnal bunt resistance 
among others [105–107].

1.6.2 Kompetitive allele specific PCR (KASP) markers

Application of modern marker-assisted breeding approaches can help accelerate 
variety development efforts, single nucleotide polymorphisms (SNPs) markers have 
emerged as powerful tools for many genetic applications mainly due to their low assay 
cost, high abundance, co-dominant inheritance, high-throughput, and ease of use 
[101]. Numerous genotyping platforms have therefore been developed for SNP genotyp-
ing [108, 109] including KASP (Kompetitive Allele Specific PCR) which is a gel-free and 
fluorescent-based genotyping platform. KASP is fast emerging as a global benchmark 
in SNP genotyping [110, 111] developed and validated 70 KASP assays for functional 
genes controlling economically important traits such as plant height, disease resistance, 
yield, and quality in bread wheat. KASP markers have been used to determine alleles for 
important agronomic traits in wheat in East Africa, Kenya, and Ethiopia [82].

1.6.3 Use of sequence-characterized-amplified region (SCAR)

The application of molecular markers in different epidemiological studies is 
crucial in developing strain-specific markers such as Sequence-characterized-
amplified-region (SCAR) markers [112]. The SCAR markers are codominant, 
while others are dominant single locus which allows for quick and easy PCR 
amplification-based detection and hence used in the studies of pathogens [113]. 
The SCAR markers are efficient in testing large samples and useful in tracing the 
origin and spread of microbial pathogens with the ability for long-distance disposal 
and invasion like yellow rust [114]. SCAR markers SCAR1265 and SCAR1400 were 
developed in wheat to identify powdery mildew (B. graminis) gene Pm21, which 
was located on 6AL/6Vs same locus for gene Yr26 [115]. Species-specific sequence-
characterized-amplified-region (SCAR) markers have been used to characterize 
stripe rust races in Kenya [35].

2. Conclusion

There are high disease incidences and severity of wheat diseases particularly 
wheat rusts in the farmers’ fields, which is attributed to the use of highly susceptible 
wheat cultivars and also climate change contributing to emerging of new diseases. 
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For example, the evolution and spread of Ug99 race group and additional races like 
Digalu race (TKTTF) are spreading very fast causing epidemics subjecting the wheat 
germplasm to vulnerability.

Other wheat diseases such as Septoria and Fusarium although sporadic are also a 
major concern in the wheat-growing regions in the country. The increase in the spread 
of these diseases is largely due to the widespread of cultivars that are highly suscep-
tible. The favorable climatic conditions and additional costs of fungicides qualify 
the diseases as damaging with a strong impact on wheat production. Varieties with 
adequate resistance are now being released and continued monitoring of disease viru-
lences throughout the country is necessary to detect shifts in the pathogen population 
as early as possible and therefore to effect an appropriate breeding strategy. Effective 
genetic control of the diseases using the state of the art molecular techniques will 
require a coordinated effort, including race monitoring, collection, and characteriza-
tion of sources of resistance and resistance breeding.

In Kenya, different research groups consisting of plant breeders, plant patholo-
gists, agronomists, international partners, and farmers are working towards achiev-
ing host plant resistance and ways to combat wheat diseases in order to achieve high 
yields and contribute to food security.
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Chapter 4

Potential of Trichoderma Isolates to 
Control Plant Pathogen, Leaf Rust 
on Different Commercial Wheat 
Varieties/Genotypes
Sadia Afzal, Adeela Haroon, Muhammad Arshad Hussain, 
Asad-Ur-Rehman Chaudary, Muhammad Amjad Bashir, 
Sagheer Atta, Saqib Bashir and Muhammad Adnan Bodlah

Abstract

The efficiency in the treatment of leaf rust of wheat was examined for the plant 
leaf extracts of neem and Moringa at varied concentrations of 50, 100, and 150 ml 
correspondingly. All treatments decreased fungal growth in vitro by greater than 
90%. The germination of spores was decreased by 91.99% in the presence of neem 
leaf extract at 150 ml concentration. The percentage of pustules/leaf was reduced 
by foliar spray of the same treatments on seedlings of the wheat plant. The wheat 
plants show the greatest response against the pathogen of leaf rust by plant extract 
second foliar application on the fourth day of infection. Spray application of 150 ml, 
100 mL of neem leaf extracts, and 150 ml of Moringa leaf extracts at wheat seedlings 
and rust development completely prevented four days after leaf rust inoculation. 
The application of treatments of all extracts on wheat plants at the mature stage 
significantly reduced the disease (ACI, average infection coefficient) and increased 
the efficacy of plant extract application as compared with control but neem 150 ml 
treatment was most effective in all. There was a higher increase of the chlorophyll 
and phenol content in wheat plants.

Keywords: Trichoderma herzianum, leaf rust, commercial wheat varieties, plant 
pathogen, biocontrol agent

1. Introduction

Wheat (Triticum astivum L.) is an important crop that is grown for years to fulfill 
the requirements of human hunger. The demand for staple crops increases due to the 
increase in the world population. In Pakistan, the demand for its product increases 
therefore growing on a large scale at the government and small agricultural land 
farmer’s level. The tetraploidy and hexaploidy wheat is mostly grown in Asia at 99 
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million HA (hectares), and overall world production is approximately 215 million HA 
[1]. In Pakistan, India, and China, the total production is 62 million hectares [2]. In 
Pakistan, only the wheat sown in an 8.80-million-hectare area produces about 25.09 
million tons [3].

The rust fungus gives great loss to the production of wheat all over the world 
where wheat is grown. Only in Asia does it affect about 43–63% of the growing region 
if susceptible varieties were grown [4].

2. Background study

In this chapter, a brief review of research work is given in a manner to highlight 
the contemporary status of findings in leaf rust.

Wheat rust was divided into three types: Of the most common wheat rust is leaf 
rust caused by Puccinia triticiana due to its distribution ability. It has usually fewer 
losses than the other two types of wheat rust, but the frequent virulence behavior of 
wheat leaf rust makes it interested to researchers due to its high annual losses. The 
kernel weight reduction was the major cause of yield loss. The surveillance shows that 
the rust pathogen has resistance to wheat varieties due to mutation or some migrated 
genes of rust evolved from other areas. In CIMMYT wheat, the rust pathogen has slow 
virulence rather than other yielding wheat varieties [5]. It shows that the rust patho-
gen was resistant against high yielding and low wheat cultivars, disease complexity, 
and some measures available in practice for control.

2.1 Leaf rust epidemic

In an epidemic situation of leaf rust Puccinia graminaea for the wheat susceptible 
variety, there was a 90% loss in yield. The inoculum that was used against wheat 
was taken from Research Institute Murree, Pakistan. The fungus was sprayed with 
five-nozzle sprayer, which was present as a suspension of uredospore [6]. There were 
about 192 wheat varieties from which the resistibility of wheat genotype was greater 
in number than the susceptible one. A total of 64 wheat genotypes show resistance, 
while susceptibility was not shown by any of the genotypes. But some algal species 
exist in wheat genotypes.

The study purpose of the wheat rust disease damage both qualitatively and 
quantitatively if the susceptible varieties of wheat line/genotype can be managed by 
the resistant line development. They evaluate the 30 lines against yellow and leaf rust 
where they do artificial inoculation and some lines were observed under natural con-
ditions to assess the disease severity [7]. By using cobb’s scale method, they observe 
different rating scales of virulence on the 16 genotypes under a natural condition 
in comparison with the artificially inoculate rust in wheat lines. The genotypes also 
show different virulency against leaf rust and yellow rust. The data show that among 
30 wheat lines that were inoculated artificially, the resistant and moderately resistant 
varieties/lines were six in number, while the line/varieties showing MRMS response 
were 13 and few of the lines showed susceptibility and moderately susceptible. But in 
natural conditions except from two lines/varieties, others were resistant against leaf 
and stripe rust. The resistant varieties can be a managed way to manage the leaf and 
stripe rust so breeders can have a stance on developing resistant varieties.

The surveillance in Pakistan from 2016 to 2018 of leaf rust affects the yield of 
wheat. A 3-year study design contains 95 districts from which 1202 fields were 
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observed to check the spatial and temporal vigilance of disease severity of leaf rust 
distributed in the Sindh and Punjab provision of Pakistan. The results of 3-year 
disease incidence showed the most prevalence of disease in 2017 than in 2016 and 
2018. The most affected province is where 60% disease severity occurred in 20% 
region, while Punjab has only 5% region where south Punjab was most affected and in 
Khyber-Pakhtunkhwa and Azad Kashmir only 1% disease occurred [8]. Some variet-
ies that show susceptibility were Sehar, Inqlab-91, Shafaqand Morocco.

For the surveillance of rust virulence and disease incidence, their assessment char-
acters are evaluated through the survey of trap plot. The survey is helpful in the seed 
system, plant breeding, and disease-protecting strategies. Many activities were done 
at the national level for rust pathogen control but at the global level, the strategies of 
rust surveillance work very slowly. To make rust surveillance effective at the global 
level, the Global Cereal Rust Monitoring System GCRMS was recognized to cope 
with the reinforced problem [9]. The system was a web-based monitoring protocol 
that will be helpful in testing, disease management, rust virulency, and all the factors 
that were interrelated for the cause of rust pathogen posing threat to wheat. It also 
includes surveillance data that will be compared to check the rust pathogen virulency 
at the global level.

2.2 Susceptibility of commercial wheat varieties

Two-season research was done by Muhammad et al. [10]. During the wheat-growing 
seasons of 2010–2011 and 2011–2012, 325 genotypes of bread wheat (Triticum 
aestivum L.) were tested for leaf rust resistance against specific pathotypes in the 
field. In the 2010–2011 growing season, 225 wheat cultivars exhibited no response 
to leaf rust, 12 genotypes were resistive to leaf rust response, 20 varieties/genotypes 
showed relatively resistance, 40 wheat lines were moderately susceptible, and 15 were 
MRMS and 13 genotypes indicated vulnerable response. In total, 233 wheat genotypes 
did not show any response, 8 genotypes were resistant, 14 genotypes were moderate 
resistance, 40 wheat lines were moderately susceptible, 8 genotypes were moderately 
resistant to moderately susceptible, and 22 genotypes were the susceptible response 
of wheat to leaf rust during the 2011–2012 wheat season. Slow-rusting genotypes had 
low AUDPC values, whereas high-rusting lines had high AUDPC values. The spread 
of leaf rust has been strongly impacted by epidemiological variables. Rust responses 
of different wheat genotypes had shown a strong correlation with environmental fac-
tors. Leaf rust reactions were linked to temperature attributes such as maximum and 
minimum temperature levels, rainfall, and relative humidity. It was also shown that 
some genotypes responded differently throughout the two crop seasons, which might 
be due to differences in environmental variables.

How much the severity of the leaf rust disease impacts photosynthetic and grain 
output in wheat. This was accomplished by calculating the photosynthetic rate, 
disease severity, chlorophyll content, and wheat reduction in six wheat cultivars 
grown in uncontrolled and fungicide-treated environments [11]. The mean disease 
severity level of leaf rust was the greatest on Faisalabad-08 and Galaxy-13 among 
six wheat varieties/lines such as Faisalabad-08, Galaxy-13, Lasani-08, Millat-11, and 
two wheat lines NW-3-3341-7 and NW-1-8183-8, although grain yields of wheat were 
also greater in Millat-11, Galaxy-13, and FSD-08. Fungicide dramatically decreased 
rust infections and increased chlorophyll concentration and photosynthetic rate, 
leading to considerably greater production in treated plots. Wheat cultivars FSD-08 
and Galaxy-13 were determined to be highly resistant to rust illnesses based on leaf 
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rust severity and yield component assessments. When treated with a rust fungicide, 
NW-3-3341-7 showed the cheapest and best ratio result. Rust disease drastically 
reduced grain output, according to the study. When host immunity is combined with 
little fungicide treatment, the negative effects of leaf rust were reduced and net yields 
were maximized.

The plants were infected with Puccinia recondita f.sp.tritici in natural conditions. 
Among 197 advanced wheat lines/varieties, based on a measure of disease severity, 
89 lines/varieties of leaf rust were clear of any symptoms and 43 lines/varieties 
showed resistance, 32 MS, 10 mildly susceptible 16, and 7 were susceptible and 
highly susceptible, respectively, with extremely sensitive in the early planted plots. 
In late potted plants, 74 were healthy, 28 were immune, 31 were moderately resistant, 
8 were moderately resistant, 17 were sensitive, and 39 were moderately sensitive. 
Either in early sown or late sown nurseries, there were no signs of yellow rust. 
Most lines/species planted lately exhibited considerably higher rust rates than the 
comparable genotypes planted earlier. Commercially produced wheat cultivars such 
as Bahawalpur 97, Inqilab-91, Kohistan-97, MH-97, and Iqbal-99 exhibited no leaf 
rust signs, suggesting disease resistance. In the early and late sown wheat plants, 89 
and 74 lines/varieties were devoid of any disease signs or insect attack, respectively, 
suggesting their high genetic possibility for improved pest and diseases-resistant 
breeding [12].

The natural conditions were conducive to the establishment of the wheat leaf rust 
disease. Out of 150 lines/cultivars tested for brown/leaf rust, 29 lines/cultivars were 
immune, 57 types exhibited resistance, and the rest were vulnerable [13]. The area 
under the disease progress curves (AUDPCs) estimates of all types were determined. 
According to the virulency formula investigated, 57 types of leaf rust were resistant 
and 49 variations were susceptible to leaf rust fungus. Environmental variables have 
a significant impact on the progression of wheat leaf rust infections. There was also a 
relationship between disease severity and environmental factors. Many varieties/lines 
logically responded to environmental variables. Temperature, humidity levels, wind 
velocity, and rainfall were found to have a substantial impact on illness severity. Even 
though pathogenicity incidence did not affect the leaf rust virulence. The occurrence 
of virulence for them is concerning in situations where the genetic foundation of 
resistance in currently farmed varieties was stumpy.

The most cultivated varieties were Morocco, Pak-81, Fsd-85, Lylpur-73, 
Inqlab-91, Fsd-83, and WL-711. From 1991 to 1992 to 2000–2001, these variet-
ies were consistently cultivated in a rust trial. Infection was achieved using both 
natural inoculum and artificial inoculum of the leaf rust Puccinia recondita f.sp. 
tritici. From the development of the first symptoms until the morphological devel-
opment of the crop, leaf rust diagnostic evaluations premised on Peterson’s scale 
were collected [14]. A local weather station captured weather parameters such as 
weekly air temp, humidity levels, and precipitation. Leaf rust prediction models 
were developed using regression analysis for weather parameters as the indepen-
dent variable and leaf rust severity as the dependent variable. Leaf rust developed 
in 10 seasons of wheat at different periods between January and April in different 
periods. All other environmental factors, except for rainfall, exhibited a significant 
association with illness severity. Based on 10 years of data, linear regression analysis 
revealed that the lowest temperature and night-time humidity levels were signifi-
cant. Except for 1995–1997, the lowest temperature correctly predicted leaf rust in 
another 8 years.
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2.3 Some historic bioagents used for controlling leaf rust

Eight plant extracts were used for the biocontrol of leaf rust and compared the 
efficacy of these plant extracts, that is, neem, white cedar, clove, garlic, garden 
quinine, Brazilian pepper, black cumin, and anthi mandhaari. By using foliar spray 
and in vitro evaluation, the spore germination was inhibited in both conditions [15]. 
In all used plant leaf extract, neem showed a significant result (98.99%) such as 
fungicide, while other plants extract shows efficacy lower than that of neem. The 
other method used by them is soaking the seeds in 2 ml/L of plant extract, which 
inhibits the spore/pustules per leaf by 36.82%. When the soaking method was com-
pared with a foliar spray that reduced the spore’s production or pustule per leaf by 
100% after 4 days of inoculation, these plants give a maximum result with positive 
control of Sumi fungicide against the wheat leaf rust pathogen. The most effective 
extract was neem, clove, and garden quinine. ACI, the average coefficient of infec-
tion, shows that at a mature stage of the plant, the foliar spray is more effective than 
other methods. The foliar spray of the extract also affected test weight, 1000 kernel 
weight, and grain yield production with one or two sprays after certain days of 
application. It was a way forward to lessen the use of fungicide and increase the use 
of plant extract.

Some biological agents against Bipolaris orzyae cause rice brown spot disease; its 
casing agent is a fungus Cochliobolus miyabeanus. They used plant extracts, antago-
nistic organisms, and oil cake. Two plants extracts out of eight plants that extract 
Nerium oleander inhibit 77.4% growth and 8 of 0.3% spores germinate Pithecolobium 
dulshows showing inhibition and spore germination 75.1 and 80%, respectively. These 
plant extracts were more effective against the Bipolaris oryzae, while the oil cake of 
Azadirachta indica inhibition percentage was 80.18% and the percentage of spore 
germination was 81.13%. The cake extracts of mahua and castors were also effective 
against the pathogen. The antagonistic organism Trichoderma viride showed 62.92% 
inhibition, and Trichoderma harzianum and Trichoderma reesei were also effective 
against the growth of mycelium and spore germination [16]. Under field condi-
tions and glasshouse experiment, N. oleander, neem cake extract, and the specie 
Trichoderma viride were effective in controlling the Bipolars oryzae when sprayed two 
times in 15 day of intervals after the appearance of disease in rice plants.

There are three different domains to control leaf rust because the importance 
of wheat in the world cannot be ignored. The rust species Puccinia recondita gives a 
harsh response to wheat yield. The in vitro use of non-systemic fungicides gave such 
evaluation of pustules/uredospore reduction at different concentrations of 1000 ppm 
and 500 ppm, which reduce the spore production by 83.33 and 72.31%, respectively, 
and an average response was 54.85% by mancozeb and 40.89% by chlorothalonil 
[17]. The response of systemic fungicide to the inhibition percentage of uredospores 
was 86.03% by propiconazole, of which the highest systemic fungicide was followed 
by the fungicide hexaconazole with 77.40% and penconazole with 72.29%. While 20 
plant extracts with different parts were used for the maximum reduction of uredo-
spores by the bulb of garlic extract at 59.78% and onion bulb extract reduction with 
57.70, the rhizome of ginger gives 54.81% reduction of spores.

The extracts of the different plants are affected to control the leaf rust of wheat. 
The plants used for biocontrol are Lawsonia Inermis, Melia azedarach, Acalypha wilke-
siana, Punica granatum, and Lantana camara. The method of application is before the 
arrival of disease in wheat plants in two wheat seasons 2016–2018. These plants show 



Wheat - Recent Advances

68

the same result as the fungicide used to control wheat leaf rust [18]. It reduces the ACI 
coefficient of infection while with ACI of non-treated wheat plants. The most effec-
tive plant extract was L. camara giving 88.88% efficiencies equivalent to the fungicide 
diniconazole followed by Lawsonia Inermis, M. azedarach, A. wilkesiana, and P. 
granatum, respectively. These plant extracts not only reduce the disease severity but 
also increase the yield parameters, phenols, chlorophyll content, and the peroxidase 
and oxidase activity of wheat plants.

In the agricultural field of research, a study was undertaken to assess the allelo-
pathic effects of leaf extracts of daylight neem leaves on wheat production and its 
constituents. With the treatment of 0, 50, and 100% liquid leaf extract of neem, grain 
yield, and several yield attributes of wheat, such as the number of viable tillers, grain/
spike, 1000-grain weight, and spike length, no meaningful either promotive or nega-
tive impact was seen [19]. The leaf extracts of neem, on the other hand, did not affect 
wheat yield and yield contributing. The use of a natural weedicide (leaf extracts 
extract of neem) showed no negative impact on wheat quality.

For evaluating the genetic resistance of wheat lines of 45 genotypes/lines against 
rust, the lines were inoculated at the booting stage with an aqueous inoculum of 
wheat. It was a field study in Nepal where the results showed different pathogenicity 
ratios with high variation of wheat varieties [20]. The surveys of 66 production fields 
where the old varieties are observed have more disease severity rather than the new 
and resistant varieties. The prevalence of disease on wheat genotype revealed that leaf 
rust and yellow rust have a high level of prevalence. Leaf rust has more prevalence 
than yellow rust but low severity, while yellow rust has high a concern with disease 
severity. The management of disease and farmer literacy about rust makes the variet-
ies more virulent against disease.

Seed priming using leaf extract and compounds has long been utilized to boost 
agricultural plant development, but the pathways are still unknown. The goal of this 
study was to figure out how different seed priming methods in greenhouse wheat 
work. Hydropriming, moringa aqueous extracts priming, and CaCl2 priming were 
the seed priming methods utilized. The results revealed that all the seed priming 
treatments were more efficient than the control at enhancing wheat germinating and 
seed germination. However, Moringa was shown to be the most effective technique, 
followed by CaCl2. The activation of increasing antioxidant and enhanced chloro-
phyll, soluble phenolics content, and ascorbic acid were all factors in this respect. The 
findings support the idea that seed priming with Moringa is cost effective and may be 
utilized to promote wheat development in greenhouses. Moringa oleifera leaf extract 
applied on wheat (T. aestivum L.) leaves had various results in grain production and 
yield parameters such as biomass of plant, number of ears, tillers, and 1000 seed 
weight. A treated field comparing various M. oleifera concentrations showed a 19% 
increase in crop yields at a 10% concentration, but still, no yield potential improve-
ments with higher M. oleifera concentrations. Based on the year and data analysis 
plan, drier field experiments with Moringa doses of 5% and 10% revealed no impact 
on improvements in crop production. Variations in phytohormone content such 
as auxin, gibberellins, abscisic acid, jasmonic acid, and salicylic acid are caused by 
abiotic and biotic stresses before leaf harvest for the disparities in yield component 
responses. It was discovered that GA4 very probably interaction with auxin is the 
most important growth promoter. The hormone levels of Moringa are shown to vary 
significantly on an annual basis, which may have an impact on the biostimulant’s 
prospective application in agriculture.
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2.4 Potential of Trichoderma harzianum

Wheat (T. aestivum L.) is one of the most important crops for humans worldwide. 
Stripe rust disease, caused by Puccinia striiformis f. sp. tritici, is the most devastat-
ing disease, posing a huge danger to wheat production across wide areas, causing 
significant yield and grain quality losses [21]. This investigation was carried out to 
evaluate the agents, namely Trichoderma harzianum, T. viridi, Chaetomium globosum, 
Saccharomyces cerevisiae, Bacillus subtilis, and B. chitinosporus. Under field condition, 
greenhouse effect, and lab condition, the used biocontrol reduces the coefficient of 
infection (ACI) of stripe rust Puccinia striiformis f. sp. tritici. It is recommended to use 
a biocontrol agent for plant pathogens.

The biocontrol of wheat stem rust in vitro is by using Arbuscular Mycorrhiza 
fungi and a combination of two species of Trichoderma harzianum and Trichoderma 
viride with single use also on the Puccinia graminis f.sp.tritici spores. The identifica-
tion of both species of Trichoderma was done by using a system of GC-MS. The 
results observed under a scanning electron microscope indicate that when using the 
Trichoderma species suspension in combination, they were more effective in inhibit-
ing the uredospores than other application methods. The application of bioagents 
under field condition not only reduces the disease but also increases the phenol 
content, the peroxidase enzyme activity, yield, and growth parameters [22].

The plant extract of A. indica, bioagent Trichoderma harzianum T-2 fungicide 
Iprodione is against the Alternaria brassica causing Alternaria disease radish blight. 
The inoculation spray of A. brassica spore concentration of 5 × 105/ml is on the flow-
ering stage of the Radish field. The bioagent used for treatment purposes was used 
as a soil amendment in the concentration of 5 × 105 spores ml as a foliar spray after 
3 days of spore inoculation, while for seed treatment the concentration was 3 g/Kg. At 
the flowering stage, the neem leaf extract was applied in the concentration of 10%, 
and to compare it with fungicide, they applied 200 ppm of Iprodione at 10 days with 
the four-time application. The results of the three treatments showed that the T8, 
T7, and T6 were the most effective on disease severity and increase the growth and 
germination of radish plants [23]. The yield for seed increases due to the nutrient 
availability by enhancing growth-promoting factors enhanced by the application of 
treatments.

When compared with the control, all 13 treatments enhanced yield and 1000-
grain weight to a larger extent. Fungicide used to has a good effect. Moreover, the leaf 
extract of neem, Trichoderma harzianum, and the Panchgavya were the most efficient 
treatments for wheat leaf rust in various groups. The yield of fungicides sprayed areas 
was considerably higher than the control plots, showing that leaf rust had a major 
impact on yield. In comparison with other procedures, the 1000-kernel weight was 
beneficial in the abovementioned treated plots [24].

The adoption of resistant varieties is the most cost-effective and efficient means 
of controlling Puccinia triticina Eriks’ called leaf rust of wheat. Generally, assessment 
for rust resistance in wheat cultivars was done in a greenhouse experimental trial 
and under the natural condition of the field at the seedling stage and mature plants. 
For this purpose, the varieties were affected by ecological variables that restrict the 
number of races that may be examined at the same time. In their work, a detached 
leaf test was used to screen wheat lines for leaf rust resistance. Two senescence com-
pounds that suppress benzimidazole and kinetin were introduced to 5% water-agar as 
treatments in various doses and combinations [25]. Three leaf rust races were used to 
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verify the chosen medium in 20 wheat genotypes. The media for a treatment having 
a proportion of 30 mg/L benzamide and 10 mg/L kinetin were injected with the help 
of a sprayer showing the prominent results in slowing aging and therefore boosting 
sporulation. There was a positive association (r = 0.9) between the disease types mea-
sured by the detached leaf test and the entire seedling test. For detached leaf 0.24 and 
entire seedling, tests showed 0.3 standard errors. The minimal standard error support 
uniformity of illness reaction assessment across the tests performed.

The most dangerous disease affecting wheat plants is leaf rust produced by 
Puccinia triticina f.sp. tritici. Bioagents such as B. subtilis, Bacillus pumilus, Bacillus 
chitinospours, Trichoderma harzianum, and Trichoderma viride were tested to manage 
leaf rust. During two wheat-growing seasons, 2016/17 and 2017/18, the bioagents 
were sprayed pre and post P. triticina infection for 24 hours. Our findings revealed 
that B. subtilis was the most effective treatment, second by T. viride, with substantial 
increases in disease incubation and latent durations, but also an increase in 1000 
kernel weight (g) and production (kg). In the contrast, a substantial reduction in the 
number, length and breadth of spores, the final rust severity percentage, and AUDPC. 
Furthermore, the treatments increased catalase activity (CAT) and peroxidase 
(POX), although electrolyte leakage was reduced when compared with the control. 
The relevance of FRS percentage as a suitable indicator for both the research effects 
of alternative bioagents in controlling leaf rust was demonstrated by a correlation test 
[26]. The use of bioagents as a source of disease control is harmless for the environ-
ment and the disease produces fungicide-resistant forms.

Under field circumstances, field trials were undertaken on two sowing dates to 
examine the feasibility of using bioagents to reduce the severity of foliar diseases 
such as Septoria leaf blotch, powdery mildew, and stem rust. Trichoderma harzia-
num, B. subtilis, Azospirillum brasilense, Pseudomonas fluorescens, and plant shield 
were tested. When compared with the control group, all therapies lowered the 
severity of the disease. In general, Giza 171 cv. had the least severe disease, fol-
lowed by Misr 1 and Gemmiza 12. Furthermore, genotypes seeded sown earlier in 
November showed less disease severity than many of those sown late in December. 
Wheat grains sprayed with T. harzianum and B. subtilis had the greatest impact on 
the incidence of all diseases, followed by some of the other treatments. Therefore, 
such sprayed treatments also have the potential to reduce wheat leaf pathogens as a 
healthy alternative to synthetic treatment with no adverse health effects or environ-
mental pollution [27].

Many environmental factors were the primary hurdles to attaining the maximum 
productivity possible in the grain yield. Economic losses due to biotic stressors were 
predicted to be 26–29% in the region. However, physiological processes have a greater 
negative impact on crop production that accounts for around 70% of the reduction in 
yield globally. Pesticides and fertilizers are commonly proven as an efficient control 
mechanism for wheat crop pests and diseases; however, the build-up of synthetic 
chemicals inside the soil, plant materials, and fungicide-treated kernels harms human 
and environmental life [27]. Trichoderma is commercially significant as a biocontrol 
agent, potentially replacing agrochemicals in the fight against biological and chemical 
stress.

Various methods such as (B. subtilis, Bacillus chitinosporus, and yeast extract), 
benzothiadiazole (BTH), salicylic acid, and oxalic acid, as well as the fungicide 
propiconazole, were developed to optimize the resistance, physiological characters 
of the wheat variety, and yield production in the vulnerable conditions. Wheat 
varieties (Gemmiza-7) especially in contrast to the high resistance wheat variety. 
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In vitro, all treatments reduced fungal growth, disease severity percentage, and the 
quantity of uredia as compared with the vulnerable cultivar’s control infection. In 
susceptible wheat cultivars treated with bio-agents, salicylic acid, BTH, and oxalic 
acid treatments, antioxidant enzyme activities catalase, peroxidase, and polyphenol 
oxidase were significantly increased when compared with the control treatment. In 
the susceptible-infected cultivar, the concentration of chlorophyll was significantly 
reduced. The percentage of electrolyte leakage in susceptible treated cultivars was 
significantly lower than in susceptible infected untreated cultivars [28]. As a result, 
the treatments were able to boost chlorophyll concentration while also improving 
yield components such as grain weight 1000 per grain and grain weight in 10 spikes.

The research was carried out during two consecutive fall seasons in 2012/2014 
at the El-Kassasein Experimental Farm, Hort. Res. Station, Ismailia Governorate, 
Egypt. The effect of three different nitrogen fertilizer sources was as follows: namely 
ammonium sulfate (20.5% N) at 390.2 kg/fed. (fed. = 0.42 ha.), botanical compost at 
6.667 tons/fed., and chicken manure at 2.787 tons/fed. (each equaling 80 kg N/fed.), 
and five biological control (Trichoderma harzianum, Trichoderma viride, the mix-
ture of Trichoderma harzianum + Trichoderma). When compared with Xera cultivar, 
Paulista cv. provided the maximum dry weight of shoots per plant and final yield. 
The use of chicken manure enhanced the dry mass of shoots and the overall yield 
of snap beans. Foliar treatment of a Trichoderma harzianum + Trichoderma viride 
combination improved the number of leaves and branches per plant, the dry weight 
of shoots per plant, pod length, and overall yield. Fertilizer application Paulista cv. 
with chicken manure and foliar application of Trichoderma harzianum + Trichoderma 
viride improved the number of leaves and branches per plant, plant height, dry weight 
of branches, leaves, and shoots per plant, pod length, and total yield [29]. When 
compared with Paulista plants, Xera cv. plants had the lowest rating for rust disease 
severity. Botanical compost application resulted in the lowest rust disease incidence 
and severity of snap bean plants, followed by chicken manure treatment, and ammo-
nium sulfate at 390.2 kg/fed resulted in the highest results. In comparison with the 
control, foliar spray of biocontrol agents to snap bean plants reduced the incidence 
and severity of rust disease on the leaves. The combination of Trichoderma harzianum 
and Trichoderma viride reduced rust disease incidence, while Trichoderma harzianum 
reduced rust disease severity.

Plant diseases are one of the most significant restrictions to crop production and 
productivity, both in terms of quality and quantity. The use of pesticides remains 
the primary strategy for mitigating agricultural disease threats. However, because of 
environmental issues, human health problems, and other risks connected with the 
use of chemicals, the use of bioagents to reduce the disease-causing activities of plant 
pathogens is gaining popularity. Biocontrol is the intentional use of living organisms, 
either transferred or indigenous, other than disease-resistant host plants, to decrease 
the activities or populations of one or more plant diseases. Beneficial organisms, their 
genes, and/or products, such as metabolites, are used in biological control to lessen 
the detrimental impacts of plant diseases and stimulate positive plant responses [30]. 
A variety of commercial products based on diverse fungal and bacterial antagonists 
have been recognized at both national and international levels in this direction. These 
commercial products include Biocon, Biogaurd, Ecofit, FStop, Soilgaurd, and others 
that include Trichoderma sp. as an active ingredient, as well as Mycostop, Rhizopus 
Subilex, and others that contain various Bacillus species as active ingredients. 
Biological control can achieve disease suppression in a variety of methods, including 
antibiosis.
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3. Conclusion

Puccinia triticiana, an obligate parasite, is the cause of wheat leaf rust. Rust is one 
of the most destructive cereal pathogens and coexisted that developed during grain 
cultivation. The growth of leaf rust affected and statistically substantial connec-
tion with environmental factors were shown in urst responses of various genotypes. 
Average temperature, maximum temperature, lowest, precipitation, and relative 
humidity were associated with rust processes. A foliar spray was the most efficient in 
decreasing leaf rust (ACI) infection and the neem extract at the mature plant stage. 
This study found several resistant types that may be used for the wheat reproduction 
programs of various research institutions in Pakistan that contribute to the produc-
tion of resistance to leaf rust in wheat. The eco-friendly measures used in this study 
were effective in future research for extracting the secondary substance playing role 
in controlling leaf rust.

Acknowledgements

We also acknowledge (Lal Hussain Akhtar Director, Regional Agriculture Research 
Institute, Bahawalpur) for providing their pearls of knowledge with us throughout 
this research, as well as the reviewers for their contributions.

Conflict of interest

There is no “conflict of interest.”



Potential of Trichoderma Isolates to Control Plant Pathogen, Leaf Rust on Different Commercial…
DOI: http://dx.doi.org/10.5772/intechopen.106387

73

Author details

Sadia Afzal1, Adeela Haroon1, Muhammad Arshad Hussain2, 
Asad-Ur-Rehman Chaudary2, Muhammad Amjad Bashir3*, Sagheer Atta3, 
Saqib Bashir4 and Muhammad Adnan Bodlah5

1 Department of Botany, Women University Multan, Pakistan

2 Regional Agricultural Research Institute Bahawalpur, Punjab, Pakistan

3 Faculty of Agricultural Sciences, Department of Plant Protection, Ghazi University, 
Dera Ghazi Khan Punjab, Pakistan

4 Faculty of Agricultural Sciences, Department of Soil and Environmental Sciences, 
Ghazi University, Dera Ghazi Khan Punjab, Pakistan

5 Department of Agricultural Engineering, Khwaja Fareed University of Engineering 
and Information Technology, Rahim Yar Khan, Pakistan

*Address all correspondence to: abashir@gudgk.edu.pk

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Wheat - Recent Advances

74

References

[1] Singh RP, Hodson DP, Huerta- 
Espino J, Jin Y, Bhavani S, Njau P, et al. 
The emergence of Ug99 races of the 
stem rust fungus is a threat to world 
wheat production. Annual Review of 
Phytopathology. 2011;49:465-481

[2] Afzal A, Ijaz M, Rafique M. New 
selection techniques to detect sources of 
resistance against stripe rust in wheat. 
Plant Protection. 2021;5(3):197-203

[3] Rana IA, Bhatti SS. Lahore, 
Pakistan–Urbanization challenges and 
opportunities. Cities. 2018;72:348-355

[4] Ekboir J. CIMMYT 2000-2001 
World Wheat Overview and Outlook: 
Developing No-Till Packages for Small-
Scale Farmers. 2002

[5] Huerta-Espino J, Singh R, Crespo- 
Herrera LA, Villaseñor-Mir HE, 
Rodriguez-Garcia MF, Dreisigacker S,  
et al. Adult plant slow rusting genes 
confer high levels of resistance to rusts 
in bread wheat cultivars from Mexico. 
Frontiers in Plant Science. 2020;824

[6] Yasmeen A, Basra SMA, Wahid A, 
Nouman W, Rehman HU. Exploring 
the potential of Moringa oleifera leaf 
extract (MLE) as a seed priming agent in 
improving wheat performance. Turkish 
Journal of Botany. 2013;37(3):512-520

[7] Yamin SY, Tariq JA, Raza MM, 
Bhutto SH, Asif MU. Screening of 
wheat genotypes against leaf rust under 
artificial and natural environmental 
condition. Journal of Applied 
Research in Plant Sciences (JOARPS). 
2021;2(1):117-122

[8] Khan MR, Imtiaz M, Munir I, 
Hussain I, Ali S. Differential distribution 
of leaf rust across major wheat growing 

regions of Pakistan revealed through a 
three years surveillance effort. Pakistan 
Journal of Botany. 2021;53(1):261-266

[9] Gangwar OP, Kumar S, Prasad P, 
Bhardwaj S, Khan H, Verma H. Virulence 
pattern and emergence of new 
pathotypes in Puccinia striiformis f. sp. 
tritici during 2011-15 in India. Indian 
Phytopathology. 2016;69(4s):178-185

[10] Muhammad S, Khan AI, Aziz-
ur-Rehman FSA, Rehman A. Screening 
for leaf rust resistance and association 
of leaf rust with epediomological 
factors in wheat (Triticum aestivum L.). 
Pakistan Journal of Agricultural Sciences. 
2015;52(3):691-700

[11] Yahya M, Saeed NA, Nadeem S,  
Hamed M, Saleem K. Effect of leaf 
rust disease on photosynthetic rate, 
chlorophyll contents and grain yield of 
wheat. Archives of Phytopathology and 
Plant Protection. 2020;53(9-10):425-439

[12] Ali Y, Khan MA, Aatif HM, 
Ijaz M, Atiq M, Bashair M, et al. Research 
paper (host resistance: Fungi). Plant 
Protection. 2020;38(4):344-353

[13] Mateen A, Khan MA. Identification 
of yellow rust virulence pattern on wheat 
germplasm in relation to environmental 
conditions in Faisalabad. Journal of 
Biological Agricultural and Health Care. 
2014;4(13):2224-3208

[14] Khan M, Hussain M, Sajjid M. A two 
environmental variable model to predict 
wheat leaf rust based on 10 years data. 
Pakistan Journal of Phytopathology. 
2006;8:114-116

[15] Shabana YM, Abdalla ME, 
Shahin AA, El-Sawy MM, Draz IS, 
Youssif AW. Efficacy of plant extracts 



Potential of Trichoderma Isolates to Control Plant Pathogen, Leaf Rust on Different Commercial…
DOI: http://dx.doi.org/10.5772/intechopen.106387

75

in controlling wheat leaf rust disease 
caused by Puccinia triticina. Egyptian 
Journal of Basic and Applied Sciences. 
2017;4(1):67-73

[16] Akila R, Mini M. Solvent extraction 
and antifungal assay of Lawsonia 
inermis Linn. Against the brown spot 
fungus Bipolaris oryzae. Journal of 
Pharmacognosy and Phytochemistry. 
2020;9(1):05-08

[17] Chaudhary R, Chaudhari M. Effect 
of fungicides and plant extracts on 
uredospores germination of Puccinia 
recondita f. sp. tritici. Bioscan. 
2013;8(1):59-62

[18] Draz IS, Elkhwaga AA, 
Elzaawely AA, El-Zahaby HM, Ismail 
A-WA. Application of plant extracts as 
inducers to challenge leaf rust of wheat. 
Egyptian journal of biological. Pest 
Control. 2019;29(1):1-8

[19] Dhanai CS, Nandini D, Panwar G. 
Allelopathic effect of Azadirachta indica 
leaf extract on seed germination of 
different test crops under bioassay. 
Journal of Pharmacognosy and 
Phytochemistry. 2019;8(6):790-792

[20] Lodhi S, John P, Bux H, Kazi AM, 
Gul A. Resistance potential of Pakistani 
wheat landraces (Triticum aestivum L.)  
against stripe rust (Puccinia 
striformis) and Karnal bunt (Tilletia 
indica). Pakistan Journal of Botany. 
2018;50(2):801-806

[21] ElKazzaz MK, Ghoniem KE, 
Ashmawy MA, Omar GE, Hafez YM. 
Suppression of wheat strip rust disease 
caused by PU a STR Ormis f. sp. Tritici by 
Ecofriendly Biocontrol Agents Correlated 
with Yield Improvement. Environmental 
Bulletin. 2020;2020:8385

[22] El-Sharkawy HH, Rashad YM, 
Ibrahim SA. Biocontrol of stem rust 

disease of wheat using arbuscular 
mycorrhizal fungi and Trichoderma 
spp. Physiological and Molecular Plant 
Pathology. 2018;103:84-91

[23] Arefin MN, Bhuiyan M, 
Rubayet MT. Integrated use of fungicide, 
plant extract and bio-agent for 
management of Alternaria blight disease 
of radish (Raphanus sativus L.) and 
quality seed production. Research in: 
Agricultural & Veterinary Sciences. 
2019;3(1):10-21

[24] Kalappanavar I, Patidar R, 
Kulkarni S. Management strategies of 
leaf rust of wheat caused by Puccinia 
recondita f. sp. tritici Rob. ex. Desm. 
Karnataka Journal of Agricultural 
Sciences. 2010;21(1)

[25] Peng F, Si M, Zizhu Y, Fu Y, 
Yang Y, Yu Y, et al. Rapid quantification 
of fungicide effectiveness on inhibiting 
wheat stripe rust pathogen (Puccinia 
striiformis f. sp. tritici). Plant Disease. 
2020;104(9):2434-2439

[26] Omara RI, El-Kot GA, Fadel FM, 
Abdelaal KA, Saleh EM. Efficacy of 
certain bioagents on patho-physiological 
characters of wheat plants under 
wheat leaf rust stress. Physiological 
and Molecular Plant Pathology. 
2019;106:102-108

[27] El-Mougy NS, Khalil MS, 
El-Gamal NG, Abdel-Kader MM. 
Impact of grain treatments with 
bioagents for suppressing foliar diseases 
severity of three wheat cultivars 
under field conditions. Archives of 
Phytopathology and Plant Protection. 
2021;54(7-8):431-447

[28] Hafez Y, Emeran A, Esmail S, Mazrou Y, 
Abdrabbo D, Abdelaal K. Alternative 
treatments improve physiological 
characters, yield and tolerance of wheat 
plants under leaf rust disease stress. 



Wheat - Recent Advances

76

Fresenius Environmental Bulletin. 
2020;29:4738-4748

[29] Mandour MA, Metwaly HA. Effect 
of nitrogen fertilizer sources and some 
biocontrol agents on growth, yield 
and rust disease incidence of some 
snap bean cultivars grown in Sandy 
soil. Egyptian Journal of Horticulture. 
2015;42(1):591-614

[30] Junaid JM, Dar NA, Bhat TA,  
Bhat AH, Bhat MA. Commercial 
biocontrol agents and their mechanism 
of action in the management of plant 
pathogens. International Journal of 
Modern Plant & Animal Sciences. 
2013;1(2):39-57



77

Chapter 5

Wheat Stripe, Leaf, and Stem Rust 
Diseases
Nilüfer Akci

Abstract

Wheat (Triticum spp.) is one of the most strategic crops in the world. It provides 
raw material to the agricultural industry and it is the main source of income for many 
rural areas. Rust diseases are among the most important biotic factors affecting the 
yield and quality of wheat plants. Depending on the disease’s severity in wheat culti-
vation fields, the level of yield losses and quality degradation may vary, accordingly, 
economic losses changes. Wheat rust diseases are categorized into three groups, such 
as stripe (yellow) (Puccinia striiformis), stem (black) (Puccinia graminis f.sp. tritici), 
and leaf (brown) (Puccinia triticina) rusts. This chapter presents information on the 
rust symptoms, identification, and management.

Keywords: biotic factors, wheat, wheat rust diseases, stripe rust, leaf rust, stem rust, 
management

1. Introduction

Wheat is one of the cool climate cereals which is one of the important mineral and 
energy sources and involved in the nutrition of billions of people due to its suitable 
nutritional value, easy storage, and processing. Because of its wide adaptation ability, 
it is in the first place in the world in terms of production amount as well as its cultiva-
tion area. In addition, it is also a strategic product in terms of being a raw material for 
the agricultural industry in the world, contributing to the economy, and being the 
main source of income for rural areas [1].

There are diseases in wheat that significantly reduce grain yield and grain quality. 
There are abiotic and biotic factors that affect wheat. Biotic factors causing disease 
in wheat as in other plants are fungi, bacteria, and viruses. Fungal diseases are wheat 
leaf diseases, wheat head diseases, and wheat root diseases. The wheat leaf diseases 
include wheat rust diseases, wheat septoria leaf spot, and wheat powdery mildew.

Rust diseases have been known since ancient times. Especially the ancient Romans 
considered cereal rust to be very important and accepted it as a punishment given by 
the God Robigus, and they organized Festivals and sacrificed every year so that this 
punishment would not be repeated [2].

There are three types of rust diseases in wheat, which are called Stripe (Yellow), 
Stem (Black), and Leaf (Brown) rust. These rust types got their names from the 
colors of the pustules they form by tearing the epidermis of the plants. Rust fungi are 
seen as obligate parasites in nature [2].
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2. Stripe rust (Yellow rust) (Puccinia striiformis)

It is the earliest and most important rust disease of wheat. Especially in the spring 
months, there is an increase or decrease in the intensity of the stripe rust disease 
depending on the climate structure. In the case of abundant and long-term spring 
rains, it appears suddenly and causes significant yield and quality losses by causing 
diseases primarily in the leaves. It has been noted that rust diseases are observed even 
in the early stages with the increase in temperature [3].

Stripe rust disease infects other plants besides wheat. They can infect barley, rye, 
triticale, and many other related wild wheat crops. Although it is usually seen on the 
leaves of wheat, it can also occasionally be seen on stems and heads. It can be easily 
distinguished from other types of rust due to the symptoms it shows on the leaf. It 
occurs on the upper surface of the leaves, on the leaf sheath, on the head, and even 
inside the husks. The rust symptoms on the leaves cover the whole leaf and kill the 
leaf when the disease is severe [3].

Stripe rust disease is named after the color of the disease spores (pustules), which 
are like a powder of orange-yellow (golden yellow) color. Stripe rust, especially on 
the upper surface of the leaf, creates yellow pustules like machine stitches. Since the 
arrangement of these pustules resembles a line, it is also called Line Rust. Summer 
spores occur inside these pustules which have the form of dots arranged in rows and 
intra row (Figure 1) [4].

High humidity or precipitation in the spring in wheat fields induces the occurrence 
of the disease. The optimum temperature for the formation and development of the 
disease is 10–15°C. If the host-pathogen relationship is suitable with the proper envi-
ronmental conditions for the development of the disease, an epidemic occurs. In the 
development of the disease, the first infections occurred by urediospores, which can 
be carried by the wind from long distances. Because rust spores are light they can be 
spread around even with very little wind and can be drift to the next fields. Millions 

Figure 1. 
Symptoms of stripe rust in wheat leaves. Photos: Dr. N. Akci.
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of summer spores formed from pustules are dispersed by the wind in the spring. The 
initial infection is initiated by very few spores and is seen in the early stages when 
plants are just starting to develop. After that, new spores occur every 12 to 15 days, 
and then every 8 to 10 days, the disease rate increases, and stripe rust disease is sud-
denly seen everywhere. At the end of the season, winter teliospores are formed from 
the same pustules. The disease is carried out on wild wheat crops on the edges of the 
field, which remain alive during the summer, and on the wheat planted in autumn for 
the winter [4].

With the increase of rust disease, the use of nutrients and water increases, as well 
as the photosynthesis area of the plant narrows. As a result, the amount of nutrients 
that will produce grains decreases. It has been determined that rust prevents normal 
root development and nutrient uptake in the plant to a certain extent. In addition, 
since rust infection causes plants to reach maturity earlier than usual, it also causes 
the grain filling period to be shortened thus the damage increases. The severity of 
the damage caused by the rust disease changes according to the development periods 
of the plants. Flowering and earlier periods are the most damaging period. The late 
period is the least damaging period. If the heads are infected with stripe rust, no mat-
ter how little rust is on the leaf, the grain yield is greatly reduced. As a result of rust 
infection, losses occur in the yield and quality of the grain, as well as in the quantity 
and quality of hay [5].

The losses due to plant deaths can be very large in more severe epidemic condi-
tions. With the decrease in grain size and hectoliter weight, indirect effects such as 
a decrease in flour yield and quality and even the quality of products obtained from 
flour occur. Due to the fact that rust diseases slow down plant growth and reduce 
tillering, they cause large losses in hay yield, as well as large losses in the quality of hay 
in some toxic substances that occur in plants [6].

3. Leaf rust (brown rust) (Puccinia triticina)

It is usually seen on the leaves, so it is also called Leaf Rust. The orange-yellow or 
burnt brown color pustules are in the form of large and small dots randomly scattered 
on the leaf surface. Leaf rust can be seen on the upper surface of leaf. The character-
istic of this rust is to form smaller pustules in one or two circles around the pustule. 
This symptom distinguishes brown rust from other types of rust (Figure 2) [7].

This rust usually appears on the wheat after the stripe rust before the stem rust. 
In the spring, summer spores cause infection at 10–18°C and high humidity. The 
temperature and humidity requirements for the development of leaf rust disease have 
the ability to spread more easily than stem rust. Thus damage to the product can be 
very severe. The damage of leaf rust has recently coincided with the maturity period 
of wheat [8].

Leaf rust disease infects other crops besides wheat. They are barley, triticale, 
and many other related wild wheat crops. The disease is in the form of uredospores 
in temperate winter regions. In spring, spores exist on the surface of alternate hosts 
(Thalictrum spp. and Isopyrum spp.) leaves. Then they are carried on the leaves of 
the wheat by the wind and form pustules of rust. It causes significant yield losses by 
decreasing the number of grains, hectoliter weight, and grain quality in the head. The 
severity of the damage caused by the rust disease changes according to the develop-
ment periods of the plants. Flowering and earlier periods are the most damaging 
period. The late period is the least damaging period [8].
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4. Stem rust (black rust) (Puccinia graminis f.sp. tritici)

Stem rust disease is one of the oldest known diseases of wheat and it is also called 
stem rust because it is usually seen on the stem of the wheat. In the case of an epi-
demic, it can cause significant yield and quality losses in grain and hay. Stem rust is 
the last rust disease seen in wheat. Stem rust disease occurs in all parts of the wheat 
above-ground. It changes in size from 3 mm to 1 cm and is mainly seen on the stem of 
wheat but can also be seen on the other green parts (Figure 3) [9].

The dark red-brown (tile-colored) pustules may occur on the two sides of the leaf, 
on the stem, and the head. The pustules on the lower surface of the leaf, which are 
seen on both sides of the leaf, are larger than those on the upper surface. The pustules 
are sprinkled on the stem and leaves and are large, oval, long, and darker in color than 
other rust pustules. Their temperature request is higher. Stem rust disease grows well 
in the temperature between 20 to 25°C with a proportional humidity of over 96%. If 

Figure 2. 
Symptoms of leaf rust in wheat leaves. Photos: Dr. N. Akci.
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all environmental conditions are suitable for disease development an epidemic occurs. 
New urediospores occur every 10–15 days. When plants mature black teliospores 
occur near the harvest [9].

While the pustules are dispersed in low infections, it can be seen that the pustules 
may merge in severe infections. The urediospores that form the pustules tear the 
epidermis and the plant surface takes the form of a whitish collar. These torn pieces 
of the epidermis are seen very clearly. Stem rust spends the winter on infected plant 
parts. Spores are found on the underside of the leaves of Berberis and Mahonia plants, 
which are alternate hosts in the spring. Then they form rust pustules on the leaves 

Figure 3. 
(a) Symptoms of stem rust in wheat stem (b) Stem rust disease in the wheat field. Photos: Dr. N. Akci.

Figure 4. 
(a) Berberis plant and aeciospores on the leaves of it (b) Berberis plant at a flowering period near the wheat 
field. Photos: Dr. N. Akci.
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and stems of the wheat by being carried by air and wind. Spores reproduce in suitable 
conditions and cause great damage to the crop (Figure 4) [10].

Stem rust creates new races where Berberis plant is present. Thus stem rust can infect 
wheat varieties that were previously known to be resistant. As a result, new epidemics 
can occur. Stem rust reduces tillering and decreases grain weight and quality. The whole 
product can be lost when the appropriate conditions for the disease are formed. Crop 
loss can change depending on the susceptible varieties, environmental conditions, races 
of stem rust and it differs from year to year, from region to region [10].

5. Management of wheat rust diseases

The cultural precautions to be taken to prevent rust disease are as follows. 
Frequent planting should not be done because it prevents ventilation and causes an 
increase in humidity. Weed control should be done on time and with suitable tech-
niques. Fertilization should be done according to the results of soil analysis. Excessive 
nitrogen fertilizer should not be given to the field. Activities such as irrigation that 
will increase the humidity of the air should be avoided [11].

It is important to control weeds and alternate host plants on time. Alternate hosts 
of rust diseases in the surrounding or on the field edges should be destroyed. The 
destruction of alternate host plants provides a decrease in the amount of inoculum 
which causes the first infections in rust disease. Also, the destruction of alternate 
host plants leads to a decrease in the number of new races that may emerge due to the 
limited sexual reproduction in rust disease [12].

Resistant cultivars should be used for rust disease. It is of great importance to 
monitor the races of rust in order to develop resistant varieties for the management of 
rust disease. In order to determine virulence in rust disease, it is necessary to develop 
monitoring and prediction warning systems which also include survey studies [13].

Taking into account the climatic conditions, the course of the disease should be 
monitored, especially for the stripe rust in temperature of 15–20°C and humidity 
of 90%. In cases where the disease progresses to the upper side of the plant, it is 
important to prevent the contamination of the disease, especially the flag leaf of the 
upper leaves. When the first stripe rust symptoms start to appear on the leaves it is 
recommended to spray the green parts. Spraying should be done so that the surfaces 
of the leaves and stems are covered with sprayed water. If the climatic conditions are 
suitable for the development of the disease and an epidemic is possible second spray-
ing should be done, taking into account the effect time of the drug used [14].

With the use of genetic resistance successful progress has been made in the control 
of wheat stem rust disease in recent years. Resistant varieties can be preferred more 
reliably because they are economical and environmentally friendly.

6. Conclusion

It is known that climate change causes an increase in disease. It is difficult to pre-
dict when and where diseases will spread. With the changing ecosystem the effective-
ness of biological factors changes, the distribution of pathogens is affected and the 
entry of new pathogens is enabled. With climate change, differences can be seen in 
plant-pathogen systems. Disease development is the result of factors influencing the 
host and pathogen.
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Changes in wind direction and speed affect the spread of rust spores. Therefore, 
the monitoring of rust diseases is important. Care should be taken against new races, 
disease surveys and breed analyzes should be done, and identification of the rust 
races is necessary. Molecular research should be carried out in a variety of breeding 
studies against the aggressive/virulence of rust diseases that may occur with increas-
ing temperature and other parameters. The pathogen forms new races and these races 
may overcome the resistance present in wheat cultivars. Besides the increase in the 
spread of rust diseases is largely due to the widespread of varieties that are suscepti-
ble. In addition to this, there may be changes in the number of fungicide applications 
and doses.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 6

Fungal Diseases of Wheat
Mukaddes Kayim, Hira Nawaz and Abdulkreem Alsalmo

Abstract

Wheat is considered the first crop that is grown on earth. It is a staple food in many 
regions of the world. Due to the increase in the world’s population, it is very important 
to increase wheat production. With an estimate in 2050, almost 50% more production 
of wheat will be required due to the increase in population. Increased productivity of 
wheat is the biggest challenge for researchers. It faces several biotic (microbial diseases) 
and abiotic (water, temperature, and climatic change) limiting factors. But the major 
threat for wheat is due to a large number of fungal diseased pathogens, which causes 
massive and destructive loss to the crop. It includes rusts, smuts, Fusarium head blight, 
Septoria leaf blotch, tan spot, and powdery mildew that cause the most serious losses. 
It was estimated in 2019 that almost 22% yield loss of wheat was due to diseases. These 
percentages will increase with time due to mutation and diversity in virulent strains. 
This chapter includes all major and minor fungal diseases of wheat, symptom, disease 
cycle, spore identification, disease losses, etiology, and integrated disease management.

Keywords: airborne, management, obligate parasites, root rot, seedborne

1. Introduction

Wheat (Triticum aestivum) is a grass commonly grown for its seeds, which are 
used as a staple food for many countries of the world. Wheat is a good source of 
carbohydrates and has low protein content. This low protein content help to supply 
important amino acids to the body. It is also a great source of many other nutrients 
and dietary fibers [1, 2]. Wheat is cultivated in almost all parts of the world with 
different ratios. In the world, annually, wheat is grown on an area of 5400 hundred 
thousand acres. The common forms of wheat that are used for eating are white and 
red wheat [3]. In the year 2017, 772 million tonnes of wheat were produced around 
the globe. Global wheat consumption is also increasing, it has gluten protein which 
helps in producing processed food. Processed food becoming an important part of the 
modern world [1]. China is the biggest producer of wheat with an annual production 
of 133.6 million tonnes in the year 2019 [4].

As the world population increases day by day it is estimated that agricultural 
commodities should be increased by 50% by 2050 to meet the demand and supply 
chain [5]. But major constrain in this race are abiotic and biotic factors, which affect 
the production every year. Abiotic factors are generated by the facilities of mankind 
that are climate change. While biotic factors include major disease pathogens, insects, 
pests, and weeds. These factors cause a reduction in the yield and quality of grain 
every year [6]. Serious biotic stress includes major fungal diseases, such as rusts, 
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smuts, bunt, tan spot, fusarium head blight, foot rot, false eyespot, and many more. 
Three types of rusts and powdery mildews caused major disease epidemics in past 
and kept on threatening problems to wheat production besides, the development of 
various fungicidal chemicals and resistant cultivars. Cultivars become vulnerable to 
pathogens due to variation in pathogen virulence [7].

These effects can be managed by working on resistant cultivars, not against the dis-
eases but also abiotic factors. Cultivars should be best fitted in the environment. Then 
proper nutrients should be provided to make the crop strong and protect the flag leaf 
of the plant. Agronomic practices should be done on time and a proper dose of fertil-
izer should be given to the soil. Explain new and environment-friendly approaches to 
the farmers to keep the wheat crop healthy and protected from major risks.

This chapter includes major and minor fungal diseases which attack the wheat crop, 
their mode of action, epidemiology, visual identification, and eradication methods.

2. Major fungal diseases

2.1 Obligate

2.1.1 Loose smut

Loose smut of wheat is a seed-born disease caused by Ustilago tritici, an obligate 
fungal pathogen belonging to division Basidiomycota, and the family Ustilaginaceae. 
This disease is reported everywhere, where wheat is cultivated. It was first reported by 
Romans and given the name Ustilago derived from the Latin word which means burn. 
Correct symptomology was given by Fabricius in 1774 in the book. In this disease, the 
plant is infected at the flowering stage and produces a sterile kernel-containing seed coat 
filled with smut spores. So, the disease is rarely spread by man. Its sores can easily spread 
to long distances with air and rain splashes. Loose smut of wheat was not reported in 
Australia, America, and South Africa, people from Europe move to these countries to 
settle down and bring wheat with them which was infected with loose smut. In North 
America, it was reported in 1832, although resistant genotypes were used against this 
disease but could not stop it from spreading. It is common in cold and humid regions 
but in dry areas causes equal yield losses. It does not cause huge economic losses but still, 
2% disease in the field can cause yield reduction up to 20% plus make seeds not fit for 
next sowing. Loose smut is a seedborne pathogen; on maturity, the kernel is filled with 
dark brown to black color teliospores. The life cycle starts when teliospores enter the 
ovary through feathery stigma during anthesis [8]. Under favorable conditions when a 
single spike is infected with two different races, then, it is possible for recombination 
and genetic diversity. Mycelium survives inside the embryo without showing external 
symptoms. These spores will germinate when the infected seed is germinated. Pathogen 
spread systemically from one plant to another as well as inside the plant from cell to cell 
and reaches the tiller without producing any single external symptom [9]. The external 
symptom is very clear and easily recognized by black spores on a mature spike. This 
smut was released from the kernel as soon as the ear emerged out.

2.1.2 Wheat leaf rust or brown rust

Wheat is threatened with several diseases but rust is very dangerous for wheat. It 
causes huge economic losses all over the world. Wheat leaf rust is caused by Puccinia 
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triticina. It was originated in the Middle East [10]. It is widely distributed where 
wheat is cultivated, therefore adopting a wide range of environments. Rust fungi are 
biotrophs and obligate parasites, they need living plants to complete their disease and 
life cycle. Rust fungi are host-specific. It can spread aeciospore, basidiospores, and 
urediniospores to far-off places by wind [11, 12]. This reason made it more diversified 
and the biggest reason for wheat economic losses; it adopted a wide range of envi-
ronmental changes and increased inoculum amounts to cause disease epidemics [13]. 
It survives in mild temperature and higher moisture conditions. The disease reduces 
the size and weight of grain in the kernel. Leaf rust shows temporal and geographical 
variations and causes significant yield losses [14]. In the United States of America, 
during the years 2000–2004 leaf rust losses reached USD 350 million and in Australia 
up to AUD 12 million [14, 15].

Puccinia triticina is a macro-cyclic and heteroecious fungus. It requires two dif-
ferent hosts to complete its sexual and asexual life cycle. Its life cycle consists of five 
different spore stages. When environmental conditions are suitable fungus produce 
dark brown teliospores, which are diploid and on germination undergo meiosis and 
produce haploid basidiospores on the surface of a leaf. These basidiospores move by 
the wind too far-off places and require an alternate host to produce haploid pycnial 
on germination [10]. Alternate host of Puccinia triticina includes Anchusa, Isopyrum, 
Thalictrum, Barberry, and Clematis. After infection on alternate host rust produce 
pycniospores disseminate by insects, undergo sexual propagation into two, unlike 
cells which form plasmogamy. Aeciospores are produced in aecia and liberated by the 
wind. The life cycle ends when aeciospores germinate into asexual urediniospores 
and produce visual symptoms on the host plant. External symptoms include pustules 
circle or slightly oval but smaller than stem rust, these pustules do not merge in each 
other (Figure 1A). These pustules are filled with orange to the brown mass of uredin-
iospores. Infection occurs on the upper side of the leaf surface. All these five types of 

Figure 1. 
Brown rust of wheat (A), black rust of wheat (B), and stripe rust of wheat (C).
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spores are produced either by sexual or asexual reproduction. Asexual reproduction is 
carried out by urediniospores, which undergo many stages and form haustoria which 
are used to obtain nutrients from the host plant. It also suppresses the plant defense 
system and helps in fungal growth and germination [16].

Optimum temperature ranges between 10 and 25°C and free moisture for long 
period on the leaf surface help in disease infection. If favorable conditions prevail 
then the uredinial cycle repeats after every 8–14 days. Urediniospores, teliospores, 
and basidiospores are produced on wheat while pycniospores and aeciospores are 
produced on the alternate host. Teliospores are produced at the end of the season; 
so, it helps in overwintering and becomes a source of inoculum for the next growing 
season. Due to the monocyclic nature of the fungus they produce spores end of season 
and act as primary inoculum, these spores germinate on wheat individually and cause 
infection. P. triticina produces pustules of 1.5 mm in diameter which contain 20 k 
spores during advanced growth stages.

2.1.3 Wheat stem rust or black rust

Stem rust of wheat is historically a major disease of wheat caused by Puccinia 
graminis f. sp. tritici. It is also known as the black rust of wheat. Due to its historical 
yield losses of wheat, it comes in the top 10 fungal diseases which can cause devastat-
ing losses to crops [17]. It causes severe yield losses up to 50% region wise. On severe 
attack yield losses reaching up to 90% [18]. It causes yield losses in Canada, South 
America, Africa, Australia, China, and Indian Subcontinent [19]. Stem rust was a 
devastating disease for wheat and other cereals for many years. After applying so 
many management applications, it was eradicated but stem rust re-emerged in Africa 
and Europe and became a risk for food security. Severe disease attacks occur when 
a pathogen changes its virulent strain like UG-99 and TKTTF causing 100% yield 
in Uganda and Ethiopia, respectively [19]. Stem rust destroyed wheat in the United 
States up to 20% many times during the early 1900s [20]. Airborne pathogens can 
move from infected fields to healthy in no time, and this connected world increases 
the chances of spreading too many times. Small size urediniospores can move from 
one continent to another very smoothly. Like UG-99 moved from Uganda to South 
Africa, Iran, Russia, and TKTTF moved from Ethiopia to Germany, the UK, Sicily, 
Sweden, and Denmark [21]. Annually, stem rust causes a loss of 8–54 billion dollars 
every year globally [22]. Stem rust pathogen is an obligate parasite with a biotrophic 
mode of nutrition, so, it requires more living hosts to complete its life cycle. Pathogen 
belongs to phylum Basidiomycota, it is different from other fungi because it also pro-
duces five different spores to complete its life cycle like leaf rust as discussed earlier. 
It is also heteroecious, requires two hosts to complete its life cycle. Its primary host 
is wheat and the alternate host is the barberry plant. However, Puccinia graminis can 
complete its life cycle with or without an alternate host.

After 1–2 weeks of disease, infection urediniospores are produced in uredinia. It 
is the repeating stage in the whole life cycle. Urediniospores are dikaryotic produced 
on the separate stalk in the fruiting body. These spores can infect the host plant and 
produce external symptoms (Figure 1B). It produces red rusty spores which become 
dark, this is the reason it is also known as black rust [23]. When the growing season 
of crop ends it produces teliospores in telia. Teliospores are also dikaryotic and 
overwinter in the absence of the host. When teliospores get favorable conditions, 
they undergo meiosis and produce haploid basidiospores, these are colorless spores 
capable to infect alternate hosts but not cereal hosts. After germination, it produces 
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pycnidiospore, which produces sticky honeydew which attracts insects and becomes 
a mode of perpetuation. Pycnidiospores mat and produce dikaryotic aeciospores in 
aecia. These aeciospores germinate and produce urediniospores but on cereal host not 
on the alternate host. Urediniospores may pass from winter wheat to spring wheat 
without infecting the alternate host. The optimum temperature is 30°C and 2 hours of 
leaf wetness can cause infection [18].

Puccinia graminis goes through meiosis so chances of recombination are many 
more. The number of strains reported includes UG-99, JRCQC, MCC, QCC, QCCJ, 
QCCJB, QCCS, QFCS, and TPMK. These all strains were reported at different times 
from different regions of the world [24, 25].

2.1.4 Stripe rust or yellow rust

All rust species are very destructive but stripe rust is most of all. It is caused by 
Puccinia striiformis f. sp. tritici. It belongs to the phylum Basidiomycota, and it is also 
heteroecious. It has a wide range of host plants. It can infect wheat, rye, barley, and 
other grass species. It can cause 100% yield loss if variety is susceptible and envi-
ronmental conditions are favorable, but the losses varied between 10 and70% which 
mainly depends on epidemiology, area, variety under cultivation, and race of patho-
gen [26]. It was first reported in Sweden in 1794. It is present almost around the globe 
except in Antarctica. Its losses reached 46% in Asia which makes it a major limiting 
factor for the wheat crop [27]. The severe outbreak occurred in Turkey, Iran, and 
Uzbekistan, likewise in 2009-10 diseases occurred in epidemic form in western and  
central Asia and the North part of Africa [28]. Stripe rust is spreading very fast 
and changes the strain immediately, so, it is not easy to produce resistant genotype 
against stripe rust. It causes a wheat loss of 5 million tonnes which is worth equal to 10 
million USD annually. It spreads into dry and warmer places as well and due to change 
in the cropping system and shifting of time of sowing make it more powerful [29].

Disease infection occurs anytime throughout the growing season. It causes symp-
toms on the green part of the plant which includes leaf, leaf sheath, glumes, and awn 
(Figure 1C). The disease infection cycle is similar to other rust pathogens. Infection 
caused by urediniospores and optimum temperature for disease infection is 3–20°C and 
free leaf moisture for 3 hours. The optimum temperature for infection on barberry is 
10°C with 32 hours of leaf wetness [30]. When the temperature goes higher uredinio-
spores change into teliospores. If the temperature goes down from −9°C, it completely 
stops the spores from germination. These two spore phases take place on wheat host 
remaining carried out on alternate host. P. striiformis spores can move by wind and it 
is assumed that they may travel from Armenia, Georgia, Azerbaijan, Turkey, and then 
move to Europe [31]. It was reported firstly at higher altitudes with cold weather but 
now it undergoes environmental adaptations and is reported in Asian countries as well 
[32]. Weather conditions are very important for disease infection, pathogen viability, 
growth, and sexual and asexual reproductions, all are linked with weather conditions 
plus vulnerability of wheat and alternate host [31]. If teliospores germinate at right 
time on an alternate host, it will complete the infection cycle of P. striiformis.

2.1.5 Powdery mildew

After rust and smuts mildew is a more contagious disease for plants. In wheat, 
powdery mildew is caused by Blumeria graminis f. sp. tritici. It is an obligate parasite 
but not heteroecious like a rust pathogen. It is considered as 6th out of 10 fungal yields 
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threatening disease and 8th at the major disease in the world [17]. Powdery mildew is a 
very important disease in temperate and nautical climates in regions, such as America, 
Africa, and Europe. It occurred in epidemic form in China in 1980 and caused huge 
crop yield loss. In the year 2006–2008, it attacked an estimated around 7 million 
hectares area. It caused yield loss ranging between 5 and 35% [33]. It is an endemic 
disease and disseminates in different countries of the world. Yield losses up to 22.5% 
in Egypt on susceptible cultivars [34]. It causes 35% of disease losses in Russia and 
62% in Brazil [35]. The pathogen attacks the plant at the lush green vegetative stage, 
mostly high-yielding genotype and high-nitrogen fertilizer making a plant vulnerable 
to powdery mildew. Ascospores or conidia germinate and enter the leaf surface to 
produce hypha with appressoria in 2 hours, this hypha changes into penetration peg, 
and haustorium allows to enter cell epidermis [36]. Infection reduces photosynthetic 
rate, leaf assimilation index, and increases the rate of respiration which ultimately 
affects the quality of grains. It affects plant vigor, tillering, heading, and grain-filling 
stages. Plant heavily infected gets died completely. When the wheat plant gets infected 
with powdery mildew at the tillering stage, it affects the booting stage which directly 
influences yield. It reduces grain size and weight of grain which causes a 40% reduc-
tion in crop yield if flag leaf gets infection then losses are much greater [37].

External symptoms include a grayish powdery colony on the leaf and stem of the 
wheat plant. It is most prevalent on the upper and lower surfaces of the leaf (Figure 2). 
The powder appears in the form of white patches early in the season, but disease dura-
tion can be prolonged if favorable conditions prevail. These white cottony pustules 
produce asexual spores known as conidia which are later on spread by wind. Sexual 
spores are ascospores that developed in cleistothecia. Both sexual and asexual spores 
are born in humid weather with a lower temperature range.

On disease progress, it covers the entire plant and turns into yellow color due to 
chlorosis, black color fruiting bodies appear on a leaf along with the gray powdery 
mass. Fungus mass can cover the head-on severe attack. The temperature range 
between 10 and 21°C favors the disease. Infection is reduced at the flowering stage as 
the temperature rises, so, fungal grow inside the tissues during winter times. When 
the temperature becomes suitable, it starts germination and spreads from plant to 
plant and field to field by wind. High humidity and temperature range between 15 
and 20°C are most suitable for disease spread, repetition of the life cycle in 7–10 days, 
and development of new strains [38].

Figure 2. 
Visual symptoms of powdery mildew on the wheat leaf (A) and spikes (B).
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2.1.6 Karnal bunt

Karnal bunt of wheat is a very common disease everywhere, it is caused by Tilletia 
indica (Figure 3). It was first time discovered in India in 1930 [39]. Afterward reported 
in Iraq, Pakistan, Nepal, Afghanistan, USA, South Africa, and Mexico [40]. Karnal 
bunt of wheat is an air, seed, and soilborne disease, and spread easily to far-off places. 
It affects the quality of seeds as well as makes them unfit for eating and sowing. The 
disease produces a specific smell even 1% contamination occurs. It was assessed 
that if wheat grains are infected with 3%, it is not suitable for human consumption. 
Infected seeds also become less fertile [41]. The disease can cause huge yield losses, in 
India, yield losses due to Karnal bunt up to 40% in severely infected fields; in the year 
2014–2015, disease incidence was 15% reported in India [42, 43]. Due to its massive 
yield losses and easy perpetuation, many countries banned importing wheat from 
those countries where this disease was common. Almost 30 different countries adopt 
zero-tolerance quarantine measures to avoid disease and its after-effects. Karnal bunt 
causes 7 billion US dollars loss in Mexico every year [43]. Disease epidemics mainly 
depend upon weather conditions, when the temperature and humidity are suitable 
disease infection occurs on wheat. Teliospores germinate when the temperature is 
20–25°C, if 20°C temperature, pH 6–9.5, and moisture for 3 weeks disease outbreak 
occurs. Teliospores need an 80% moisture rate or free water for germination [40].

Clear symptoms can be seen after threshing as grain in the spike are swollen and fell 
off with the wind. Spike length and number of spikes per plant also reduce with the 
disease (Figure 3B). It is also found that all ears in the spike are not bunted, however, 
infected grains are converted into bunt sori (Figure 3A). Sori is oval-shaped contains 
black to brown powdery spores enclosed in the pericarp (Figure 3C). In a severely 
attacked spike, the lining of the seed coat and epidermis is destroyed and spores are 
enclosed in the lining of the pericarp [40]. This smut fungus has a different pathogen-
esis method, the fungus infects wheat after diazotization and starts germination and 
colonization in the epidermis of the plant and infection spreads from cell to cell [44]. 
Teliospores germinate diploid nuclei which undergo meiosis and several mitoses and 
produce haploid basidium. Haploid nuclei develop and produce basidiospores. One 

Figure 3. 
Karnal bunt in wheat spike (A, B) and dark brown teliospores from bunt sori (C).
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daughter cell back to basidium and produce 110–185 sporidia on the tip and are sickle-
shaped. With rain splashes and wind, teliospores drop on soil and become a source of 
primary inoculum, it can survive in the soil for many years [45]. Secondary sporidia 
(allantoid and filiform) are more durable and germinate when getting favorable condi-
tions and play important role in the disease cycle. Allantoid plays role in infection and 
filiform increases the number of inoculum in the soil. Sporidia are binucleated and on 
germination produce a germ tube that penetrates newly developing seed in the ovary. 
Bunt fungus causes infection at the time of anthesis [46]. The disease produces a 
characteristic fishy smell as teliospores that release trimethylamine [40]. If the condi-
tions are not favorable or the wheat plant does not reach the vulnerable stage when 
teliospores germinate, it leads to “suicidal germination.” [47].

Spores of Karnal bunt can survive in the soil for 3 years, it can spread from one 
farm to another through farm machinery. It can tolerate very cold temperatures and 
maintain its viability. Air can spread spores up to 3000 meters [48]. Teliospores are 
resistant to chloropicrin, hydrogen peroxide, methyl bromide, ozone, and propi-
onic acid [47]. Single pathogen isolates can vary from one another by physical and 
morphological characteristics, the number of chromosomes, degree of infection 

Figure 4. 
Flag smut of wheat.
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production, and resistance to host barriers. T. indica is the most effective and over-
breaking smut fungal pathogen from all of the others [40].

2.1.7 Flag smut

Like loose smut, flag smut is also a very important disease; it is caused by Urocystis 
agropyri (Figure 4). It is an obligate pathogen like all other rusts and smuts pathogens, 
it needs a living host to complete its life cycle. Symptoms include twisting and bending 
of infected seedlings, white patched areas appear with blistered and develop coleop-
tiles. On the mature plant, symptoms appear on leaves with white areas which turn 
gray to black afterward. Stunted growth, distorted and twisted tillers may not produce 
spikes and grains. Poor root development was also observed in the infected plant. 
If grains produced are also infected and show poor germination if cultivated again. 
Losses due to flag smut varied between 5 and 20% depending upon the availability of 
environmental conditions [49].

2.1.8 Common bunt

Common bunt of wheat is caused by Tilletia caries, it is the most destructive dis-
ease of wheat. It occurs at the grain-filling stage, with spikes filled with bunt spores 
instead of grains. Spores produce a smell resembled with fish. Spores are airborne and 
bunt stuck with healthy grains during harvesting and become a source of infection 
for the next year. These infected seeds spread all around in trading and exportation. 
Common symptoms appear on spikes that are darker in color as compared to healthy 
spikes, on maturity these infected spikes turn bluish-gray [50].

3. Non-obligate

3.1 Fusarium head blight

Fusarium head blight [FHB] also known as ear blight and the head scab is caused by 
different fungal pathogens, including F. culmorum, F. graminerarum, and F. avenaceum. 
The most common pathogen is F. graminearum, which is found in America, Europe, 
and Asia [51]. It prevails in crop residues in the form of saproprobes; inoculum consists 
of conidia and ascospores; ascospores are sexual spores produced in perithecia fruiting 
body and released by wind [52]. Conidia are asexual spores and produce mycelia which 
infect plant leaves and spikes. F. graminearum produces many mycotoxins, such as 
nivalenone, zearalenone, deoxynivalenol, and moniliformin, which causes significant 
food poison for humans and animals [53].

Wheat plant is susceptible to FHB from the anthesis stage till kernel produc-
tion. Main external symptoms appear on the head, peduncle, spikes, and grains. 
Yellowing to slight discoloration of infected spikelet starts while healthy spikes are 
green (Figure 5). Infected spikes contain pinkish and orange shade colonies of spores. 
Spores are produced in cold and humid weather. Infected seed is cultivated in the 
next season results in red to brown shade colony with poor tiller came out. Reduced 
size and less vigor and well as affect germination rate of seed. Other morphological 
characters include the late heading and tiller stage [54]. Its symptoms are mostly 
confused with root rot and crown rot disease, and incomplete symptoms are confused 
with glume blotch and black chaff.
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Optimum conditions for disease infection are moderate rainfall, and temperature 
range between 24 and 29°C for 2–3 days is enough for infection. Fungal spores survive 
in crop residues. High humidity and rainfall not only increase inoculum but also help 
in dispersal.

3.2 Tan spots

The tan spot of wheat also known as yellow spot or blotch is caused by Pyrenophora 
tritici repentis. Tan spot is very common in the UK, Sweden, Germany, France, and 
Denmark; this causes serious wheat yield loss.

It has a wild range of host plants, including grass species. Most of them are perennial 
crops that help in overwintering pathogens and increasing the number of inoculum for 
disease epidemics. It causes 5–10% yield loss and when environmental conditions are 
favorable losses reached 50% [49]. Symptoms include small dark brown fleck which 
turns black spot on basil leaves. Then spots merge and get enlarged into tan and irregu-
lar lesions with browning inside and yellow rings surround the lesion. Under humid 
conditions, lesions produce dark spores, and lesions combine and produce dead tissues. 
Infected seeds contain pink to red color spores, black points, and low germination.

Fungal survive in the form of dormant mycelium on crop residues. Pseudothecium 
is the fruiting body and ascospores are produced inside. Ascospores spread with the 
wind too far-off places, infected seed is also a source of disease spread. Under warm 
and wet conditions, asexual conidia germinate and spread with rain, it infects the ear, 
glume, and developing grain. Optimum temperature ranges between 20 and 28°C and 
disease symptoms appear in 7–14 days [49].

3.3 Septoria disease

Septoria is a disease complex caused by three different pathogens called P. avenaria 
triticae, Mycosphaerella graminicola, and Phaeosphaeria nodorum. While diseased 

Figure 5. 
Fusarium graminearum symptoms on infected wheat nodes and spike.
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caused by Mycosphaerella graminicola (anamorph; Zymoseptoria tritici) is called 
Septoria tritici blotch [STB]. This pathogen not only reduces the size but also the 
quality of grain. When disease occurs in the epidemic form, it causes 30–50% yield 
losses. It occurs in strong epidemic form in those areas where the temperature is lower 
and wet humid weather. It is most common in North and South America, North and 
South Africa, the north part of Europe, and Turkey [55]. External symptoms include 
chlorotic lesions on leaves appearing in fall and spring, with the disease advancement 
it becomes darker and produces fruiting bodies on the lesion (Figure 6). It produces 
pseudothecia as a sexual fruiting body and pycnidia as an asexual fruiting body.

The infection starts when airborne ascospores germinate on the plant which is 
overwintered in plant residues. Infection occurs just after the emergence of seeding. 
Sexual spores attach with stomatal opening with the help of germ tube and enter 
into the stomata and produce appressorium. After 7 days, it produces hyphae and 
mycelium inside the whole plant. The pathogen has both biotrophic and necrotrophic 
mode or growth when it changes its mode then external lesions appear on leaf and cell 
collapse. On disease, advancement lesions change from light to dark color. Conidia are 
produced on the necrotic site which spread with rainwater from infected to healthy 
plants as well as over winter in residues and become a source of inoculum for the next 
crop. Pycnidia produce conidia within 15–40 days after infection, it depends upon 
environmental conditions. Under unfavorable conditions, spores undergo a dormant 
state and germinate when the temperature and moisture are available [56].

3.4 Common root rot, crown root rot, and black point

The number of diseases caused by Bipolaris sorokiniana in different cereal crops 
causes crown root rot, common root rot, and black point disease in wheat leads to 
huge yield losses [57]. Root rot occurs everywhere in wheat-cultivated areas. Canada 
lost 5.7% of wheat due to common root rot which was worth 42 million dollars. Crown 
root rot is very common in the pacific region. It causes 35% yield losses over there 
[58]. When seeds are infected with Bipolaris sorokiniana causes black points on the 
wheat plant which on advancement results in rotting and blight disease of seedlings. 
Black point disease appeared as brown to blackish tips on the embryo of grains, it 
increased the weight of kernel but grain quality reduced. These infected seeds if 
cultivated for the next season it will reduce seed germination, increase seedling 

Figure 6. 
Septoria leaf blotch symptoms on the wheat leaf (A) and sclerotia on the stem and leaf (B).
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death, reduce seedling emergence, and reduce photosynthetic rate ultimately affect-
ing normal growth [59]. It is also observed that disease is associated with Alternaria, 
Penicillium, and Fusarium spp. and caused huge losses [60]. The disease causes 
losses up to 90% if favorable conditions prevail for a longer time. The favorable 
temperature ranges between 28 and 30°C and relative humidity requires up to 90% 
[59]. Fungus goes through teleomorph known as Cochliobolus sativus, it is the sexual 
stage and reported first time in Zambia, while sexual reproduction of C. sativus has 
not been reported everywhere. B. sorokiniana reproduce asexually through conidia 
[58]. Common root rot and crown root rot cause significant losses in China, India, 
Australia, and Europe. Symptoms include necrotic lesions on roots and with the 
disease advancement lesions become darker [61]. It is very common in dry and warm 
regions of the world. Disease incidence is affected by soil temperature and moisture, 
severity increases when the plant is under stress conditions.

Root rot is one of the serious diseases for wheat, especially in Egypt. It can cause 
significant yield losses because it attacks the seedlings just after germination from the 
seed. The disease is caused by Rhizoctonia solani and Fusarium graminearum (Figure 7). 
In combination, these two pathogens are very severe. Fusarium cause wilting and R. 
solani causes damping-off. Fungal pathogens germinate, colonize, and enter the roots; 
they block the roots by growing mycelium inside the root. Plant or young seedlings are 
unable to get nutrition and ultimately die off [62, 63].

4. Minor limiting factors

Wheat is also affected by some minor diseases which are sometimes causing huge 
crop yields. It includes different types of viruses, bacteria, and nematodes. Wheat 
is affected by the number of soilborne viruses named as soilborne wheat mosaic virus 
belongs to genus brymovirus. This genus has other members, such as wheat yellow 
mosaic virus and wheat spindle streak mosaic virus. The soilborne wheat mosaic virus 
causes heavy losses in USA and Brazil in the early 90s, 50 and 80% respectively. 

Figure 7. 
Rhizoctonia root rot (A) and fusarium head blight (B).



97

Fungal Diseases of Wheat
DOI: http://dx.doi.org/10.5772/intechopen.102661

Symptoms included were a yellow mosaic appearance on leaves and stunted growth 
with a poor root system.

Wheat spindle streak mosaic virus causes 30% yield losses to wheat sown in winter. 
It shows chlorotic as well as necrotic streaks along with leaf veins. It reduces crop 
height and seed production [64, 65]. Nematodes include cyst nematodes in which 
2nd stage juveniles enter the root and move toward the vascular system. Nematode 
enlarges its size and develops syncytia which withdraw food and nutrition from 
nearby cells. This serves as an endoparasite. Adult females lay eggs within 3 to 6 weeks 
of infection and cover these eggs to protect them from unfavorable conditions. Wheat 
is also infected with H. avanae. Another nematode Anguina tritici causes seed gall 
disease in wheat and other important cereals.

5. Management

Wheat is important and staple food all over the world. The main source of carbo-
hydrates and used in a different form. But its production is affected by the number 
of diseases. Wheat is affected by several fungal diseases. The major threat to wheat is 
due to rusts, smuts, and mildews. Crop rotation, soil solarization, and zero tillage are 
important tools for disease management. The use of a resistance cultivar against dif-
ferent pathogens is an effective strategy. Resistant cultivars, certified pure seeds, and 
seed treatment with strong fungicide are effective to control for these rust and smut 
diseases [66]. Breeding for resistant varieties to manage loose smut, inheritance of 
resistance in hexaploid wheat cultivars is examined [67]. Back cross of seven resistant 
and two susceptible varieties against loose smut disease artificially inoculated in mid 
of anthesis stage. The segregation ratio showed that resistance against loose smut 
is controlled by a single dominant gene in wheat [68]. Another study reviled that 
resistant genes against loose smut are partial and complete resistance which are both 
dormant and recessive, these resistance genes can stop or hinder the growth of smut 
inside the plant at different points [68].

One of the powerful and effective tools against disease resistance is host-induced 
gene silencing in the transgenic plant. It is also helpful in functioning and gene char-
acterization. New and advanced techniques help in contrition of efficient transgenic 
system and enhance RNAi-driven strategy against the resistant plant. These new and 
advanced techniques are proven best against biotic and abiotic stresses and another 
best part of these techniques, they are environmentally friendly and farmer friendly. 
Genome editing by Cas-9 is very important and helpful in the insertion of resistant 
genes against pathogens to produce resistant cultivars [69, 70].

The use of biological control agents against pathogens is effective and widely used 
technique because of the chemical resistance problem. The use of B. megaterium, 
T. harzianum, B. amyloliquefaceiens, and Epicoccum spp. is proven effective against 
different root rots [71]. The use of T. harzianum and T. koningii are significant against 
B. sorokiniana and A. alternata [72]. Trichoderma spp. and Bacillus give significant 
inhibition against different root rot pathogens [73].

Chemical fungicides are used for seed treatment and foliar application. Use of 
Carbendazim, carboxin, triticonazole, thiram, metalaxyl, as a seed treatment for 
seedborne diseases in wheat [72]. Tubeconazole in combination with imidacloprid 
and cyproconazole along with difenoconazole are effective chemical fungicides 
against rust and smut diseases of wheat [74]. Seed treatment with difenoconazole, 
fludioxonil, homai, and vitavax is proven best against seedborne pathogens.
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Chapter 7

Bacterial Pathogens of Wheat: 
Symptoms, Distribution, 
Identification, and Taxonomy
James T. Tambong

Abstract

Bacterial pathogens are significant biotic factors of wheat, a globally important 
source of carbohydrates. The diseases caused by these pathogens are reported to 
reduce annual wheat production by about 10% and up to 40% in severe infections 
occurring early in the growth period. This chapter presents current information on 
the symptoms, distribution, identification, and taxonomy of key bacterial pathogens 
of wheat with a focus on the seed-borne bacterium, Xanthomonas translucens pv. 
undulosa, the causative agent of the leaf streak and black chaff disease. Other wheat-
pathogenic bacterial pathogens addressed in the chapter are Pseudomonas syringae pv. 
syringae, the causal agent of bacterial leaf blight; P. syringae pv. atrofaciens that cause 
the basal glume rot; Pseudomonas fuscovaginae, the causal agent of the bacterial brown 
sheath; Erwinia rhapontici, the causal agent of the pink seed of wheat; Pseudomonas 
cichorii, the causative agent of wheat stem melanosis; Clavibacter tessellarius is respon-
sible for the bacterial mosaic of wheat as well as other minor bacterial pathogens. 
Finally, the chapter proposed the use of genome-based tools for the accurate identifi-
cation and classification of bacterial pathogens of wheat.

Keywords: wheat, bacterial pathogens, Xanthomonas translucens,  
Pseudomonas syringae, Clavibacter tessellarius, bacterial leaf streak and black chaff disease, 
Erwinia, Pseudomonas fuscovaginae, Rathayibacter, Pseudomonas cichorii
Agriculture and Agri-Food Canada

1. Introduction

Wheat is the most important food grain source in the human diet and is considered 
a global primary commodity ([1]; http://faostat.fao.org/). The “big three” cereal 
crops, wheat, maize, and rice account for 75% and 50%, respectively, of the carbo-
hydrate and protein intakes by humans [2–4]. Of the three cereal crops, wheat is the 
most nutritious with a protein content of about 11–14% even though it is low in some 
essential amino acids, e.g. lysine [1, 5, 6]. Wheat, as an essential staple food, provides 
about 20% of the calories intake of about 40% of the global population [2].

Notwithstanding the significance of wheat grain and products to humans globally, the 
worldwide increment in wheat production is third behind maize and rice. Between 
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1961 and 2013, the total cultivated land area allotted to bread and durum wheat 
increased from 204 Mha to 218 Mha, an increment of only 6.8%, but recorded a 321% 
increase in production from 222 MT to 713 MT [4]. In 2017, global wheat production 
was 757 MT harvested from 220 M ha [4]. An increase of 30% in wheat production 
to 1 billion tons, as suggested by Bockus et al. [2] is required by 2030 to feed the nine 
billion estimated population. It is unclear how this can be achieved in the agricultural 
world threatened by global warming. This is compounded by the fact that annually, 
about 25–30% of wheat crop yield loss is incurred due to abiotic and biotic stresses.

Biotic stresses are incited by diseases and insect pests of wheat. One of these groups 
is bacteria. Bacteria are prokaryotic microorganisms that have a nucleus or organelles 
not bound to a membrane. Plant pathogenic bacteria are unicellular and may be motile 
due to the presence of one or more flagella; and the mode of reproduction is by binary 
fission, in which the cell divides into two similar daughter cells with new generations 
occurring in less than 2 h in some species. Due to their small size, measuring up to about 
2 μm, light (at least 400×) and electron microscopes are required for detailed studies 
and investigations of the cell morphology and structure. Bacteria that are pathogenic to 
wheat are categorized into two main groups: Gram-positive and Gram-negative based 
on the reactions to Gram’s stain, a reaction during which strains of the former group 
stains dark purple while the latter group appears red by taking up the counterstain.

Bacterial pathogens are significant biotic factors of wheat, a globally important 
source of carbohydrates. The diseases caused by these pathogens are reported to 
reduce annual wheat production by about 10% and up to 40% in severe infections 
occurring early in the growth period. This chapter presents current information on 
the typical symptoms, distribution, identification, and taxonomy of key bacterial 
pathogens of wheat. The pathogens to be profiled include Xanthomonas translucens, 
the causal agent of the bacterial leaf streak and black chaff disease; the causal agent of 
bacterial leaf blight, Pseudomonas syringae pv. syringae; Clavibacter michiganensis subsp. 
tessellarius (bacterial mosaic of wheat) as well as other minor bacterial pathogens.

2. Wheat bacterial pathogens

2.1  Xanthomonas translucens pv. undulosa (Xtu), the causal agent of bacterial 
streak and black chaff disease of wheat

2.1.1 Disease symptoms, importance, and distribution

The leaf streak and black chaff (BLS) is the most important bacterial disease of 
wheat. Symptoms appear on the leaves and/or spikes of wheat plants. The disease 
starts with water-soaked necrotic streaks that eventually change to translucent lesions 
(Figure 1). Under favorable temperature and humidity, yellow exudates of the bacteria 
can be seen oozing out on the surfaces of infected leaves. The black chaff phase of 
the disease is seed-borne and as such may pose restrictions for germplasm exchange 
internationally and the trade of wheat grain [7]. In addition, losses in yield resulted 
mainly from the poor filling of grains and can be as high as 40% [8] but if the heads are 
heavily diseased no marketable grain is yielded [2]. Black chaff is often confused with 
the pseudo-chaff or brown melanosis conditions caused by abiotic stress [9, 10] as well 
as fungal pathogens and genetic factors [7, 11]. In fact, the black chaff was reported to 
be a composite disease involving three major factors: the bacterial black chaff, alter-
naria blotch and favorable environmental conditions for melanism [10, 12].
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BLS disease has been confirmed in 34 countries of wheat-growing regions 
worldwide. Based on a recent global database of the European Plant Protection 
Organization (EPPO; https://gd.eppo.int/taxon/XANTTR/distribution, accessed 
22 November 2021), the disease is present in Africa (Ethiopia, Kenya, Madagascar, 
Morocco, South Africa, Tanzania, Tunisia, and Zambia), Australia, South America 
(Bolivia, Argentina, Brazil, Peru, Paraguay, and Uruguay), North America  
(Mexico, Canada, and United States,), several European countries (Russia, 
Romania, Ukraine, Turkey), and Asia (China, India, Iran, Israel, Japan, 
Kazakhstan, Malaysia, Azerbaijan Pakistan, Syria, Georgia, Yemen). The western 
part of Europe appears to be shielded from the BLS disease which might be due to 
unfavorable environmental factors coupled with aggressive quarantine efforts [13, 
14]. In North America, the first reports of BLS were in barley and wheat farms in 
the Midwestern United States [15]. Figure 2 shows the global distribution of X. 
translucens pv. translucens (Xtt). It is worthwhile to note that some plant pathologists 

Figure 1. 
Symptoms associated with bacterial leaf streak disease of wheat caused by Xanthomonas translucens pv. 
undulosa (a) typical longitudinal necrotic lesions; (b) completely diseased or dead flag leaves (center of the photo); 
and (c) typical black chaff symptom of the spikes. Photographs (a) and (b) are courtesy of Dr. M. Harding, 
Alberta Agriculture and Forestry; and (c) was kindly provided by Dr. S. Wegulo, University of Nebraska-Lincoln.

Figure 2. 
Global distribution of Xanthomonas translucens pv. translucens. CABI, 2020. X. translucens pv. translucens 
(bacterial leaf streak of barley). In: Crop Protection Compendium. Wallingford, UK: CAB International. https://
www.cabi.org/cpc/datasheet/56978#toDistributionMaps [accessed: 17/12/2021]. Note that wheat BLS pathogen 
has also been referred as X. t. pv. translucens [2].
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had referred to the BLS disease causal agent of wheat as X. t. pv. translucens (see the 
section on taxonomy below).

The disease spread to many other counties with outbreaks and epidemics occurring 
in southeastern regions of United States [16]. Between 2018 and 2012, the BLS disease 
incidence increased significantly in the Upper Midwestern states of Minnesota [17], 
South Dakota [18], and North Dakota [8]. The earliest available record of BLS in Canada 
was in 1934 [10]. In recent years, no outbreaks have been reported in Canada but the fre-
quency of annual occurrences is becoming high, especially in Alberta and Saskatchewan 
provinces of Canada. In Mexico, the earliest record of BLS was reported in 1931 in the 
northeastern part of the country [19]; and currently, high elevation temperate and 
humid areas of Toluca, 2650m above sea level, seem to have high disease pressure [20].

Although the BLS is one of the most important bacterial diseases of wheat and is 
considered a potential biothreat, recent data or reports on yield losses do not exist. 
This is compounded by the fact that the importance of the disease may significantly 
vary in the different wheat-growing areas which might partly be dependent on the 
tolerant/resistant levels of the cultivars grown as well as prevalent environmental 
conditions [14]. Wheat yield grain losses attributed to BLS disease are largely about 
10% or lower, but yield losses on highly susceptible cultivars can be as high as 40% 
[21, 22]. A 20% yield loss as a function of leaf streak severity on bread wheat was 
reported in Mexico [23]. Duveiller and Maraite [23] and Shane et al. [24] reported 
that the BLS severity on the flag leaves correlates negatively with the BLS yield loss, 
and suggested that BLS infection of 50% leaf surface area of flag leaves may lead to a 
yield reduction of up to 20%. Shane et al. [24] reported that a BLS severity of 100% 
on flag leaves led to up to 34% yield wheat grain loss. Yield loss due to the severity 
of BLS disease can be attributed to the reduction in seed weight and the number of 
seeds per spike [25]. Also, there is a reduction in the quality as BLS infection seems to 
change the protein content of wheat grains [24].

2.1.2 Taxonomy

The taxonomy of the “translucens” group is not clear due to the pathovar naming 
system that is based on the first host from which the bacteria was isolated. This 
section provides some historic and current nomenclature of the group. The bacterial 
pathogen of the BLS disease on wheat was originally named Bacterium translucens pv. 
undulosa [26]. Since then, the nomenclature of the pathogen has evolved through a 
series of names including Xanthomonas campestris pv. translucens and X. campestris 
pv. undulosa [27]. The pathogen has also been referred in many publications as X. 
translucens pv. translucens [2], the valid name for the pathovar that infects barley. The 
most recent and valid nomenclature for this pathogen is X. translucens pv. undulosa 
(Smith et al.) Vauterin, Hoste, Kersters and Swings 1995. Xtu is reported to infect 
both wheat and barley while Xtt is pathogenic to only barley [8, 28]. The com-
plete current taxonomy of Xtu is Kingdom Bacteria; Phylum Proteobacteria; Class 
Gammaproteobacteria; Order Xanthomonadales; Family Xanthomonadaceae; Genus 
Xanthomonas; and Species X. translucens. The translucens group is divided into 10 
pathovars: undulosa, translucens, cerealis, hordei, secalis, arrhenatheri, graminis, poae, 
phlei and pistaciae. Pathovar cerealis (Xtc) has also been reported to cause BLS dis-
ease symptoms [29, 30], but Xtc has a broad host range than Xtu that includes wheat 
(Triticum spp.), barley (Hordeum vulgare), oats (Avena spp.), triticale (Triticosecale), 
and rye (Secale cereale) [8, 31, 32].
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2.1.3 Isolation and identification

The type and quality of the collected BLS diseased leaf sample and culture 
media are crucial to isolating Xtu strains and could, also, depend on the sample 
type, leaf, or seeds. Generally, a leaf sample with young BLS lesions is selected, 
thoroughly washed in running water, surface disinfected, and blotted dry. About 
0.25 cm2 sections of symptomatic leaf tissue are aseptically excised, bisecting, at 
least, one lesion and immersed in a 100 μl droplet of sterile water, and incubated at 
room temperature for 5 min [28]. Using a 10-μl loop, the suspensions are streaked 
onto appropriate non-selective culture media e.g. nutrient agar (NA), Wilbrink’s 
medium, King’s B, and Yeast peptone glucose agar plates, and incubated at 28–30°C 
for up to 72 h. Semi-selective culture media, KM-1 [33], XTS [34] and Wilbrink’s 
boric acid-cephalexin (WBC) [35] have also been developed. KM-1 and XTS have 
been proposed for isolating Xtt while WBC is a useful medium for isolation of X. t. 
pv. undulosa as well as related pathovars. The composition of these culture media is 
given in Table 1.

Xtu can be identified and differentiated from Xtt and X. translucens pv. cerealis 
(Xtc) by pathogenicity tests. Application of the bacterial inoculum in the soil and/or 
seeds is not effective in testing pathogenicity [7, 10]. Artificial inoculation of wheat 
plants at the 4–5 leaf stage through the injection of bacterial suspension using a hypo-
dermic syringe is the most reliable and effective method [19, 36]. As indicated above, 
Xtu is reported to infect wheat and barley, Xtt is pathogenic to barley only while Xtc 
has a broad host range that includes several other cereals. Well-conducted pathogenic-
ity tests could be useful in the identification and differentiation of Xtu.

The pathogen can be distinguished from other pathogenic bacteria of wheat by 
biochemical and physiological trains. The bacterium causes hypersensitivity on 
tobacco [37]. Strains of Xtu are non-sporulating, rod-shaped Gram-negative bacteria 
and use a polar flagellum for motility. This bacterium is oxidative (producing acid 
from glucose under aerobic conditions) [7]. It does not reduce nitrate to nitrite [38] 
while esculin hydrolysis is positive but no 2-ketogluconate is produced [39, 40]. 
Strains of X. translucens, unlike X. campestris, do not use lactose nor hydrolyze starch 
[41]. Very few biochemical and physiological tests exist for pathovar differentiation. 
Metabolic fingerprinting based on BIOLOG MicroPlatesTM on carbohydrates and 
amino acid utilization may not be effective in the identification of pathovars [7].

Molecular techniques are useful for identification of Xtu but very few records 
are published. Repetitive element palindromic PCR (rep-PCR) and amplified 
fragment length polymorphism (AFLP) have been used to partly taxonomically 
differentiate some X. translucens pathovars [32, 42]. Maes et al. [43] reported the 
development of assay based on rDNA spacer sequences for detection X. translucens 
pathovars causing cereal leaf streak in the seed Iqbal et al. [44] developed a 2-step 
conventional PCR assay specific for detection and identification of Xtu in wheat in 
Pakistan. Recently, genome-based and multilocus molecular typing and identifica-
tion of X. translucens pathovars have been reported [17, 28, 45–48]. Langlois et al. 
[49] characterized the X. translucens complex by sequencing and analyzing 16 draft 
genomes and exploited the genetic variability for the development of diagnostic 
loop-mediated isothermal amplification (LAMP) assays that can distinguish path-
ovars (pvs. undulosa, translucens, hordei, and secalis) that cause disease on cereals 
from noncereal pathovars (arrhenatheri, cerealis, graminis, phlei, and poae). Genome 
sequencing and comparative genomics have become more reliable and effective 
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tools in the identification of plant pathogenic bacteria including members of the X. 
translucens group (see Section 3).

2.1.4 Management strategies

Since the BLS pathogen is seed-borne, one of the best control strategies is to avoid 
planting infected seeds. It is, thus, important to do a simple seed wash test [7]. The 
test is conducted by adding 120 g of seeds in 120 ml aqueous saline solution contain-
ing 0.02% v/v Tween 20, shake vigorously for 1 minute, and perform serial tenfold 
dilutions up to 10−3 before plating on semi-selective media e.g. KM-1 and WBC, 
described above. Levels of 1000 colony forming units per gram or less in seed washes 
have been reported to result in little or no disease [34]. Avoid using infested seeds for 
germplasm exchange [7] to minimize the spread of the pathogen.

Crop rotations have been reported as another management strategy but little data 
exist on how this measure works in reducing the BLS and black chaff epidemics. 
Given that the main source of spread of the pathogen is through infested seeds, crop 
rotation may not be a key management strategy. However, the bacterium can survive 
in wheat straw and can induce initial field infections. Boosalis [50] noted that the 
viable number of the pathogen is low in overwintered straw and greatly reduced when 
the straw are buried in the soil. Also, pathogen survival seems to be almost impossible 
under non-host rotations as well as the high susceptibility of the bacteria to antago-
nistic bacteria [34].

2.2 Pseudomonas syringae pathovars

2.2.1  Pseudomonas syringae pv. syringae, the causal agent pathogen of the leaf blight

2.2.1.1 Disease symptoms, distribution, and importance

P. syringae pv. syringae is the pathogen that causes the bacterial leaf blight [51] or 
leaf necrosis [52] disease of wheat. During the initial infection, the symptoms are 
small, water-soaked spots that expand into characteristic large lesions, blotches, or 
streaks often observed under rainy and high humidity conditions [2]. Under low 
humidity, the water-soaked lesions quickly turn into characteristic gray-green. Within 
3 or 4 days, the lesions coalesce to form irregularly shaped blotches and become 
tanned or white. Whole leaves might be necrotic while the heads and lower leaves are 
without any symptoms [2].

The disease was first reported in the USA in the following states, South Dakota, 
North Dakota, and Nebraska [53], Minnesota [51] and Montana [54]; and 2 Canadian 
provinces of Saskatchewan and Alberta [52]; Italy [55], South Africa [56]; Pakistan 
[57] and Argentina [58]. Besides wheat, Pseudomonas syrinage pv. syringae is a wide-
spread plant epiphytic bacterium with a very wide host range consisting of many 
herbaceous and woody plants including corn (Holcus spot), sorghum (bacterial 
leaf blight), and lilac (bacterial blight). Otta [52] found that strains of P. syringae pv. 
syringae isolated from corn, foxtail, sorghum, and peach are pathogenic on wheat 
seedlings. This opportunistic bacterium has been reported to cause disease in various 
host plants of agricultural importance as well as many weeds [59, 60] in Europe, Asia, 
Oceania, South America, Caribbean, and North and Central America. Its worldwide 
distribution is well documented as the causal agent of the bacterial canker or blast 
disease of stone and pome fruits (Figure 3).
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The importance of the disease on wheat is dependent on specific weather condi-
tions. The disease is more often observed during several days of high humidity, cool 
temperatures (15–25°C), and heavy rainfall [62]; and plants are more susceptible at 
the boot stage. The disease is generally considered to be of minor importance with 
minimal impact on yield losses. However, Otta [52] reported high yield losses in South 
Dakota where an epidemic outbreak resulted in very high infection severity in fields 
with 75% or more necrotic leaves. Also, in North America, the cultivation of suscep-
tible cultivars, e.g. Chris, Era, Scout 66, and Winoka, led to significant yield losses. 
These susceptible cultivars have been replaced with resistant wheat cultivars and as 
such the disease is only sporadic in North America [2].

The current and complete taxonomic standing of the bacterium is Kingdom 
Bacteria; Phylum Proteobacteria; Class Gammaproteobacteria; Order Pseudomonadales; 
Family Pseudomonadaceae; Genus, Pseudomonas; and Species, P. syringae; pathovar 
syringae.

There are no traditional management strategies for the bacterial leaf blight disease 
caused by P. syringae pv. syringae. It is, however, recommended to avoid planting very 
susceptible cultivars.

2.2.2  Pseudomonas syringae pv. aatrofaciens, the incitant of the basal glume rot 
disease

2.2.2.1 Disease symptoms, distribution, and importance

P. syringae pv. atrofaciens (McCulloch) Young, Dye, & Wilkie is the incitant of 
basal glume rot of wheat. Typical and characteristic symptoms of the disease are dull 
brownish to blackish discoloration, usually, on the lower part of the wheat glume 
(Figure 4a). It is more visible in the inner than the outer side of the glume. At times, 
water-soaked sections can be seen around the lesions [63]. Seeds in florets showing 
typical symptoms of the disease are often brownish to blackish in color (Figure 4b). 
The grains may be shriveled when wet darkish green lesions appear on the peduncle 
and surrounding it fully [2]. Also, small (2–10 mm) wet, darkish green lesions may 
appear on the leaves which then could quickly become necrotic [62]. Symptoms on 
the glume and peduncles can be confused with black-chaff caused by X. translucens 

Figure 3. 
Distribution of Pseudomonas syringae pv. syringae Van Hall worldwide. CABI, 2020. P. syringae pv. syringae 
(bacterial canker or blast (stone and pome fruits)). In: Crop Protection Compendium. Wallingford, UK: CAB 
International. https://www.cabi.org/cpc/datasheet/45014#toDistributionMaps [accessed: 17/12/2021] [61]).
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or pseudo-chaff, a disorder associated with abiotic stress factors. Seed symptoms are 
often confused with the black point disease. Wet climatic conditions after heading 
favor the development of the disease.

The basal glume rot disease caused by P. s. pv. atrofaciens was first described in 
America [64]. It has since been reported in almost all wheat-growing regions of the 
world [65]. The basal glume rot disease of wheat has been reported in the USA and 
Canada [64]; Mexico [66]; Ukraine [67]; Bulgaria [68]; Australia [69]; New Zealand 
[70]; South Africa [56, 71]; Germany and Denmark [72]; and Belgium [62]. Figure 4c 
shows the global distribution of the disease.

The basal glume rot occurs only sporadically. It is generally thought to be a minor 
disease and as such, the impact on wheat grain yield has not been well studied. 
However, P. syringae pv. atrofaciens is reported to cause yield losses exceeding 50% in 
marshy soils of Germany [73]. Also, 7-year outbreaks of leaf necrosis led to leaf infec-
tions of over 75% [52] and can cause a severe reduction in grain quality [74, 75].

Since the bacterium is seed-borne, contaminated seeds remain the most important 
source of infections to new wheat plantings. No effective seed treatment exists for the 
management of P. s. pv. atrofaciens. Also, wheat genotypes may vary in resistance but 
little is known of the level of resistance of present-day cultivars [2]. Wheat growers 
are recommended to avoid planting seeds harvested from infected fields.

Figure 4. 
(a) Typical dark brown to black discoloration and (b) diseased seed symptoms caused by Pseudomonas syringae 
pv. atrofaciens; and (c) global distribution of the causal agent of the wheat basal glume rot disease. Photos: 
Centro Internacional de Mejoramiento de Maíz y Trigo (CIMMYT) (http://wheatdoctor.org/basal-glume-rot). 
Distribution map from CABI, 2020. In: Crop Protection Compendium. Wallingford, UK: CAB International. 
https://www.cabi.org/cpc/datasheet/44934#toDistributionMaps [accessed: 17/12/2021].
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2.2.3  Isolation and differentiation of P. syringae pv. syringae and P. syringae pv. 
atrofaciens

Epiphytic populations of P. syringae pv. atrofaciens and P. syringae pv. syringae are 
extensive and easily isolated from wheat plants. As such, isolating these bacteria is not 
definite prove that the observed symptoms are induced by P. syringae pv. atrofaciens or 
P. syringae pv. syringae [62]. However, if the concentrations of the bacteria in diseased 
leaf tissues are high, e.g. 108 colony forming units per gram fresh weight, then they 
might play somewhat a likely causal role [62].

These two pathovars cannot be differentiated based on colony morphology or 
physiological traits [53, 62, 76], nor by using serological methods [52, 77] while Iacobellis 
et al. [76] reported that P. syringae pv. syringae and P. syringae pv. atrofaciens could not 
be differentiated by genetic features. However, advances in whole-genome sequencing 
and comparative genomics analysis have made it possible to accurately identify and 
differentiate these two pathovars (see Section 3). Genome-based DNA-DNA relatedness 
calculations between P. syringae pv. syringae and P. syringae pv. atrofaciens revealed 82.2% 
hybridization values, suggesting a genetic difference of about 18% (Tambong, unpub-
lished). Accurate and reliable pathovar identification/differentiation is only possible 
based on the disease symptoms induced on cereals [78, 79].

The isolation of P. syringae pv. syringae and P. syringae pv. atrofaciens has been 
routinely achieved using King’s medium B. Colonies are whitish-gray in color and are 
circular and convex in shape after 24 h of incubation; and exhibit blue fluorescence 
under ultra-violet light, which turns green after 48 h [62]. No semi-selective media 
have been reported for use in the isolation of these P. syringae pathovars. However, 
KBC medium, King’s B medium amended with boric acid, cephalexin, and cyclo-
heximide [80] showed high selectivity for P. syringae pv. atrofaciens even though the 
bacterium seemed to grow slightly slower compared to King’s medium B.

2.3 Pathogens of the genus “Clavibacter”

2.3.1 Clavibacter tessellarius, the causative agent of bacterial mosaic of wheat

The wheat bacterial mosaic disease was first reported in Nebraska (USA) in 
1976 and taxonomically described in 1982 [81]. The disease is caused by Clavibacter 
michiganensis subsp. tessellarius (Carlson & Vidaver) Davis et al.. The taxonomy has 
evolved from Corynebacterium michiganese subsp. tessellarius through C. michiganensis 
subsp. tessellarius to Clavibacter tessallarius based on whole-genome sequence analy-
sis [82]. The geographic distribution is restricted to North America: USA [81] and 
Canada [13]. The pathogen is specific to wheat but seems to be related to C. michi-
ganensis [81]. It can, however, be differentiated from other plants pathogenic coryne-
bacterium by bacteriocin typing. The disease is sporadic, annually, and also occurs in 
triticales. The economic significance of the disease is yet to be documented.

The bacterial mosaic disease caused by C. tessellarius is a foliar disease characterized 
by a mosaic of small yellow lesions that resemble infections by viral pathogens. The 
small lesions on the leaf may coalesce to form streaks [7]. Under greenhouse tempera-
ture conditions of 20–22°C, artificially inoculated seedlings develop typical mosaic-like 
symptoms in three to 5 days [81]. The pathogen is seed-borne [83] and as such control 
strategies should include removing contaminated seeds and the development of toler-
ant/resistant genotypes. The available wheat genotypes seem to respond differentially 
to the pathogen. This could be an indication that genetic improvement is possible [7].
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2.3.2 Clavibacter iranicus, the pathogen of gumming disease of wheat spikes

C. iranicus is the causative agent of the gumming disease of wheat spikes and has 
only been reported in Iran [84]. The taxonomic name of the pathogen was initially 
Corynebacterium iranicum [84] followed by C. iranicus (ex Scharif) Davis, Gillaspie, 
Vidaver & Harris 1984 while Zgurskaya et al. [85] proposed the renaming of this 
bacterial pathogen as Rathayibacter iranicus. The economic significance of the patho-
gen to wheat is unknown.

There are no control or management strategies proposed in the literature for the 
gumming disease of wheat spikes.

C. iranicus (Syn. R. iranicus) exhibits a close relatedness with Rathayibacter tritici 
but they are different [2].

2.3.3 R. tritici, causative agent of spike blight of wheat

R. tritici is the causal agent of spike blight of wheat and was first reported in India 
in 1917 as the causal agent of the tundu disease [2]. It is also known as the yellow ear 
rot or yellow slime rot disease; and also pathogenic to several grasses, e.g. barley. The 
spike blight is considered a disease complex involving the bacterium R. tritici and a 
nematode, Aguina tritici, the causal agent of the seed galls, also known as ear cockle, 
in some wheat cultivars [86].

The current taxonomic nomenclature of the pathogen is R. tritici (Carlson & 
Vidaver) Zgurskaya, Evtushenko, Akimov & Kalakoutskii. Previous scientific 
names, from latest, included Clavibacter tritici (Carlson & Vidaver) Davis, Gillaspie, 
Vidaver & Harris, Corynebacterium michiganense pv. tritici (Hutchinson) Dye & Kemp 
Corynebacterium tritici (Hutchinson) Burkholder, Phytomonas tritici (Hutchinson) 
Bergey and Pseudomonas tritici Hutchinson.

The geographic distribution includes 14 countries: Egypt, Ethiopia, Morocco, 
Zambia, Afghanistan, China, India, Iran, Iraq, Pakistan, Cyprus, Australia [60, 86–89].

Initial field symptoms of the spike blight disease include parallel white or yellow 
streaks generally along the veins of leaves. Later, this is transformed into a sticky 
mass, yellow gummosis on wheat spikes. The spikes and peduncles (necks) are often 
distorted when they emerge from the whorl. Also, early leaves may also be twisted 
or wrinkled. When the sticky mass is dry, the gummois becomes pale yellow-colored 
flecks on the spikes and the adaxial leaf surface [2]. Since the bacterial sticky mass 
is watery under wet weather conditions and dry when the RH is low, the hardened 
gummy substance mechanically causes the leaves, spikes, and peduncles to be dis-
torted. The symptoms that are caused by A. tritici (nematode) are part of the spike 
blight disease complex.

R. tritici is reported to persist in crop residues in moist soils. To facilitate the 
colonization of wheat, the pathogen has to be carried by the nematode A. tritici into 
the whorl enclosures. Generally, the juveniles of A. tritici are contaminated by the 
cells of R. tritici in the soil. This helps with the dissemination of the bacterial cells of 
R. tritici on seeds, in seed galls, and in soil. The A. tritici and R. tritici can survive in 
seed galls for over 5 years [90].

The management of spike blight disease is not well studied. However, growing 
wheat on well-drained soils significantly reduces spike blight disease. Also, manage-
ment strategies used to control A. tritici would be helpful in reducing the spike blight 
incidence. A 2- or 3-year crop rotation of wheat with non-grass crops is another 
control method.
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2.4 Other bacterial pathogens

This section focuses on other bacterial causal agents of wheat diseases that are 
rarely observed and are pathogenic to a variety of host plants. These are considered to 
be less specialized pathogens some of which are epiphytes or opportunistic organisms 
that cause disease to the wheat only under favorable unusual conditions [91]. Since 
the diseases caused by these bacteria have not been extensively studied very limited 
information exists. The pathogens described here include Pseudomonas fuscovaginae, 
Pseudomonas cichorii, and Erwinia rhapontici.

2.4.1 Pseudomonas fuscovaginae, causal agent of the bacterial brown sheath

P. fuscovaginae (ex Tanii et al.; Miyajima et al.) is the causal agent of the bacterial 
sheath rot, also referred to as brown sheath rot, of wheat. Tanii et al. [92] were the 
first to report this pathogen on rice but have since been isolated from several other 
cereal crops including wheat [93]. A recent genome-based taxonomic study re-classi-
fied P. fuscovaginae as a later heterotypic synonym of Pseudomonas asplenii [94].

The bacterial brown sheath rot disease caused by P. fuscovaginae (heterotypic 
synonym of P. asplenii) after the first report in Japan in 1976 on rice, it has been 
reported in 33 other countries, e.g. Burundi, Mexico, (Figure 5) on a variety of crops 
and grasses including wheat, barley, maize, oats, bentgrasses, bromegrass, perennial 
ryegrass, smooth meadow-grass, rye, and sorghum (CABI, accessed November 17, 
2021). Little information exists on the effects of the pathogen on the yield of wheat. 
But severity seems to vary with the genetics of the host plants. Two wheat cultivars, 
Anahuac and Seri 82 suffered severe damage in Mexico in 1990 with 18–20% infec-
tions of the tillers [2, 93]. In Nepal, the disease was not observed on genotype RR21 
while four other cultivars (WK685, Annapurna-1, Annapurna-2, and Annapurna-3) 
were heavily infested [95].

The symptoms are characterized by black brown lesions of angular to irregular 
shapes on the leaves. The lesions have blackish-purple water-soaked discolored 
borders [96]. The adaxial surface of the leaf sheath is often where the initial infection 
starts [97]. Plants with severe incidences may show poor spike emergence and even 
sterility. P. fuscovaginae is disseminated by seed and plant susceptibility is dependent 
on the developmental stage. If the pathogen is present, infections are highly favorable 

Figure 5. 
Global distribution of Pseudomonas fuscovaginae. CABI, 2021. P. fuscovaginae (sheath brown rot). In: Crop 
Protection Compendium. Wallingford, UK: CAB International. https://www.cabi.org/cpc/datasheet/44957#toDis
tributionMaps [accessed: 17/12/2021].
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during the flowering stage at a temperature range of 17–25°C with 100% relative 
humidity (RH) [2].

Management of the disease is very difficult since some of the factors involved 
cannot be controlled easily. Given that the pathogen is seed-borne [93], preventive 
measures are key to reducing the incidence of the disease. Avoid sowing contaminated 
seeds or susceptible cultivars, especially in growing areas under low temperatures and 
high RH microclimates.

2.4.2 Pseudomonas cichorii, the causative agent of wheat stem melanosis

The Gram-negative bacterium P. cichorii is a ubiquitous organism that is pathogenic 
to several host plants worldwide [60]. The only report of P. cichorii on wheat is that 
of Piening et al. [98] isolated from the Park spring wheat cultivar grown in copper-
deficient soil in Canada (Alberta). No recent report of its occurrence on wheat exists 
and data on the economic importance of the disease is not available.

The symptoms were first observed in 1965 in central Alberta as irregularly shaped, 
sharply defined, dark patches in fields of cv. Park spring wheat at the milky stage of 
growth [98]. The initial symptoms start at the milky stage with the development of 
small lesions of light brown coloration under the lower two nodes which later darken 
and coalesce on the stem, rachis, and peduncle [91]. The spikes (also called the ear or 
head) are bleached and the grains are shriveled [2]. Even though the epidemiology is 
not understood, high temperatures (29°C) and relative humidity are conducive for the 
spread of the pathogen; and the disease has, also, been associated with soils that are 
cooper-deficient [99, 100]. There is no known management strategy for stem melano-
sis. However, the application of Cu chelate as amendments at the rate of 2.4 kg/ha to 
copper-deficient soils has been reported to reduce the severity of stem melanosis and 
improve wheat grain yield [99].

The current taxonomy of the pathogen is Kingdom, Bacteria; Phylum, 
Proteobacteria; Class, Gammaproteobacteria; Order, Pseudomonadales; Family, 
Pseudomonadaceae; Genus, Pseudomonas; and Species, P. cichorii.

2.4.3 Erwinia rhapontici, the causal agent of the pink seed of wheat

E. rhapontici (Millard) Burkholder emend. Hauben et al., a homotypic synonym 
to Pectobacterium rhapontici (Millard) Patel & Kulkarni, Erwinia carotovora var. rha-
pontici (Millard) or Pseudobacterium rhapontici (Millard) Krasil’nikov, is the causal 
agent of the pink seed of wheat. Heterotypic synonymic names include Bacterium 
rhaponticum, Phytomonas rhapontica, Aplanobacter rhaponticum, and Xanthomonas 
rhapontica.

It has been reported in Canada [101], France [102], England [103], USA [104], 
Belgium [105] and Russia and Ukraine [106]. It is also reported to be pathogenic to 
pea [107], onion [108], garlic [109], common bean [110], lentil [111], rhubarb [7] and 
several other plant species.

This pathogenic bacterium is opportunistic as it affects mainly injured kernels 
caused by the gall midge (family Cecidomyiidae). Seeds/kernels infected by E. rha-
pontici exhibit pinkish discoloration and slightly shriveled compared normal kernels. 
The germination vigor of infected seeds is poor. The market value of pink seeds is 
significantly low and often not used in pasta production [104].

The infrequent and somewhat random occurrence of pink seed on wheat makes it 
difficult to understand the disease and devise effective prevention strategies.
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3. Genome-based identification of key bacterial pathogens of wheat

With advances in whole-genome sequencing (wgs) and bioinformatics tool 
developments, genome-based methods of classification and identification of pro-
karyotes including wheat pathogens are fast replacing traditional methods such as 
colony morphology, conventional polymerase chain reaction-based assays, multilo-
cus sequence analysis, and wet-lab DNA-DNA hybridization similarity values. Some 
of the traditional approaches, e.g., wet-lab DDH have inherent drawbacks such as 
irreproducibility between laboratories [112]. Whole-genome sequencing provides 
complete and draft chromosome data that can be used to better understand the 
evolutionary and taxonomic relationships in bacteria, in general [113, 114]. Genome 
sequencing and comparative genomics are powerful technologies in the accurate 
identification and classification of bacterial pathogens of wheat.

Table 2 shows the number of publicly available whole-genome sequences (wgs) of 
each of the bacterial pathogens of wheat profiled in this chapter. Application of tax-
ogenomics approach to identifying bacterial pathogens of wheat can be achieved by 
computing genome-to-genome distance (GGDC; [115]); average nucleotide identity 
(ANI; [116]), MuMmer-based average nucleotide identity (ANIm; [117]; tetranucleo-
tide usage patterns (TETRA; [118]; and codon usage [119] as well as supertree analysis 
and other genomic signatures [116]. The three most commonly used genome-based 
parameters in bacterial identification are GGDC, ANI, and TETRA. GGDC outputs 
a pairwise genome-based digital DNA-DNA hybridization (dDDH) value between 
two bacterial strains with a species-level cut-off value of 70%; the ANI similarity 
value based on the BLAST or MuMmer approach has a species delineation threshold 
of 95–96%; and TETRA cut-off value of 0.998 for same species assignment of two 
bacterial strains. It is key that the whole genome sequence of the unknown strain is 
compared to the type strain or pathotype of the target bacterial species.

Pathogen Wheat disease Number of 
sequenced 

genomes

Genome 
size 

(Mb)

G + C 
content 

(%)

Number of 
Protein-coding 

sequences (CDS)

X. t. pv. undulosa Leaf streak and 
spike black chaff

12 (8) 4.6 67.93 3406

P. s. pv. syringae Leaf blight 76 (8) 5.99 59.08 4652

P. s. pv. atrofaciens Basal glume rot 7 (1) 5.91 59.1 5109

P. fuscovaginae Brown sheath 9 (1) 6.54 61.88 5693

P. cichorii Stem melanosis 51 (3) 5.89 58.28 4990

Erwinia 
rhapontici

Pink seed 8 (5) 5.31 54.04 4648

C. tessellarius Bacterial mosaic 2 (0) 3.31 73.45 3028

R. iranicus Gumming 6 (1) 3.33 67.18 3066

R. tritici Spike blight 6 (1) 3.23 69.78 2982

Table 2. 
Number of publicly available whole-genome sequences (wgs) of each of the bacterial pathogens of wheat. X. 
t., Xanthomonas translucens; P. s., Pseudomonas syringae; C. Clavibacter; and R., Rathayibacter. wgs 
presented are from wheat as well as other hosts, and the number in brackets indicate genomes having complete 
chromosomes instead of draft genomes.
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The procedure can be summarized into 5 crucial steps: (1) bacteria isolation from plant 
tissues. Single colony purification, by repetitive streaking, is important to ensure that only 
one bacterial species is present. The presence of two or more species will result in poor 
genome assembly; (2) genomic DNA extraction and quantification. High purity genomic 
DNA is required as well as the quantity which is dependent on the genome sequenc-
ing method to be used; (3) library preparation. During this step, DNA is fragmented 
into short-reads, end-repaired, and adapter-ligated. Adapters allow the attachment of 
sequences to the flow cell, to identify samples, and to permit multiplexing; (4) Next-
generation genome sequencing (NGS). Also referred to as high-throughput sequencing, 
enables sequence profiling of genomes. In a relatively short time, NGS generates large 
amounts of short or long sequence data; (5) Genome assembly and analysis. This step 
involves the use of a specialized Bioinformatics tool to assemble the raw reads into contigs, 
scaffolds, or chromosomes. These tools can be user-friendly or command-line accessed. 
The assembled whole-genome sequences (contigs, scaffolds, or complete chromosomes) 
can then be utilized as input in other bioinformatics tools to compute dDDH, ANI, or 
ANI similarity values between the type strain of the target bacterial species and the newly 
isolated or unknown bacterial strains. There are several user-friendly bioinformatics 
pipelines that can be routinely used by biologists, plant pathologists, or other scientists 
with basic or little bioinformatics knowledge. Examples of these pipelines are PATRIC 
([120]; https://patricbrc.org/) and galaxy@pasteur [121]; https://galaxy.pasteur.fr/).

4. Conclusion

The purpose of this chapter was to summarize the disease symptoms,  
distribution, taxonomy, and identification methods of key bacterial pathogens of 
wheat. Occurrences of wheat diseases caused by bacteria are sporadic or confined 
to limited ecological niches due to favorable weather conditions. However, with the 
advancement of climatic change some of these diseases might become more preva-
lent and as such the information provided here should be helpful to agriculturists, 
biologists, plant pathologists as well as wheat breeders with limited experience to 
recognize and identify these pathogens. This is particularly important since some 
of these pathogens, e. g., X. translucens pv. undulosa, are seed-borne and efforts 
are being made to minimize spread through germplasm exchange. It is highly 
recommended to confirm the pathogenicity of bacterial isolates prior to using 
appropriate determinative tests to validate species-level identification. Accurate 
identification of the causal pathogen(s) of field observed symptoms is key to the 
development or selection of appropriate management strategies. With significant 
reductions in bacterial genome sequencing costs, as low as $220 per strain, and 
the availability of user-friendly bioinformatics tools, biologists and plant patholo-
gists are encouraged to adopt the genome-based approach in the identification of 
pathogens of wheat. Whole-genome sequences parameters provide reproducible 
data leading to reliable and accurate identification of bacteria, in general, and 
wheat pathogens, in particular.
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Effect of Climate Change on Wheat 
Productivity
Ihsan Elahi, Uzair Saeed, Abdul Wadood, Amjad Abbas, 
Hira Nawaz and Sohail Jabbar

Abstract

Climate is the average of weather situation in a particular area, which affects all 
parts of ecosystem. Due to industrialization and urbanization, forests are cutting 
down and converted into living societies. This change in ecosystem disturbs the bal-
ance of ecosystem from decomposers to producers and consumers. Important part of 
ecosystem is plants (producers) that are energy providers. This alteration affects pro-
ductivity and sustainability of plants. Wheat is staple food, which is highly affected 
by temperature and CO2 elevation. It not only affects wheat yield but also make wheat 
vulnerable to several diseases. High temperature causes a high rate of transpiration, 
which causes drought that ultimately leads to low productivity. A model was designed 
on drought conditions and result showed that global warming causes serious drought 
in 60% of wheat-growing areas of the world. Currently, drought affects 15% of wheat 
productivity. It was predicted that every 2°C shift of temperature can cause severe 
water shortage in the coming 20 to 30 years. Water shortage at milking and grain 
filling stage will affect yield. This chapter includes factors affecting climate, impact 
on wheat growth, yield, and elevation of carbon dioxide, impact on disease severity, 
prediction model for temperature rise, and CO2 curve in 2050.

Keywords: CO2 elevation, raised temperature, wheat production, prediction model, 
global warming, metrological advancement

1. Introduction

Long-term change in the weather pattern is affected by natural and human factors. 
Climate is changing every day due to several natural processes as well as by human 
acts. One of the biggest sources of climate change is the accumulation of carbon 
dioxide in our atmosphere. Carbon dioxide accumulates in the atmosphere by burning 
fossil fuel, automobile smoke, chlorofluorocarbons released from electric appliances 
(Air conditions or refrigerators), and volcanic eruptions. Humans release carbon 
dioxide into the air during respiration. Accumulation of carbon dioxide in an atmo-
sphere enhanced the greenhouse effect because carbon dioxide is considered one of 
the most important gases in greenhouse gases. It is observed that amount of carbon in 
the atmosphere is 80% increases today from the time when life on earth started. The 
main reason for this increased value is humans. In past released carbon was utilized 
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by plants as it is the main element in photosynthesis. But with the passage of time 
human population increases and agricultural land is being utilized by humans for 
shelter. With the advancement of colonization deforestation started and agricultural 
land or cultivated land turned into housing societies. Carbon dioxide released from 
automobile vehicles accumulates in the air [1]. Other gases include methane, Nitrous 
oxide, Ozone, Water vapor, Halocarbons. These gases create a sheet around the earth. 
This sheet is denser in the northern hemisphere because of extreme cold they use 
more fossil fuels. This sheet of gases causes a rise in temperature on earth also known 
as global warming. These two terms are inter-related. This temperature rise not only 
affects humans but also disturbs all the natural habitats and ecosystems on earth. 
Climate change effect not externally humans, plants, animals, and microbes but also 
internally by interrupting their genome and causing mutation and cause permanent 
change on a species level. It causes many animal and plants species endangered. This 
also interferes with the life cycle of insects and it makes pathogens resistant and 
cultivars fail to respond better which ultimately leads to food security issues.

Due to global warming agriculture faces serious threats like low crop productivity 
which leads to global hunger and this low production rise the cost of food commodities 
and makes it unaffordable for the poor population. Global warming affects the pattern 
of rainfall which contributes to other disasters. Rise in atmospheric carbon dioxide 
reduced wheat products as well as nutritional value also down and, in some cases, due 
to change in the chemical composition some crops start producing toxins [2]. Plant 
responses to climate change by altering their phenological characteristics. Flowering 
and fruiting or grain filling in the case of cereals is a very important stage that is par-
ticularly affected, it affects pollination, root growth, seed formation, number of seed 

Figure 1. 
Crop yield dependency and limiting factors related to climate change [7, 8].
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production, leaf expansion, and ripening of the crop. Time for flowering and fruit 
ripening is affected by the environment, photoperiod, and vernalization [3].

Wheat is a major cereal crop everywhere in the world, it is an important source of 
energy for the human diet [4]. Wheat is 90% irrigated by arid and semi-arid climates 
to grow wheat. Wheat in rainfed areas is most affected by climate change. Climate 
change affects wheat productivity in Australia, Mexico, every year 2.85 billion dollars 
of wheat loss [5].

Expected food demand will be double by 2050, and production yield losses due to 
global warming and rise in carbon dioxide concentration. This global warming causes 
very negative aspects on plants, pathogens, insects, and pests [6] (Figure 1).

2. Effect of climate change on wheat growth and production

In this hot climate, every prediction regarding climate shows extreme weather 
conditions [9]. Climate change has a very different effect on crop productivity. It is 
estimated that a 1°C increase in temperature can cause a 10–20% decrease in crop 
yield globally. Similarly, a 1 to 3°C increase in temperature is estimated to reduce 
20–30% yield reduction in potato crops [10]. This effect can be even worse till the end 
of this century it is expected to be 2–4°C even more rise in temperature which affects 
crop production [11]. Change in weather conditions ultimately made extreme climate 
shift permanently and affect agriculture in the whole world [12]. These extreme 
temperature changes during sensitive stages like flowering, anthesis, and milking 
stage affect wheat yield, grain weight, and grain size at the end of season significantly 
[13]. Nuttall et al. [14] experimented on wheat production with the combined effect 
of high temperature and CO2 enhanced concentration. Results showed that when 
the temperature was 36 ± 2°C during anthesis it reduced 13 percent and most grains 
were sterile. Asseng et al. [15] concluded that a 2°C increase in temperature in the 
Australian core growing area would reduce yield up to 50%. Therefore, heat stress 
is very critical for future wheat production in Australia, numerous studies are car-
ried out around the globe for risk assessment for yield regarding heat, rainfall, and 
drought condition along with different cropping patterns [16]. Early maturity rescues 
the wheat from drought stress in Europe. Drought is linked with low rainfall and high 
temperature but it is can be managed up to some extent [17].

The wheat crop suffers due to several limiting factors, i.e., biotic (insects, disease, 
pest, weeds), abiotic stress (heat, cold, drought, and nutrients) effects. At specific 
wheat growth stages, these factors have decreasing and restricted aspects on wheat 
crop. The CO2, radiation, and temperature have positive and significant effects on 
wheat growth. These factors are directly proportional to the wheat yield [7, 8].

Different studies reported that climate change reported that directly predict crop 
yield. Every 1-degree rise in temperature decrease the growth attributes and ulti-
mately yield. A comprehensive change in growing season temperature was reported. 
They predict 100 years crop model for global climate change (variation in tempera-
ture & rainfall) and their effect on the wheat yield based on 100 years’ data [18].

In the north of Europe, flowering time is very much affected by dry climatic 
conditions and it causes drastic yield losses [19].

Wilcox and Makowski [20] used 90 articles and made data set of climate change 
of different regions, i.e., USA, Spain, UK, and Australia. Variability in average yield is 
high in regions like UK, USA, and Australia, it ranged between −100 and + 90% in the 
Australian region.
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The conclusion of this analysis includes a meta-analysis for wheat production 
and yield in the future. Analysis was done with high CO2 concentration, a decline 
in rainfall along with rising temperature this increased wheat yield but results 
varied with location. Meta-analysis for wheat explores quick results regarding wheat 
production [20].

Effect of wheat yield with this climate change scenario till 2050 and impact of 
this change impart negative effect on wheat production. All studies carried on wheat 
production were based on global warming and rising temperature with several global 
climate change models, Hernandez-Ochoa et al. [21] studied the effect of temperature 
with the rise in carbon dioxide and change in rainfall pattern. The researcher used 
5 global climate modeling and 2 ensembles with 2 scaling methods and quantified 
uncertainty. Spatial and temporal variability on different locations under study 
showed yield reduction with high temperature and carbon dioxide concentration. 
The same results were shown with other studies [22].

Under high-temperature spikes, production is reduced and spikes get vulnerable 
to disease stress. Temperature above 32°C at the time of anthesis, make grain shorter 
in size, grain filling duration in the spikes is also reduced which ultimately affects the 
wheat yield [22]. Wheat in rainfed areas is more affected with change in rainfall pat-
tern, rainfall declines and it affects the production of wheat directly, yield decline 5–7 
percent with the rise in each degree of temperature [23]. Asseng et al. [24] counted 
in Sudan, and find a 6 percent yield reduction with a 13°C rise in temperature, which 
was raised from 27°C.

3. Greenhouse effect and elevation of carbon dioxide on plants

Carbon dioxide in the air is an important source of carbon for plants, unfortu-
nately, this CO2 level is increasing day by day due to human activities. This elevation 
not only results in ozone depletion but also affects the growth and yield of field crops. 
It is observed that an increase in carbon dioxide increases the rate of photosynthesis, 
it increases water efficiency and high nutrient availability [25]. In C3 plants increase 
of CO2 level up to 1 k ppm stimulates the rate of photosynthesis [26] but this does not 
increase the yield or biomass of the plant. As yield in the wheat crop is depends not 
only on the rate of photosynthesis but also on the active phase of photosynthesis along 
with sink capacity of grain [26].

The experiment performed by Fangmeier et al. [27] and concluded that the rise 
in CO2 level increases nitrogen sink capacity and also reduces the photosynthetic 
period which results in poor growth and reduced yield. Another experiment 
performed by Kimball et al. [28] increase carbon dioxide to 12% with the limited 
supply of nutrients and yield increase was observed only 7% as compared to con-
trol but consume more water. Daepp et al. [29] experimented with wheat by adding 
nitrogen fertilizer along with elevated CO2, this nitrogen helps in overcoming 
carbon sinking especially during the reproductive stage. The researcher concludes 
that if a crop is grown the plant can be enhanced by using biological nitrogen 
fixation process, this also favors the yield of legume crops as they already have this 
natural phenomenon [30].

Carbon dioxide elevation and temperature by a few degrees may disturb the posi-
tive aspects. The experiment was done on wheat by doubling CO2 and increasing 1.5 
to 4°C showed a negative effect on wheat yield.
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The temperature of the atmosphere is increasing day by day due to global 
warming and greenhouse gasses. Temperature increases decrease the positive 
aspects caused by elevated carbon dioxide for plants. The rise in temperature 
increases the rate of leaf transpiration from the plant [31]. Nevertheless, carbon 
dioxide elevation can offset the negative effect of high temperature by lowering 
the stomatal opening and reducing the transpiration rate. Higher temperature 
can also help in plant production, especially in Mediterranean regions where crop 
production effects by lower temperature [32]. But elevated CO2 and temperature 
change the pattern of rainfall in arid and semi-arid regions which affect plant 
production very badly. This shift of rainfall has negative as well as positive effects 
on agriculture. Like in rainfed areas it limits the plant growth while in high rainfall 
areas it avoids water logging conditions and helps plants to grow well. Wheat is 
normally grown in the area of less than 550 mm of rainfall and 325 mm is received 
by the wheat plants in that region. But according to rainfall prediction for 2070, 
it is expected that by an increase of 10% reduce the winter rain up to 60%, while 
another research predicted that rainfall will be reduced by 15% till 2030 and 30% 
till 2070. This prediction is proving right during past years and it is the biggest 
threat to wheat in rainfed areas of the world [33].

Increased carbon dioxide level is beneficial for C3 plant, as it increases biomass 
yield and increases metabolism and stomatal conductance as well as an increased rate 
of photosynthesis. If temperature increases, it changes the uptake of nitrogen, carbon 
and decreases the nutritional value of the grains [34]. The condition is even worse 
when drought, rainfall, and less humidity affect plant growth and production [35].

4. Climate change and diseases attack

Fusarium causes different diseases in wheat-like, foot rot, root rot, and head 
blight in wheat, which causes huge yield losses [36]. Rhizoctonia solani is a soil-borne 
fungus that causes root rot in wheat and causes 50% yield losses in Japan, Europe, 
and the USA [37]. Climate change has a strong impact on the pathogen population. 
Temperature and water play important role in the germination and survival of 
pathogens. In Germany air temperature raised from 0.8–1.1°C from 1900 to 2000, 
which increase the rainfall during winter, this ultimately suits the pathogen life cycle 
and helps them for colonization on crop debris and access to particular susceptible 
hosts [38, 39].

Jacobs et al. [40] experimented on plant decomposition and study on soil 
temperature and its effect on microbe’s survival under natural field conditions. 
In this experiment amount of bacteria and fungus were counted with the amino 
sugars and muramic acid. For fungus, ergosterol is used to access fungal biomass 
as it does not mix with soil organic components plus it is a major part of the fungal 
cell membrane [41].

Lukas et al. [38] performed an experiment on the survival of three fungal patho-
gens F. culmorum, F. graminearum, and Rhophitulus solani, decomposed infected leaf 
of maize with these disease pathogens, and for temperature heating cables were used. 
Microbial biomass and fungal colonization were observed after 152 days. Pathogen 
growth was reported with DNA, saprotrophic biomass with glucosamine and for 
bacteria, muramic acid was measured and values were compared with control. 
Moreover, it was also observed that F. culmorum produces more DNA so it wasn’t 
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affected with soil raised temperature but DNA of R. solani decreased significantly. 
R. solani germination and infection varied between soil temperatures ranging 15–25°C 
this were completely disturbed when temperature fluctuate and at 5°C completely 
stopped [42]. While Fusarium infected the most in raised temperature which shows 
strong spatial variability [43].

5. Climate change and insect population

Climate changes where effect every part of agriculture it does not leave insects 
unaffected. Plant productivity decreases due to the rise in temperature and drought 
conditions are directed linked with global warming. When plant population decreases 
it directly affects the insect population which survives on plants. It also contributed 
to increasing insect outbreaks [44, 45]. This temperature and drought increase causes 
wildfire and causes plant mortality which ultimately carbon sinks and rising carbon 
levels in the air [46, 47]. Major insects which threaten wheat yield are wheat stem 
sawfly, and orange blossom wheat midge, which causes losses up to the economic 
threshold level [48]. Change in carbon dioxide amount in the atmosphere causes a 
significant impact on plants, insects, and microorganisms. Insects along with disease 
pathogens reduce significant yield losses besides all the control strategies [34].

Global warming changes the biochemistry of plants which impacts herbivorous 
insects and pathogens [49]. Insect populations are disturbed by different abiotic 
factors due to global warming. Insect population increases in this rising temperature 
and transmit virus very smoothly from infected to a healthy plant. These climate 
changes affect badly beneficial insects which cannot survive in dry weather with hot 
temperatures, it also affects their ability to kill harmful insects [50]. The negative 
effect of climate change, increase in temperature and CO2 concentration, an increased 
photosynthesis rate, and increase productivity but reduce agricultural production due 
to changing weather patterns [51].

6. Prediction model for disease elevation in correlation to carbon dioxide

The amount of atmospheric carbon dioxide increasing day by day due to the 
modern standard of living and industrialization. It had been raised to 50% after 
the industrial revolution [52]. It was 270 μmol/mol which was 408 μmol/mol in 
2017 [53]. It was predicted that if carbon dioxide is released at this rate its con-
centration in the atmosphere will be around 550 μmol/mol till 2050 [54]. Carbon 
dioxide is the main constituent of photosynthesis so this affects directly to plant 
growth and metabolism. But this too much carbon dioxide is harmful to C3 plants, 
this increases the plant biomass and leads to the carbon dioxide fertilization effect. 
This phenomenon is explained in different perspectives of the agricultural ecosys-
tem but its extent varied from region to region depending upon the environmental 
condition and temperature and amount of water in soil [55]. Rainfall in arid, 
semi-arid, and temperate region and its effect on plants are monitored by free air 
CO2 enrichment (FACE) [56]. Different regions respond differently to this elevated 
CO2 like nutrient uptake, water supply to the plant, water reservoirs in the hot and 
dry time of year, modeling presents that massive uncertainty in the response of the 
crop to elevated crop. Wheat is grown everywhere and almost 15% of annual yield 
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is affected by climatic conditions in Mediterranean areas. In Mediterranean regions 
main water source is rainfall, which is important for the early growth stages of the 
wheat plant. The grain filling stage in wheat is badly affected due to a shortage of 
water supply this condition is termed as terminal drought which ultimately affects 
the yield of the crop [57, 58]. This drought helps wheat to produce a long root 
system plus reduce stomatal conductance to conserve available water, but this may 
be harmful at the grain filling stage. On the other hand, if more water is available 
then it kept on increasing vigor and plant height, and delayed reproductive stages 
of the plant may be died off before grain formation. The plant also gets vulnerable 
to disease attacks [59].

7. Prediction model temperature elevation

The reason for global warming and temperature variation is CO2 elevation and 
many other greenhouse gases which trap heat and raise the temperature in the 
atmosphere. Prediction on temperature elevation on this planet till 2100 will be 
increased from 2, 9.7°C which is 1.1–5.4°C is now. The temperature will fluctuate 
due to heat-trapping gases. CO2 is added to the air due to the burning of coal and 
fossil fuels. So, if humans kept on using these things as an energy source, then exact 
figures for temperature variation are impossible. Scientists work to develop so much 
for better understanding and awareness in public, they develop a model named as 
global climate model for prediction, and this is computerized software. This predicts 
the number of greenhouse gases and concentrations in the air in different situations. 
For example, the current concentration of CO2 in the air is 9 billion metric tons per 
annum and it would be 12 billion if kept on growing till the end of 2040, but if the 
situation is controlled it can be reversed to 5 billion which was in 1990. Temperature 
mainly depends upon the carbon dioxide emission if it increases temperature will go 
up and vice versa [60, 61].

8. Management strategies

Global warming affects crop productivity throughout the world. Expensive food 
items are the first sign of a sudden food shortage in the world’s crop yield which 
will be even more shortly if remain uncontrolled. For this reason, scientist needs to 
develop crop seeds that are resistant to drought, salinity, and major diseases which 
are the major threatening factors. So that wheat crop production increases to meet 
the demand of the human population. Adaptation includes agronomic practices 
like time of sowing, water management, nutrient availability, timely weeding, and 
resistant cultivars are helpful tools. Genetically modified crops are important tools 
for production. It is an easy and quick way as compared to a conventional breed-
ing method which is not reliable and time taking. Molecular breeding enhances 
the wheat productivity to fight with different abiotic and biotic stresses that crops 
have to face when cultivated in a field. Molecular markers help to identify the 
insertion and activity of various genes. Advancement in DNA sequencing helps in 
finding novel resistant genes and their insertion in different crops possible [62]. 
Government should make management strategies for the minimization of global 
warming. New projects should be designed for the conservation of water loss, 
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minimizing the use of pesticides in fields. Public awareness campaigns should be 
initiated at the individual level to stop activities that are changing our ecosystem. 
Pollution-free water should be used to irrigate agricultural land. There should be 
instruments for the assessment of Carbon concentration in air, and temperature 
monetization. Training sessions should be made to practice techniques that are 
helpful in conservation [63].

9. Conclusion

Climate changes cause an increase in carbon dioxide emission, which causes the 
greenhouse effect around the globe, it affects all agriculture ecosystems in differ-
ent ways, sometimes one factor favors plant growth but in combination with other 
shifts the positive effect into a drastic negative effect. This chapter detail about rise 
in temperature variation in different regions of the world and its effect on wheat 
plant growth, biochemistry, grain size and weight, effect on insect pest population, 
on microbial pathogens. Reviewing literature it has been found that global increase 
in carbon dioxide helps C3 plants to increase growth, improve plant water uptake 
capacity and yield of crops. It also favors C3 plants to compete with C4 weed that is 
grown side by side with the main crop, plants become more resistant to diseases. But 
these benefits turn negative when the temperature of the area increases, suddenly 
plants lose the ability to uptake minerals from the soil, and reeducation of grain size, 
grain weight, and crop resistance towards diseases, increase pest population and 
water holding capacity of plants. Temperature variation alters the rate of precipita-
tion which ultimately increases drought conditions which is very crucial for wheat 
growing in rainfed and Mediterranean regions of the world. This condition helps C4 
weeds instead of the wheat crop which increases the competition between crop and 
nutrient for food and water. It is also included as a topic of discussion that if these 
effects remain uncontrolled it will cause a major food shortage in coming years when 
food is already expected to be doubled as the world population increases day by 
day and industrialization increases all these risks. So, it is important to practice the 
management practice suggested in the chapter to conserve our ecosystem and make 
this planet a safe place to live.
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Abstract

Nitrogen (N), being the most limiting macroelement for optimal plant growth and 
development needs synthetic N fertilizer usage for uplifting crop yields; nevertheless, an 
excessive and inefficient use of N fertilizer is a global concern incurring high production 
costs, environment pollution, and greenhouse gas emissions. Hence, developing crop 
plants with high nitrogen use efficiency (NUE) is an essential research target to achieve a 
better agricultural sustainability. NUE being a complex trait depends on our understand-
ing of genetics (G), environment (E), management (M), and their interrelationships (G x 
E x M). NUE improvement is preceded by key processes such as nitrogen capture, utiliza-
tion efficiency, nitrogen partitioning, trade-offs between yield and quality aspects, as well 
as interactions with the capture and utilization of other nutrients. An in-depth knowledge 
can be attained on NUE mechanisms through the UK Wheat Genetic Improvement 
Network project (http://www.wgin.org.uk/) using an integrated strategy that look into the 
physiological, metabolic, molecular, and genetic aspects influencing NUE in wheat. The 
current book chapter highlights the recent progress in understanding and improving NUE 
in wheat, focussing on N impact on plant morphology and agronomic performances, 
using a combination of approaches, including whole-plant physiology and quantitative, 
forward and reverse genetics.

Keywords: wheat NUE, nitrogen transporters, NUE genes, root traits, N uptake

1. Introduction

Cereal crops are widely farmed across the world in comparison to other crops. Rice 
(Oryza sativa L.), wheat (Triticum aestivum L.), and maize (Zea mays L.) are the most 
significant cereals in terms of human nutrition, accounting for 90% of global grain 
output. Since the Green Revolution, the importance of cereal crops in world agri-
culture has expanded dramatically. Of them, wheat is well-known to redeem global 
protein and calorie demands, either directly or indirectly in animals [1]. A number of 
factors have been found to influence the quality and quantity of cereal crops produced 
across the world; nitrogen availability is one of them. All plants require an external 
supply of N as in inorganic form, it functions as a key component of biomolecules, 
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such as proteins, nucleic acids, chlorophyll, and various secondary metabolites. 
Nitrogen availability is a limiting factor in agricultural activities, and roughly 100 
TgNyr−1 of reactive nitrogen is administered to crop fields in the form of fertilizers 
globally [1]. Total N fertilizer usage has increased globally, from 112.5 million tonnes 
in 2015 to 118.2 million tonnes in 2019. Nitrogenous fertilizer usage has been grown at 
a faster rate in various nations between 1970 and 2020. In cereals, yield is found to be 
closely related to nitrogen application [1]. Report says, more than 94 million tonnes 
of nitrogen fertilizer are applied to cereal crops each year, but unfortunately around 
only 40% of this is absorbed by the crops, with the rest dispersing in the environ-
ment, posing major environmental issues, such as water pollution and greenhouse 
gas emissions [2, 3]. Among all the cereal crops, barley shows the highest nitrogen 
recovery (63%), followed by maize (37%), wheat (35–45%), and rice (30–50%) [3]. 
Nitrogen recovery is affected by various factors, including crop type, ambient condi-
tions, fertilizer type, management technique, and genotype-environment interac-
tions. Fertilizer use will be anticipated to more than double by 2050, rising from 112 
Mt in 2015 to 236 Mt in 2050 [4]. Around 50–70% of applied nitrogen is constantly 
lost in the plant-soil interaction. Overuse of commercially available fertilizers has led 
to pollution of the air, soil, and water, as well as depletion of natural resources, such 
as nutrients and water. Nitrogen builds in the soil when nitrogen availability exceeds 
crop nitrogen requirements, rendering plants sensitive to a variety of loss mecha-
nisms. As a result, enhancing cereal crop resource use efficiency is necessary to miti-
gate the negative effects of higher output on the environment and natural resources. 
Improving nitrogen use efficiency (NUE) in cereals must be a goal in breeding efforts 
to lessen the impact of increased fertilizer usage on climate change and to manage 
sustainable feeding to the world’s rising population. To deal with nitrogen application 
concerns in fields, it is critical to understand the underlying process of nitrogen usage 
efficiency.

The utilization of Nin plants requires multiple phases, such as the initial N intake 
phase, followed by nitrogen reduction to usable forms, amino acid assimilation, 
translocation, and lastly, nitrogen remobilization to reproductive organs Figure 1 [5]. 
The grain yield per unit of nitrogen available in the soil is defined as NUE (nitrogen 
use efficiency) in the wheat crop Figure 1 [6]. NUE analysis gives information on 
plant responses to diverse nitrogen availability conditions. Nitrogen use efficiency 
may be quantified using a variety of formulas and ideas. Cereal NUE is determined by 
how efficiently plants gather nitrogen (uptake efficiency, NUpE) and how efficiently 
plants use the nitrogen that has been taken up (utilization efficiency, NUtE) Figure 1 
[7]. NUpE is calculated by dividing the total amount of above-ground nitrogen 
content during harvest by the available N in the soil, whereas NUtE is calculated 
by dividing the nitrogen in grain tissues by the N in above-ground plant biomass at 
harvest (Figure 1). As a result, NUE is determined at harvest, i.e., at the conclusion of 
the crop cycle. The agronomic efficiency of plants evaluates the efficiency with which 
they convert applied nitrogen to grain yield, whereas the apparent nitrogen efficiency 
of plants absorbs nitrogen from the soil [8]. The physiological efficiency of plants is 
determined by the amount of nitrogen collected and converted to grain production. 
For major cereal crops, improving resource use efficiency is a must to mitigate the 
negative effects of greater yield with increased input consumption on the environ-
ment and natural resources. The challenge here is to pick the most fertilizer-sensitive 
stage, to create a plant that maximizes early nitrogen uptake, and to have qualities, 
such as early vegetative vigor and a large root system for effective fertilizer uptake, all 
while considering above and below ground components. Later in the growth phase, 
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a plant’s ability to absorb and remobilize available nitrogen and carbon to the grain is 
crucial. Major issues include appropriate root phenotyping, genotype x environmental 
interactions, soil characteristics, water-nutrient management, and nutrient dynamics 
balance. The primary question is whether it is feasible to improve nutrient absorption 
while reducing excessive fertilizer input and safeguarding soil health while maintain-
ing optimal production and grain protein content. Nanotechnology, particularly 
the use of nanofertilizers (1–100 nm in size), is helpful and has been shown to have 
positive outcomes, while a further study on the impact of nanofertilizers on specific 
crops is required [9]. Before delving into the biochemistry and genetics of nitrogen 
use efficiency improvement in cereal crops, it is necessary to comprehend the new 
potential source of nitrogen fertilizers, the effect of nitrogen at various stages of 
growth, the nitrogen status of the crop, and development and NUE in the effect of 
fertilizers [10]. Anhydrous ammonia (82% N), urea (46% N), ammonium nitrate 
(34% N), ammonium nitrate sulfate (26% N), and aqua ammonia (25% N) are among 
the fertilizer sources. Organic and inorganic nitrogen fertilizers are the two primary 
categories of nitrogen fertilizers. In terms of inorganic fertilizers, anhydrous ammonia 
application contributes the most nitrogen, i.e., greater than 80%. Aqua ammonia, also 
known as ammonium hydroxide, is the second most significant source of inorganic 
nitrogen fertilizers and comprises 25–29% ammonia by weight. Another type of 
nitrogen fertilizer is ammonium nitrate, which is an agronomically relevant mixture 
of two distinct types of nitrogen (NH4NO3). This type of fertilizer is said to improve 
wheat baking quality [11]. Urea [CO(NH2)2] is an organic kind of fertilizer [12].

The grain crop goes through numerous stages of development and growth. The 
rate of nutrient absorption in wheat varies with growth stage, variety, growing condi-
tions, and environment. Detailed research of wheat’s nutrient absorption mechanisms 
is required to determine the optimal time and exact stage of fertilizer applications. 

Figure 1. 
Schematic representation of the relationship between the nitrogen sources, uptake, utilization, and conversion to 
the wheat grain yield.
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Small amounts of nitrogen are required for seedling viability in the early stages. The 
mid-tillering stage uses almost half of the nitrogen required [13]. A high nitrogen 
dose, on the other hand, may damage seedlings and increase vegetative growth early 
in the season, resulting in poorer yields. Excess nitrogen might cause crop maturity 
to be pushed back. Nitrogen demand is said to be influenced by a number of factors, 
and NUE decreases when nitrogen application exceeds demand [14]. NUE is impacted 
by a number of variables [15], including soil type, the availability of other macro 
and micronutrients (phosphorus, potassium, etc.) in the soil, and crop rotation, 
which has been proven to affect nitrogen absorption and utilization [16]. Nitrogen 
fertilization is influenced by the intensity, timing, and depth of tillage [17, 18]. The 
most active subject of study to boost N fertilization yield is developing strategies for 
assessing nitrogen status. Satellite imaging [19], portable hyperspectral sensors [20], 
drones, chlorophyll meters (SPAD), red edge optical reflectance (R750/R710) [21], 
NDVI (normalized vegetation index), and RVI (ration vegetation index) [19] all offer 
the possibility of N estimation in less time.

Wild and primitive cereal crop species are currently undervalued as a source of 
unique nutrient utilization efficiency differences. Association studies exploiting the 
best alleles to be assembled in superior varieties, as well as the identification and 
characterization of candidate genes with non-synonymous and regulatory SNPs, will 
aid breeders in selecting specific donors to develop resource-efficient high-yielding 
wheat varieties. Furthermore, because yield and grain protein content, which repre-
sent nitrogen use efficiency, are inversely related, it is critical for breeders to design 
cultivation programs that achieve comparatively successful NUE without sacrificing 
grain yield [22], and it is critical to understand the details of various genetic, physi-
ological, and biochemical factors affecting NUpE and NUtE to develop such cultivars.

Agronomic practices and field management also had a role in avoiding nitrogen 
loss to the environment [23]. The present chapter focuses on the myriad biochemi-
cal and genetic factors that influence NUE in both direct and indirect ways. The 
biochemistry of nitrogen absorption and utilization, as well as the genetic system that 
controls NUE in cereals and the phenotypic results that positively influence NUE, are 
all covered in this chapter. The associated cereals study will aid in the development of 
approaches for enhancing NUE while maintaining other desirable characteristics.

2. Traits affecting nitrogen utilization efficiency

2.1 Root architecture

Nutrient availability has a big influence on root growth and root system design. 
To present, little is known about the root architectural plasticity features, genetic 
foundation, mechanism, control, and function [24] linked to nutrient absorption. 
The root architecture is thought to be a key factor in NUE enhancement [25]. In 
cereal crops (wheat, rice, and maize), root systems can be separated into two types—
embryonic (seminal roots) and post-embryonic roots (crown roots). The “steep, 
inexpensive, and deep” root architecture explains nutrient absorption, especially 
nitrogen absorption, rather well [26]. It specifies that main roots are responsible 
for obtaining nitrogen from deeper layers, whilst lateral roots with steep angles are 
responsible for covering a larger area of soil [27]. Lateral roots are said to be more 
vulnerable to biotic and abiotic stress, as well as fluctuating nitrogen concentration. 
Low nitrogen concentration promotes lateral root initiation in the early stages, while 
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severe nitrogen deprivation prevents root emergence and elongation. In the soil, a 
high nitrate to ammonia ratio had a favorable effect on lateral root length [28].

Understanding the role of root traits in nutrient uptake and dissecting the genetic 
basis to maximize the potential to breed high-yielding resource-efficient varieties 
of cereal crops by using modern biotechnological and bioinformatic approaches is 
required to address the challenge of efficient nutrient uptake. It is critical to uncover 
the latent potential of root characteristics for enhancing nutrient absorption and 
identifying important marker correlations that may be used in molecular breed-
ing to develop resource-efficient cultivars. The use of a suitable root prototype as 
well as strong marker-trait associations/QTL/candidate genes may help to solve the 
problem of nutrient insufficiency and inadequate nutrient absorption. Efforts to 
design a robust root system architecture that combines a variety of root traits (nodal 
root, root hair length, root hair density, root length density, root dry weight, percent 
lateral root, root branching, root thickness, and root volume) could be a solution to 
the problem of efficient nutrient uptake, particularly nitrogen (N) (Figure 2). The 
development of root architecture is said to be influenced by a number of elements 
both above and below ground [25]. At different phases of crop growth and develop-
ment, different root characteristics are critical for nutrient absorption. Root size and 
morphological features are directly related to nitrogen uptake efficiency, as it has 
been observed that among the various forms of nitrogenous compounds present in 
the soil, particularly nitrate, easily escapes the soil system through leaching, implying 
the need to improve nitrogen uptake by improving root architecture, including depth, 
density, and capacity of roots for post-anthesis N uptake [29]. Although primary 
investigations in Arabidopsis were conducted to determine the molecular regulation 
of root architecture, multiple homologs in rice and other cereal crops have been found 
[30]. In wheat, the NAM, ATAF, and CUC transcription factors (TaNAC2-5A) stimu-
lated root growth, whereas the NUCLEAR FACTOR Y (TaNFYA-B1) accelerated root 
development [31].

Figure 2. 
Role of above and below ground N-affecting factors, G × E × M interactions playing significant roles in the 
development of root architecture at different stages of plant development.
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In wheat, root growth was found to have an important role in increasing nitrogen 
absorption [32]. As a result, the rooting profile required for nitrate absorption at 
lower depths was investigated by measuring root length density at a threshold of 
1 cm/cm3 [33], where root length density is a measurement of root length per unit vol-
ume of soil [24]. Wheat roots showed a significant level of genetic diversity [24, 34]. 
Furthermore, a variety of environmental conditions, including soil type and nutri-
ent availability, have a significant impact on root spreading characteristics. Deeper 
rooting systems have been observed in Aegilops tauschii (D genome), a wild cousin 
of wheat. The found candidate genes might be used in genomics-assisted breeding 
strategies to create cultivars with reasonably deep root systems. Under low nitrogen 
circumstances, an increase in the root biomass to total plant biomass ratio (root dry 
weight ratio; RDWR) was reported to preserve the functional balance between root 
and shoot development [35]. Even with a limited nitrogen supply, the increase in root-
shoot biomass eventually increased crop growth rate (CGR), resulting in better grain 
production and improved NUE.

Along with root length and density, root hairs are an essential feature to consider 
for increased nitrogen absorption by active transport. Root hairs play a significant 
role in increasing the surface area of roots, which may boost nitrogen uptake by active 
transport. It is challenging to target specific genes for enhanced nitrogen absorption 
since root structure and function appear to be the result of the cumulative influence 
of numerous genes [36]. The strategy for increasing nitrogen absorption comprises 
marker-assisted selection and pyramiding numerous advantageous characteristics. 
The quantitative trait loci (QTL) for traits, such as root length, root hair number, root 
density, root angle, and root-to-shoot ratio, are well established in wheat [37, 38], but 
there is a need to understand the mechanism of orchestrated expression of multiple 
traits affecting root architecture to positively influence nitrogen uptake.

2.2 N transporter systems in roots

Nitrogen transporters for nitrate (NO3−), ammonium (NH4+), amino acids or pep-
tides, and urea are involved in nitrogen absorption [39, 40]. Nitrogen accumulation 
by roots is an active process that is mediated by a specific type of nitrogen transport 
protein. The most common inorganic form of nitrogen in the rhizosphere is NO−

3, 
NH+

4 is also present in the soil, although at much lower concentrations than NO3− 
[41]. The uptake and transport of nitrate in plants are mediated by five transporter 
families—the Nitrate Transporter 1/Peptide Transporter (NPF) family [42], the 
Nitrate Transporter 2 (NRT2) family, the Chloride Channel (CLC) family, the Slow 
Anion Associated Channel Homolog (SLC/SLAH) family, and aluminum-activated 
malate transporters (ALMT) [42]. Among the five families described above, NPF and 
NRT2 have been linked to nitrate absorption and plant localization.

Several kinds of plasma membrane-associated transporter proteins have been 
identified as being engaged in active transport and have been classed as high- and 
low-affinity transporters [43, 44]. In higher plants, three types of transport systems 
are active based on affinity and NO3− content in the rhizosphere—inducible high-
affinity transport system (iHATS), constitutively expressed high-affinity transport 
system (cHATS), and nonsaturable low-affinity transport system (LATS). iHATS is 
activated at low NO3− concentrations (1–200 lM), and its activity varies depending on 
plant type and environmental conditions [45]. In wheat, iHATS has a Michaelis con-
stant (Km) of around 27 lM and requires a 10-h induction time before commencing 
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the transport process [46] cHATS, as the name implies, is constitutively produced 
and exhibited on the plasma membrane even in the absence of NO3−. Both cHATS and 
iHATS have the trait of becoming saturated once the external NO3− concentration 
reaches a particular threshold. The third, LATS, has low-affinity transporters and 
is activated when there is a high concentration of NO3− in the soil (250 lM). Unlike 
cHATS and iHATS, LATS contains nonsaturable transporters [47]. NRT1 and NRT2 
are two important gene families involved in NO3− transport in higher plants. NRT1/
PTR stands for nitrate transporters, the peptide transporter family (NPF), and the 
main facilitator superfamily (MFS) of the NRT2 family [42]. In the absence of NO3−, 
the plant growth hormone abscisic acid activates the high-affinity transport system 
in wheat, which is controlled by five genes (TaNRT 2.1, TaNRT 2.2, TaNRT 2.3, 
TaNAR 2.1, and TaNAR2.2) [48]. LATS belongs to the ammonium methylammonium 
permeases/transporter/Rhesus (MEP/AMT/Rh) family of NH4+ permeases and is 
implicated in NH4+ uptake among the three transporter systems examined so far [49]. 
The activity of these transporters is controlled by post-translational processes, such 
as phosphorylation, which maintains the quantity of ammonia stored in the plant 
system under control [25, 50]. Because urea absorption in wheat is so low relative 
to other inorganic nitrogen sources, determining the kinetics of urea uptake can be 
problematic [51]. Ammonia, nitrate, and urea are all known to affect the expression 
of high-affinity urea transporters [52]. However, because urea is mostly utilized as 
a nitrogen fertilizer in Asian agriculture, further research into the process of urea 
absorption and metabolic conversion to beneficial physiological components in plant 
systems is needed.

2.3 Effect of rhizospheric associations

The rhizosphere is the area of the soil that comes into direct contact with the root 
system, and the organisms that dwell there have a substantial influence on mineral 
intake, particularly nitrogen uptake by roots [53]. Many higher plants, including 
wheat, are believed to emit a variety of exudates, including organic acids and sugars, 
that have a direct influence on the physiological activities of microbes in the root 
system [54]. Several environmental factors, including climate, water level, soil type, 
and agricultural practices, also have an influence on these microbial communities 
[55]. The microbial ecology of the rhizosphere has also been discovered to differ 
among wheat cultivars [56, 57]. Through the denitrification process, several bacteria 
minimize nitrogen consumption by converting inorganic nitrates to gaseous nitrogen 
[58]. As previously stated, denitrification converts nitrogen into an inaccessible 
form, hence suppressing such processes improves nitrogen absorption; nevertheless, 
the mechanism in cultivated cereal crops is not well-known [59]. Several attempts 
have been made to transfer beneficial root-microbial traits from wild relatives 
of domesticated cereal crops to domesticated cereal crops. A chromosome from 
Leymusracemosus, a wild wheat relative capable of preventing nitrification in the 
root rhizosphere, was transferred into cultivated wheat varieties [60, 61].

Improved nitrogen fixation can boost root nitrogen absorption. Although these 
nitrogen-fixing bacteria are a natural component of the wheat root rhizosphere 
[62, 63], the artificial introduction of N fixers may increase nitrogen intake, which 
has a favorable effect on production [64, 65]. The main option for introducing the 
legume-like system of nitrogen fixation from bacteria to cereal crops is genetic 
engineering [66]. The non-host-specific endophyte Pseudomonas stutzeri and epiphyte 
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Klebsiella oxytoca, which infiltrate the root systems of rice and wheat, are the most 
effective strains for nitrogen fixation [67]. Bacterial systems have a wide variety of nif 
gene clusters, ranging in size from 11 to 64 kb operons. The conserved section in these 
operons comprises nitrogenase (nifHDK) and cofactor (FeMoCo), while the rest of 
the operon specifies nitrogen fixation under various environmental circumstances 
[68]. Auxins [69], cytokinins [70], and gibberellins, all of which are regulated by 
microorganisms in the rhizosphere, were found to impact root architecture by boost-
ing the production of growth hormones. Gibberellins produced by the rhizospheric 
bacteria and fungi have been reported to boost the primary root elongation and lateral 
root growth in wheat [71]. Root-associated organisms influenced nitrogen uptake as 
well as the activation of plant defense systems against pathogenic infections [72, 73]. 
The pathogenic defense-related transcriptional accumulates in wheat when infected 
with the bacterium Pseudomonas fluorescens Q8r1-96 [74]. Overall, the microbial 
association with nitrogen absorption is a broad issue that must be investigated and 
explored to improve nitrogen uptake efficiency in wheat and other cereal crops.

3. Traits associated with nitrogen utilization efficiency

3.1 Nitrate assimilation

Nitrate is an essential component of the nitrogen cycle and a major player in inor-
ganic nitrogen assimilation in cereals [75]. The nitrate assimilation is primarily driven 
by its reduction and incorporation of nitrogen into the carbon skeleton to generate 
biologically active, organic nitrogen form. Nitrate uptake in plants is root transporter-
mediated, inside root cells nitrate is targeted by nitrate reductase (NR) enzyme along 
with NAD(P)H cofactor. NR is the key enzyme that is involved in the very first step of 
nitrogen utilization and its conversion into biologically active molecules. It is reported 
that in hexaploid wheat two genes encode the NADH-dependent nitrate reductase 
[76]. NR leads to the conversion of nitrate into nitrite. Nitrite is further reduced to 
ammonia by the action of enzyme nitrite reductase (NiR) which is usually present 
in plastids of the plant cell [77]. In the case of NiR, ferredoxin is associated with NiR 
and the electrons for reduction are provided by ferredoxin [78]. Ammonia released by 
the action of NiR is used for amino acid formation. The primary amino acid involved 
in ammonia incorporation is glutamate. Glutamine synthetase (GS) and glutamate 
synthase (GOGAT) are the two enzymes that act in conjugation for amino acid 
formation [79]. GS is present in two isoforms in different cellular organelles. GS1 is 
prevalent in the cytosol of plant cells and GS2 works in plastids of roots and etiolated 
tissues [79]. It is reported that in wheat, the expression of GS2 is uniform throughout 
the plant development and comes to a halt toward maturity, and the expression of 
GS1 isoenzyme is consistently observed in senescing tissues and phloem [80]. Second 
enzyme GOGAt or glutamate synthase works with the primary enzyme in the forma-
tion of two amino acids glutamate and glutamine. These two amino acids are further 
involved in amino acid, nucleic acid formation by acting as donors of the amino group 
for nitrogen-containing compounds [79]. Two isomeric forms of GOGAT are present 
in the plant system. Both isoforms vary in terms of cofactors that they use and the 
process they are involved in. One is FD-GOGAT; this form is ferredoxin dependent; it 
is involved in the reassimilation of ammonia released from the cycle of photorespira-
tion. The second isoform of GOGAT is NADH dependent which is primarily involved 
in amino acid synthesis which is channelized for protein formation involved in the 
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growth and development of photosynthetic and accessory organs [79]. Almost 95% of 
ammonia availed by plants is dependent on GS and GOGAT as reported from several 
mutational studies [79]. These amino acids lead to increased protein formation which 
ultimately enhances productivity [81].

3.2 Carbon metabolism in N assimilation

Multiple factors are reported to affect nitrogen assimilation but carbon metabo-
lism is the major player having direct interaction with nitrogen metabolic pathways. 
The role of photosynthesis on nitrogen accumulation was analyzed in different target 
plants to dissect the interaction between carbon and nitrogen metabolic pathways. It 
was observed that nitrogen assimilation was changed when the photosynthetic rate 
was changed and vice versa. This is so because carbon fixation requires enzymes, such 
as RuBISCO, and as enzymes are protein a continuous flow of amino acid is needed 
for enzyme formation which further depends upon nitrogen availability [82]. So, 
nitrogen is critically important as it affects the photosynthetic activity which further 
regulates crop yield. Along with it, nitrogen metabolism is dependent on carbon 
metabolism as most of the enzymes involved in nitrogen metabolism need electron 
donors for their activity which is provided by carbon metabolism. Along with it, 
the GS/GOGAT pathway requires a carbon skeleton (Ketoglutarate) for ammonia 
assimilation which is the product of the TCA (tri carboxylic acid) cycle, an important 
regulator of carbon metabolism. So, carbon skeleton and other accessory elements 
needed for nitrate assimilation are provided by the carbon cycle [83]. So, overall 
nitrate assimilation is an interlinked metabolic pathway where several factors of car-
bon metabolism are critically related. Therefore, NUE is affected directly by compo-
nents of nitrogen metabolic pathways and indirectly by players of carbon metabolism 
[75]. So, while targeting breeding programs for enhanced NUE enzymes and proteins 
associated with nitrogen and carbon metabolism can be targeted.

3.3 Photosynthesis and canopy traits

As discussed earlier, carbon fixation is an important process of plant growth 
and development. Rubisco is the major enzyme regulating the most critical step of 
Calvin cycle. Rubisco is the most abundant protein in the biosphere. The nitrogen 
accumulated by the plant is directly related to the amount of Rubisco formed which 
further defines the photosynthetic activity of the mesophyll cells. Almost 75% of N 
in wheat leaves is driven toward Rubisco enzyme formation which is important for 
photosynthesis [84, 85]. It is reported that in nitrogen-limited conditions, Rubisco 
content decreases which lead to reduced photosynthetic activity and reduced organic 
matter production. It is observed that photosynthetic activity is associated with leaf 
morphogenesis as it is the main region for carbon fixation. Leaf structure and canopy 
directly affect the yield output in crop plants [86]. High NUE increases the nitrogen 
uptake and utilization which enhances source and sink abilities and increases dry 
matter output and crop yield. The theory of optimization for canopy photosynthesis 
indicates that the coefficient of both light gradient (KL) and nitrogen (KN) positively 
contributes to photosynthesis [86]. Although the gradients for nitrogen observed in 
wheat were less steep than optimization theory [86]. Nitrogen utilization is majorly 
affected by the photosynthetic rate per unit of nitrogen. In light-saturated conditions, 
the photosynthetic rate was increased by 20–30 lmol CO2/m2/s for around 2 g N/m2 in 
C3 crops, such as wheat. The important aspect to target nitrogen utilization efficiency 
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is to identify wheat cultivars with the capacity of accumulating around 2.0 g N/
m2 under favorable conditions. A wide range of genetic variability was observed 
among various wheat lines specific leaf nitrogen (SLN) which is an indicator of leaf 
nitrogen content per unit leaf area. In earlier, Araus et al. [87] were grown a panel of 
144 durum wheat genotypes in two rain-fed conditions and 125 of these were grown 
under supplementary irrigation before heading stage, and revealed that the SLN 
in these genotypes varied from 1.4 to 2.6 g/m2. Another study by Giunta et al. [88] 
reported that SLN varied from 2.1 to 2.4 g/m2 for the 17 durum wheat cultivars. A 
study in 16 bread wheat cultivars SLN varied from 1.4 to 2.2 g/m2 [86]. The nitrogen 
content in different tissues, including stem, leaf lamina, and leaf sheath, at anthesis 
show heritability of >0.60 under low nitrogen in winter wheat. So, these traits can 
be used in targeted breeding programs [89]. The genetic diversity associated with 
nitrogen utilization efficiency in wheat germplasm can be used to achieve the desired 
modification in photosynthetic components. It was reported earlier that around 30% 
improvement in photosynthesis can be attained by targeting photo-respiration, along 
with its other mechanisms contributing to 15–22% increase in photosynthetic activity 
[90]. There is a need to understand the intricacy of the molecular mechanisms affect-
ing the pathways for leaf development, photorespiration, and majorly photosynthesis. 
The recent advancement in technologies for gene editings, such as CRISPR-Cas9 or 
specific promoter expression can be used in regulating pathways for leave develop-
ment. This can generate diverse germplasm with high NUE and ultimately high yield 
potential [91].

3.4 N remobilization and senescence

Nitrogen distribution in the plant is source-sink relation dependent. Initially 
nitrogen uptake by roots acting as source and transpiration of absorbed nitrogen 
from roots to leaves and buds acting as major sink organ. This source-sink relation 
changes with the plant’s developmental stage, as it is observed that toward maturity 
the capability of the plant for nitrogen uptake decreases so the root does not act as a 
major source of nitrogen for the rest of the plant. During maturity, the leaf acts as a 
source, as toward senescence the old leaves die off and their protein components are 
degraded to release nitrogen which is remobilized to the younger leaves [92]. Leaf 
lamina is a major storage house of nitrogen in above-ground tissue during anthesis in 
wheat under optimal N supply. Other tissues, such as true stem, ear, and leaf sheath, 
also retain nitrogen [93], whereas the trend of nitrogen accumulation changes under 
nitrogen-limiting conditions, with more nitrogen in ears as compared to other parts 
of the plant [93]. Although, the NUE is majorly determined by nitrogen remobiliza-
tion from leaves to its developing parts during the grain-filling stage which further 
defines the crop yield. So, during the grain-filling stage, the photosynthates and 
proteins stored in the older leaves act as a major source of nutrients for developing 
seeds. Autophagy is the basic mechanism that affects remobilization during the 
grain-filling stage. Autophagy is programmed cell death for the regulated release 
of stored compounds which is regulated by senescence-associated genes (ATG and 
metacaspases) [94]. Specific tissue-specific transporters are activated during the 
reproductive stage which is important for nitrogen remobilization. NRT1.7 is an 
important nitrogen transporter and its gene is reported to be controlled by nitrogen 
limitation adaptation regulators which are further under the control of miRNA827 
[95]. This double-level control over tissue-specific nitrogen transporters suggests 
that the remobilization of nitrogen is tightly regulated. The remobilization process 



155

Nitrogen Use Efficiency in Wheat: Genome to Field
DOI: http://dx.doi.org/10.5772/intechopen.103126

is under multiple regulatory controls along with transporters the enzymes, such as 
GOGAT, are reported to be involved in ammonia recycling during remobilization 
[96]. Along with its certain transcription factors, such as NAM-B1, efficiently increase 
nitrogen remobilization toward grains from mature leaves in wheat [97]. As in the 
case of cereals grain nitrogen, almost 50–90% is contributed by nitrogen from leaves 
[5]. The stage of nitrogen remobilization in grains from flag leaves can be used as a 
phenotypic marker [97]. As it is established that an inverse relation exists between 
grain yield and grain protein content, so higher grain yield is associated with delayed 
senescence of flag leaf in cereals. Among multiple proteins present in the leaf during 
senescence, the Rubisco (the most abundant protein in the biosphere) acts as a major 
contributor to remobilized nitrogen. In older leaves, chloroplast is degraded first as 
compared to other cellular components because of upregulation of proteases enzymes 
[98]. The tissue breakdown in older tissue is programmed by autophagy (chloroplast 
and Rubisco degradation) by the action of exopeptidases and endopeptidases present 
in cell vacuoles during senescence [98].

3.5 Stay-green phenotype

The stay-green phenotype is a marker for the tendency of a genotype to remain 
green during the grain-filling stage. The plants with stay-green phenotype remain 
photosynthetically active after anthesis [99]. Stay green-phenotype is a trait of 
interest to enhance NUE in plants and a wide range of genetic diversity is reported 
for this trait in hexaploid wheat [100]. Along with stay-green phenotypes traits, such 
as Rubisco degradation, and stem nitrogen assimilation are important targets for 
efficient nitrogen remobilization to the grains post-anthesis. The target of high yield 
with balanced protein content in wheat depends on an in-depth understanding of 
the mechanisms affecting post-anthesis nitrogen accumulation and remobilization 
toward developing grains.

3.6 Grain yield and grain protein content

In cereals, endosperm contributes to the maximum nutritive value of the grain due 
to its size ratio as compared to germ. The metabolic composition of endosperm is very 
essential for grain with high nutritive value. In cereals, starch is the prevalent bio-
molecule, along with its protein is also present with starch. Among different storage 
forms, Gluten is the major storage fraction of endosperm. Glutens have two compo-
nents polymeric glutenins and monomeric gliadins. This storage protein contributes 
to 60–70% of the nitrogen in seed endosperm. Glutens provide the dough-making 
properties to wheat. Gliadin is responsible for dough viscosity and glutelins ensure 
dough elasticity. This dough-making capacity is important for consumable products 
of wheat, including pasta, bread, and noodles. The gluten synthesis is dependent on 
the protein accumulation which depends on the nitrogen utilization efficiency. Grain 
protein quality changes under different genetic backgrounds in wheat [101, 102]. 
Grain protein content and grain yield are both affected by NUtE although they are 
inversely related to each other [22, 103] which creates a barrier in attaining both 
simultaneously. The inverse relation between grain yield and grain protein content 
is due to metabolic competition between carbon and nitrogen fluxes for biomol-
ecule accumulation [104], so dilution in NUtE depends on the accumulation of 
carbon-based compounds [105]. The efficient nitrogen in grain can be calculated by 
calculating grain protein deviation (GPD). GPD is a measure of deviation from the 
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regression between grain protein concentration (GPC) and grain yield. Identification 
of genotypes with higher GPC from an expected GY can be estimated by calculating 
GPD [106]. In cereals, grain yield is dependent on coordinated regulation between 
several factors, majorly competition between photosynthesis and photorespiration 
[107]. The correlation between yield and nitrogen uptake and utilization is important 
for high wheat yields. There is a need to completely understand the mechanisms and 
regulatory pathways for nutrient uptake and its transport to stems, sheaths, leaves, 
and finally to developing grains. Along with this, it is important to understand the 
mechanisms for improvement of slow and ineffective filling of grains [108].

4. Genetic factors

The number of genetic factors is associated with controlling NUE traits for cereal 
crops that include majorly six categories—transporters, signal molecules, amino acid 
biosynthesis, nitrate assimilation, transcription factors, and other genes. The upregu-
lation and downregulation of these genes depend on nitrogen levels in the environ-
ment and thus are controlled by mechanisms as discussed in the following text.

4.1 QTLs related to NUE

One of the complex quantitative traits is nitrogen use efficiency (NUE) which is 
controlled by multiple genes and dissected using a powerful tool called QTL map-
ping [109, 110]. A successful QTL mapping for such a complicated trait relies on 
various factors, such as the selection of suitable parents, appropriate population 
size, multi-location testing, and genome coverage. QTL is conventionally affected by 
environmental variation where constitutive QTL is consistent over environments, 
while adaptive QTL shows an expression in a specific environment, or modulates its 
effect with a change in an environment. QTL analysis provides ample opportunities 
to identify correlations among different traits. A genetically and functionally linked 
trait is evident through co-localized QTL linked to phenotypically different traits.

Nitrogen use efficiency of cereal crops can be improved by employing classical 
genetics involving both conventional breeding and QTL mapping in combination 
with marker-assisted selection (MAS). To develop genomic knowledge for complex 
genomes of cereal crops, such as wheat, advances in next-generation sequencing and 
agronomically relevant traits can now be identified [111]. Wheat improvement could be 
heightened with the identification of cheap, easy-to-use, widely distributed, codomi-
nant, trait-associated, and regulatory SNPs, candidate genes, and regulatory pathways. 
Association mapping studies assist in accessing allelic diversity and identifying the best 
alleles to be assembled in superior varieties. Accuracy for identifying QTL for nitrogen 
uptake and utilization-related traits can be improved by using high-throughput geno-
typing techniques. In this regard, several promising means have also been proposed, 
such as focusing on root architecture [112] or senescence and remobilization [113].

Previous case studies reported various QTLs for NUE in the model crop plant, 
i.e., Arabidopsisas as well as in other cereals, such as maize, rice, and wheat [25, 114]. 
Significant QTLs were detected in the wheat RIL population (TN18 × LM6) for grain 
yield; root NUE and shoot dry [115]. A major QTL was observed on the short arm of 
chromosome 6B controlling grain protein content in wheat accounting for 66% of the 
phenotypic variation where the cloning of functional gene named Gpc-B1 was carried 
out [97]. Various novel NUE-related traits and alleles in adapted breeding materials 
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[116], landraces [117, 118], and wheat wild relatives [119] were identified. One such 
report is on winter wheat where the QTL associated with NUE on chr 1D, 6A, 7A, and 
7D with LOD scores ranging from 2.63 to 8.33 and phenotypic variation up to 18.1% 
were instigated [120].

The identification of genomic regions (QTL) associated with nitrogen response 
would enable more efficient cultivar selection [121]. This approach allows breeders 
to proficiently develop high nitrogen use efficient cultivars by screening germplasm 
and studying the genetic markers associated with nitrogen response. As per previous 
work on rice and wheat, identification of the novel traits, alleles, genes/QTL, adapted 
breeding lines, landraces, and wild relatives improving NUE differences in cereal 
crops were well established. Using bi-parental populations, genes/QTL influenc-
ing nitrogen uptake have been mapped in wheat under different doses of fertilizer 
application [122, 123]. Genome-wide association studies for nitrogen uptake and use 
efficiency associated with variability and marker-trait selection have been reported 
[95, 124]. The development of synthetic wheat introgression libraries through 
Genome-wide association studies (GWAS) was made possible at Punjab Agricultural 
University, Ludhiana (India) to exploit their phenotypic variability. Several marker-
trait associations related to root and plant morphological traits, grain yield, and 
yield-related traits have been well documented. Other than wheat, rice also shows 
highly conserved sequences, new genes, and regulatory elements to link genomes, 
genes, proteins, and traits controlling traits of interest across different species and 
genera through comparative mapping. These inter-genome relational patterns can 
lead to new hypotheses, knowledge, and predictions about the related species and can 
pave the way for genetic gain for future cereal crops.

5. Genes related to NUE

Regulation of nitrogen utilization efficiencies, such as nitrogen absorption, accu-
mulation, and remobilization, is controlled by multiple sets of genes in crop plants 
(wheat, rice, etc.). These genes are majorly classified into six categories, including 
transporters, signal molecules, amino acid biosynthesis, nitrate assimilation, transcrip-
tion factors, and other genes. The detailed description of genes regulating nitrogen use 
efficiency in wheat crops is presented in Table 1. Transporters and nitrate assimilation 
genes actively participate in nitrogen uptake, while amino acid biosynthesis genes 
are involved in nitrogen utilization. On the contrary, signaling molecules, transcrip-
tion factors, and other genes have a passive role in both nitrogen uptake and nitrogen 
utilization [126, 127]. Nitrate, being the most common form of nitrogen present in soil 
needs to be transported in a plant which is done by nitrate transporters that encode for 
NRT families. The first reported case was studied in Arabidopsis where NRT families 
were categorized into two subfamilies, i.e., the NRT1 family (low-affinity transporters) 
and the NRT2/NRT family (high-affinity transporters) [128]. Using the reciprocal best 
hit (RBH) approach, orthologs of NRT transporter genes were found in cereal crops. 
It was observed that around 16 low-affinity nitrate transporter NPFs showed their 
expression in wheat which was homologous to Arabidopsis NPFs [125]. For an expres-
sion of transporter in wheat, information on the nitrogen status of the plant and soil is 
a prerequisite, thereby indicating its role in the regulation of NPF genes in wheat.

Nitrate transporters, although are the main players in nitrogen uptake in most 
plants, in certain cases, such as rice, ammonia is the predominant form in the soil. 
Nitrogen uptake is followed by nitrogen assimilation. A crucial metabolic step 
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regulating the grain yield and NUE is the nitrogen uptake followed by nitrogen 
assimilation in the form of amino acids which is usually carried out by glutamine syn-
thetase (GS)/glutamate synthase (GOGAT) cycle. Increased GS1 activity is observed 
in the leaves of wheat crop directing an accumulation of nitrogen in grains and also 
enhanced dry grain matter. At high N content, the GS1 gene gets overexpressed 
thereby enhancing the nitrogen harvest index and NUE while at low N content, NUE 
does not change. Nitrogen remobilization is the last step in nitrogen use efficiency 
(NUE) for seeds during maturity. Generally monocots,  dicots, C3, and C4 plants share 
a common mechanism for the nitrogen remobilization [5]. Asparagine and glutamine 
are common amino acid transport forms for nitrogen remobilization from leaves 
to reproductive tissues catalyzed by enzymes GS and GOGAT, respectively [129]. 
In durum wheat, asparagine synthetase encoding genes (AsnS1) are prominent for 
nitrogen remobilization from flag leaf to developing grains where their concentration 
increase in phloem sap during senescence of leaves [130]. Leaf senescence affects high 
yield in cereal crops as even though delayed leaf promotes prolonged photosynthesis 
for improving grain yield, it however decreases nitrogen remobilization efficiency 
and grain protein content [5].

6. Transcription factors concerned with NUE

Plant regulatory network is governed by transcription factors and like several 
other metabolic processes, NUE imperatively relies on coordinated transcription 
factors presented in Table 1 [131]. Transcription factors for lateral root growth in 
response to nitrate belong to the MADS-box family analogous to ANR1, a transcrip-
tion factor reported in Arabidopsis [132]. It is reported that DOF1.3 (DNA-binding 
with one finger) gene gets overexpressed in wheat under stress conditions, such as 
nitrogen starvation [132]. Differential expression studies between nitrogen-stressed 
and control durum wheat tissues are controlled by a total of 170 unique genes encod-
ing transcription factors belonging to different families, including bHLH (helix loop 
helix), MYB, bZIP, C2C2-Dof, TERF, WRKY, NF-Y, NAC, AUX/IAA, and the auxin-
modulated ARF, etc.

7. miRNA involved in NUE

miRNAs have been reported to play a significant role in NUE along with several 
transcription factors. The miRNA169 family is instigated to regulate the expression of 
genes for nitrogen transport in durum wheat under the nitrogen starvation stage in both 
roots and leaves [133]. In a recent study on the durum wheat plant, ttu-miR169h and 
ttu-miR169c at the seedling and grain-filling stages and ttu-novel-61 belonging to the 
miR169family showed down-regulation under nitrogen-deficient conditions in both 
roots and leaves. These miRNAs negatively regulate the CCAAT box-binding transcrip-
tion factors in several tissues influencing NUE-related genes in durum wheat plants 
[133]. Another report indicated the role of the NAM-B1 gene in bread wheat as a NAC 
transcription factor that affects the grain nutrient concentration as well as increases the 
remobilization of nutrients from leaves to developing grains in wild wheat [134].

At low nitrogen levels, upregulation of TaMIR1129, TaMIR1118, and TaMIR1136 
and downregulation of TaMIR1133 in roots of wheat were reported. The miRNA 
expression was inversely proportional to the concentration and duration of nitrogen 
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application [135]. A gradual uprise in the expression of TaMIR2275 during nitrogen 
starvation was observed which was restored progressively once nitrogen level is 
recovered. Overexpression of produced plants with increased nitrogen accumula-
tion and biomass is obtained from overexpression of TaMIR2275, while knockdown 
mutants showed the reverse. Inevitably, several classes of miRNAs are involved in 
nitrogen metabolism by altering multiple processes associated directly or indirectly 
with NUE. To comprehend, it is crucial to have a deep understanding of the precise 
network of miRNA expression and interaction for channelizing the mechanism 
underlying NUE.

The development of nutrient efficient varieties calls for the identification of 
suitable traits, and candidate genes underlying QTL that may provide new oppor-
tunities for the introgression of these QTL and genes into elite genetic backgrounds 
(Figure 3).

8. Conclusion

Immense use of nitrogen fertilizers even though uplift grain yields of cereal 
crops, negatively affect the environment by causing water, soil, air pollution, and 
greenhouse gas emissions. It thus poses an economic impact globally due to the high 
production costs of nitrogen fertilizer. To combat this, the challenge to improve NUE 
in cereal crops lies in achieving both high yield and high nitrogen use efficiency 
(NUE) simultaneously. Crop improvement can be achieved by improving our knowl-
edge of agronomic management, suitable traits, QTL, genes, and the mechanisms and 
functions of genes associated with nitrogen use efficiency. Selection of diverse geno-
types, exploitation of natural variation, exploring root architecture, high-throughput 

Figure 3. 
Schematic representation of flow work to the development of nitrogen-efficient wheat genotypes.
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precise phenotyping, standardized field trials, new techniques for efficient fertilizer 
application, appropriate field management practices, and identification of new QTL/
genes/nitrogen transporters, as well as signaling molecules, could contribute in reduc-
ing fertilizer consumption in the near future. Thus, an improvement in basic research 
in combination with agronomical, marker-aided molecular breeding and biotechno-
logical strategies will help to achieve higher nitrogen use efficiency in cereal crops.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Abstract

Globally, wheat is a major staple food crop that provides 20% of food calories 
for 30% of the human population. Wheat growth and production are significantly 
affected by salt stress at various stages and adversely affect germination, vegetative 
growth, stomatal conductance, photosynthesis, reproductive behavior, protein 
synthesis, enzymatic activity and finally hampered grain yield. Maintenance of low 
Na+/K+ ratio, antioxidants and hormonal regulation, and accumulation of compatible 
osmolytes such as glycine betaine, proline and trehalose help the wheat genotypes to 
mitigate the negative effects of salt stress. Recent studies have reported various  
mechanisms at the physiological, biochemical and molecular levels to adapt the 
salinity stress in various ecologies. Salt tolerant genotypes can be developed by 
conventional breeding approaches and through biotechnological approaches. This 
chapter reviews the updates on mechanisms and recent approaches to structure the 
salt-tolerant and high-yielding genotypes.

Keywords: wheat, salt stress, ion homeostasis, conventional approaches,  
molecular breeding

1. Introduction

Bread wheat is a major staple food cultivated throughout the world with a global 
yield of 8.8 million tons [1]. Global demand for wheat is increasing day by day due to 
its unique features such as bio-fortified and processed products like biscuits, cook-
ies, doughnuts, porridge and pastries [2]. However, the production and productivity 
of wheat have decreased due to various biotic and abiotic stresses. Different climate 
models estimated that wheat production could reduce by 6% due to adverse climatic 
conditions [3]. Among the abiotic stresses, salinity stress significantly affects the 
growth and production of wheat crops. Up to 40 percent yield loss worth $ 27 billion 
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US annually have reported in salt-affected regions [4, 5]. Soil salinity negatively affects 
the morphological traits such as germination percentage, grain per spike, plant height, 
grain yield and harvest index [6–8]; physiological traits like relative water content, 
membrane stability, chlorophyll fluorescence and mineral uptake [9, 10];  
biochemical traits like proline content, gluten content, protein synthesis and enzymatic 
activity involved in various metabolic processes [11–14]. Salinity stress disturbs the 
ionic balance due to the accumulation of Na+ which reduces the mineral uptake and 
their translocation to grains [15, 16]. Salt stress also causes the production of reactive 
oxygen species which hampers plant growth and development [13, 17]. Wheat grain 
yield reduces greatly when soil pH or electrical conductivity reaches 8.5 or 4 dS m−1. 
Salt stress creates a water deficit which makes it difficult for roots to draw water from 
their surroundings [18, 19]. Early-stage exposure to salt causes osmotic stress, which 
adversely affects the normal cell metabolism, stomatal opening and transpiration 
process. Long-term stress leads to ionic stress due to a high concentration of NaCl. Ionic 
stress causes chlorosis and necrosis of leaves and reduces photosynthesis and protein 
synthesis [20]. Irrigated water with the salt content of 2–3 g L−1 or 3–5 g L−1 reduces the 
grain yield of wheat by 7–13% or 13–24%, respectively [21]. To cope with these adverse 
effects of salt stress, plants use different mechanisms such as the exclusion of sodium 
ions and increase in potassium concentration, maintenance of high K+/Na+ ratio, 
increased stomatal conductance and transpiration efficiency, osmotic adjustment and 
antioxidant defence [22–24]. Therefore, knowledge and understanding of the physi-
ological and biochemical mechanisms are very essential for selecting and developing 
salt-tolerant wheat genotypes. Moreover, an integrated approach of conventional and 
molecular breeding can be used to improve wheat productivity and under salinity 
stress. Therefore, the present chapter summarizes the negative effect of salt stress, tol-
erance mechanism and potential breeding methods to improve the resilience in wheat.

2. Effect of salt stress in wheat

2.1 Germination

Germination is the basic and dynamic process that determines the further growth 
and development of plants. The seed germination process may be divided into three 
distinct phases. Phase one initiates with imbibition of water by dry seed, phase two 
causes activation of enzymatic activity and metabolic processes and phase three is a 
post-germination phase that includes rupturing of endosperm and radicle elongation 
followed by seedling establishment [25–27]. Salt stress lowers the osmotic potential of 
the germination medium which disrupts the normal functioning of the enzyme respon-
sible for protein metabolism, deteriorates seed food reserves and ultimately grain yield 
[28]. These consequences together cause inhibition of cell expansion and cell division. 
Besides enzymatic imbalance, seed dormancy, hard seed coat, seed vigor and viability, 
temperature, moisture content and light intensity also affects the seed germination 
[29]. Previous studies reported that the accumulation of mucilage, callose, lignin and 
suberin increase the seed dormancy by limiting the permeability of water and diffusion 
of oxygen through the seed coat, delaying the germination process [30, 31]. Delayed 
and decreased germination of the wheat seed was reported at 12.5 dS m−1 salinity level 
[32]. Germination percentage in wheat also depends on the type of wheat i.e. spring or 
winter or differences in the cultivar. For example, wheat variety Kharchia 65 was found 
more salt-tolerant than KRL 1–9 due to its high chlorophyll content, membrane stability 
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and relative water content. Significant variation in wheat cultivars was observed for 
percent germination, rate of germination and germination index [33, 34]. Cultivar 
Shakha 93 and Shakah 94 were found positive while Masr 1 was negative for most of 
the germination traits under salt stress condition [35]. Similarly, Charushahi et al. 
[36] observed complete inhibition of germination at a high salinity rate due to limited 
uptake of water. High salt tolerance of Al-Hussein variety at germination stage was due 
to high tolerance index and chlorophyll stability at different salt concentration [37].

2.2 Plant growth

Salt stress severely affects wheat growth at both the vegetative and reproductive 
stages. Further, salt stress at the seedling stage may cause seedling chlorosis, necrosis 
or even death [38]. Early maturity under salt stress reduces the plumule length, leaf 
area and plant height [39]. Moreover, reduction in leaf size, number of leaves, root 
colonization, leaf expansion and dry matter of shoot were also noticed in wheat  
[40, 41]. The root is the first and most important organ of plants which is essential 
for the uptake of water and nutrient from the soil to maintain the growth and various 
developmental processes. Salinity inhibited growth of root and shoot dry weight, 
root length and diameter and root volume in wheat. Salinity reduces the root length 
and coleoptiles length and seedling establishment [42]. Otu et al. [43] reported a 
significant effect of increasing salinity level on root and shoot length, root fresh 
weight and elongation rate (Figure 1). A serious injuries effect in growth parameters 
of wheat like the relative growth rate of roots and leaves was seen under salt stress in 

Figure 1. 
Effects of salinity stress on wheat morphological, physiological, biochemical traits and yield attributes.
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comparison to normal condition [44]. Many earlier studies have reported a reduc-
tion in growth parameters like root and shoot length, seedling length, leaf area, the 
relative growth rate of root and shoot, fresh and dry weight of root and shoot, plant 
height and tillering capacity at different salinity levels [45–48] (Table 1).

Salinity level Effects References

5.40 and 10.60 dS 
m−1

Decreased chlorophyll, carotenoids and relative water content, 
reduced grain yield, increased hydrogen peroxides and thiobarbituric 
acid reactive substances

[33]

16 dS m−1 Reduction in grain filling duration and harvest index [49]

6.85 and 12.3 dS 
m−1

Decreased relative water content, chlorophyll content, membrane 
stability index and increased hydrogen peroxide, SOD, ascorbate 
peroxidase (APOX) and GR

[50]

150 mM NaCl Reduced stomatal conductance, potassium content and 
photosynthetic rate

[51]

0, 25, 50, 75, 100, 
125, 150 mM NaCl

Decrease in root and shoot length, fresh and dry weight of roots and 
shoots, protein content and increase in proline content

[47]

150 and 300 mM 
NaCl

Increased hydrogen peroxide and lipid peroxidation, reduced 
glutathione and glutathione disulfide, glutathione S-transferase, 
decreased ascorbate content

[52]

100 and 200 mM 
NaCl

Declined leaf area, chlorophyll content, relative water content, grain 
yield, N, Fe, Mn and Mg content and increased Cu and Zn content.

[53]

150 mM NaCl Reduced plant height, root length, shoot dry weight, glutathione 
(GSH), chlorophyll and carotenoid content, increased MDA, H2O2 
and superoxide radical.

[54]

10 mM NaCl Reduced water potential, osmotic potential, relative water content, 
decreased N, P and K uptake, reduced grain yield

[55]

200 mmol L−1 NaCl Decreased net photosynthetic rate, stomatal conductance, maximum 
and actual photochemical efficiency of PSII and increase in 
intercellular CO2 concentration.

[56]

10 dS m−1 Reduced membrane stability, increased MDA and hydrogen peroxide 
content

[57]

6.25 dS m−1 Increase in lipid peroxidation, lipoxygenase enzyme activity, H2O2 
content, decrease in fresh and dry weight of shoots

[58]

100 mM NaCl increase in NADPH oxidase activity, H2O2 and proline content in roots [59]

250 mM NaCl Increase lipid peroxidation, hydrogen peroxide and proline content, 
decreased relative water and chlorophyll content

[60]

0.23, 3.0, 6.0 and 
12.0 dS m−1

Reduced carbon fixation, chlorophyll content, leaf area, plant height, 
number of vascular bundles, phloem tissue thickness and pith cavity

[61]

50, 100, and 
200 mM NaCl

Decrease in level of catechin hydrate, quercetin, and benzoic acid, 
reduced shoot and root length, increase in epicatechin levels

[62]

50, 100, and 
200 mM NaCl

Reduction in germination %, root and shoot length, total chlorophyll 
content and increase in MDA content

[7]

6.0 and 10.0 dS m−1 Reduced K content in roots and shoots, relative water and chlorophyll 
content

[8]

0, 100, and 
200 mol/L NaCl

Increased Na + concentration, decreased K+ concentration, decreased 
chlorophyll fluorescence, chlorophyll content, shoot and root length

[48]

Table 1. 
Effect of salt stress on physiological, biochemical and yield attributes.
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2.3 Photosynthesis

Salinity stress has severed effect of various physiological processes such as respiration, 
membrane stability, ion toxicity and photosynthesis. The photosynthesis process involves 
photosynthetic apparatus, PS-I and PS-II, electron transport chain, carbon dioxide 
reduction pathways. Any damage at any stage leads to a reduction in the photosynthetic 
efficiency of a crop plant [63]. Salinity stress greatly reduces the amount of photosyn-
thetic pigments at different salt concentrations and it was found more in salt-sensitive 
genotypes than tolerant. This decreased pigment content may be a due accumulation 
of ions in chloroplast and the high activity of chlorophyllase enzyme [64, 65]. At the 
vegetative stage, salt stress affects the carbohydrate synthesis while its translocation 
to grains during the grain filling stage [66]. Sodium chloride treatment decreases the 
stomatal conductance, CO2 uptake required for carboxylation reaction and activity of 
RUBISCO (Figure 1) which ultimately reduces the photosynthetic efficiency [67]. Kafi 
[68] observed varied responses of wheat genotypes depending upon the growth stage, 
the concentration of salt and period of salt exposure. Stomatal conductance and reduced 
variable to maximum fluorescence were found major limiting factors affecting photo-
synthesis under salt stress. The toxic concentration of Na+ and Cl− in leaves, decreases the 
photosynthetic rate by disrupting the chlorophyll structure and PS-II [69]. Furthermore, 
reduced stomatal conductance decreases the electron transport chain efficiency, which 
results a decline in adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide 
phosphate (NADPH) consumption in the photosynthesis process and ultimately in 
quantum yield of PS-II (Table 1). The reduction in PS-II quantum yield was more in salt-
sensitive genotypes under salinity condition [70]. All the physiological and biochemical 
processes are depending upon the accessibility of water. High salt concentration osmotic 
and ionic stress which lowers the water potential of wheat plants [71]. Relative water 
content reduced 3.5% intolerance while 6.7% in sensitive genotypes of wheat after six 
days of salt stress resulted a drastic decline in water use efficiency [72, 73]. In general, 
water stress at heading and after the anthesis stage significantly affects the productivity 
of wheat [74]. Salt sensitive wheat variety HD 2687 showed a higher decrease in chloro-
phyll content, membrane stability and relative water content under stress compared to 
Kharchia 65 indicating their salt-tolerant nature [50].

2.4 Mineral uptake

One of the most severe effects of salinity stress is the accumulation of Na+ content 
in leaves over the control condition. A high concentration of Na+ and Cl− ions in 
root zone reduces the uptake of essential cationic and anionic nutrients like calcium 
(Ca2+), potassium (K+) and nitrate (No3

−) and decreases the amount of calcium, 
potassium, phosphorus and magnesium (Figure 1) in different plant parts [75, 76]. 
However, the differential response was seen for Na+ concentration in winter and 
spring wheat. Winter-type wheat cultivars accumulate high Na+ than spring type. Slat 
tolerant genotypes have the better ability to maintain more K+ and K+/Na+ ratios and 
accumulate less Na+ in their leaves [77, 78]. The findings of Hussain et al. [55] showed 
that the grain yield and tolerance power of wheat can be increased by enhancing Na+/
H+ type antiporter. These antiporters are responsible for the transition of Na + from 
the cytoplasm to apoplast [79]. Moreover, tolerant genotypes have two pore K+ chan-
nels and one selective cation channel for K permeability [80]. Reduced plant growth 
under salt stress may be due to the high plasma membrane injury due to Na + toxicity 
[48, 81]. Poor membrane stability due to the replacement of Ca2+ by Na + causes the 
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influx of heavy metals [82] like Zn2+ and Cu2+. Iron and manganese content were 
drastically reduced under salinity stress; however, this reduction was lesser in toler-
ant genotypes (Table 1). Salt sensitive cultivars like HD 2687 and WL 711 showed 
a significant reduction in magnesium, nitrogen, iron, manganese and an increase 
in zinc and copper. Kharchia 65 gave good performance due to its better nutrient 
uptake capacity and ion partitioning [53]. Shaaban and El-Nour [83] also reported 
a significant reduction in nitrogen, potassium, phosphorus, calcium, magnesium, 
iron, manganese concentration and uptake; this may be due to the increase in osmotic 
pressure of root when irrigated with saline water.

2.5 Grain yield

Grain yield in wheat depends on several agronomic and physiological traits such 
as tillers number, earhead length, size and number of grains, root and shoot length, 
chlorophyll content, membrane stability and stomatal conductance. Reduction in any 
of the above-mentioned traits in salt condition directly affect the grain yield of wheat. 
However, the percent reduction in grain yield depends on the salt concentration and 
tolerance power of genotypes. Hussain et al. [84] reported significant differences 
among the 40 genotypes of wheat under salt stress. The sensitive genotypes had fewer 
yields than tolerant genotypes mainly due to decreased size and number of grains and 
reduced tillering capacity. The tolerant genotypes produce more productive tillers, the 
high number of fertile spikelets and have a better capacity of photo-assimilates translo-
cation to developing grains. Less availability of photosynthates and their translocation 
from source to sink (Figure 1) is the main reason for lower grain yield in sensitive 
genotypes [85, 86]. Salt stress reduced the thousand kernel weight by 20% and starch 
content of grains by 6% in wheat compared to control condition [87, 88]. Wheat plants 
grown at high salinity level 10 dSm−1 significantly reduced the spike length by 24%, the 
number of spikelets by 21%, thousand-grain weight by 70%, straw yield by 20% and 
grain yield by 67% [89] (Table 1). A number of previous studies also reported a sig-
nificant decline in wheat grain yield with increasing levels of salinity [90–93]. Reduced 
grain yield under salt stress may be due to low germination percentage and small size 
and number of medium and small veins in leaves of wheat [94, 95]. As far as the wheat 
quality is concerned, carbohydrates, proteins, fibers and gluten index in grains declined 
significantly under salt stress [96]. Salt stress at the grain maturation stage promotes 
leaf senescence due to which protein deposition takes place in grains over starch [66]. 
A high reduction in protein content of wheat was observed in wheat than triticale [97].

3. Mechanism of salt stress tolerance

3.1 Ion homeostasis

Salinity stress causes an ionic imbalance in wheat by affecting the Na+ and K+ 
concentrations in different plant tissues. A high concentration of Na+ disturbs the 
uptake of nutrients like K+ and Ca2+ causing lesions on different plant parts with 
declined leaf dry weight and shoot growth. Furthermore, high concentrations of 
Cl− disturb the nutrient uptake by impairing anion uptake. Antagonistic effect of Cl− 
has been observed with nitrate and phosphate [98, 99] causing a reduction in wheat 
growth and yield. Under salt stress, Na+ is the major cause of both ionic and osmotic 
stress. Thus, maintaining ionic homeostasis is very essential for plant growth and 
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development under salinity stress. Plants maintain the ionic balance of Na+ and Cl− 
inside the cell by removing excess salts via primary and secondary transport systems 
and their compartmentalization into vacuole [100]. Na+ exclusion in plants can be 
achieved by different ion channels and transporters present in the cell membrane. 
Apart from being an essential micronutrient, K plays an important role in maintain-
ing a low Na+ to K+ ratio. Previous studies in wheat reported a positive association 
of low Na+ concentration in leaves with salt tolerance. Yadav et al. [93] reported that 
salt stress tolerance in wheat was associated with a high K+ to Na+ ratio in roots and 
shoots. Low K+ to Na+ ratio in the upper leaves of wheat reduces the plant growth. 
The high affinity potassium transported (HKT) gene family plays a major role in 
Na+ exclusion via minimizing the entry of Na+ into the roots from the soil [101]. The 
Nax 1 and Nax 2 genes belonging to the HKT gene gamily were initially identified in 
durum wheat. These genes exclude the Na+ from xylem tissues and maintain its low 
concentration in the leaves. The Nax genes have already been utilized in the breeding 
program for developing the salt-tolerant genotypes in durum and hexaploid wheat. 
The presence of the Nax 2 gene in the durum wheat variety produced 25% more 
grain yield under salt stress conditions. While the presence of both Nax 1and Nax 2 
in bread wheat reduces Na+ concentration by 60% in leaves [102]. Salt tolerance in 
wheat genotypes can be achieved by down-regulation of TaHKT 2 gene [103].

3.2 Osmotic protection

Osmotic stress due to high salt concentration reduces the water uptake, cell 
expansion in roots, growth and development of plants. Likewise, the accumulation of 
high Na in leaves affects the photosynthesis process which results in leaf chlorosis and 
necrosis [104]. Osmoprotectants such as sugars e.g. trehalose, sucrose and fructose, 
amino acids e.g. proline and pipecolic acid, quaternary ammonium compounds e.g. 
glycine betaine, pipecolate betaine, alanine betaine and hydroxyl pro betaine, polyols 
e.g. mannitol, sorbitol and inositol and polyamines e.g. spermidine, putrescine and 
spermine [105] acts as a defensive mechanism in plants by lowering the cell water 
potential, detoxifying reactive oxygen species, activating anti-oxidants activity and 
stabilizing normal structures of proteins and enzymes [106–108]. Production of 
compatible osmolytes in wheat plays an important role in providing tolerance against 
salt injury. Accumulation of glycine betaine in transgenic lines of wheat improves 
the salt tolerance by protecting the photosystem II reaction centers and oxygen-
evolving complex thus enhancing the photosynthetic activity [109]. Salinity stress 
disrupts the function of the thylakoid membrane which affects the photosynthesis 
process and ultimately grain yield of wheat. Glycine betaine improves salt tolerance 
by maintaining ionic balance, increasing osmotic adjustment and neutralizing ROS 
[110]. Wheat seedlings treated with showed a diminished level of malondialdehyde 
and an enhanced level of glutathione under salt stress [111]. Exogenous application 
of glycine betaine increased the activities of antioxidants such as CAT and POD to 
neutralize ROS damage in wheat [112]. Similarly, proline is the well-known osmolytes 
produced under salt stress condition [113]. Proline accumulation in wheat gener-
ally found in the cytoplasm where it acts as a shield against salt injury. Exogenous 
application of proline significantly enhanced the root length, seedling fresh and dry 
weight, photosynthetic pigments and K+/Na+ ratio and thus efficiently sustains the 
wheat growth under salt stress [114, 115]. Proline acts as defending agents for electron 
transport chain and RIBISCO enzyme from salt stress damage and increases the CO2 
assimilation rate, chlorophyll content and photosynthetic rate [116]. The sugars help 
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in the regulation and stabilization of the native structure of proteins and enzymes 
which enables their normal functioning. These sugars may contribute up to 50% of 
osmoregulation in leaves of glycophytes. It is reported that galactose plays a major role 
in ascorbic acid pathways and enhances salt tolerance in wheat [117].

3.3 Antioxidants

Salinity stress disrupts the availability of CO2 in leaves and electron transport 
chain in mitochondria and chloroplast due to which reactive oxygen species like sin-
glet of oxygen (1O2), superoxide radicle (O2

−), hydroxyl radicle (OH−) and hydrogen 
peroxide (H2O2) are produced [118, 119]. Accumulation of these ROS at high concen-
trations is extremely harmful to plants. Chloroplast, mitochondria and peroxisomes 
are the primary site of ROS production. Photosystem I and II in chloroplasts, respira-
tory complex I and III in mitochondria and glycolate oxidase in peroxisomes are the 
major source of ROS generation [120–123]. ROS cause protein oxidation, lipid peroxi-
dation, damage to nucleic acid, inhibition of enzyme activity and programmed cell 
death [124]. Lipid peroxidation is caused by the oxidative burst of the cell membrane 
which can be estimated by the content of malondialdehyde (MDA). Lipid peroxida-
tion increases electrolyte leakage, disturbs membrane permeability and activates the 
oxidation of protein and DNA. Up to 73% increase in MDA content at 300 mM and 
35% increase at 100 mM have been observed when wheat plants exposed to salinity 
stress [52]. Plants have the natural defense system antioxidant to detoxify the harmful 
effect of ROS. The enzymatic antioxidants are catalase (CAT), superoxide dismutase 
(SOD), peroxidase (POX), ascorbate peroxidase (APX), glutathione reductase (GR), 
glutathione peroxidases (GPX), dehydro-ascorbate reductase (DHAR) and mono-
dehydro-ascorbate reductase (MDHAR) while non-enzymic antioxidants are gluta-
thione (GSH), ascorbate (AsA), tocopherol and carotenoids [124, 125]. Sairam et al. 
[33] reported an increased concentration of catalase in both salt-tolerant and sensi-
tive cultivars of wheat. Mandhania et al. [126] observed enhanced activity of SOD 
and CAT in wheat which detoxify H2O2 and break it down as H2O and O2 under salt 
stress. Tolerant wheat genotypes produced a high concentration of AsA and catalase 
to counter the effect of salinity in comparison to sensitive genotypes [45]. Likewise, 
exogenous applications of ferulic acid, caffeic acid and sinapic acid up-regulate the 
CAT and POX activity in stresses plant of tolerant genotypes. These phenolic acids 
decrease the H2O2 and MDA content in roots and shoots of both sensitive (cv. HD 
2329) and tolerant (cv. Kharchia local) cultivars [57].

4. Approaches for salt stress tolerance

4.1 Conventional breeding

Genetic improvement for grain yield, quality traits, biotic stress and abiotic stress 
including salinity stress are the major breeding objective in wheat. Different methods 
such as screening of genotypes, pedigree method, hybridization, genetic transforma-
tion and marker-assisted breeding have been used in for increasing salt tolerance 
in wheat. Target breeding for salt stress is mainly done in India and Pakistan. The 
salt-tolerant genotypes in India are KRL 19, KRL 1–4, KRL 210, KRL 213 and KRL 
283 developed by Central Soil Salinity Research Institute, Karnal (India). Almost 
all the tolerant genotypes in India are developed using Kharchia 65 as donor parent. 
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Kharchia 65 is collected from Kharchi in Pali district of Rajasthan possessing very 
high salinity and sodicity tolerance. KRL 1–4 developed in 1990 using the pedigree 
method from a cross between Kharchia 65 and WL 711 [127]. KRL 19 (PBW 255/
KRL 1–4) which can tolerate salinity up to EC 5–7 dSm−1 was released in 2000. It 
has yield potential in saline soil is 2.5–3.5 ton ha−1. KRL 210 (PBW 65/2*Pastor) and 
KRL 213 (Cndo/r143//Ente/Mexi-2/3 Aegilops squarrosa (taus)/4/Weaver/5/2*Kauz) 
were released in 2010 with yield potential 3.0–5.0 ton ha−1. KRL 283 (CPAN 3004/
Kharchia 65//PBW 343) was released in 2018 using bulk selection method [128] 
with yield potential up to 41 q ha−1. Apart from the released variety, genetic stock of 
salt-tolerant wheat lines i.e. KRL 35, KRL 99 and KRL 3–4 have been registered with 
NBPGR. Similarly, two varieties LU26S and SARC-1 were developed in Pakistan by 
Saline Agriculture Research Cell (SARC) at Faisalabad and one variety Sakha 8 was 
developed in Egypt by Agricultural Research Centre at Giza [128]. KTDH a double 
haploid line with good Na + exclusion ability was a product of a cross between 
Kharchia 65 with TW161. This line matured early and performed average under saline 
conditions of Spain [129].

4.2 Molecular breeding

Salt stress is a major constraint in wheat production and productivity worldwide. 
Salt stress causes the accumulation of Na+, Cl− ions and reactive oxygen species which 
disrupts the nutrient uptake, hormonal balance leads to a reduction in growth and 
development of wheat plants. Salt stress tolerance is a polygenic trait governed by 
multiple QTLs and interaction effects. Understanding the inheritance pattern of slat 
tolerance is the major step in developing the improved genotypes for salinity stress. 
Identification of QTLs with major effects helps in marker-assisted selection of salt-
tolerant wheat genotypes. Several QTLs associated with salt tolerance-related traits 
have been mapped in wheat. A major QTL for salt tolerance was identified on link-
age group 4DL controlling K/Na ratio in wheat [130]. To enhance the salt tolerance 
capacity, two major Na + exclusion genes Nax 1 and Nax 2 have been introgressed into 
durum wheat from Triticum monococcum [131, 132]. Genetic analysis mapped Nax 1 
and Nax 2 locus on the long arm of linkage group 2A and 5A, respectively. Both of the 
genes were also introgressed into Triticum aestivum cv. Westonia from durum wheat 
and showed reduced Na + concentration in leaves [133]. In a RIL mapping popula-
tion between Pasban 90 x Frontana, a total 60 QTLs for various physiological traits 
related to salinity tolerance has been identified on linkage group 1B, 1D, 2A, 2B, 2D, 
3A, 3B, 3D, 4A, 4B, 4D, 5A, 5B, 5D, 6A, 6B, 6D, 7A, 7B and 7D. Out of these, one for 
chlorophyll a, three for proline content, four each for osmotic potential, superoxide 
dismutase, chloride content, five each for relative water content and water potential, 
six for membrane stability index, seven for total chlorophyll and eight for chlorophyll 
b [134]. Low Na+ and high K+ content in leaves is an important cellular mechanism 
that help the plant to withstand under salt stress condition [73, 135]. For Na content, 
3 QTLs were identified by Amin and Diab [136], one by Asif et al. [137], eight by Devi 
et al. [138], six by Hussain et al. [104], five by Ilyas et al. [134], one by Lindsay et al. 
[139], four by Masoudi et al. [140] and six by Xu et al. [141]; for K content, four QTLs 
were detected by Amin and Diab [136], two by Devi et al. [138], five by Hussain et al. 
[104], four by Ilyas et al. [134], ten by Masoudi et al. [140], and eight by Xu et al. 
[141]; for K/Na ratio six QTLs were mapped by Amin and Diab [136], two by Asif 
et al. [137], four by Ilyas et al. [134], twelve by Masoudi et al. [140] and three by Xu 
et al. [141] (Table 2).
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Traits Gen No. of QTLs Linkage group References

Na conc. DH 3 2B, 4B, 5D [136]

K conc. 4 2B, 2D, 3D, 5D

K/Na ratio 6 2B, 2D, 3B, 4A, 5B, 7A

Growth rate 5 1A, 2A, 2B, 3A, 4A

Leaf fresh weight 5 3A, 3B, 4B, 5B, 5D

Leaf dry weight 3 1D, 4B, 5D

Water content 2 3D, 5B

No. of spikes/plant 5 2B, 4B, 5B, 7D

No. of spikelets/spike 6 1D, 2B, 3B, 4B, 5B, 7D

No. of grains/plant 5 1B, 1D, 2B, 3B, 5D

Grain weight/plant 5 1D, 2B, 3B, 3D, 5B

Total dry weight 6 1D, 2A, 3A, 4B, 5D

Shoot growth RILs 3 5A, 7B [137]

Na accumulation 1 2A

Chloride accumulation 3 1A, 2A, 3A

K/Na ratio 2 2B, 2D

Germination % RILs 5 2A, 2B, 4A, 6D, 7B [142]

Germination index 5 2A, 2B, 4A, 6D, 7B

Seedling vigor index 5 2A, 2B, 4A, 6D, 7B

Root length 12 1B, 2A, 2D, 3B, 3D, 4D, 5A, 5B, 
6A, 6B, 6D

Shoot length 5 2D, 3D, 5D, 6D, 7B

Seedling fresh weight 7 1D, 2A, 2D, 3B, 3D, 6A, 6B

Seedling dry weight 5 1B, 2B, 5B, 5D, 6A

Sodium content RILs 8 1B, 2D, 5D, 6A, 7D [138]

Potassium content 2 1B, 2D

Proline content 3 2D

Plant height 6 2D, 6A

Length of ear head 3 5D, 6A, 6B

Thousand-grain weight 3 2D

Grain yield 4 1A, 2D, 6A, 7D

Tiller number per plant 3 2D, 4D, 6A

Number of earhead 1 4D

Days to heading 2 2D

Days to anthesis 1 2D
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Traits Gen No. of QTLs Linkage group References

Shoot height RILs 8 1D, 2B, 3A, 3B, 5B [143]

Shoot fresh weight 11 1A, 1D, 2A, 3B, 4B, 5B, 6B

Shoot dry weight 5 1A, 3B, 6A, 6B

Chlorophyll content 7 2B, 5A, 6B, 7B, 7D

Root boron conc. F2 3 2A, 2B, 3D [104]

Root calcium conc. 3 3B, 6B

Root copper conc. 2 1D, 7B

Root iron conc. 3 2A, 6A, 6B

Root potassium conc. 3 2A, 4B, 3D

Root magnesium conc. 1 5A

Root manganese conc. 3 2A, 6B

Root sodium conc. 3 2A, 6A, 7A

Root phosphorus conc. 1 7B

Root sulfur conc. 5 2A, 3B, 6B, 7B

Root zinc conc. 3 2A, 6A, 7A

Shoot boron conc. 3 3B

Shoot calcium conc. 2 6A, 6B

Shoot potassium conc. 2 2A, 6A

Shoot magnesium conc. 2 2A, 6B

Shoot manganese conc. 1 4B

Shoot sodium conc. 3 2A, 7A

Shoot phosphorus conc. 2 4B, 1D

Shoot sulfur conc. 3 1A, 2A, 4B

Shoot zinc conc. 1 7B

Relative water content RIL 5 2A, 4A, 7A, 7B [134]

Membrane stability index 6 3A, 3D, 4A 5B, 7B, 7D

Water potential 5 2A, 5B, 5D, 6A, 6B

Osmotic potential 4 2B, 5D, 7A, 7B

Total chlorophyll 7 1B, 3D, 5B, 6A, 6B, 6D, 7D

Chlorophyll a 1 7D

Chlorophyll b 8 1D, 3A, 3B, 4A, 6B, 7A, 7B

Proline content 3 1B, 4B, 7A

Superoxide dismutase 4 1B, 1D, 2A, 6D

Sodium content 5 1D, 2A, 2B, 3B, 6B

Potassium content 4 2B, 4A, 5A, 6A

Chloride content 4 1D, 2B, 3B, 7A

Na/K 4 1D, 2D, 3A, 4D

Sodium exclusion F2 1 2A [139]
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Traits Gen No. of QTLs Linkage group References

Salt tolerance index RIL 3 3A, 4D, 5A [144]

Fresh weight of radicle 1 4D

Dry weight of radicle 3 3A, 3B, 7A

Fresh weight of plumule 2 3A, 3B

Dry weight of plumule 1 4D

Salt injury index 5 3A, 5B, 6B, 6D

Root fresh weight index 2 4A, 6D

Shoot fresh weight 6 2A, 2B, 3B, 3D, 4A

Plant fresh weight index 5 3B, 3D, 4A, 7B

Root dry weight index 2 3D, 6D

Shoot dry weight index 2 1A, 3B

Plant dry weight index 5 2A, 3B

Root/shoot length ratio 8 1A, 2A, 2D, 3A, 3D, 6A, 6D

Chlorophyll content 2 3D, 7A

Shoot height RIL 7 1A, 1B, 4A, 4B, 6B, 7B [140]

Shoot fresh weight 9 1A, 1B, 3A, 3B, 6B

Shoot dry weight 7 1A, 1B, 3A, 3B, 7B

Chlorophyll content 6 1B, 1D, 3B, 6A, 6B, 7B

Salt injury index 5 1B, 3B, 6A, 6B

Shoot Na+ conc 3 1B, 3B, 5A

Shoot K+ conc 3 2A, 2B

Shoot Na+/K+ 6 1B, 2D, 3A, 3B, 5A

Root Na+ conc 1 7A

Root K+ conc 7 1A, 2B, 3B, 3A, 4A

Root Na+/K+ 6 1A, 2B, 3A, 3B, 7D

Na+ translocation from roots 
to shoots

3 1B, 2B, 3B

K+ translocation from roots 
to shoots

2 4A

Maximal root length RIL 4 1B, 5A, 6A, 7B [141]

Shoot height 3 4A, 4B, 5A

Root dry weight 3 2D, 3B, 5A

Shoot dry weight 1 2A

Total dry weight 2 2A, 2D

Chlorophyll content 1 5B

Root K+ conc 4 1D, 5A, 5B

Root Na+ conc 2 2B, 3B

Root K+/Na+ concentration 3 4B, 5B, 7D

Shoot K+ conc 4 2B, 3B, 4B, 6A

Shoot Na+ conc 2 5A, 7A

Table 2. 
QTLs associated with salt tolerance related traits in wheat.
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4.3 Salt-tolerant gens

One of the approaches to improve salinity tolerance is the identification of genes 
playing a significant role in the tolerance mechanism. Till now massive information 
about tolerant gens, transcription factors that are either up-regulated or down-
regulated have been identified using genomic or trancriptomics approaches. There 
is increasing evidence for the involvement of dehydrin and expansion proteins, 
transcription factors like TaSRG, TaMYB2A, TaNAC29, TdERF1 and Sodium anti-
porter, transporters and vacuolar pyrophosphatase in the salt stress response in 
wheat [145–147]. Some of the examples of salt-responsive genes are listed in Table 3. 

Gene Protein Function References

DHN-5 Dehydrin Higher seed germination and growth rate, 
high proline contents, and lower water loss

[148]

TNHX1 and TVP1 Sodium antiporter 
and vacuolar 
pyrophosphatase

High relative water and K+ content, [149, 150]

TaSTRG Higher fresh weight, chlorophyll content, 
proline and soluble sugar contents

[151]

TaMYB2A Transcription 
factor

High membrane stability, water retention 
capacity, high photosynthetic efficiency

[145]

TmHKT1;4-A2 
and TmHKT1;5-A

Na + transporters TmHKT1;4-A2 excludes Na + from the 
xylem in roots and leaf sheaths; mHKT1;5-A 
excludes Na + from the xylem only in the roots

[152]

TaSC Calcium-dependent 
protein kinase

High germination rate, seedling length, K+/
Na + ratio and proline content

[153]

TaEXPB23 Expansins Root elongation, improved water retention 
ability reduced osmotic potential

[154]

TaERF3 Ethylene-response 
factor

Accumulation of proline and chlorophyll 
increased while and H2O2 content decreased

[146]

TaNAC29 TaNAC29 enhance salt tolerance by reducing 
H2O2 production, membrane damage and by 
enhancing the antioxidant (SOD, POD, APX 
and CAT) activity

[155]

TdERF1 Ethylene-response 
factor

Maintain high membrane stability, and 
soluble sugar content

[147]

TNHXS1 and 
TVP1

Sodium antiporter 
and vacuolar 
pyrophosphatase

Higher biomass, chlorophyll content and 
catalase (CAT) activity, more K+ and less Na+ 
content

[155]

TMKP1 Mitogen-activated 
protein kinase 
phosphatases

Increased antioxidants activities, namely 
SOD, CAT and peroxidase, reduced MDA 
and H2O2

[156]

TaPUB1 Ubiquitin-protein 
ligase

higher germination rate, less reduction in 
chlorophyll, higher photosynthetic capacity 
and antioxidants activity and lower Na+/
K+ ratio

[88]

TaEXPA2 Expansin proteins higher germination rates, longer root length, 
more lateral roots, higher survival rates and 
more green leaves, lower Na + but higher K+

[157]

Table 3. 
Genes conferring salt tolerance in wheat.
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These transcription factors can change the gene expression by specific binding in the 
promoter region of a large number of genes. Rong et al. [146] characterized the func-
tion of ethylene response factor TaERF3 and observed that overexpression of TaERF3 
improved the salt and drought tolerance in wheat. Electrophoretic mobility shift assay 
showed that TaERF3 protein interacted with the GCC-box present in the promoters 
of seven TaERF3-activated stress-related genes, suggesting that TaERF3 positively 
regulated wheat adaptation responses to salt and drought stress through the activation 
of stress-related genes. Similarly, Up-regulation of bZIP genes was found insensi-
tive and down-regulation in tolerant cultivar of wheat under salinity stress [158]. 
Overexpression of TaEXPA2 an 𝛼𝛼-expansin gene of wheat provides salt tolerance in 
transgenic lines of tobacco. The enhanced salt tolerance was associated with improved 
relative water content, selective ion absorption and increased antioxidant activity. 
Moreover, ABA signaling positively participated in regulating theTaEXPA2-enhanced 
salt stress tolerance but how ABA participates in regulating salt stress tolerance needs 
to be studied further [157].
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Abstract

Wheat is a staple food of about 40% of the world population, and continuous 
improvement is vital to meet the increasing demands of the world population. 
Climate change, a serious concern of the present time, could strongly affect the wheat 
crop. To mitigate the climate change effects on wheat, scientists are developing wheat 
germplasm tolerant to the number of stresses and for this purpose different strate-
gies have been adopted. In this chapter, the effect of climate change on wheat and 
strategies to develop a better wheat plant for climate change using advance breeding 
and molecular techniques have been discussed. Conventional breeding including 
hybridization, mutation breeding and shuttle breeding are some classical approaches 
which have led to the development of some high yielding wheat varieties but it’s a 
time taking task, the advancement in science has opened the new window for making 
a better crop for changing climate. Recent achievements in genetic engineering are 
expected to augment conventional breeding to further increase production. Advances 
in genome sequencing and molecular breeding have increased the rate of gene discov-
ery. The use of advance genomic technique is a key to overcome the food security issue 
related to climate change.

Keywords: wheat, climate change, conventional breeding, genetic engineering, 
CRISPR-Cas9, genome-wide association studies (GWAS)

1. Introduction

Wheat (Triticum aestivum), an important commodity since always, is the central 
pillar of food security like Plato said that ‘A true statesman is never ignorant of wheat’. 
This crop is staple food of about 40% of the world’s population and a source of daily 
protein for about 2.5 billion people in less-developed countries [1]. It is ranked top in 
terms of area and 2nd in terms of production globally [2, 3]. Wheat is a rich source of 
carbohydrates: the whole wheat grain and flour contain 60–70% and 65–75% starch 
respectively [4, 5]. Additionally, it also contains an appreciable amount of protein 
(20%), dietary fibers and vitamins [5, 6]. It is a multifaceted crop normally used as 
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food, in the guise of bread, macaroni and because of the elasticity of gluten, it is very 
popular in Asian countries for chapatti making.

Wheat is one of the most widely cultivated cereal crops with the production of 
760.93 million tons and an area of 219.01 million hectares of farmland worldwide 
[7] which is a 15.4% arable area globally. Its production has increased since green 
revolution in 1961 from 222.35 million tons to an estimated 775.3 million tons in 2021 
[8]. In 2017, the global production of wheat was 751.99 million metric tons however 
it was increased by 8 million tons in 2018 with the total estimated production of 
758.02 million metric tons. A similar trend was observed in 2019 where wheat 
production was 765.76 million metric tons however the global consumption of wheat 
assessed by World Agricultural Supply and Demand Estimates (WASDE), was 791.1 
million tons for the year 2021 [9]. It has been projected that the wheat demand in 
developing countries will be increased up to 60% by 2050 which is a stern concern 
related to food security [10]. Wheat is the main rabi crop in Pakistan covering 38% 
of the cultivated area and accounts for 13.1% of value agricultural products and 
because of its staple food status, it occupies a central position in agricultural poli-
cies. Pakistan ranks 8th in terms of wheat area and production and 58th in terms of 
average yield (2805.9 kg ha−1) [11]. Wheat productivity is globally increasing only at 
1.1% per annum (p.a.) which is not enough to reach the predicted increase in wheat 
demand at 1.7% (p.a.) rate until 2050, and even in some regions, the productivity is 
stagnant [12].

Global wheat demand is skyrocketing in recent years because of many factors; 
change in eating habits, population trends, socio-economic conditions, especially in 
Asia and Africa. Among these, population explosion and climate change are the most 
pressing challenges to food availability in the present and future eras. Fast-rising 
population levels are putting pressure on land due to urbanization and fuelling global 
food demand [13]. Economic growth and access to food are important factors in alle-
viating poverty and hunger (hidden and chronic), although mere access to food is not 
enough to accelerate the reduction in malnutrition and hidden hunger [14]. Another 
most important factor is the changing climate and extreme weather conditions which 
are reshaping the whole picture of food security.

To overcome the drastic effects of climate change there is a need to develop such 
a plant type that can fight the battle against climate change. In this review, we will 
through light on some classical and advanced techniques which can be helpful to 
develop a better wheat plant that can win the war against climate change.

2. Threat of climate change on suitable crop production

According to the Intergovernmental Panel on Climate Change (IPCC) climate 
change refers to “any change in climate over time, whether due to natural vari-
ability or as a result of human activity”. However, according to the United Nations 
Framework Convention on Climate Change, it is referred to as a change of climate that 
is attributed directly or indirectly to human activity that alters the composition of the 
global atmosphere [15]. Climate change cause very harsh direct, indirect and socio-
economic effect on environment, more importantly on crop grown under this type 
of environment. Different stresses including high temperature, drought, increased 
salinity level and flooding arise as the result of climate change. These stresses are the 
most influencing factors which affect the natural system, human health and agricul-
tural production, especially in developing countries [16]. The expeditious increase in 
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world population indirectly affects the demand and supply chain of food which is a 
great concern for global environment stability [17].

Climate change is a global phenomenon; however, the noticeable changes in 
rainfall and temperature in recent years have had an impact on wheat productivity. 
The elevated temperature will change the plant life cycle by inducing early flowering 
and fruit sets which will shorten the growth period and the developed seeds would be 
deficient in nutrients due to increased respiration rate. For each °C rise in temperature 
6–13% reduction in the potential yield of wheat will happen. Although the exact con-
sequences of climate change are impossible to predict, the general view is that global 
crop production will be negatively affected [18, 19]. To overcome this pressure and to 
meet the future demand for wheat international initiatives were taken [20]. Different 
international policy-making organizations “The Agricultural Ministers of G20” and 
“the Consultative Group for International Agricultural Research (CGIAR) research 
centers” keep climate change and food security a key priority area and motivate the 
need to further see the sights how one key staple food may be influenced by efforts to 
make the food system more resilient [21, 22].

Adverse effects may happen through increasing levels of CO2, temperature, pests 
and diseases [23], and deteriorating quality and yield attributes [24]. The frequency 
of extreme weather events such as droughts and floods also increase in the response 
to changing climate [25]. One of the main reasons for changing climate and continu-
ous elevation of CO2 is deforestation; the level of CO2 elevated from 280 μmol−1 to 
400 μmol−1 and the prediction tells that might grow into two folds (800 μmol−1) up to 
the end of this century [26].

Food insecurity is an emerging issue of today’s era that is a result of climate 
change. Almost 815 million people around the globe are facing hunger and malnutri-
tion, hampering viable development programs to accomplish the worldwide goal of 
stamping out hunger by 2030 [27]. The adverse climatic conditions, mainly elevated 
temperature, is causing a threat to food security and agricultural yield [28]. The 
inhabitants are likely to grow up to 9 billion by 2050 and food supplies are expected to 
accelerate by about 85% [29]. Environmental supremacy is going from bad to worse 
comprising low variation and high application of inputs, and unbalanced output due 
to climatic variations in crops [30]. The escalated spells of drought and heavy precipi-
tation, elevation in temperature, salinity, and disease attacks are expected to decrease 
crop production and leads to higher threats of famine [31]. The best possible way to 
tackle this problem is the development of climate-smart cultivars.

3. Stresses as an outcome of climate change

In recent years, the environment has been significantly affected due to climate 
change, the most expected area is agriculture, or the agriculture crops grown in these 
environments. As a result of climate change, the elevation in CO2 and temperature 
was observed by different scientists [32]. These are major limitations that develop a 
gap between the supply and demand of food and lead most researchers into looking 
for good adaptation strategies for plants under these conditions [33], by developing 
climate-smart crops that are resilient against climate change [34]. Sensitivity to this 
kind of stress causes a serious effect on the plants; like disruption in the plant metabo-
lism processes, thereby resulting in the reduction in felicity and quality of agricultural 
crop production [35]. There are two types of stresses: biotic and abiotic. Biotic stress 
in plants occurs by the infestations of living entities like viruses, bacteria, nematodes, 
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fungi, insects and weeds, however, abiotic stresses include drought, eminent CO2, 
temperature (low and high) [36], waterlogging, high precipitation, increased sun-
shine intensity and chemical factors (heavy metals and pH).

3.1 Biotic stresses

When we talk about the wheat crop, different biotic factors (including diseases 
and pests) come under consideration which limits wheat production. These insect 
pests and diseases are distributed worldwide and some of these exist in major wheat-
growing areas which are destructive for wheat production. Karnal bunt and Russian 
wheat aphid are more dangerous and cause a heavy loss in yield in their hotspot [37]. 
Main wheat diseases include yellow rust/stripe rust, tan spot and leaf rust/brown rust 
caused by Puccinia striiformis west, Pyrenophora tritici-repentis (Died.) and Puccinia 
triticina respectively. Leaf rust causes considerable yield losses in wheat by disrupt-
ing the photosynthesis process of leaves which ultimately result in stunted growth, 
decreased number of grain per spike, shrined seeds and eventually a huge loss in 
production [38]. When the onset of the disease is early in the growth cycle of the 
plant the loss increases up to 50% [39]. Stripe rust is also a major disease prevalent 
in temperate regions and results in 10–70% yield losses [40]. Different chemical 
treatments and agronomic practices are available to overcome these diseases, but the 
development of resistant cultivars is the most economical and effective strategy.

3.2 Abiotic stresses

Abiotic stresses like drought [41], heavy metal stress [42], and salinity signifi-
cantly affects the average yield of crops including wheat [43]. Approximately 9% 
area of the globe is under cultivation and 91% of that is affected by different stresses. 
Statistical models predict that a 10% reduction in wheat yield is due to extreme 
weather, global warming, resulting in increased evaporation rate and reduction in 
precipitation [44], and more specifically because of drought [45]. Abiotic stresses 
contribute 50% loss in yield of different crops which includes temperature (20%), 
salinity (10%), drought (9%), cold (7%), and other stresses (4%) [46]. Water 
scarcity is a global issue that takes place in any wheat-growing region which causes 
osmotic stress. In United states, the losses due to drought reached up to $6–8 billion 
per year which is a threat to global food security [44, 47]. The most frequent spells of 
drought are the result of global warming, which is a serious concern for wheat yield 
[44]. Temperature plays a key role in balancing normal crop growth and develop-
ment which ultimately regulates the crop yield [48]. Wheat survives in a broad range 
of temperatures, the upper and lower limits of temperature for wheat survival are 
−17 ± 1.2°C to 47.5 ± 0.5°C, respectively [49]. The daily high surge in temperature is 
25–35°C crossways the world wheat-growing areas [50]. The most affected growth 
stage by temperature stress is flowering followed by germination which is delayed 
under heat stress due to the alternation in metabolic activities of nearby soil tem-
perature [51]. The result of a delay in germination is low crop density. The most 
adverse effect of heat stress occurs during the anthesis and seed setting stage and 
leads towards significant yield loss [52]. An increase in salt accumulation in soil cause 
physiological drought which decreases the ability of plants to take up water from the 
soil, [53]. Similarly, heavy metals also affect wheat plants from germination to growth 
as well as biochemical mechanism and ultimately the reduction of yield. All above-
mentioned stresses in wheat-growing areas bring decisive yield loss of wheat.
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4. Impact of climate on wheat productivity

Climate change is a major challenge for wheat productivity, which includes declin-
ing water availability, increased temperature and different insect pests which cause 
a serious reduction in the crop. The first step to mitigate climate change is to assess 
the possible damages and adaptation strategies to accomplish the size and nature of 
these effects on crop productivity. As wheat is the staple food of many countries its 
importance is amplified concerning food security, so, it is a need of time to measure 
the response of wheat to changing climate. The response of wheat plants to changing 
climate is different with different stages of growth and development including ger-
mination, growth and maturity. High temperature is an imperative variable to study 
which affects the wheat crop throughout the growth cycle. Similarly, rainfall also has 
an important positive effect if it occurs at proper time with a proper amount at critical 
stages of growth. Therefore, the estimation of the effect of climate change on wheat 
productivity can provide important visions for adaptation [54].

4.1 Germination

Germination is the most sensitive stage in the whole wheat life cycle which affects 
crop density and uniform maturation, which eventually expedite an important role 
in yield. Extreme alternation in the immediate environment of a germinating seed 
can inhibit germination processes, eventually leading to possible yield loss due to a 
drop in cropping density [52]. Different studies suggested that under salt-affected 
soil, the germination rate of wheat decreased and the seed took more time than 
normal to germinate. The scientific reason behind that phenomenon is the reduction 
in osmotic potential of germination media, which restrict seed imbibition. Salinity 
also destroys the food reserve of the seed by imbalancing the hormonal status of the 
seed [55]. Other factors impelling germination include seeds’ dormancy, age, seed 
coat hardness, vigor, polymorphism, temperature, light and gases [56]. The delay in 
germination may leave crops vulnerable to heat stress at the end of growing seasons 
or promote uneven maturation of crops [57]. Wheat seed is also sensitive to different 
chemical and physical conditions such as the presence of heavy metals in the rhizo-
sphere which cause a reduction in germination and affects seedling vigor [58]. Recent 
studies have documented that heavy metals inhibit the storage of food mobilization, 
stunt the radical formulation, disrupt the cellular osmoregulation and degrade the 
proteolytic activities, eventually causing inhibition of seed germination and seedling 
development [59].

4.2 Physiology

Physiology plays an important role in the growth of any plant. Photosynthesis is 
an important physiological process for plant development and survival that is greatly 
affected by environmental conditions. Higher accumulation of salts resulting from 
climate change primarily lessens the water potential and store Na+ and Cl− ions in the 
chloroplast, which inhibit the photosynthesis process [55]. According to Arfan et al. 
[60] transpiration rate, stomatal conductance, net CO2 assimilation and sub stomatal 
CO2 concentration were decreased by salinity stress at 150 mM NaCl. Similar to the 
salt stress, drought/osmotic stress disrupt the photosynthesis process of wheat plants, 
can damage sugar synthesis essential to drive yield in wheat crops but also leads to 
stomata closure by turgor loss through reduction of internal water contents. It leads to 
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death of plant by disturbing metabolism [61, 62]. Plant physiological processes are 
also sensitive to a higher temperature, heat stress cause the deactivation of Rubisco 
enzyme, reduced photosynthetic capacity, assimilated translocation reduces, brings 
premature leaf senescence, decrease chlorophyll content and ultimately decrease 
in yield [63]. High temperature also affects the starch and protein content in grain 
and induce the production of reactive oxygen species (ROS) which cause a change 
in membrane stability along with lipid peroxidation, protein oxidation and damage 
to nucleic acids [64]. Thus, all the stresses are significant variables that emphasis 
the scientific community to develop climate-smart wheat varieties to tackle food 
security issues.

4.3 Yield

All the biotic and biotic stresses such as high temperature, water scarcity and frost 
abate the wheat yield by reducing grain number, grain size and single grain weight. 
However, how and which yield component will get affected by certain stress depends 
upon its duration, intensity and timing [65]. For example; if the stress occurs before 
and during anthesis it reduces the number of grains per ear due to an increased seed 
abortion. However, when stress occurs after anthesis it does not influence the grain 
number but effect grain size by shrinking the grain and single grain weight by inhib-
iting grain filling [66]. Wheat grain yield and number of tillers decreased 53.57% 
and 15.38% respectively under heat stress [67]. The influence of heat stress is highly 
significant during the reproductive phase. The increase of 1°C average temperature 
during the reproductive stage may lead to a higher loss in grain yield [64]. It is also 
important to note the importance of the flag leaf when looking at yield and grain 
filling [68]. The flag leaf contributes approximately 30–50% of seed carbohydrates; 
therefore, any damage to the flag leaf would negatively impact yield [69]. When we 
talk about the wheat yield loss due to biotic stresses, then the leaf rust (LR) is the 
main widely spread biotic stress. In the United States, economic losses of $350 million 
were attributed to LR between 2000 and 2004. In China, annual yield losses due to 
LR are estimated at 3 million tons [39]. According to a recent estimation, annual yield 
reductions of 5.47 million tons of wheat are attributable to yellow rust disease, which 
is equivalent to annual losses of $979 million [70]. A detailed analysis of wheat grain 
yield and its yield component is crucial to identify genomic regions responsible for 
grain yield and stress tolerance [71].

5. Approaches to scrimmage against climate change

The fluctuation in climatic conditions directly affects morphology, phenology and 
physiology of plants and indirectly affects the productivity by alteration in soil biota, 
fertility, and water and nutrients availability. Keeping in view the current status of 
wheat production, it is predicted that the wheat productivity will be 1 t/ha short to 
meet the global demand by 2050. Variation in climate, change in pest and a pathogens 
life cycle and new variants will further aggravate the situation by threatening global 
food security. Thus, in future, food security will face a four-fold challenge: upward 
pressure on demand with downward pressure on supply and the need for sustainable 
production [72]. All these factors are interlinked and their collective reinforcement 
will amplify the burden on food demand and require a revolutionized food system 
[73]. Climate change in short affects plants, their environment and society at large. 



205

Development of Better Wheat Plants for Climate Change Conditions
DOI: http://dx.doi.org/10.5772/intechopen.106206

Breeding for disease-resistant, climate stress-tolerant and potentially high yielding 
wheat will improve productivity to meet future demands.

5.1 Conventional approaches

Conventional breeding achieves incremental yield gains by recombining alleles 
mainly from within elite materials and selecting among thousands of progeny per 
cross for expression of appropriate agronomic traits, resistance to a spectrum of 
prevalent diseases and yield based on multi-location trials [1]. Crossbred through 
conventional breeding is only possible between the same or closely related species. 
The absence of gene of interest (GOI) in the natural gene pool puts limitations on the 
introgression for the creation of varieties with desirable traits. Therefore, hunting for 
an alternate source of GOIs in distantly related plant species and even in microorgan-
isms is necessary [74]. Plant breeding programme’s success strongly depends on the 
climate, market demand and trends. Genomic selection helps in multiple quantitative 
traits prediction in genotypes from breeding pipelines [75] and by attaining historical 
phenotypes and adding high-density genotypic information.

5.1.1 Hybridization

In wheat, hybrid cultivar and commercial seed production are still limited to a 
specific sector as compared to other cereal crops like rice or maize [76]. Conventional 
breeding by backcrossing is a method to improve an elite line by adding a new trait. 
An F1 hybrid is obtained by crossing a donor line carrying GOI with an elite line and 
then F1 hybrid is recurrently back-crossed with the elite line until 5-8th generation. 
The final genotype will be a product of characteristics of the elite line and will carry 
the introgressed GOI [77]. Wheat is a self-pollinated crop with an out-crossing rate 
of <1%, so, execution of effective cross-pollination techniques between the wheat 
elite lines that can overcome the autogamous mode is needed. This can be achieved 
by crossing between a male-sterile female plant with good pollen recipient properties 
and a male plant with good pollen shedding properties. Efforts have been made to 
develop maternal plants with cytoplasmic male-sterility (CMS) for wheat breeding 
e.g. CMS systems were identified in wheat (i.e. Triticum timopheevii) (Angus, 2001) 
e.g. four new alien CMS (Ae. kotschyi, Ae. uniaristata, Ae. mutica and Hordeum 
chilense) were discovered [78]. Due to the Bottleneck effect in bread wheat, a potent 
source of genetic diversity is required. The gene pools of Triticeae, which includes the 
primary, secondary, and tertiary gene pools are a rich source of genes that can be used 
to improve traits such as; abiotic and biotic stress tolerance including disease, herbi-
cides and extreme climatic conditions. The plasticity of the wheat genome is depicted 
by the fact that novel alleles from 52 species have been introgressed into wheat [79]. 
Landraces, another crucial gene pool, are also reported to contribute genes for yield 
improvement in irrigated environments or, in drought and heat-stressed environ-
ments [80]. Rht dwarfing gene is one of the best examples which originated from a 
Japanese landrace “Shiro Daruma” and was introgressed into the first dwarf wheat 
variety “Norin10” [81]. These same genes were utilized by the famous Dr. Norman E. 
Borlaug to develop the semi-dwarf and high-yielding wheat varieties that triggered 
the Green Revolution. Breeding efforts to cope with the upcoming foreseeable future 
and the speeding up of the genetic gain from the current rate of <1% per year will 
depend on the following four strategies: 1) use of germplasm from exotic sources 
to broaden the gene pool and overcome the bottleneck effect due to conventional 
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breeding [82]; 2) strategic hybridization to combine Radiation use efficiency (RUE) 
associated; 3) empirical methods and skill to identify individual plants with desir-
able traits and extrapolate the observation to increase the efficiency of conventional 
breeding; 4) advance techniques like molecular-assisted breeding, genome-wide 
assisted selection (GWAS) and high-throughput phenotyping to permit the efficient 
utilization of trait-linked markers as they are identified through gene discovery and 
GWAS modeling [83].

5.1.2 Mutation

Ever since the epoch-making discoveries made by Muller and Stadler [84], the 
application of mutation techniques by using different chemical and physical agents 
have played a significant role in modern plant breeding and genetic studies by gen-
erating a vast amount of genetic variability [85]. The narrow genetic diversity of the 
cultivars imposes the prime challenge in the development of varieties with high yield, 
stress tolerance, and improved traits like early maturity, seed size and nutrition value 
[86]. Hugo De Vries coined the term mutation, to indicate a sudden change in the 
genotype that is heritable [87] and these genetic variations provide the raw material 
for evolution. The rate of spontaneous mutation is relatively very low i.e. 10−6 or one 
out of a million for an individual gene [88], therefore, artificial mutations are neces-
sary to increase the percentage of genetic diversity. The process of inducing desirable 
mutations and exploiting them for crop improvement is called mutation breeding, 
which comprises three main steps; using mutagens, screening of mutant candidates 
for desirable traits, and official release of the new variety [89]. The widespread use of 
induced mutants in plant breeding programmes across the globe has led to the official 
release of 265 wheat plant mutant varieties in more than 24 countries throughout the 
world (Figure 1).

According to [82], mutation breeding has a major advantage over other methods 
is that in this process no genetic material is lost, rather only mutation is induced in 
the preexisting genome. It offers the possibility of inducing such unique desired traits 
that were either lost during evolution or do not exist naturally.

5.1.3 Shuttle breeding

The shuttle breeding concept was originally developed by the International Maize 
and Wheat Improvement Center’s (CIMMYT) wheat breeding program and was 
popularized by Nobel laureate Dr. Norman Borlaug. This system allowed an extra 
generation to be advanced each year by using different field locations. CIMMYT used 
two contrasting locations with diverse environmental conditions in Mexico for wheat 
shuttle breeding: Ciudad Obregón, an irrigated dessert located in Northern Sonora 
Valley and Central Mexican highlands (2249 m altitude). Since the beginning of this 
programme in Mexico, segregating populations have been “shuttled” about 130 times 
representing 200,000 crosses. Off-season breeding activities through shuttle breed-
ing has the advantages of screening segregating material in contrasting locations for 
developing high yielding, disease-resistant, widely adapted and photoperiod insensi-
tive genotypes of wheat within a limited period [91]. Additionally, Borlaug and his 
team noticed two more advantages of shuttle breeding: first, breeding in locations 
with different environmental conditions, soil types and stresses allow selection of 
breeding materials for broad range disease resistance; secondly, photoperiod-sensitive 
material is screened and eliminated. In this way, the resulting photoperiod-insensitive 
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germplasm permitted CIMMYT’s semi-dwarf high yielding and disease resistant lines 
to adapt in multi-range environmental conditions worldwide. Shuttle breeding was 
the foundation of the success of what we today call “the Green Revolution” [92].

5.2 Chromosome doubling

In the second half of the twentieth century, the emergence of doubled haploid 
(DH) technology revolutionized the generation of genetically pure and homozygous 
lines and led to the direct production of completely homozygous lines from hetero-
zygous plants in a single generation. Double haploids production by chromosome 
doubling, spontaneous or by using colchicine, of haploid cells like pollen grains, 
which greatly shortens the line fixation stage, at least three to four generations of 
self-pollination, is a means of accelerating the wheat breeding for development 
of true breeding lines with desirable traits [93]. This technique includes two main 
steps: haploid induction and chromosome doubling. Haploid induction attempts to 
regenerate haploids or spontaneous DH plants, which can be achieved by gynogenesi, 
androgenesis or parthenogenesis, depending on the species. Antimitotic compounds 
are used for the chromosomal doubling step, which is mandatory if spontaneous 
doubling does not occur in haploid plants [94].

This process is performed in tissue-culture laboratories and applies to species that 
are responsive to tissue culturing this technique could complement the conventional 
breeding programs to accelerate the release of new varieties. In wheat various meth-
ods are employed to develop DHs including; isolated microspore culture (IMC), 
haploid gene inducer, meiotic restitution genes, doubling chemicals, ovule culture, 

Figure 1. 
Wheat mutant varieties released during 1960–2018 [90].
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chromosome removal using hybridization, wide hybridization and anther culture 
[95]. AC and wide hybridization methods are frequently used in applied research and 
breeding programs [96] while IMC is still under development [97].

5.3 The genetic and genomic course of action

5.3.1 Omics approaches for amelioration of wheat

Omics approaches are useful in deciphering the whole mechanism and thus 
providing insight into modification at the molecular level which results from changes 
in environmental conditions. Omics is a diverse branch that includes genomics, 
transcriptomics, proteomics, metabolomics, and their interactions with each other. 
The period of omics has been commenced with the advent of automated sequencing 
approaches which lead to the first whole-genome sequencing of model plant i.e., 
Arabidopsis thaliana. Advancement in sequencing techniques led to high throughput 
next-generation sequencing (NGS) followed by a new era of genome-scale molecu-
lar analysis with modeling of various molecular and physiological parameters and 
their correlation provides an accomplished move to deal with different stresses due 
to climate change. Bread wheat (Allohexaploid, 2n = 6x = 42, AABBDD genomes) 
has one of the most intricated genomes. The homologous chromosomes containing 
similar genes mess up the whole biological network. A total of 124,000 gene loci in 
the wheat genome covering all the three sub-genomes (A, B and D) are involved in 
a diverse network of biological approaches. Furthermore, transcriptomics (RNA 
level) and proteomics (protein level) helped in understanding the functions of RNA 
and proteins respectively. All genes are not transcribed at the same time; therefore, 
phenotype cannot be fully understood by genomic studies. Thus, the successful com-
bination of genomics (genes), transcriptomics (RNA), proteomics (proteins), and 
metabolomics (metabolite) will assist in the decoding of diverse metabolism in plants 
and facilitate breeders to select potential and best traits to improve crop productivity 
under different stresses due to climate change [42].

5.3.2 Genomics Progress in wheat

Genomics aims at exploring the genome physical structure, studying the whole 
constitution of the genome including genes and regulatory network. A major mile-
stone in the wheat genome has been achieved in 2012 with the complete de-novo 
sequencing of bread wheat. Sequencing revealed that A, B and D wheat genomes 
consist of 28,000, 38,000, and 36,000 genes respectively [98].

5.3.3 Marker assisted breeding perspective in wheat

Upon the advancement in genomics and the advent of the molecular markers era, 
myriads of shortcomings of conventional breeding approaches are resolved as they are 
not impacted by environmental factors and can expose variations at the DNA level. 
Classical breeding is based on the phenotypic selection of genotypes. Genotype X 
Environment (GE) interaction is the main constraint including the time-consuming and 
costly procedure of phenotypic selection. By employing molecular markers, desirable 
genotypic selection can be done at the early generation of the breeding program without 
the influence of environmental factors. Breeders use molecular markers to enhance the 
precision of the selection of genetic resources for the best trial combination.
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The first study based on molecular markers was initiated in the 1990s when restric-
tion fragment length polymorphism (RFLP) markers were used for identifying genetic 
diversity, homologous chromosome identification and wheat-rye identification [99]. 
The use of RFLP is to be sure very successful in the development of linkage groups in 
wheat. However, it was not so much intriguing due to time consuming, laborious, low 
frequency and high cost. With more improvement in the marker system, researchers, 
later on, focused on PCR-based markers including Randomly Amplified Polymorphic 
DNA (RAPD) and Simple Sequence Repeats (SSR) due to their mapping friendly and 
cost-effective features. Among PCR-based markers, RAPD was not used extensively 
due to the availability of scanty information about the location in the genome and 
lack of reproducibility [100]. Compared to RFLP, SSR markers are reproducible and 
have a specific location in the genome thereby, more applicable in genome-specific 
studies. In wheat, the first SSR markers system was reported in 1998 which opens up a 
new direction for identifying new genetic loci and better yield traits [101]. With time, 
researchers focused on single nucleotide polymorphism (SNP) and developed trait 
linked SNP markers. It has higher accuracy than SSR markers. A variety of trait linked 
DNA markers for wheat were identified for disease resistance and quality of grain. 
For example, Cre resistance genes (Cre3, Cre1) are used in marker assisted selection 
(MAS) program of wheat to identify cereal cyst resistant genotypes [102].

5.3.4 Genome-wide association studies (GWAS)

Identification of gene function is a long-standing goal of biology which provides 
important information for crop improvements. So far, forwards genetics has been the 
prime approach in which first we mutate the plant, followed by phenotypic screeing 
to identify the gene function. The identification of genes with major effect is easy 
as comparision to the gene with minor effect. To overcome this barrier, association 
mapping (AM) and bi-parental quantitative trait loci (QTL) mapping was introduced 
with ability to identify genes with subtle effects [103]. Subsequent aim of genetic is 
to identify a link between a phenotypic function and genotypic data, and AM is one 
of the approaches to link the phenotype with genotypes. Revolutionary AM orianted 
approaches were carried out in last decade [169]. Genome-wide association study 
(GWAS) varies from bi-parental QTL mapping because it is performed on a natural 
population with a wide genetic base and this wide track of natural variation provides 
finer resolution of QTL location [103]. The basic apprehension of AM is to identify 
superior associations (false positive) that can result from population stratification and 
enigmatic relatedness [104, 105]. To control this issue different statistical methods 
have been adopted, a mixed linear model (MLM) with population structure and kin-
ship matrix incorporation efficiently eliminate false positive in association mapping 
[106, 107]. Sequenced-based GWAS has successfully been applied for mapping the 
agronomic traits and identified the candidate genes inside the significant agronomic 
regions of wheat [108]. GWAS is a powerful tool to identify the genomic region linked 
with different traits (linked with biotics and abiotic stress tolerance) in different crops 
including wheat. It generally highlights linkage among SNPs and traits and is based on 
GWAS design, genotyping tools, statistical models for examination, and results from 
interpretation [109]. Using GWAS, Sukumaran et al. [110] detected multiple significant 
QTL associated with yield and its linked traits of durum wheat grown under drought 
and heat stress. Similarly, some other studies identified QTL associated with heat and 
drought tolerance related traits at the seedling stage in wheat [109, 111]. However, lim-
ited studies on drought tolerance of wheat have been conducted at the seedling stage.
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5.3.5 Genomic selection (GS) in wheat improvement

One of the important technologies utilized in the improvement of the plant is 
genomic selection along with doubled haploid production, sequencing, QTL map-
ping, association mapping, genome editing and formation of transgenic plants is 
genomic selection. In genomic selection, genome-wide markers are used to iden-
tify the genotype of a plant and subsequently phenotyped for a particular trait by 
selection. Contrary to the marker-assisted selection, which utilizes a small number 
of markers associated with major QTL, GS involves genome-wide markers along 
with phenotyping data to evaluate genomic estimated breeding values (GEBVs) 
in one population that will previse the performance of lines in another population 
only using markers. This technique avoids multiple testing and there is no need to 
identify marker-trait associations based on arbitrarily chosen significance thresh-
old [112].

Due to the complex genetic makeup of wheat, it requires 10–15 years to transfer 
new genes into elite germplasm. Genomic selection makes it possible to select parents 
purely before enter in field trials and nurseries based on genomic estimated breed-
ing values. Annual genetic gain through GS is predicted to be double or triple that of 
conventional selection due to alleviation in the selection cycle. However, there is still 
little information regarding GS application in wheat. Improved predictive ability to 
target traits is cardinal to successful implementation of GS [113]. It is considered that 
item-based collaborative filtering (IBCF) could be used alternative to conventional 
predictive model for important target traits in a wheat breeding program [114].

5.3.6 Transcriptome profiling of wheat

RNA sequencing technologies give abundant transcriptomic data which requires 
expertise in bioinformatics. The wheat hexaploid genome has one of the largest 
genomes in different crop species constituting 17 Gb in size. Until now, approxi-
mately 76% of the wheat genome has been sequenced (International Wheat Genome 
Sequencing Consortium [IWGSC], [115]. Functional annotation of the wheat genome 
by homology is becoming very useful but is far from complete as compared to model 
plants. Transcriptomics in wheat has been facing many challenges due to its com-
plicated genome. Furthermore, RNA sequencing and proteomics study will help in 
the production of markers associated with particular traits to improve the breeding 
program. Okada et al., [116] reported that the transcriptional profile of wheat was 
very useful in the development of molecular markers and was used for the study of 
wild relative of wheat (Ae. Umbellulata) for population genetics studies. Moreover, 
many biotic and abiotic stresses can also be studied using expression profiles like 
drought tolerance mechanisms of two cultivars (Alpowa and Idaho) were studied by 
Alotaibi [117] using RNA sequencing profiling tool. They identified that differentially 
expressed genes were 2.32 and 3.9 times more up-regulated and down-regulated 
respectively in Alpowa as compared to Idaho.

5.3.7 Proteomics in wheat

Proteins play a cardinal role in stress responses, therefore, proteome alterations 
at different stressed conditions need to be deciphered for the comprehensive under-
standing of related mechanisms. Stress sensing is the initial pathway to respond to 
stress conditions followed by the signaling process. For a better understanding of 
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stress coping mechanisms of plants, isolation and characterization of stress-respon-
sive proteins is required. Further, comprehension of post-translational modifications 
is also needed in plants under stressed conditions. Proteomics plays a very important 
role in the fine-tuning of pathways that are involved in stress alleviation [42]. For the 
comprehensive understanding of functional proteomics, there is a dire need to focus 
on the subcellular proteomics of wheat. To this end, the isolation of proteins from a 
target organelle is challenging. The conventional approach for the fractionation of 
subcellular organelles is differential and density gradient centrifugation. Free-flow 
electrophoresis is also used for the subcellular fractionation based on the isoelectric 
point of proteins. Despite the diverse application of various proteomics techniques, 
various subcellular proteins including both stress-induced proteins and housekeeping 
proteins, remain unclassified. Thus, wheat proteomics data will address the physi-
ological role of the plant under stressed conditions [118].

5.3.8 Metabolomics in wheat

Improvement in genetics is required for the development of new wheat varieties 
that can work efficiently under stressed conditions. Improvement in the genetics of 
wheat cultivars would lead to changes in physiological and biochemical responses. 
Likewise, their change in the metabolic profile that is related to a particular pheno-
type would result in the development of metabolic markers. Wheat is a crop of higher 
latitude, therefore, heat stress changes the metabolites in the wheat plant during 
early summer and terminal heat [119]. Physiological and morphological traits are also 
important, but they cannot provide the overall picture of the underlying mechanism 
with changes in metabolic profile under stress conditions. With the advancement in 
omics techniques, mass spectrometry provides the metabolic profiles of crop geno-
types [120]. The metabolic profile of wheat revealed that highly branched amino acids 
are intolerant in water-deficit stress conditions [121]. It is also reported that different 
groups of peroxidase genes (TaPrx112-D, TaPrx113-F and TaPrx111-A) were induced 
by cereal cyst nematodes in some of the resistant wheat lines [122]. Taken together, 
an amalgamation of wheat “Omics” data including genomics, transcriptomics, 
proteomics and metabolomics with advanced bioinformatics tools is required to 
construct a mathematical model that will provide a deep insight into the underlying 
mechanism of plant undergoing stress condition.

5.3.9 Genetic modification

5.3.9.1 Transformation

Gene transformation is a technique through which the foreign DNA/gene is 
transferred into target species using molecular methods. Transformation efficiency 
depends on regeneration frequency of donor tissue (e.g. shoot), the procedure 
utilized and embryogenesis from somatic or pollen tissue [123]. In monocots, the 
main challenges for gene transformation are regeneration of explant and difficul-
ties in DNA delivery using monotonous methods of gene transformation [124]. 
Improvement in DNA delivery methods and advancement in protocols for developing 
transgenes have led to the expansion of wheat genome sequence information, high-
density molecular markers mapping and cloning of several wheat genes [125]. The 
gene transformation methods can be classified into direct and indirect gene transfor-
mation methods (Figure 2) [126].
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5.3.9.2 Biolistic transformation

The first successful wheat transformation was reported using particle bom-
bardment of embryogenic callus. Particle bombardment, also known as ‘Biolistic 
transformation”, is a physical means of forcing DNA molecules into the plant cells 
and is a most ideal method, only next to Agrobacterium-mediated transformation. 
Klein et al. [127] established the first particle bombardment system for plants, which 
was later used in various transformation models and for the transformation of crop 
species such as; maize, rice, onion and wheat [128]. Wheat crop is one of the most 
challenging crops to transform, with only limited options viable for gene transfer in 
wheat. Microinjection and PEG (polyethylene glycol)-mediated transformation are 
not feasible options because regeneration from wheat protoplast is not possible. As 
a consequence, the discovery of Agrobacterium tumefaciens ability to infect monocot 
species made wheat transformation possible by exploiting this mechanism, biolistic 
gene transfer was the primary transformation method for wheat [129].

Wheat offers only a few suitable explant tissues for regeneration through tissue 
culture. The most common explant of choice is the “scutellum” surface of immature 
embryos, which is responsive to DNA uptake through both AMT and biolistics and can 
readily form embryogenic callus through regeneration. An integrated method of gene 
transformation called Agrolistics, have also been reported, that combines biolistics and 
Agrobacterium-mediated transformation [130]. Biolistics gene transfer has become a 
robust platform for wheat transformation and per 300 immature embryos bombarded; 
5–20 independent transgenic plants are produced. Unlike AMT, biolistic-mediated plant 
transformation does not depend on the receptivity or genotype of the host. Moreover, 

Figure 2. 
Gene transformation methods (direct and indirect).
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biolistics transformation is generally more efficient, often results in scrambled and mul-
tiple integrations [131] and is less challenging concerning vector requirements because 
the GOI is co-bombarded with a selectable and separate marker plasmid.

5.3.9.3 Agrobacterium-mediated transformation (AMT)

A. tumefaciens, originally Bacterium tumefaciens, is a gram-negative soil born 
bacteria that has the unique ability to induce tumors in plants [132]. This potential of 
Agrobacterium to genetically transform plants and totipotency of plant kingdom has 
been exploited and combined to develop a new method for genetic transformation 
in plants. First Agrobacterium-mediated transformed spring wheat was developed by 
Chen et al [129] using embryo-derived immature and regenerable callus. Wounding 
of the target tissue is an integral step in this method that allows entry of bacterium 
and stimulates the production of transfer DNA (T-DNA). For this purpose plant 
tissues are subjected to sonication in presence of Agrobacterium carrying the GOI or 
this can also be done with naked DNA. Once the target tissue is infected, bacterium 
initiates a unidirectional DNA transfer from their plasmid leading to stable integra-
tion of donor DNA into the host nuclear genome [133].

A successful AMT depends on the nature of the explant, Agrobacterium strain 
and plasmids. As mentioned earlier, monocots, i.e. wheat offer a limited choice of 
explants; shoot apical meristems [134], mature seed callus [135], immature embryos, 
embryogenic pollen cultures [136] and isolated ovules [137] proved useful for the 
production of transgenic plants in Triticeae cereals. Moreover, a careful selection of 
vectors is necessary for cereals’ transformation, because most of the plasmids devel-
oped for dicot plant species prove to be unsuitable for grasses, especially the marker 
genes and promoters. Selected plasmids should be highly stable throughout the 
co-cultivation period, e.g. pVS1-based vector backbones proved particularly valu-
able in this regard. In addition, hyper-virulent Agrobacterium strains such as AGL1 
increase the efficiency of cereal transformation because they carry additional copies 
of virulent genes (Vir) [138].

5.3.9.4 In-planta transformation

In-planta transformation method was developed to avoid the problems associated 
with regeneration and tissue-culture based transformation. This method allows 
direct introduction of exogenous DNA into intact plant tissue and has been applied in 
various plant species such as; tomato (Solanum lycopersicum), barrel medic (Medicago 
truncatula) and some cereals [139]. In this method, whole plant, plant tissue or flower 
can be used as explant. The production of a large number of uniform plants in a short 
time, fewer labour efforts and minimal reagents requirements are some of the main 
advantages of in-planta transformation system [140]. The main techniques of in-
planta gene transformation are as follows: Agrobacterium injection, pollen tube-medi-
ated gene transfer (PTT), vacuum infiltration, floral dip and floral spray methods.

5.3.9.5 Agrobacterium injection

Razzaq et al. [141] developed a rapid and improved in-planta based transformation 
protocol for wheat variety GA-2002. A. tumefaciens strain LBA 4404 harboring pBI121 
plasmid carrying GOI was used for direct in-planta transformation. Agraobacterium 
suspension was injected into florets and apical meristem followed by co-cultivation 
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on filter paper. GUS assay and kanamycin was used to screen the transgenic plants 
which showed that 26 and 27% transgenics gave a positive response to GUS and PCR, 
respectively.

5.3.9.6 Pollen tube-mediated gene transfer (PTT)

Pollen tube-mediated gene transfer (PTT) was first reported by Zhou et al. [142] 
in cotton (Gossypium hirsutum L.). PTT method is simpler than tissue-culture based 
transformation techniques and can be performed in three major steps; 1) foreign gene 
injection into pollen tube, 2) gene integration into the host plant genome, 3) and marker-
based selection of transgenic plants. Introduction of a foreign gene into target plant can 
be done by; direct microinjection, direct application of exogenous DNA on stigma or by 
co-culturing of foreign gene and pollens and pollination utilizing these pollens [143].

5.3.9.7  Vacuum infiltration-assisted agrobacterium-mediated genetic transformation 
(VIAAT)

In VIAAT, plant tissues are submerged in a liquid suspension of A. tumefaciens 
and subjected to decreased pressure followed by rapid re-pressurization [144]. 
Vacuum treatment exposes plant cells, more susceptible to transformation, to GOI 
carrying Agrobacterium and this phenomenon occurs when vacuum is broken and 
rapid increase in pressure produces a suction effect which leads to force entry of cell 
suspension into explant to replace the discharged genes with GOI [145]. Transgenic 
plants selection is done on screening media containing markers such as antibiotics 
and herbicides [146]. Stable transgenic plants with lower transformation frequency 
were produced through this method.

Zale et al. [147] devised an efficient in-planta method specifically for wheat to 
address the regeneration problems. Uninucleated young, mid and late-stage micro-
spores from spikes were immersed in a suspension containing Agrobacterium via 
infiltration method and paromomycin spray was used to select the resulting plantlets. 
Transformed plantlets stayed green while the non-transgenic plants died in response 
to the screening marker.

5.3.9.8 Floral dip and floral spray

In this method, the inflorescence of plants is submerged at the early stages of 
flowering in an Agrobacterium suspension with strong optical density to produce 
transgenic plants. This method is commonly referred to as the ‘floral-dip method’. 
This method is reliable, quick and free from microbial attacks. A slight modification 
of floral-dip is floral-spray method, where Agrobacterium suspension is sprayed on 
inflorescence shoots instead of immersion [148]. Transformation through floral-dip 
method can result in more than 100 seeds per reproduction cycle in plants and its 
efficiency ranges between 0.1 and 5 percent [149]. Supertana et al. [150] developed 
transgenic wheat variety “Shiranekomugi” by using this method and 33% maximum 
transformation efficiency was achieved. The one major disadvantages of floral dip 
method is the random integration of foreign genes into the host genome and their 
low transformation efficiency [151]. While transformation protocols have improved 
dramatically, lack of public acceptance and patents have prevented the use of trans-
genic wheat varieties, but, the hope to get better yielding crops with wide range of 
adaptability is still there.
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5.3.10 Genome editing in wheat

Genome editing is one of the most advanced technologies for crop improvement. 
The basic mechanism is almost the same in all types of these editing technologies. 
These technologies involve the generation of double-strand breaks (DSBs) at a target 
site in a genome using programmable sequence-specific nucleases (SSN) followed by 
the exploitation of endogenous DSB repair mechanisms to generate a mutation at a 
particular site. There are two endogenous mechanisms to repair DSBs i.e., non-homol-
ogous end joining (NHEJ) and homologous recombination (HR) [152]. In NHEJ, the 
two broken strands are re-ligated with the generation of insertion and/or deletion. It 
is error-prone and does not require a homologous template. HR requires a homolo-
gous template and is more reliable [153]. However, SSNs use NHEJ frequently as a 
repair mechanism [153]. Three types of SSNs introduce DSB at a specific site [154]. 
These include Zinc-Finger Nucleases (ZFN), Transcription Activator-Like Effector 
Nucleases (TALENs) and CRISPR/Cas9.

5.3.10.1 Zinc-finger nucleases (ZFNs)

ZFNs are artificial endonucleases and consist of designed (according to the target 
site) zinc finger DNA binding protein (ZFP) fused to the cleavage domain of FokI 
restriction enzyme. ZFP is generally composed of 3–4 zinc finger arrays. Each array 
can recognize 3 bp long sequence. The two ZFN monomers are designed in such a 
way that can recognize 6 bp sequence of a target site and allow the FokI monomer 
to form an active dimer that can generate DSB at a specific site. Using this genome 
editing technique, mutation at desirable sites can be created which would lead to the 
improvement of the plan. However, the presence of very few target sites, difficulty in 
the engineering of specific zinc finger domains and frequent off-target effects are the 
main constraint in the application of ZFNs [155].

5.3.10.2 Transcription activator -like effector nucleases (TALENs)

Another DNA binding protein exclusive to plant pathogens is Transcription 
Activator -Like Effector Nucleases (TALENs). It consists of 33–35 long tandem 
repeats of amino acids followed by 20 amino acids known as “half repeat” and FokI 
cleavage domain. IN the TALEN monomer, 12th and 13th position impart specificity 
to nucleotide recognition. Due to the specificity of these two residues (at 12th and 
13th position), these are termed as repeat variable di-residues (RVDs). TALENs works 
similarly as ZFNs do. They can generate DSBs and introduce mutation at a specific 
site. Engineering of TALENs is much easier than ZFNs. However, their large size of 
repetitive sequences, high cost and labor for the construction of novel TALENs are the 
major drawbacks of this technology.

5.3.10.3 Clustered regularly interspaced short palindromic repeats (CRISPR/Cas9)

CRISPR/Cas9 is simple, cheap and more efficient in contrast to ZFNs and TALENs 
that require specifically tailored DNA binding protein (Figure 3). There are two 
important components of CRISPR system: guide RNA (gRNA) and CRISPR associ-
ated (Cas9) protein. gRNA consists of two components: CRISPR RNA (crRNA) and 
Trans-activating CRISPR RNA (tracrRNA). crRNA is 18–20 bp in length confers 
specificity to target DNA. However, trcrRNA is a stretch of loop and acts as a binding 
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scaffold for Cas9. Cas9 protein is an endonuclease consisting of two subparts: 1) 
Recognition part 2) Nuclease part. The recognition part of Cas protein has two 
domains i.e., REC1 and REC2 which are responsible for binding with gRNA. Whereas 
the Nuclease part consists of RuvC, HNH and Protospacer Adjacent Motif (PAM) 
interacting domain. Former two domains (RuvC and HNH) play role in the cutting 
of single-stranded DNA. Later domain (PAM interacting domain) confers PAM 
specificity and initiate the process of binding to target DNA. PAM sequence is 2-5 bp 
sequence [156]. The mechanism of CRISPR/Cas9 is divided into three steps: recogni-
tion, digestion, and repair. gRNA recognizes the specific site on template DNA fol-
lowed by the generation of DSB at a site 3 bp upstream of the PAM by Cas9. Cas9 can 
recognize the PAM sequence at 5′-NGG-3′ (where N can be any nucleotide). Finally, 
DSB is repaired by either NHEJ or HR [157].

5.3.10.4 Base editing and prime editing- a new era of CRISPR/Cas9

Base editing and prime editing are the modified versions of CRISPR/Cas9. In base 
editing approach, point mutation is created without DSB, foreign donor template or 
involvement of any repair mechanism. This technique comprises gRNA and catalyti-
cally inactive Cas9 (Cas9 nickase) fused with single-stranded DNA deaminase. gRNA 
directs modified Cas9 deaminase to bind to the locus which produces ssDNA R-loop 
that exposes the DNA to deaminase. Deaminases are of different types. Based on the 
type of deaminase, base editing is categorized into two types: Cytidine Base Editor 
(CBE) and adenine base editor (ABE) [158].

Figure 3. 
CRISPR consists of sgRNA and Cas9 protein. Cas 9 protein guided by sgRNA produces double strand break. It 
would lead to DNA repair either by non-homologous end joining method (NHEJ) or by homology recombination 
(HR) which require template DNA strand.
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CBE edit cytidine into uridine. This system is comprised of gRNA, Cas9 nickase 
(D10A) that is fused with two more proteins viz. cytosine deaminase (CD) and 
uracil DNA glycosylase inhibitor (UGI) (Figure 4). Guided by gRNA, CD converts 
C into U which is then repaired by the base excision repair pathway and generates C 
to T substitution. ABE edit adenine into inosine which is treated as guanosine by the 
polymerase (Figure 5). This system is comprised of gRNA, Cas9 nickase fused with 
adenosine deaminase and also works in the same way as CBE. However, it converts 
A (Adenosine) into I (Inosine) which is treated as G (Guanine) by DNA polymerase 
thus generating A to G substitution. Both CBE and ABE can change the base from one 
purine to another purine or one pyrimidine to another pyrimidine. This is the main 
shortcoming of this system that purine cannot be replaced by pyrimidine and vice 
versa [158].

To address this issue, prime editing method was introduced (Figure 6). This 
method consists of Cas9 nickase (H840A) which is fused with reverse transcriptase 
and prime edited guide RNA (pegRNA). Guided by pegRNA, reverse transcriptase 
prime new DNA containing the desired editing at the target site. After attaining flat 
equilibrium, excision, ligation and repairing, DNA is stably edited with desirable 
incorporation [158]. The main application of CRISPR/Cas9 in wheat was demonstrated 
in suspension cultures and protoplast. Variety of genes were targeted in wheat proto-
plast and suspension culture after the publication of the original principle of CRISPR/
Cas9 [159]. Generally, Agrobacterium or particle bombardment are used as a delivery 
system of plasmids carrying cassettes for the co-expression of gRNA and Cas9. In the 
case of wheat genome editing, Cas9 has expressed from a codon-optimized gene under 
the control of RNA polymerase II promoter (ZmUbi or CaMV35S), whereas gRNA is 
expressed under the control of polymerase III promoter (mostly U6 and U3) [160].

Figure 4. 
Cytidine Base editor (CBE) consists of sgRNA, nCas9, cytosine deaminase (CD) and uracil glycosylase inhibitor 
(UGI). CD causes the deamination of cytosine (C) to uracil (U) which is followed by DNA repair with a result of 
changing from C:G > T:A.
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5.3.10.5 RNA interference (RNAi) technique in wheat improvement

In eukaryotes, the regulatory mechanism of gene expression is commonly depends 
upon RNAi. To study functional gene analysis or the development of novel pheno-
types, RNAi is a robust tool. This technique involves the expression of antisense or 
hairpin RNAi constructs to direct gene silencing in a sequence-specific manner [160]. 
The first wheat gene that was targeted by RNAi was the vernalization gene (TaVRN2). 
The suppression of this gene provided insight for comprehending the molecular 
mechanism of flowering time and requirement of vernalization in wheat which is 
ultimately helpful in varying environments in which wheat can be grown [161].

6. Conclusion

Climate change is a complex of many factors and alarming the world by its 
destructive effects on crops. Climate change has devastating effects on wheat plant 
growth and yield. Plants mainly suffer from abiotic stresses. To cope with changing 
environmental conditions, an integrated management programme is required in 
addition to crop improvement through conventional and non-conventional meth-
ods. To develop better plants under changing climate conditions some bottleneck 
molecular and physiological encounters present in plants need to be resolved. The 
rise in temperature and fluctuations in rain fall patterns are very important indicators 
of climate change. To tackle, this problem different advanced approaches need to be 
adopted to secure the agriculture future. Climate-resilient crops should be developed 
using basic breeding approaches. Marker-assisted breeding, omics and proteomics 
approaches, Genome-wide association studies (GWAS), genomic selection (GS) 

Figure 5. 
Adenine base editor (ABE) consists of sgRNA, nCas9 and adenosine deaminase (AD). AD causes the 
deamination of adenosine (a) to inosine (I) which is treated as guanosine (G) by DNA polymerase. Deamination 
is followed by DNA repair with a result of changing from a:T > G:C.
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Figure 6. 
Prime editing is comprised of Cas9 nickase (H840A) which is fused with reverse transcriptase and prime edited 
guide RNA (pegRNA). Guided by pegRNA, reverse transcriptase primes new DNA containing the desired 
editing at the targeted site. After flap equilibration, cleavage, ligation, and DNA repair, the desired editing is 
incorporated.
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genetic modification genome editing, CRISPR/Cas9 and RNA interference techniques 
all are noteworthy in identifying the different genes linked to tolerance against 
different stresses. Genetic engineering is a good tool to develop a transgenic plant 
with improved resistance against stress. CRISPR/Cas9 is the best suitable approach 
to develop eco-friendly genome-edited wheat plants In future to fight a battle against 
climate change.
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Chapter 12

Microwave Soil Treatment
Alleviates Arsenic Phytotoxicity
and Reduces Wheat Grain Arsenic
Concentration
Mohammad Humayun Kabir, Graham Brodie, Dorin Gupta
and Alexis Pang

Abstract

Arsenic (As) contamination in soil and accumulation in food crops has raised much
concern worldwide due to its phytotoxicity and possible human health risk. This study
was conducted to determine whether microwave (MW) soil treatment could alleviate
As phytotoxicity and reduce wheat grain As concentration or not. Experimental soils
were spiked to five levels of As concentration (As-0, As-20, As-40, As-60, and As-
80 mg kg–1) prior to applying three levels of MW treatment (MW-0, MW-3, and
MW-6 minute). Significantly higher plant growth and grain yield and lower grain As
concentration was recorded in MW treatments compared with the control treatment.
For instance, significantly higher grain yield (28.95 g pot–1) and lower grain As
concentration (572.03 μg kg–1) were recorded in MW-6 treatment compared with
MW-0 (22.03 g pot–1 and 710.45 μg kg–1, respectively) at the same soil As concentra-
tion. Hence, MW soil treatment has the potential to alleviate As phytotoxicity and to
reduce the grain As concentration. Ultimately, MW soil treatment will reduce As
bioaccumulation in the human body even if wheat is grown in As contaminated soil.
Nevertheless, further validation experiments are needed to explore the effectiveness
of MW treatment in field conditions.

Keywords: microwave, soil heating, arsenic mitigation, wheat, grain arsenic

1. Introduction

Arsenic (As) is the most devastatingly toxic heavy metal and is raising global
concerns for sustainable agriculture and human health, due to its ultimately toxic
effect, persistence in nature, and ability to bio-accumulate in the ecosystem [1].
Inorganic As is considered to be a Group I human carcinogen and responsible for
different types of cancer [2]. It is estimated that 220 million people, worldwide, are
exposed to elevated concentrations of As in drinking water, which are above the
World Health Organization (WHO) standard limit (10 mg l–1) [3]. In addition to
geogenic sources of As, which mainly contaminate drinking water, it can build up in
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soil because of long-term excessive use of As contaminated irrigation water and
ultimately results in As uptake by crops [4]. Thus, the presence of As in the food
chain, through the water-soil-crop pathway is triggering concerns about human health
[1]. Excessively high As pollution in water, soil, and crops has already been identified
in many countries [5–8]. Even though rice is a good accumulator of As, concerns are
mounting about the amount of As being found in other crops, like vegetables, tubers,
fruits, and even wheat [9].

Although there is no worldwide standard safe limit of As in food grains, the
European Commission, recently (January 2016), set the maximum limits for As in
milled rice (polished or white rice) as 200 μg kg–1 [10]. A wheat field experiment with
a 12.00 mg kg–1 soil As concentration, reported 2.00–17.00 μg kg–1 of As in grain
samples [11]. While 5.00–285.00 μg kg–1 [12], 4.00–362.00 μg kg–1 [13], and
1.00–500.00 μg kg–1 of As were also reported in wheat grain collected from an As
contaminated site, where soil As concentration ranged from 3.00 to 201.00 mg kg–1

[14]. Thus, besides rice, wheat could be a major source of dietary As. Wheat is the
second most-produced (771.72 million tonnes) cereal crop throughout the world, with
the highest harvested area being 218.54 million ha [15]. Therefore, to feed the rising
global population, wheat will stay as a vital component of human nutrition. Hence,
increasing its quality of production, free from toxic heavy metals, is an important
requirement for sustainable agriculture and food security. Therefore, As remediation
techniques, not only for drinking water but also for soil, are crucial to avoid food As
contamination through crop uptake.

Different physical, chemical, and biological techniques are being used for remedi-
ation of As contamination in soil. These remediation methods include vitrification,
electrokinetic treatment, soil flushing and solidification, phytoremediation by hyper
accumulative plants, etc. [16]. Hitherto, these methods have been frequently revealed
to be ineffective, costly, or too lengthy, with usage being restricted to smaller-scale
operations with lower efficiency, selectivity, and disposal of materials after remedia-
tion [17]. Thus, alternative options or combinations of technologies, for reducing soil
As pollution, are required.

Recent research has revealed that pre-sowing microwave (MW) soil heating
application in agricultural systems is a promising technique, which not only has
potential to control weeds by deactivating the soil weed seed bank [18, 19], but it
can also significantly increase crop growth and yield of rice and wheat by increasing
some soil nutrients (N, P, K, and S) availability as a result of soil humification
processes and nutrient recovery from dead microorganisms after exposure to MW
heating [20–23].

Microwave energy is a form of electromagnetic radiation, with wavelengths rang-
ing from 1 m to 1 mm and frequencies between 300 MHz to 300 GHz, which can
induce the rotation of the dipoles of polar molecules (e.g. water), due to the oscillating
electromagnetic field, which results in the generation of heat by intermolecular fric-
tion [24]. This produces a fast heating rate, since soil moisture is considered to be an
efficient absorber of MW radiation [25]. Thus, MW heating has major advantages
over other heating processes. These advantages include short start-up, selective
heating, precise control, no direct contact with heated materials, and volumetric
heating [26, 27]. Because of these advantages, MW has been used in diversified fields
including removal of organic contaminants [28] and immobilization of some toxic
metals (Cu, Mn, Th, Zn, Ni, Cd, Cr, and Pb) in soil [29] and solid sediments [30, 31].
However, no study has been found to address soil As immobilization using MW
heating to alleviate As phytotoxicity in wheat. Therefore, this study was designed to
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explore whether MW soil treatment could alleviate As phytotoxicity and reduce wheat
grain As concentration or not. Thus, the hypotheses of this study were (i) microwave
soil treatment increases the soil organic matter, increases soil organic carbon, nitrogen
mineralization, and nutrients availability that might be favorable for better plant
growth and development, (ii) better plant growth and higher grain yield as the result
of MW soil treatment will reduce the grain As concentration by means of dilution
effect and (iii) microwave soil treatment synthesized the macromolecular organic
substance that possesses a higher number of functional groups and organometallic and
coordination compounds that are able to retain As, decrease mobility, and reduce
bioavailability by adsorbing As.

2. Materials and methods

2.1 Experimental site, soil collection, and preparation

Experimental soils were collected from a wheat production paddock of the Dookie
agricultural farm (36°370 S; 145°700 E) at a depth of 0–15 cm. The soil was a brownish-
gray loam and classified as a Major Clay Loam [32] or a red mesotrophic-haplic
dermosol [33]. Some important soil properties are given in Table 1. The collected soils
were dried and sieved through a 4 mm mesh to minimize the undesired effects of
stones, sticks, and clods. This operation did not reflect the true field situation, where
the distribution of coarse material is highly irregular; however, it was essential to
ensure a uniform experimental condition for MW soil heating. After sieving,
8.5 kg of soil was thoroughly mixed and shifted into pots (diameter 27 cm and
height 30 cm). Unperforated pots were used to prevent the loss of water-soluble As
from the pots [34].

2.2 Physicochemical properties of soil

Soil samples were sent to the Nutrient Advantage Laboratory, a NATA (National
Association of Testing Authorities, Australia) accredited laboratory (Lab number:
11958, ISO/IEC 17025), for analysis of soil properties. The physicochemical properties
of the soil are presented in Table 1.

2.3 Arsenic application

Five different levels of As concentration (0, 20, 40, 60, and 80 mg kg– 1 soil) as
sodium arsenate heptahydrate (Na2HAsO4�7H2O) [35] were mixed with the initial
soil. Respective amounts of sodium arsenate were mixed with deionized water to
prepare the As solutions. Then, the As solution was mixed with the soil by spraying
and homogenizing thoroughly by hand mixing. The background As concentration in
soil varies depending on the extent of As pollution in that area. For example, in highly
naturally contaminated agricultural soil, the concentration of As in Bangladesh is 20–
83 mg kg–1 [36], in China it is 40–70 mg kg–1 [37], and in India, it is 9–105 mg kg–1

[38]. Therefore, the As treatments in this study represented the different extent of
contamination from several countries. To establish an equilibrium condition between
soil and applied As, soil moisture was maintained at field capacity for 2 weeks prior to
applying the MW treatment.
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2.4 Microwave application

Three levels of MW energy were applied for 0, 3, and 6 min to attain soil temper-
atures of around room temperature, 60 and 90°C, respectively. The duration of MW
irradiation to heat the soil at the desired temperature was determined by following the
method of previous research work [23, 39]. Soil heating at around 90°C has been
found to be effective for controlling weed infestations and destroying weed seed
banks in the topsoil without significantly changing the soil properties [39]. Therefore,
the same soil heating temperature was also used in this experiment to explore the
potentiality in As phytotoxicity alleviation. Soil heating at around 60°C was included
as an intermediate treatment between 90°C and control.

An MW chamber, consisting of six magnetrons (1 kW each), operating at a fre-
quency of 2.45 GHz, was used for soil treatment (Figure 1). Energy dissipated in the
soil sample after MW treatment (Figure 1b), and chamber electric field (Figure 1c)

Soil properties Analytical method Units Microwave treatments

MW-0 MW-3 MW-6

Organic carbon (OC) Walkley & Black % 1.41 1.35 1.34

Organic matter (OM) Walkley & Black % 2.43 2.32 2.30

Electrical conductivity (EC) Saturated extract dS/m 1.00 1.20 1.70

pH 1:5 CaCl2 N/A 5.60 5.60 5.60

Cation exchange capacity (CEC) BaCl2 exchange cmol(+)/kg 10.10 9.31 9.29

Nitrate nitrogen (NO3
�-N) Kjeldahl mg kg�1 49.00 45.00 43.00

Ammonium nitrogen (NH4
+-N) Kjeldahl mg kg�1 150.00 230.00 310.00

Available Potassium (K) Atomic emission mg kg�1 610.00 610.00 600.00

Sulfur (S) 0.25 M KCl at 40°C mg kg�1 12.00 18.00 39.00

Phosphorus (P) Colwell mg kg�1 120.00 170.00 190.00

Calcium (Ca) Ammonium acetate cmol(+)/kg 6.70 6.00 5.80

Magnesium (Mg) Ammonium acetate cmol(+)/kg 1.80 1.80 1.80

Potassium (K) Ammonium acetate cmol(+)/kg 1.60 1.60 1.50

Sodium (Na) Ammonium acetate cmol(+)/kg <0.02 0.03 0.06

Aluminum (Al) Ammonium acetate cmol(+)/kg <0.10 <0.10 0.11

Copper (Cu) DTPA mg kg�1 5.10 4.70 4.80

Zinc (Zn) DTPA mg kg�1 4.80 4.60 5.00

Manganese (Mn) DTPA mg kg�1 58.00 62.00 72.00

Iron (Fe) DTPA mg kg�1 130.00 120.00 120.00

Boron (B) DTPA mg kg�1 0.78 0.77 0.85

Silicon (Si) CaCl2 soluble mg kg�1 80.00 82.00 110.00

Arsenic HG-AFS μg kg–1 <0.01 <0.01 <0.01

Table 1.
Physicochemical properties of pre and post microwave (MW) treated soils before sowing.
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was modeled. The modeling was done using XFdtd software version 7.9 produced by
Remcom (USA). Figure 1(b) illustrates the microwave’s electric field distribution in
the soil sample only, which Figure 1(c) illustrates the microwave’s electric field
distribution throughout the whole chamber. Both illustrations are on a vertical plane
that passes through the center of the soil sample and the soil sample was in the center
of the chamber, resting on the floor of the chamber. The soil temperature was mea-
sured for each MW treatment at a depth of 10–15 cm, immediately after MW energy
exposure, by using liquid-in-glass thermometers [41]. An infrared camera was also
used for taking thermal images to show the energy dissipated and temperature

Figure 1.
(a) Schematic diagram of 6-kW microwave (MW) chamber (internal capacity of approximately 1.0 m3)
[23, 40], (b) energy dissipated in the soil sample after MW treatment, (c) chamber electric field, and (d) thermal
images captured with an infrared camera (FLIR C3) after 3 min of MW irradiation of soil showing the
temperature of 60 � 5°C.
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distribution across the MW treated soil. Due to the very high dependence of the
dielectric properties on moisture content [25], the moisture content in the soil will
greatly affect the heating effect of MW energy on the soil. In this experiment, the
moisture content was maintained at around 15% (w/w) at the time of MW soil
treatment.

2.5 Experiment setup

The experiment was conducted in a glasshouse, at Dookie campus, The University
of Melbourne, Australia, by following a completely randomized design (CRD) with
four replications. To describe the treatment combination more conveniently, abbre-
viated forms have been used for As treatments (As-0, As-20, As-40, As-60, and As-
80) and MW treatments (MW-0, MW-3, and MW-6). Before the seed sowing, mono
ammonium phosphate (MAP) fertilizer was applied (equivalent to 150 kg ha–1) to
each pot as a basal dose, as per standard practices for Australian wheat cultivation.
The rest of the N requirement was calculated (based on a total 150 kg N ha–1) and
applied, as urea, in two split doses viz. at early stem elongation (GS30-32) stage and
booting (GS45-49) stage. Twelve seeds of the EGA Gregory wheat variety (Triticum
aestivum L.) were sown per pot on the 6th of June 2017. Tap water was used for
crop irrigation purposes. This water source contained As below the detection limit
(<0.01 μg l�1); thus, there were no possibilities of As addition from the tap water to
the pot soil. After 180 days of the growing period, at the physiological maturity stage,
the crop was harvested on the 5th of December 2017.

2.6 Recording of crop agronomic data

The plant height was measured as a distance from the soil surface to the top of a
plant using a measuring scale. Plant vigor data was recorded by an ordinal scale
ranging from 1 (low vigor) to 9 (high vigor). Leaf chlorophyll content was measured
as SPAD (Soil-Plant Analysis Development) value using the Chlorophyll Meter-SPAD-
502Plus [42] at the tillering stage. To get the plant height, plant vigor, and leaf
chlorophyll content data, five plants within a pot were selected randomly and data
recorded as the mean value of these five plants. At the tillering stage, plant samples
(3 hills per pot) were collected to determine the shoot biomass and measure the leaf
area, width, and length of the last fully expanded leaf by using a leaf area meter
(LASER Leaf Area Meter, CI-202, CID Bio-Science, USA). At the physiological matu-
rity stage, the crop was harvested, and shoot biomass, total number of spikes, root
biomass, and grain yield were recorded. Both the shoot and root samples were dried at
60°C in an oven for 48 h to determine the dry biomass.

2.7 Grain total arsenic analysis

Grain total As analysis was performed as per the method described in the user
manual of atomic fluorescence spectrometry (AFS; PSA 10.055 Millennium Excalibur,
2009) [43]. Since the method is generalized for solid materials, some modifications were
made for the wheat grain As analysis. The modifications were, (i) a 0.5 g sample used for
analysis instead of 0.25 g because generally wheat grain As concentration is lower than in
soil; (ii) heating time was extended up to 90–100 min until a clear solution appeared (as
an indication of good digestion), whereas 40 min was suggested in the original method;
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and (iii) digested liquid was filtered with Whatman 42 (ashless, 2.7 μm) filter paper as it
is better than the 541 (ashless, 20–25 μm) and usually used in heavy metal analysis.

2.7.1 Sample preparation

The whole grain sample was oven-dried at 105°C for 24 h prior to grinding and
homogenizing with the ultra-centrifugal mill (RETSCH, ZM 200) [44]. The powdered
sample was stored in a polypropylene pot for further analysis. Sample digestion was
performed by hydrochloric-nitric (HCl:HNO3 = 3:1) di-acid (aqua regia) with a block
digester (VELP Scientifica, DK-42). For pre-digestion, a 0.5 g powdered sample was
taken into a 100 ml digestion tube (Ø 26 mm). After that, 12 ml of concentrated HCl
(37%, 12 M) and 4 ml of concentrated HNO3 (70%, 15.8 M) were added and left
overnight to allow the vigorous initial reaction to subside. Excessive foaming was
reduced by adding 2–3 drops of n-dodecane into the mixture. The mixture was heated
at 140°C for 90–100 min until the appearance of a clear solution. After cooling the
tube, the liquid was filtered with Whatman 42 filter paper.

2.7.2 Atomic fluorescence spectrometry

Total As analysis was performed using atomic fluorescence spectrometry (AFS;
PSA 10.055 Millennium Excalibur) [43]. Prior to total As determination, all the sam-
ples were pre-reduced with potassium iodide (1% m/v) and ascorbic acid (0.2% m/v)
to reduce As(V) to As(III). For analysis standard preparation, 1000 � 2 mg l–1 CRM
(certified reference material) As standard supplied in 2% HNO3 (Sigma-Aldrich) was
used as a standard stock solution. A working standard solution of 10 mg l–1 was
prepared weekly from the stock solution and used to prepare calibration standards (0–
10 μg l–1). The standards and samples were prepared by following the same analytical
matrix of 25% (v/v) HCl, 1% (m/v) potassium iodide, and 0.2% (m/v) ascorbic acid.

Properties Unit Value

Carrier gas (Ar) flow rate l min–1 0.25

Carrier gas pressure Psi 35–45

Dryer gas (H2) flow rate l min–1 2.50

Dryer gas pressure Psi 35–45

NaBH4 concentration in 0.1 moll–1 NaOH % (m/V) 0.70

HCl concentration for hydride generation mol l–1 3.00

NaBH4 flow rate (reductant) ml min–1 4.50

HCl flow rate (reagent blank) ml min–1 9.00

Sample flow rate ml min–1 9.00

Lamp current Ma 27.50 (primary), 35.00 (boost)

Lamp wavelength Nm 197.30

Analysis period Sec 15 (delay), 30 (analysis), and 30 (memory)

Lower limit of detection (LOD) ng l–1 10.00

Table 2.
Operating environment of atomic fluorescence spectrometer (AFS) for total arsenic analysis [43].
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Sodium tetra hydroborate (0.7% m/v in 0.1 mol l–1 NaOH) was continuously added to
the sample during the analysis to produce gaseous arsine (AsH3), which was atomized
using a hydrogen diffusion flame. The overall reactions are represented in the follow-
ing Eqs. (1)–(4) [45]. Atomic fluorescence was measured after excitation using an As
boosted discharge hollow cathode lamp (Photron) [46]. The operating states of AFS
for As determination are given below in Table 2.

Sampleþ KIþ Ascorbic acidþHCl ! KClþ 2HI ! 2Hþ þ 2I� þ 2e� (1)

AsO4
3� þ 2Hþ þ 2I� þ 2e� ! AsO3

3� þ I2 þH2O (2)

NaBH4 þHCl ! NaClþH3BO3 þ 8H (3)

AsO4
3� þH ! AsH3 þH2 (4)

2.7.3 Quality assurance of arsenic analysis

For quality control, the appropriate procedures and safety measures were taken to
ensure the consistency of the results by following the techniques described by Thompson
andWalsh [47]. Samples were handled carefully to avoid cross-contamination. All glass-
ware was cleaned with the laboratory dishwashing machine followed by a 10%HNO3

solution and rinsing with deionized water. High purity analytical grade chemicals and
gases (99.99%pure)were used for the analysis to ensure theminimal blank concentration
value. Deionized water was used for all dilutions and preparation of chemicals during the
analysis. To ensure good recovery of sample As, a 1568b rice flour standard reference
material (SRM), fromNIST (National Institute of Standard and Technology), was used at
the time of digestion. Therefore, the block digestion set consisted of one blank, one SRM,
one duplicate and with the remaining 39 tubes being the main samples with three repli-
cations each. Data was deemed to be acceptable if recovery of SRMAs was�10% and the
calculated relative standard deviation (RSD) of duplicate sampleswas no greater than 5%.
To provide measurement clarification regarding the response of theMillennium Excali-
bur, the background equivalent concentration (BEC) was calculated using Eq. (5) to
determine the performance of the instrument.

BEC ¼ Background value
Peak height

� standard concentration (5)

The lower the BEC value the more sensitive the instrument. If the BEC value was
below 0.5, the instrument was considered to be operating correctly.

2.8 Statistical analysis

Statistical analysis of recorded data was performed using GenStat (16th Edition, VSN
International) software. Normality and homogeneity of variance of the experimental
data were tested. The analysis of variance (ANOVA) test was performed to determine
the significance of tested treatments on variables. The Least Significant Difference
(LSD) test was performed to compare the treatments’means at a 5% level of signifi-
cance. The Pearson correlation test was performed to determine the correlation coeffi-
cient among the variables. For grain As concentration data, Grubb’s test was performed
to identify outlier values, which were replaced by the other replicates’ average values, if
found. After MW soil heating, thermal images were captured with an infrared camera
(FLIR C3) and post-processed in MATLAB (MathWorks, Inc., USA) software.
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3. Results

3.1 Plant growth and grain yield

The results revealed that the addition of As to the soil had a significant negative
impact on plant growth and grain yield, and MW soil treatments provided a beneficial
effect compared with non-MW treated soils, irrespective of soil As concentration. To
describe the plant growth some growth parameter results are given below.

3.1.1 Plant height

Plant height decreased significantly (p < 0.001) with increasing soil As concen-
tration. This trend was observed up to 60 days after sowing (DAS) of plant growth.
After that, the effect of As on plant height was not statistically significant. Plant height
increased significantly (p < 0.001) in MW treatments irrespective of soil As concen-
tration throughout the growing period. Greater plant height was recorded in MW-6
compared with MW-3 and MW-0 treatment (Table 3).

3.1.2 Plant vigor

With the increase of soil As concentration, plant vigor decreased significantly
(p < 0.001), while significantly (p < 0.001) higher plant vigor was found in the
MW treatments. For instance, at As-80 the plant vigor was lowest (4.00) in MW-0,
whereas significantly higher plant vigor was observed in the MW-6 (7.00) treatment
(Figure 2a).

3.1.3 Leaf chlorophyll content

Leaf chlorophyll content increased significantly (p < 0.001) in the MW treatments
compare with the control. For example, at As-80 significantly higher leaf chlorophyll
content (45.88) was recorded in the MW-6 treatment compared with the MW-0
treatment (39.10). In the MW-6 treatment, no significant changes were observed in

Soil As (mg kg �1) 30 DASS 60 DASS 90 DASS

MW soil treatments (min)

0 3 6 0 3 6 0 3 6

0 35.46ab 35.87a 37.65a 43.25bcd 45.85ab 46.40ab 68.60ab 66.65abc 71.20a

20 34.74ab 36.00a 38.22a 43.45bcd 45.10abc 45.45ab 61.50bcd 68.40ab 71.25a

40 34.47bc 34.96ab 37.69a 44.30bcd 45.25ab 47.70a 61.95bcd 65.85a–d 72.55a

60 32.40cd 33.15cd 36.57ab 41.95d 44.35bcd 46.20ab 60.35cd 67.35abc 69.40ab

80 28.40e 30.49d 35.57ab 38.10e 42.10cd 45.50ab 58.00d 65.20a–d 73.25a

LSD0.05 2.09 1.36 6.96

Mean data with superscript same letter are not significantly different. Least Significant Difference (LSD) test performed
at a 5% level of significance to determine the difference between the arsenic (As) and microwave (MW) treatments. DAS
(Days after sowing) indicates the sampling time.

Table 3.
Mean plant height (cm) in response to microwave (MW) soil heating and soil arsenic (As) treatments.
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chlorophyll content across all soil As concentrations. Although the effect of soil As
concentration on the leaf chlorophyll content was not significant (p = 0.187), a
decreasing trend was observed in the MW-0 treatment (Figure 2b).

3.1.4 Tiller number

Tiller number reduced significantly (p < 0.001) across the treatments with
increasing soil As concentration. However, a significantly (p = 0.005) higher tiller
number was obtained in the MW treatments. This was especially so in the MW-6
treatment where the tiller number was higher than the MW-0 and the MW-3 treat-
ment. The highest tiller number (26.25) was recorded in the MW-6 treatment at As-20
soil As concentration, while it was 21.75 and 18.75 in MW-3 and MW-0 treatment,
respectively (Figure 2c).

Figure 2.
Effect of microwave (MW) soil treatment on wheat plant growth in arsenic (As) contaminated soils. (a) Plant
vigor, (b) leaf chlorophyll content, (c) tiller number, (d) shoot biomass at tillering stage, (e) shoot biomass at crop
harvest, and (f) root biomass. Bar represents the mean value with standard error and different letters indicate the
significant difference (LSD at p = 0.05) among the treatments.
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3.1.5 Plant biomass

At the tillering stage, shoot biomass was reduced significantly (p < 0.001) with
increasing soil As concentration, while in theMW treated pots, significantly (p < 0.001)
higher biomass was recorded. In view of the MW treatments, higher biomass was
harvested from the MW-6 treatment compared with the MW-3 and MW-0 treatments
(Figure 2d). At crop harvest stage, shoot biomass was reduced significantly (p < 0.008)
in response to increased soil As concentration, whereas significantly (p < 0.001) higher
biomass was recorded in the MW treatments. In the MW-6 treatment, higher biomass
was harvested compared with the MW-0 and MW-3 treatment (Figure 2e). Like shoot
biomass, similar results were observed for root biomass (Figure 2f).

3.1.6 Leaf area, width, and length

With increasing soil As concentration, leaf area, width, and length were reduced,
although the effect was not statistically significant. On the other hand, leaf area
(p < 0.001), width (p < 0.001), and length (p = 0.048) increased significantly in
MW soil treatments. The lowest value for all leaf parameters was found at the highest
As concentration with no MW treatment, while the highest value was found in the
MW-6 treatment, irrespective of soil As concentration (Table 4).

3.1.7 Total number of spikes

There was no significant (p = 0.064) effect of As on total spike number, but a
significantly (p < 0.001) higher number of spikes was found in the MW treatments.
The highest spike number (17.00) was found in the MW-6 treatment, while it was 12.00
and 9.00 in MW-3 and MW-0 treatment respectively at As-20 treatment (Figure 3a).

3.1.8 Grain yield

The wheat grain yield increased significantly (p < 0.001) in the MW treated pots,
while the effect of As on grain yield was not significant (p = 0.210). Higher grain yield

Soil As (mg kg–1) Leaf area (cm2). Leaf width (cm). Leaf length (cm).

MW soil treatment (min)

0 3 6 0 3 6 0 3 6

0 21.12b 20.60b 24.52a 1.03b 1.09b 1.13b 25.94c 25.66b 27.88b

20 21.12b 25.04a 21.99b 1.10b 1.12b 1.11b 25.12b 28.91b 27.26b

40 20.25bc 23.71a 27.92a 1.01b 1.11b 1.25a 26.46c 27.73b 29.21a

60 18.85cd 22.50b 27.91a 0.97b 1.09b 1.30a 25.52d 26.26b 29.67a

80 16.51e 23.62a 22.24b 0.82c 1.14a 1.03b 24.98e 27.16b 27.10c

LSD (0.05) 4.70 0.17 4.65

Mean data with superscript same letter are not significantly different. Least Significant Difference (LSD) test performed
at a 5% level of significance to determine the difference between the arsenic (As) and microwave (MW) treatments.
#Data recorded at tillering stage.

Table 4.
Effect of microwave (MW) treatment on leaf area, length, and width at different soil arsenic (As) concentration.#

241

Microwave Soil Treatment Alleviates Arsenic Phytotoxicity and Reduces Wheat Grain Arsenic…
DOI: http://dx.doi.org/10.5772/intechopen.102730



was found in the MW-6 treatment compared with the MW-0 and MW-3 treatments.
For instance, a significantly higher grain yield (28.95 g pot–1) was recorded in the
MW-6 treatment compared with the MW-3 (23.21 g pot–1) and MW-0 (22.03 g pot–1)
treatments at As-40 treatment (Figure 3b).

3.1.9 Grain total arsenic concentration

Grain As concentration increased significantly (p < 0.001) with increasing soil As
concentration while it was significantly (p < 0.001) lower in the MW treatments
compare with the control (Figure 3c). At As-80 the highest grain As concentration
(710.45 μg kg–1) was recorded in MW-0 while, it was significantly lower
(572.03 μg kg–1) in the MW-6 treatment. The highest grain As concentration reduction
(37.98%) was observed in the MW-6 treatment at As-60 followed by the MW-3
treatment (32.20%) compared with the MW-0 treatment (Figure 3d).

3.2 Grain mineral content

Grain P (p < 0.001) content decreased significantly, and K (p = 0.008) and Na (p
< 0.001) content increased significantly with the increase of soil As treatment, while
there was no significant effect of MW treatment on grain P, K and Na content. On the
other hand, Mn (p = 0.012) and Zn (p < 0.001) content decreased significantly with
the increasing soil As concentration, while Mn (p < 0.001) and Zn (p < 0.001)

Figure 3.
Effect of microwave (MW) soil treatment on (a) spike number, (b) grain yield, (c) grain arsenic (As)
concentration in response to different soil As concentration, and (d) grain As concentration reduction in MW
treatments. Bar represents the mean value with standard error and different letters indicate the significant
difference (LSD at p = 0.05) among the treatments.
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Variables r–value

Above-ground biomass 1 —

Grain As concentration 2 –0.28* —

Grain yield 3 0.84*** –0.15ns —

Leaf area 4 0.48*** –0.20ns 0.45*** —

Plant height 5 0.62*** –0.55*** 0.4*** 0.55*** —

Plant vigor 6 0.48*** –0.80*** 0.32* 0.25ns 0.74*** —

Leaf chlorophyll content 7 0.67*** –0.23ns 0.62*** 0.52*** 0.66*** 0.47*** —

Spike number 8 0.62*** –0.30* 0.71*** 0.28* 0.41** 0.45*** 0.50*** —

Tiller number 9 0.52*** –0.67*** 0.43*** 0.21ns 0.57*** 0.77*** 0.39** 0.58***

1 2 3 4 5 6 7 8

ns indicate non-significant.
*Significance at p < 0.05.
**Significance at p < 0.01.
***Significance at p < 0.001.

Table 7.
Pearson’s correlation matrix of different growth and yield parameters with grain arsenic concentration and
accumulation.

Variables r–value

Grain As
concentration

1 —

P 2 –0.86*** —

K 3 0.46*** 0.11ns —

Ca 4 0.01ns 0.16ns 0.16ns —

Mg 5 –0.24ns 0.21ns –0.02ns 0.05ns —

S 6 –0.24ns –0.30* –0.09ns 0.38** 0.27* —

Fe 7 0.12ns 0.01ns –0.07ns –

0.17ns
0.38** –

0.10ns
—

Cu 8 –0.30* –0.07ns –0.41*** –

0.13ns
0.58*** 0.37** 0.32* —

Mn 9 –0.29* –0.10ns –0.27* –

0.63***
0.42*** –

0.07ns
0.47*** 0.39** —

Zn 10 –0.62*** –0.09ns –0.42*** –0.30* 0.57*** 0.34** 0.46*** 0.62*** 0.78*** —

Na 11 0.48*** –0.11ns 0.41** –

0.04ns
–0.33* –

0.26*
0.21ns –

0.35**
–

0.14ns
–

0.37**

1 2 3 4 5 6 7 8 9 10

ns indicate non-significant.
*Significance at p < 0.05.
**Significance at p < 0.01.
***Significance at p < 0.001.

Table 8.
Pearson’s correlation matrix of different grain minerals with grain arsenic concentration and accumulation.
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content increased significantly in the MW treated soil compared with the control. The
effect of As on grain Ca, Mg, Fe, and Cu was statistically non-significant. However,
grain Mg (p = 0.012), Fe (p < 0.001), and Cu (p = 0.003) content increased signifi-
cantly while, Ca (p < 0.001) content decreased significantly in the MW treated soil
compared with the control treatment (Tables 5 and 6).

3.3 Correlation of grain arsenic with plant growth and yield parameters and grain
mineral content

Pearson’s correlation coefficient (r value) showed that all the growth parameters
were positively correlated with the yield parameters, and all the growth and yield
parameters were negatively correlated with grain As concentration. Although the
grain yield was negatively correlated with grain As concentration (r = � 0.1511), the
correlation coefficient was statistically non-significant (Table 7). Also, Pearson’s
correlation coefficient (r value) showed that, grain K (r = 0.46***) and Na (r = 0.48***)
were positively correlated, while grain P (r = � 0.86***), S (r = � 0.34**), Cu
(r = � 0.30*), Mn (r = � 0.29*), and Zn (r = � 0.62***) were negatively correlated with
the grain As concentration (Table 8).

4. Discussion

It is well known that soil As has adverse effects on plant growth and development.
Previous research revealed that plant growth traits such as plant height, tiller number,
and, the number of grains per spike can decrease significantly with increasing soil As
concentration [48]. Pigna et al. [49] reported a 60% plant biomass and 83.6% root
biomass reduction of wheat in As contaminated soil. Also, several other experiments
reported that the reduction of plant growth was ultimately the result of As phytotox-
icity at high soil As concentrations [50–52]. This experiment also found a significant
reduction in plant growth represented by plant height, plant vigor, tiller number,
shoot, and root biomass with increasing soil As concentration, which agrees with these
other studies. Like other growth parameters, similar results were observed in leaf
chlorophyll content (measured as SPAD), leaf area, leaf width, and length, which also
reflect the lower plant growth at higher soil As concentration. Chlorophyll consists of
mainly N, as a core component, and its content in the leaf represents the chlorophyll
content. Higher soil As can reduce the N content in various crops [53, 54]. Thus, it was
anticipated that higher soil As concentrations may also decrease N content in wheat
plants, which may lead to a decrease in chlorophyll content. The results of the present
experiment revealed that higher soil As concentrations decreased the chlorophyll
content, therefore leading to a lower photosynthesis rate, which might have reduced
plant growth and grain yield.

In relation to grain yield, a decreasing trend was observed as As concentration in
the soil increased, although it was not statistically significant. From the results, it is
clear that, at the early growth stage, As had more effect on the plant growth, whereas,
at the mature stage As had less effect (Figure 2), which can be correlated with the
final grain yield (Figure 3b). A similar result was observed in the previous experiment
conducted on wheat grown in As contaminated soil (0–40 mg kg–1), by Asaduzzaman
et al., where less impact of As was reported on grain yield [48]. Some other previous
experiments also revealed a greater effect of As on the shoots but showed less effect on
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the yield and yield contributing characters [48, 52], which is similar to the current
results of this study.

On the other hand, the results showed that the MW soil treatment had a signifi-
cantly beneficial effect on wheat plant growth and grain yield irrespective of soil As
concentration (Figures 2 and 3b). A previous study by Khan et al. reported a 33.1%
increase in plant dry biomass and a 39.2% increase in grain yield in MW treated soil
[55]. Similarly, some other studies demonstrated that increased plant growth and
grain yield resulted from MW treatment of soil as well [18, 19]. The above findings
agree with the results obtained in this experiment. One of the possible reasons for the
increased growth and yield of wheat is the higher availability of nutrients for the
plants in MW-treated soil. Increased N and S availability in soil was reported after
application of MW [56]. Speir et al. reported increased N levels in MW treated soil
compared with the control [57]. Additionally, another previous study showed
increased indigenous soil N after MW soil heating [21]. A similar result was observed
in this present study where, N, P, and S increased after MW soil heating (Table 1).
Using SPAD as a method for leaf chlorophyll measurement, a higher value (58–64)
was reported in MW treated soil as compared with the control (42–56) pots [58]. In
this present study, leaf chlorophyll content was significantly higher in the MW treated
pots which could correlate with the higher photosynthesis rate and ultimately
contributed to the higher crop growth and grain yield.

Alternatively, MW also has negative impacts on the microbial community in the
soil. By generating heat, MW energy would kill certain microbes. As a result, MW
irradiation-induced disintegration of the cell walls can release the intracellular and
extracellular macromolecules, which may increase the soluble OM in the soil and
release some nutrients [27]. Previous research reported three pathways of organic N
(org-N) transformation: (1) microorganisms based org-N mineralization to ammo-
nium, (2) release of org-N due to cell lysis, and (3) ammonium excreted from the
bacteria grazing on soil fauna [59]. Research has shown that the org-N mineralization
following MW irradiation of soil is of microbial origin [57]. Furthermore, nurturing
and/or shaping the soil microbial communities was reported as the result of humifi-
cation and thermal denaturation of soil organic compounds after soil heating [20, 60].
These microbial communities accelerate the availability of different soil nutrients that
could be responsible for better plant growth and grain yield [22].

From Figure 3c, it was evident that the grain As concentration increased signifi-
cantly with increased soil As concentration. Several studies described a higher con-
centration of wheat grain As when cultivated in soil containing higher As [48, 61]. A
significantly high concentration of As in wheat grain (220.00–620.00 μg kg–1), grown
in soil containing 2.00–70.00 mg kg–1 As, compared with those (0–50.00 μg kg–1)
grown in 1.00–13.40 mg kg–1 soil As has been reported [62]. A similar trend was
observed in this current experiment where, the grain As concentration was lower at
low soil As concentrations, whereas it was higher at high soil As concentrations.
However, MW soil treatment significantly reduced the As concentration in wheat
grain (Figure 3c). This reduced grain As concentration could be explained by a couple
of changes after MW soil heating. One of the possible reasons could be increased plant
biomass and grain yield in MW treated soil, where there was a dilution effect on As
concentration in the plants grown in the MW treated soil. From the Pearson’s correla-
tion study (Table 7) it is evident that the grain As concentration (r = � 0.1511ns) was
negatively correlated with grain yield but non-significantly. This also explains the
diminishing effect of As on grain yield. Another reason could be the increased soil P
and Si concentration after MW soil heating (Table 1). The PO4

3� level in the soil is
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known to control plant growth and development, and As(V) is a PO4
3� analog [63].

Therefore, increasing PO4
3� in the soil results in enhanced competition between

PO4
3� and As(V) for sorption sites on soil particle surfaces and for plant uptake

because of the similar uptake mechanism of PO4
3� and As(V) through PO4

3� trans-
porter present in the plant root [63]. Furthermore, Si can compete with As(III) for
plant uptake due to a similar uptake mechanism through aquaglyceroporins the more
likely nodulin 26-like intrinsic protein (NIP) class of aquaporin channels [64, 65].
Thus, the increased soil P and Si concentration after MW soil heating could complete
with As(V) and As(III) for plant uptake and reduce the accumulation in the grain.

However, according to the Steindorf-Rebhun-Sheintuch equation, ligand exchange
theory, and a share charge hypothesis, PO4

3� has more probability to replace As(V)
from soil adsorption site depending on the concentration of PO4

3� and As(V). Never-
theless, PO4

3� might also be desorbed by As(V) due to a mass action effect of a high
ratio of As(V):P concentrations in the soil solution [66, 67]. Therefore, PO4

3� and As
(V) interaction needs to be considered for applying PO4

3� amendment as As remedi-
ation technique. Some researchers reported that, at low soil As concentration, dis-
placement of soil PO4

3� by As(V) increased the availability of PO4
3� to the plant,

which resulted in the increase of plant growth parameters [49, 68]. In this experi-
ment, it was also found that shoot biomass at both tillering stage and final crop
harvest, root biomass, and spike number increased at low soil As concentrations (As-
20 and As-40). However, all these traits decreased again at higher As concentrations
(As-60 and As-80). Previous researches also reported plant growth and yield increases
due to small additions of As in tomato, potato, rye, corn, and wheat [69–71] which
agrees with the findings of this present study in wheat. Although, As is not an essential
element for plants, small amounts of As can stimulate plant growth and increase plant
biomass by releasing some P from soil adsorption sites and making it available for
plant uptake [72].

Furthermore, As concentration in wheat grain also depends on the genetic differ-
ences of different varieties. Previous research reported that different wheat varieties,
grown in the same soil As concentration, can tolerate, accumulate and translocate
different concentrations of As due to phytoextraction or phyto-morphological poten-
tial of the varieties [73, 74]. The wheat variety used in this study could accumulate less
As due to genetic constituents. However, further experiments are needed with differ-
ent wheat varieties to explore the varietal effect on As accumulation. In addition, it
has been demonstrated that MW soil heating markedly altered the physical and
chemical properties of SOM [75] and enhanced the humification of SOM [76]. It has
also increased the soil organic carbon and N mineralization [77], macromolecular
organic substances that possess a higher number of functional groups [76], and syn-
theses of organometallic and coordination compounds [78]. These organic substances
can retain, decrease mobility, reduce bioavailability, and adsorb soil heavy metals
[79]. Therefore, more As could be adsorbed by the adsorption sites in the soil and
become unavailable for plant uptake which ultimately could reduce the grain As
concentration.

From Table 5, it was evident that grain P content decreased significantly, while Na
content increased significantly with increasing soil As concentration. A similar result
was found in another study [80] where, P uptake decreased in As treatments. Since,
sodium arsenate was used in this study to artificially contaminate the soil, the addition
of this Na might contribute to the higher plant uptake in higher As treated soil and
ultimately more accumulation of Na in the grain. The result also shows that grain Mn,
Zn, and Cu content decreased significantly with increasing soil As concentration,
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while they increased significantly in the MW treatments compared with the control.
Addition of As can reduce Mn content in shoots and roots [80], which results in lower
Mn translocation to the grain. By contrast, the opposite findings have also been
reported [81] where increased Mn content with increased As was observed. It is
known that divalent Mn is absorbed by facilitated diffusion across the plasmalemma
[82]. It is possible that As phytotoxicity may hamper the activity of the root plasma-
lemma and reduce Mn2+ absorption. Similarly, decreased Zn and Cu content in shoots
and roots [80] can facilitate the lower translocation to the grain. Similar findings were
reported in another study [83], where an antagonistic relation between As and Zn was
described. Another study also reported lower Zn content in rice grain, where higher
As was present in the soil [84]. However, MW soil treatment can increase the grain Zn
and Cu by reducing the As phytotoxicity. From the Pearson’s correlation (Table 8) it
was also evident that grain K and Na content were significantly positively correlated
with grain As concentration and significantly negatively correlated with grain P, Cu,
Mn, and Zn content.

5. Conclusions

Although the elevated concentration of soil As can reduce the plant growth and
grain yield of wheat due to the As phytotoxicity, MW soil treatment can mitigate this
As phytotoxicity. The MW-6 treatment showed a better influence than the MW-0 and
MW-3 treatments. Furthermore, MW soil treatment can reduce grain As concentra-
tion. Although the soil remains contaminated after MW treatment, wheat grain As
concentration was lower in the MW treated pots, which results in lower As accumu-
lation in humans through wheat consumption. Nevertheless, further experiments are
needed to explore the effectiveness of MW treatment with different types of soils in
field conditions.
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Abstract

Wheat is the most important cereal crop, a great source of dietary protein. It is 
grown worldwide for its consumption in the form of different products. Wheat pro-
duction faces a lot of biotic and abiotic stresses that hinder growth and yield. Changing 
climate is a worse scenario to be adopted for sustainable production. Food demand 
is rapidly increasing by a drastic increase in the world population. Conventional 
breeding techniques are time-consuming and ineffective in attaining high yield goals 
under changing climates. Next-generation sequencing revolutionized wheat breeding 
through molecular approaches for effective selection. The use of genomic approaches 
in wheat breeding is the need of time for sustainable production. Several genomic 
approaches, such as use of genome-wide markers for gene mapping, genomic selection 
and recurrent selection through QTL and meta-QTL analysis, markers-assisted selec-
tion in haploid breeding, heterosis breeding through genomic tools, and biotechnologi-
cal tools, are currently used as modern techniques for developing climate-resilient 
wheat cultivars. This chapter illustrated the challenges of changing climate, molecular 
techniques in wheat breeding to develop climate-resilient genotypes, sustainable wheat 
production to cope with food demand, and future breeding strategies.

Keywords: genomic approaches, wheat breeding, sustainable goals, climate change, 
resilient cultivars, marker-assisted breeding

1. Introduction

The one-third population of the world mainly relies on wheat (Triticum aestivum L.) 
for their daily diet and it is becoming more important with a great increase in the world’s 
population [1–3]. Wheat is grown in an area of about 220 million hectares worldwide 
[4], with an average annual production of 729 million tons [5]. Wheat is also used as an 
industrial material and renewable feed resource [6]. Wheat demand is increasing due 
to increased population thought the world [5]; thus, it is influencing market prices [7], 
competition, and growing demand [8]. The considerable challenge in sustainable wheat 



Wheat - Recent Advances

260

production is to increase the yield with demand in continuously changing environmen-
tal conditions. It has been suggested that wheat yield should be increased by 1.7% per 
annum globally for the next 30 years [9]. Still, its production rate is 0.9% per annum 
[10], insufficient to meet global hunger and even in main wheat-producing countries, 
this percentage is gradually decreasing. The goal of sustainable wheat production is 
only possible to achieve by growing wheat in the best environmental condition since 
the world is facing the massive challenge of climate change; therefore, this could not be 
possible [11]. Yield and yield stability are highly affected by climate change [12].

Although agronomic practices and conventional breeding contributed to sustain-
able wheat production, now it is time to boost wheat production with the latest intro-
duced technologies. So, breeders are looking for highly efficient methods to increase 
yield in a limited time [13]. Newly developed technologies, such as phenomics [14], 
marker-assisted selection (MAS) [15], genomic breeding [16], and biotechnological 
(cis-genic and transgenic) techniques [17], are promising technologies to fight hunger 
in the future.

Marker-assisted breeding is based on gene linkage and recombination events in 
meiosis [18]. Different molecular markers are being used to detect the variations in 
wheat germplasm [19] and resistant genes are being identified in various lines and 
used in marker-assisted breeding [20, 21]. Genomic selection (GS) is an advanced 
form of MAS [13]. Initially, a panel of genotypes, training population, is selected in 
GS, then genotyping is performed with genome-wide markers and lastly, phenotyp-
ing is done for the trait of interest. Genome-estimated breeding values (GEBVs) are 
calculated with the help of a training population for all genotypes included in the 
panel, newly developed lines, and the validation population [22]. GS is more effective 
based on computing more variations with the help of GEBVs without phenotyping 
[23]. Modified methods in GS significantly increase genetic gain and accuracy. Several 
recent genomic approaches have been illustrated in Figure 1.

This chapter focuses on genomic approaches in wheat breeding to combat 
hunger in changing climate. Genomic breeding in wheat is an efficient way to 
increase wheat production in changing climate and global warming scenarios. 
Using molecular markers in QTL-mapping and its combination with genome with 

Figure 1. 
Schematic diagram for recent genomic approaches in wheat breeding.
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association study (GWAS) could significantly improve yield to achieve sustainable 
wheat production goals.

2. Gene mapping through genome-wide markers

Initially, restriction fragment polymorphism (RFLP) markers were introduced 
to identify cultivars [24] and gene mapping, but the frequency of markers was not 
impressive due to the extremely low level of polymorphism for the D genome of 
bread wheat [25]. International Triticeae Mapping Initiative (ITMI) was very effi-
cient because of generating high-density linkage groups [26]. With the advancement 
in technology, PCR-based markers were developed. There were two broad categories 
[27], simple sequence repeat (SSR) [28] and randomly amplified polymorphic 
DNA (RAPD), considered far better than RFLP markers. These markers proved to 
be time-saving and cost-effective, especially SSR markers were extensively used in 
wheat due to reproducibility. RAPD markers were used to make sequence character-
ized amplified regions (SCAR) or sequence-tagged sites (STS) markers [29] that 
were more reliable in wheat, for example, Lr24 and Lr2 QTL for Russian wheat 
aphid [30].

The first discovery of simple sequence repeats (SSR) markers, also known as 
microsatellites [28], opened a new era of wheat breeding due to their extensive use 
because they are highly reproducible, genome-specific, highly polymorphic, and 
relatively abundant [31]. The yield and yield-related traits in wheat were exploited 
with more resolution on their respective loci in the genome [32]. SSR markers also 
had limitations due to high cost, random distribution in the genome, finite motifs, 
and difficulty obtaining exact information [33]. Single nucleotide polymorphism 
(SNP) markers analyze variations at a single nucleotide level; therefore, they are not 
very effective in marker-assisted selection of wheat [34–37].

3. Genome based breeding strategies in wheat

The reciprocal recurrent genomic selection in wheat is important to increase wheat 
yield [38]. Genomic selection of desired traits speeds up the breeding program with 
the accurate selection of traits of interest with the help of QTL and GWAS [39, 40]. 
When additive effects of focused QTL are not determined, they can be estimated by 
genome-wide prediction. The Ridge regression model has been proposed to be used 
in the genomic selection of desired traits with more accuracy and unbiased decisions 
[41, 42]. F∞ metric is implemented to determine additive effects and additive-by-
additive epistasis [43]. The superior plants are selected for the next generation with 
the help of the estimation of additive effects in recurrent genomic selection [22]. The 
QTL study with the ridge regression model revealed that nonadditive effects were 
related to grain yield [44]; therefore, they are suggested to be included in the genome 
prediction model to increase wheat yield. Persistency in predicting models is mainly 
dependent upon the adequate size of parental population and linkage disequilibrium, 
size of training population, use of the statistical model to estimate markers effects in 
recurrent genomic selection, and density of markers [45–47].

Estimating haploid breeding and genomic breeding values are two important 
strategies for assessing long-term genetic gain and maintenance in recurrent genomic 
breeding [48]. Based on these values, optimal population value selection is performed 
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to make blocks of genotypes exhibiting maximum haploid or genomic breeding 
values. Genotypes with maximum haploid value would fall in the block with minimal 
segregation. In contrast, minimal value haploid value will lead to minimal population 
value selection with a haplotype block with maximum segregation for the desired trait 
[48]. Genomic recurrent selection and its modified form reciprocal recurrent selec-
tion increase the efficacy of wheat breeding programs [49] to develop high-yielding, 
climate-resilient genotypes. Gene pyramiding is a novel concept in modern breeding to 
accumulate desired genes in a single genotype to develop an ideotype [50]. Implications 
of this breeding strategy via genomic breeding can be a way forward to achieve a 
landmark in wheat breeding programs for sustainable production in changing climate.

4. Marker-assisted selection

Genetic linkage between loci of the same chromosome and their recombina-
tion events during meiosis are the main basis of MAS [18]. The transfer of two loci 
together or separately in the next generation is dependent on how closely these loci 
are located on the chromosome [51]. There will be more chances to be inherited 
together if they are located closely on the same chromosome. Molecular markers 
are used to identify a specific region on the chromosome for a gene of interest [52]. 
Different alleles are detected in several lines, known as a polymorphism for a trait of 
interest in different lines. Molecular markers detect the presence of linked alleles on 
the base of genetic linkage [27]. Marker-assisted selection could prove a very effective 
technique for developing climate-resilient wheat cultivars in changing climates.

Single sequence repeat (SSR) markers were used to detect the cell membrane 
stability of wheat cultivated under drought stress. SSR markers were significantly 
linked with cell membrane stability, but the association was weak. SSR markers were 
suggested to detect increased frequency in progenies with drought tolerance [53] and 
used Xwmc273.3 marker was used to detect QTL associated with higher grain yield 
of wheat under drought conditions. Different wheat cultivars in irrigated and rainfed 
regions were selected with the help of QTL mapping and phenotypic selection based 
on higher yield in water stress conditions [54]. Marker-assisted backcross breeding 
was employed to detect and transfer three drought-tolerant QTLs in high-yielding 
cultivars. QTLs were detected in drought-tolerant cultivar HI5100 and HD2733 was 
used as a recurrent cultivar. They identified 29 lines having drought tolerant QTLs; 
further background selection resulted in five varieties for evaluation in the national 
breeding program [55]. QTL expression in common wheat for cold tolerance was 
detected in the region of CBF and Cor/Lea gene families located at 5AL [56]. Soriano 
et al. [40] performed a QTL meta-analysis to identify QTLs for biotic and abiotic 
stress tolerance in durum wheat. They identified 315 of 85 MQTL, while 71 corre-
sponded to biotic stress and 127 to abiotic stresses.

5. Heterosis breeding through genome based strategies

Only <1% of the wheat cultivated area is under the cultivation of hybrid wheat 
due to the highly self-pollinated wheat and other technical problems. Meanwhile, 
genomic breeding has helped resolve the technical issues of hybrid wheat production. 
Male sterility is not well-understood in wheat because it is highly self-pollinated, and 
hybrid seed production is very cost-effective. Male sterility is of great importance in 
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the hybridization of wheat. Male sterility II (ms2) has been identified in wheat for 
40 years, but its corresponding genes were unknown. It was determined through 
mapped-based cloning experiments in 2017 that the promoter region of ms2 has TRIM 
element, activates Ms2 allele in anther, which induces male sterility in wheat [57, 58].

Furthermore, it was also investigated by map-based cloning studies that male ste-
rility 1 (ms1) also prevailed in wheat [59, 60]. Functional analysis of MS1 has revealed 
a newly introduced protein in the wheat and Poaceae family. It is localized in mito-
chondria and plastids, associated with the phospholipid-binding activity to induce 
male sterility. The split gene system also inserts male sterility in wheat by expressing 
the phytotoxic gene barnase, controlled by two alleles and its activation induces male 
sterility. This system maintains male sterile female plants while, after crossing, sterile 
hybrids are produced because it does not need male storer lines and entirely relies on 
the genetically modified female plants [61].

The utilization of genomics to predict heterotic patterns is another strategy for 
hybridizing wheat. These patterns are used mainly to characterize parents and the 
hybrids population on a large scale. Heterotic patterns were used to assess 1604 wheat 
hybrids for disease resistance and morphological parameters. It was demonstrated 
that 69 hybrids performed better than the best commercial line by 7.2–10.7% in 
production [62]. Zhao et al. [63] described a three-way genome-based strategy to 
predict heterotic wheat patterns in 1604 hybrids and 135 parents. In another experi-
ment, 135 parents and their 1604 hybrids were assessed through genomic prediction 
of heterotic patterns and a complete performance of hybrids was evaluated to suggest 
high yielding heterotic patterns.

Heterotic patterns were used to assess a well-defined population and their effec-
tiveness, limitations, and representation were estimated to measure their success. 
Identifying and exploiting major genes is essential and helpful in hybridization, such 
as genes responsible for dwarf wheat and very important for selecting the parental 
population to make hybrids. Further, these genes greatly influence pollen mass and 
anther extrusion in wheat [64]. Hybrids D1b and B1b with reduced height showed 
poor anther extrusion due to the expression of genes related to dwarfness [65, 66]. 
While developing high-yielding cultivars with lodging resistance must be considered 
for sustainable goals. Using another gene Rht24 for male sterility in hybridization 
could be very effective because it has no effects on male floral parts and anther 
extrusion [67]. These studies predicted heterotic patterns via a quantitative genetic 
framework and laid the basis for the hybridization of wheat, having fine-tuned major 
genes of plant stature and floral traits [68]. The development of hybrid cultivars at a 
commercial scale could be feasible through genome-based prediction of these genes.

6. Developing climate-resilient cultivars through biotechnology

In the last 15 years, recombinant DNA technology, genetic manipulation technolo-
gies, and culturing methodologies have enabled the efficient transformation and 
development of transgenics in a wide variety of crop plants [69]. Moreover, transgen-
esis can be a supplementary technique for single-gene or transgenic plants develop-
ment [70]. Despite traditional breeding, this method introduces only the cloned 
gene(s) of agronomic significance without the hazard of transferring any additional 
undesired genes from the donor [71]. In transgenesis, the backcrossing is unnecessary 
because the recipient plant/crop genotype is least affected [72]. Furthermore, this 
genetic transformation method opens the door to a vast array of genetic material, 
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sourced from viruses and bacteria to fungus, insects to animals and human beings to 
unrelated plants, and even from chemical synthesis [73–76]. Plant transgenics have 
been developed and tested for various crops [77], fruits, and trees with surprising 
speed and success. However, the breeders focus on the gradual enhancement of com-
mercial cultivars by introducing cloned genes of important agronomic values. The 

Breeding techniques Output References

Marker-assisted selection (600k SNP 
marker)

Targeted genotyping and genetic improvement [15]

Marker-assisted breeding (SNPs) Evaluation of multiple elite traits [93]

Marker-assisted back-crossing Drought tolerance in bread wheat [55]

Marker-assisted back-crossing Introgression of drought-tolerant QTLs [94]

Marker-assisted back-cross selection Improvement in rust resistance through a 
selection of Yr59

[95]

Marker-assisted back-crossing Transfer of recessive skr cross-ability trait [96]

Marker-assisted back-crossing Adaptation of a variety of Unnat PBW 343 in 
diverse environments

[97]

Marker-assisted back-crossing Enhanced rust resistance
Two genes (Lr19/Sr25 and Lr24/Sr24) for leaf rust 
resistance
One gene (Yr15) for stripe rust resistance

[98]

Marker-assisted back-crossing Development of near-isogenic lines for grain 
softness

[99]

Marker-assisted back-crossing Development of advanced lines for grain softness [100]

Marker-assisted recurrent selection Improved crown rot resistance [101]

Marker-assisted recurrent selection Enhanced genetic gains [49]

Reciprocal recurrent selection Hybridization [38]

S1 recurrent selection, early generation 
genomic selection, marker-assisted 
back-crossing, and gene pyramiding

Introgression of Ms3 gene for genetic male 
sterility in hybrid wheat

[102]

Double haploid breeding Development of thermos-sensitive genic male 
sterile lines

[103]

Biotechnology (Horizontal gene 
transfer)

Fhb7 from fungus expression in wheat for 
Fusarium head blight resistance

[75]

CRISPR-Cas9-based multiplexed gene 
editing

heritable mutations in the TaGW2, TaLpx-1, and 
TaMLO genes

[104]

Development of the GlutEnSeq (Gluten 
gene Enrichment and Sequencing)

Homozygous deletions for the α-gliadins on 6A 
and the γ-gliadins on 1B in two γ-irradiated lines 
of cultivar
Homozygous deletions of the γ-gliadins on 1B and 
heterozygous deletions for the α-gliadins on 6A 
in four Fielder CRISPR/Cas9 gliadin gene-edited 
lines

[105]

CRISPR/Cas9 system delivered via 
Agrobacterium tumefaciens

Obtained thirteen mutant lines by targeting seven 
sites of three genes (Pinb, waxy, and DA1)

[106]

Table 1. 
Recent approaches for modern wheat breeding in the era of genomic studies.
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gene-transfer methods and strategies have been used to create important agronomic 
features in numerous crop varieties.

The enormous size and structural complexity of the polyploid wheat genome 
initially hindered the genomic study. By the passage of time, the development of new 
genomic technologies has enabled the breeders to map the bread wheat and its ances-
tors. However, the introduction of modern genomic technologies like next-generation 
sequencing has resulted in draught genomes for bread wheat and its progenitors 
[78], paving the door for developing novel crop enhancement strategies. Diverse 
germplasms are evaluated in pre-breeding for several physiological, agronomical, and 
biochemical traits [79], then crossing [80] and high throughput phenotyping [81] are 
required, while marker-based next-generation sequencing [80], genomic prediction 
[82], and validation of climate-resilient lines [83] can be very helpful in develop-
ing high yielding cultivars in changing environment. The CRISPR-Cas (Clustered 
Regularly Interspaced Short Palindromic Repeats) technology makes breeding time 
conservative and helps to find and transfer the same gene of interest in the host wheat 
genotype [84]. These RNA-guided nucleases are used for genome editing and isolated 
from the microbial adaptive immune system [85]. A wheat line has been developed 
that has reduced gluten in the grain by using Cas9 protein with 20 nucleotides in its 
sequence [86]. A gene Mildew locus O (MLo) was inserted in the wheat genome to 
introduce resistance against powdery mildew, and this was the first successful attempt 
of CISPER/Cas9 technology in wheat [87]. Transcription activator-like effector 
nucleases, an earlier technology, were used with the combination of CRISPER/Cas9 to 
achieve this goal.

Since the development of CRISPR-Cas technology, wheat genes of agronomical 
and fundamental scientific interest have been targeted, such as -gliadin genes to 
reduce gluten grain content [88], TaGW2 to increase grain weight [89], TaZIP4-B2 
to understand meiotic homologous crossover [90], TaQsd1 to minimize preharvest 
sprouting [91], TaMTL and CENH3 for haploid plant induction [92]. The Wheat 
CRISPR tool, which is freely accessible at https://crispr.bioinfo.nrc.ca/WheatCrispr/, 
identifies efficient sgRNAs that are anticipated high on-target and low off-target 
activity scores (enabling researchers to explore all potential sgRNAs inside a target 
gene or sequence of interest). The Wheat CRISPR tool considers hexaploidy in bread 
wheat, allowing the researcher to target either a single gene copy or all three homeo-
logs by checking a box.

The recent approaches for modern wheat breeding in the era of genomic studies 
have been summarized in Table 1.

7. Conclusion and future perspective

Wheat is one of the most important food crops and a basic source of calories 
globally. The rising population necessitates an increase in wheat production for food 
security. On the other hand, its production faces great challenges under changing 
climate and global warming. Wheat production is still lower than its demand and 
conventional methods proved inefficient to cope with this gap. Modern plant breed-
ing techniques need time to be adopted for sustainable wheat production. Genomic 
breeding and biotechnological tools are more precise and time-conserving techniques 
with maximum efficiency to increase wheat production. The discovery of molecular 
markers-initiated, marker-assisted breeding while QTL and meta-QTL analysis 
improved the technique’s efficacy. Genomic breeding is considered an advanced 
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form of MAS and the genome-wide study provides quick backcrossing and recurrent 
selection in wheat breeding. Genomic heterotic patterns have been used in molecular 
hybridization, while different statistical models have also been made to make selec-
tion and hybridization more and more precise. Combining genomic knowledge 
with biotechnological tools makes it quick to breed wheat with sustainable goals in a 
limited time in changing climate. In the future, the adoption of genomic breeding and 
biotechnological techniques to develop climate-resilient wheat cultivars at commer-
cial scales will only be the way to achieve sustainable wheat production.
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Chapter 14

Gene Editing Improves the 
Agronomic Important Traits of 
Wheat – CRISPR-Cas9 and  
Cas12/Cpf1
Habtamu Kefale and Sewnet Getahun

Abstract

A hexaploid Wheat (Triticum aestivum L.) is the 3rd most important staple food 
crop with 15% caloric intake next to maize and rice in the world. The global atten-
tion for wheat improvement are still encouraging. However, the population growth 
and demand for food at this time and in the next years could not be balanced. Due 
to this, huge investments have been established and performed to improve the most 
important agronomic traits of wheat. Among the new molecular tools and tech-
niques that have given a big emphasis as it will have many concerns is gene editing. 
Many gene editing tools have been reported and being implemented including Zinc 
finger nuclease, transcription activator-like effector nuclease, and clustered regu-
larly interspaced short palindromic repeats associated Cas9/12 system for targeted 
gene editing. Among these, clustered regularly interspaced short palindromic 
repeats associated Cas9/12 systems are very accurate and widely used for targeted 
gene editing. By using CRISPR-Cas mediated gene editing technique, important 
traits of wheat include disease and pest resistance, better grain and flour quality, 
gluten-free trait, better nutritional value, nitrogen use efficiency, threshability, and 
other yield components and has been edited and improved. Therefore, the use of 
gene editing technologies for wheat as well as other important crops improvement 
was irreversible.

Keywords: Cas12/Cpf1, CRISPR-Cas9, gene editing, genetic engineering, wheat

1. Introduction

The new approach and emerging technology of gene editing in crop plants and 
animals becomes a revolutionary science in the molecular era [1]. The conventional 
wheat crop genetic improvement or breeding progress has been described by the 
concept of genetic gain and measured by the difference between a selected population 
and its offspring population [2]. However, the global population growth is increasing 
at an increasing rate and is projected to reach 9.2billion in the coming 30 years [3, 4], 
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and difficult to supply enough food and food products. Many studies suggested that 
improvement in genetic gain meet the growing population demand for agricultural 
products and food needs to utilize modern breeding techniques (tools and strategies) 
and platforms, implemented with improved agronomic practice, including improved 
field-based phenotyping with a better understanding of the genetic architecture of 
trait [2, 5].

Gene editing is among the new and growing technology of molecular sci-
ence in crop improvement programs to improve the grain yield other agronomic 
important traits. The three most important gene-editing techniques widely used 
in the crop improvement program till this days are Zinc finger nuclease (ZFN), 
transcription activator-like effector nuclease (TALEN), and clustered regularly 
interspaced short palindromic repeats associated Cas9/12 (CRISPR-Cas9/12a) 
system for targeted gene editing [6, 7]. The development of CRISPR-based gene 
editing technologies recognizing distinct protospacer-adjacent motifs (PAMs), 
or having different spacer length/structure requirements broadens the range of 
possible genomic applications making them more preferred tools over ZFN and 
TALEN [8]. Clustered regularly interspaced short palindromic repeat (CRISPR)-
CRISPR associated protein (CRISPR-Cas9/Cpf1) is a versatile, simple, and inex-
pensive system for precise sequence-specific modifications of DNA sequences 
including targeted mutagenesis for gene Knockout, single base substitution, and 
gene or allele replacement in vivo [6, 9]. CRISPR is a DNA fragment that con-
tains non-contiguous short DNA repeats separated by spacers, which are snip-
pets of varied sequences. CRISPR-associated (Cas) genes were anticipated to be 
related to CRISPR loci after they were found in the genome of Escherichia coli in 
1987 [5].

Many genetic engineering activities have been done by different scientists across the 
world to get better traits related to grain yield, disease and pest resistance [3, 10], better 
grain and flour quality [11], gluten-free trait [12, 13], better nutritional value and 
nitrogen use efficiency [11] with the help of gene-editing tools. Similarly, in the USA 
Wang et al. [8] evaluated the natural and engineered variants of Cas12a (FnCas12a and 
LbCas12a) and Cas9 for their ability to induce mutations in endogenous genes control-
ling important agronomic traits in wheat. This review focuses on the application of the 
two CRISPR-Cas proteins (Cas9 and Cas12a) in the wheat crop improvement program. 
Therefore, this review highlights the current issues and advancements in wheat gene 
editing to improve the most important agronomic traits with aid of CRISPR-Cas 
proteins.

2. Gene editing for quality improvement

The higher demand for high-yielding varieties with premium grain quality in the 
continued economic development is a critical issue becomes increasing. Quality traits 
including grain yield, protein content, hectoliter weight, starch content are governed 
by many genes with a cumulative effect that is simultaneously affected by many fac-
tors, and it is more complicated in hexaploid wheat [11]. Improving this trait could not 
be a simple activity and not possible in conventional breeding or crop improvement 
program. Therefore, CRISPR Cas-mediated gene editing technologies have been used 
and created a great opportunity for allelic variations in a more faster and accurate 
manner [11]. Zhang et al. created and found allelic variations for grain hardiness, grain 
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starch content, and dough color using genes of pinb, waxy, ppo, and psy in Fielder 
through Agrobacterium delivered CRISPR-Cas9 system. They had effectively obtained 
new wheat germplasms with better grain quality in hardiness, starch content, and 
dough color. Their improved grain quality wheat germplasms can be employed as 
donor parents in backcross breeding to improve the grain quality of premier wheat 
cultivars.

On the other hand, there is a need to have gluten-free wheat to overcome the 
risk of chronic disease (Coeliac disease (CD)). This disease is caused in genetically 
predisposed individuals by the ingestion of gluten proteins (gliadins and gluten-
ins) from products of wheat, barley, and rye [12]. This human disease associated 
with wheat coeliac disease (CD) is an autoimmune reaction prevalent in 1–2% 
of the global population [12]. Even though gluten proteins are found in wheat, 
Jouanin et al. reported RNA interference (RNAi) silencing to down-regulate glia-
din families which are capable of causing Coeliac disease. Therefore, an essential 
and strict lifelong treatment of CD is the consumption of gluten-free food sources 
and avoidance of gluten-containing products from wheat, rye, barley, and, in a 
rare case, oats [13].

3. Gene editing for disease resistance

Crop production is multi-task activity and is easily affected by many contribut-
ing factors for yield and quality reduction of the produce. Among the factors that 
greatly affect the quality and grain yield of wheat are biotic agents (pest, disease) 
and abiotic agents especially fertilization, soil acidity, drought, and cold stress 
besides its genetic potential. Although the conventional approach of crop protec-
tion (chemical and cultural) activities has been applied to protect the crop, the 
numbers, as well as the type of reported diseases and pests, become increasing 
[3]. Moreover, these classical breeding approaches to develop pest and disease-
resistant varieties are laborious, cost-intensive, and not efficient. Therefore, the 
new technology and approach recently introduced gene editing via the CRISPR-
Cas system has been utilized to protect the crops from pests and pathogens and to 
enhance disease and pest resistance among different crop plants i.e. Wheat, Rice, 
Cocoa, Tomato, and Grape [3]. In a similar study, fungal disease powdery mildew 
(Blumeria graminis f.sp. tritici (Bgt)) resistant gene (TaEDR1) is successfully 
introduced from Arabidopsis thaliana using gene editing via CRISPR-Cas9 technol-
ogy to wheat [14]. In their study, they have cloned Triticum aestivum enhanced 
disease resistance-1 gene (TaEDR1) in hexaploid wheat and showed the knockdown 
TaEDR1 mutants from VIGs or RNAi increased resistance to virulent Bgt isolates. 
Then they have generated wheat edr1 plants by simultaneous modification of three 
homologs of TaEDR1 with the help of CRISPR Cas9 technology. Then, they have got 
wheat genotypes carrying TaEDR1 plants which did not exhibit mildew-induced 
cell death/disease symptoms. This candidate gene could be very important in 
the crop improvement program of wheat to overcome and reduce the problem of 
powdery mildew. Likewise, Brauer et al. [15] in Canada reported that gene editing 
of deoxynivalenol-induced transcription factor confers resistance to Fusarium head 
blight disease (Fusarium graminearum) in wheat. Therefore, gene editing has played 
a significant role in critically editing, improving, and developing candidate disease-
resistant genes for wheat.
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4. Gene editing for better nitrogen use efficiency

In the era of the green revolution, we remember what Norman Borlaug has 
contributed by developing a semi-dwarf wheat genotype that has a great efficiency 
for fertilizer response and then provides a higher grain yield. Although the semi-
dwarf wheat type responded better than the older one, the crop has a great genetic 
potential to give more yield if its nitrogen use efficiency is edited using the molecular 
breeding technique CRISPR-Cas system. Moreover, scientists reported that the wheat 
crop has 40% nitrogen use efficiency whereas the remaining amount is released to 
the environment via leaching or volatilization [11]. To improve the NUE of wheat 
Zhang et al. [16] isolated and characterized three TaARE1 homoeologs from the elite 
Chinese winter wheat cultivar ZM and tare1 transgene-free mutant lines with partial 
or triple-null alleles. Under hydroponic conditions, all transgene-free mutant lines 
demonstrated greater tolerance to N-deficit or starvation (Figures 1 and 2), as well as 
delayed senescence and higher grain yield in a field experiment under normal growth 
circumstances (Figure 2). When compared to the wild-type control, the AABBdd 
and aabbDD mutant lines had considerably improved nitrogen use efficiency, post-
poned senescence, and increased grain production without showing any growth 

Figure 1. 
Illustrates root morphology, root/shoot ratio, and chlorophyll content of taare1 mutant lines compared to the wild-
type control. (a) Root morphology of wild-type and different taare1 mutant lines under N deficiency (0 mM 
NH4NO3) hydroponic condition (scale bars = 5 cm). (b) Root morphology of wild-type and different taare1 
mutant lines under N supply (1.5 mM NH4NO3) hydroponic condition (scale bars = 5 cm). (c) Root/shoot ratio 
of wild-type and different taare1 mutant lines under different concentrations of N (0 mM NH4NO3,0.5 mM 
NH4NO3,1.0 mM NH4NO3, and 1.5 mM NH4NO3) hydroponic con- (d) Quantification of chlorophyll content 
in wild-type and different taare1 mutant lines under different concentrations of N (0 mM NH4NO3,0.5 mM 
NH4NO3,1.0 mM NH4NO3, and 1.5 mM NH4NO3) hydroponic conditions ([11], Journal of Integrative Plant 
Biology).
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abnormalities (Figure 2). For the first time, they were able to create novel wheat 
germplasm with better NUE and yield potential by modifying TaARE1 by genome 
editing tool.

5. Gene editing for yield component traits

Understanding the genetic basis of yield component traits in major crop plants 
holds a great promise to improve and utilize yield potential by allowing breeders to 
make informed decisions. Then, by assembling beneficial allelic combinations, it is 
possible to create new improved varieties [17]. Gene editing of the wheat homologs 
of TONNEAU1-recruiting motif encoding gene affects grain shape and weight in 
wheat by using CRISPR-Cas9 technology [18]. Likewise, Wang et al. showed that the 

Figure 2. 
Illustrates phenotypes of wild-type and different taare1 mutant lines in the field. (a) Plant phenotypes of 
wild-type and different taare1 mutant lines at the dough stage (scale bars = 10 cm). (b) Phenotypes of flag leaves 
of wild type and different taare1 mutant lines at the dough stage (scale bars = 5 cm). (c) Plant phenotypes of 
wild-type and different taare1 mutant lines at the dough stage in the field. (d) Plant phenotypes of wild-type and 
different taare1 mutant lines at the kernel ripe stage (scale bars = 10 cm). (e) Spike phenotypes of wild-type and 
different taare1 mutant lines at the kernel ripe stage (scale bars = 5 cm). (f) Grain size and appearance in wild-
type and different taare1 mutant lines at the kernel ripe stage. The grains were aligned to illustrate grain length 
(a) and grain width (b) between wild-type and mutant lines (scale bars = 1 cm) ([11], Journal of Integrative 
Plant Biology).
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CRISPR-Cas9 gene editing of TaGW7, a homolog of OsGW7 encoding a TONNEAU1-
recruiting motif (TRM) protein affects grain shape and weight in allohexaploid 
wheat. Moreover, Wang et al. [8] also effectively used CRISPR LbCase12a-MGE 
gene-editing tool to generate heritable mutations in a wheat gene that controls grain 
size and weight. They found that utilizing altered Cas12a (LbCas12a-RVR) and Cas9 
(Cas9-NG and xCas9) that can identify TATV and NG PAMs respectively, the range of 
editable loci in a wheat genome may be further broadened with Cas9 NG indicating 
greater editing efficiency on targets with a typical PAMs than xCas9 (Figure 3).

6. Gene editing for haploid wheat development

Wheat has two species cultivated in the world i.e. bread wheat (Triticum aestivum L.) 
and durum wheat (Triticum durum or Triticum turgidum subspe. Durum.) [19]. The bread 
wheat species is allohexaploid, (2n = 6x = 42) consists of three sub-genomes (A, B and G), 
and is cultivated for the purpose of bread because of lower gluten content. Whereas durum 
wheat is tetraploid, (2n = 4x = 28) has two sub-genomes (A and B) lacking D and is culti-
vated for pasta and macaroni. In the era of molecular breeding and omics crop improve-
ment, scientists come up with the development of haploid paternal wheat. Conventional 
breeding of the most important cereal crops (maize, wheat, and rice) is based on the 
genetic mating of different parents with distinct traits to develop a single crop variety 
having desirable allelic combination may take also 8–10 years [20]. However, gene editing 
(GE) with haploid induction (HI) was successfully performed on (T. aestivum L., Zea mays 
L., Hordeum vulgare L., Brassica napus L) and possible to develop pure homozygous DH 
genotypes within two generations (Figure 4) [17].

Figure 3. 
The DNA sequence and phenotypic differences between edited and unedited lines. Source: Zhang et al. [11].
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Amin & Safwat [21], developed 120 Doubled haploid spring wheat genotypes 
from a cross of F1 of cross-pollination between wheat (Triticum aestivum L.) and 
millet (Pennisetum glaucum) with Indian cultivar (Kharchia) and Egyptian cultivar 
(Sakha 93). In this study, under normal conditions, agronomic traits of DH genotype 
traits (flowering time, number of spikelets per spike, plant height, spike length, and 
thousand seeds weight) revealed better performances. Therefore, to get the benefit 
of better performance of agronomic traits of wheat, doubled haploid (DH) geno-
type development is becoming a quick way (not more than 2 generations) of crop 
improvement [20].

In the conventional double haploid development, haploids may be induced either 
in vitro or in vivo methods [20]. Therefore, while performing the in vitro method 
of haploid production, isolated microspore culture, as well as an anther and ovary/
ovule culture, needs colchicine/charcoal treatment and culturing the cell in the 
Petri-dish for the chromosome doubling but current in vivo methods are based on the 
modification of histone molecule H3 (CENH3). The conventional haploid develop-
ment method takes a long time (6 years) than the haploid inducer mediated editing 
technology (Figure 5).

7. Other agronomic trait improvements of wheat

Free threshing in wheat is an advantage and leads to the selection of the domes-
ticated Q allele, which is now present in almost all modern wheat varieties [22]. A 
study conducted by Liu et al. [23] to see the regulation mechanism of and improve 

Figure 4. 
Simple steps of Haploid inducer mediated editing (HIME) on maize crop.Source: Wang et al. [17].
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wheat spike and threshability using CRISPR-Cas9 obtained homozygous plants in the 
F1 generation with loss of function of only TaAQ or TaDq and simultaneous loss of 
function of TaAQ and TaDq to analyze the effect of these genes on wheat spikes and 
floret shapes. Then, two genes of TaAQ and TaDq were edited using CRISPR-Cas9 
and resulted improved spike morphogenesis and grain threshability. This shows that 
the TaQ gene families are very important in the improvement of different traits of 
wheat. In wheat, the loss of function mutant of the (AP2) like transcription factor 
the Q gene changed the flowering time and spike architecture. Because of the benefit 
of free threshing in wheat, the domesticated wheat allele Q was chosen, and it is now 
found in nearly all current wheat cultivars. The domesticated allele Q confers a free 
threshing trait and a subcompact (i.e. partially compact) inflorescence (spike), while 
the pre-domesticated allele q, encodes an AP2 transcription factor [22].

8. Conclusion

The global demand for food is increasing at an alarming rate because of the 
population growth as expected to reach greater than 9 billion in 2050. It is difficult to 
supply enough food and feed this much population now and coming 30 years using 
the usual and conventional crop improvement technique and approach. Scientists 
and different organizations in the world performed different research activities 

Figure 5. 
The conventional haploid development procedure. Source: Bhowmik & Bilichak [20].
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and developed new and novel tools, procedures as well as protocols in wheat crop 
improvement. In this review manuscript, the gene-editing tools (CRISPR Cas sys-
tems) role and advancement were covered and highlighted. Based on this, many 
findings reported that CRISPR-Cas9 and 12 systems have been successfully used 
and implemented to improve agronomic important traits of wheat crop. Mainly, 
traits related to grain yield, disease and pest resistance, better grain, and flour 
quality, gluten-free trait, better nutritional value, and nitrogen use efficiency were 
improved with the help of gene editing tools especially CRISPR-Cas9 and 12 (Cpf1). 
Surprisingly, gene editing has been successfully implemented in the doubled haploid 
production and reduced the time required for fixing the trait by 6 years than the 
conventional method.

9. Future prospects

Although gene-editing techniques are used to improve the qualitative and quantita-
tive traits of wheat, still the wheat genetic yield potential improvement is difficult 
because of its polygenic and polyploidy nature. Grain yield and most quality traits some-
times may not be improved simultaneously due to their indirect association. Moreover, 
the science of biotechnology is still growing and needs time, skill, and technology to 
explore the association of each trait with the grain yield of wheat since the ultimate goal 
of any crop improvement is an economic yield of the crop. Therefore, for the future 
scientists and organizations in the world shall create the technology used to detect 
multiple specific regions of DNA sequences at a time and improve by pyramiding the 
genes. Finally, the gene-editing technologies had the best features of no risk of chemicals 
like colchicine and short (2 years) doubled haploid wheat genotype development.
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Nutritional Quality of Wheat
Muhammad Javid Iqbal, Naureen Shams and Kalsoom Fatima

Abstract

The criteria of wheat quality are varied, which is suitable for one product may not 
have properties for another product. Wheat endosperm contains the proteins, carbo-
hydrates, iron, and B-vitamins such as riboflavin and niacin. It also contains soluble 
fiber as well as trace minerals. Soluble fiber is considered to have health benefits 
that are not shared by insoluble part. It is the leading source of vegetal protein in 
human food, having a protein content of about 13%, relatively high as compared 
with other major cereals. Natural wheat has a number of medical properties, such as 
every component of the whole wheat grain contains elements that the person’s body 
requires. Wheat comprises carbohydrates and gluten protein, which offer massive 
amounts of energy; inner bran coats, phosphates, and other mineral salts; and dietary 
fiber, which helps with bowel movements. Wheat protein and vitamins B and E aid 
to develop and rebuild muscle tissues. The wheat germs that are eliminated during 
the purification process are also high in important vitamin E, which could also lead to 
heart disease if not consumed. Constipation and other gastrointestinal disorders and 
nutritional diseases are common as a consequence of the lack of vitamins and miner-
als in refined wheat flour.

Keywords: wheat bran, nutritional quality, wheat varieties, gluten proteins, medicinal 
properties

1. Introduction

Wheat (Triticum spp.) is cereal crop that belong to the family Poaceae (order 
Poales). Wheat is a staple source of nutrients for around 40% of the world’s popu-
lation. Wheat has already been cultivated for millennia. Wheat was among the 
first cereals crop to be farmed, and that has been a staple diet throughout Europe, 
Western Asia, and Northern Africa for over 8000 years. This is most likely due 
to wheat’s agricultural versatility, convenience of grain storage, and simplicity of 
flour conversion for a variety of cuisines. Wheat is probably the most frequently 
produced crop in the world, with over 218 million hectares under cultivation, and 
its global trade exceeds that of all other crops collectively. Wheat is a vital aspect of 
human diet, accounting for 20% of daily calories and protein. Wheat is indeed the 
second most powerful food crop in the undeveloped nations after rice in ensur-
ing food security, with an estimated 80 million peasants depending on it for their 
survival [1].
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1.1 Origin and evolution of wheat

About 10,000 years ago, the wheat was cultivated for first time, as part of the 
“Neolithic Revolution,” which witnessed a shift from hunting and gathering to 
organized agricultural production. These early farmed wheat varieties were dip-
loid (genome AA) (einkorn) and tetraploid (genome AABB) (emmer), and their 
hereditary linkages imply that they emerged in Egypt’s south-eastern region. When 
hexaploidy bread wheat finally originated about 9000 years ago, cultivation had 
expanded to the Near East. Due to its high productivity and other quality parameters, 
landraces were selected by agriculturalists from wild inhabitants. It was considered as 
plainly nonscientific method of plant breeding. On the other hand, selective breeding 
or domestication was also responsible for genetic feature selection that distinguished 
them from their wild ancestors. Others have gone into further depth about the 
domestication disorder, but two characteristics stand out as particularly important. 
The first one is the failure of a spike to rupture as it reaches maturity, and this is main 
cause of seed loss during harvest. The non-shattering feature is regulated by muta-
tions at the brittle rachis (Br) gene. It is a crucial trait for guaranteeing seed distribu-
tion in natural populations. The second important feature is a transition from hulled 
forms. In this condition, the glumes are securely bound to the grain, to free-threshing 
exposed forms. When a predominant mutation occurred at the gene Q , it improved 
the impact of recessive mutations at tenacious glume locus or Tg locus. All cultivated 
forms of diploid, tetraploid, and hexaploid wheat have a strong rachis, aside from 
the spelt bread wheat strain. Moreover, einkorn, emmer, and spelt really are hulled 
early cultivated varieties. On the other hand, modern tetraploid and hexaploid wheat 
varieties are free-threshing. Einkorn and emmer had been domesticated from natural 
populations. Bread wheat, despite einkorn and emmer, has been grown in agriculture 
for a long time. Bread wheat has been developed created by crossing cultivated emmer 
with an unrelated wild grass named Triticum tauschii (also called Aegilops tauschii and 
Ae. squarrosa). A novel hexaploid genome AABBDD was selected by the researchers 
due to their superior qualities, and this hybridization probably occurred numerous 
times separately. As compared with batter adapted species, the modern wheat spe-
cies are unable to live in wild because during the adaption, genetic changes occurred. 
In the 1880s, John Bennet Lawes beautifully proved this by enabling a portion of 
Rothamsted’s famed long-term Broadbalk experiment to revert to its original state. As 
a result, in 1882, he left a portion of the wheat crop unharvested and tracked its prog-
ress throughout the years. Weeds took over after a successful crop in 1883, and the few 
remnant wheat plants (spindly with little ears) were removed and photographed in 
1885. The genomes of tetraploid and hexaploid wheat are closely related to wild and 
cultivated einkorn A genomes. It was investigated that the D genome of hexaploid 
wheat is obtained from T genome tauschii. The B genome of tetraploid and hexaploid 
wheat, on the other hand, is most likely derived from the S genome found in Aegilops’ 
Sitopsis portion, with Aegilops speltoides being the closest existing species. Ae. 
speltoides’ S genome is also the most similar to T. timopheevi’s G genome, a tetraploid 
species possessing both the A and G genotypes [2].

1.2 Cultivated wheat today

Hexaploid bread wheat currently accounts for 95% of global wheat output, 
while for the leftover, 5% tetraploid durum wheat was taken into consideration. 
Durum wheat is batter adapted in dry Mediterranean climate than bread wheat. It is 
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commonly known as pasta wheat. It is utilized to bake bread and also used in South 
Africa to prepare regional cuisines. These regional cuisines include couscous and 
bulgar. Faro is the Italian name for wheat varieties such as einkorn, emmer, and spelt. 
These wheat verities are still cultivated in small quantities in some areas, including as 
Spain, Turkey, the Balkans, and the Indian subcontinent [3].

1.3 Why has wheat been so successful?

Despite its recent origins, bread wheat has enough genetic variability to allow the 
formation of approximately 25,000 varieties that are adapted to a variety of temper-
ate climates [4]. If enough water and mineral fertilizers are available, as well as good 
pest and pathogen control, yields can surpass 10 tonnes per hectare. This is why it 
became more favorable in temperate climates as compared with other crops. Wheat 
is harvested by two methods such as conventional method and mechanical combine 
harvesters. If pests and water content were controlled, then wheat can be stored 
properly. For wheat storage, moisture content should be less than 15% [2].

2. Types of wheat

Wheat is divided into three categories: species, commercial types, and growth 
habits. There are 16 species based on these, two commercial forms are available: one is 
bread (Triticum aestivum), and second one is macaroni (Triticum durum), and three 
growing patterns (winter habit wheat, spring wheat, and facultative wheat). Winter 
wheat lies dormant during a winter freeze.

2.1 Major cultivated species of wheat

2.1.1 Bread wheat (T. aestivum)

T. aestivum is known as bread wheat that produces about 95% of total wheat.  
T. aestivum (bread wheat L. 2n = 42, hexaploid, AABBDD genomes) is classified into 
hard wheat and soft wheat depending upon the grain hardness. Bread wheat is used as 
flour that is used in many types of food diversity and baked products.

2.1.2 Pasta wheat or durum wheat (T. durum)

T. turgidum L. var. durum Desf. (2n = 28, tetraploid, AABB genomes) accounts 
for roughly 35–40 million metric tonnes of total global production. This variety is 
adapted in hot and dry conditions. Mediterranean Sea includes the wheat-cultivated 
countries. This tetraploid variety of wheat is used to synthesize pasta so that it’s called 
as pasta wheat. In the Middle Eastern countries, durum wheat is ground into the flour 
and used as feed, and grain grits are also used in the Saudi Arabia [5]. Other species 
of wheat is less important; these species are cultivated according to the demand of 
market.

These are the following:
Einkorn is diploid species.
Emmer is tetraploid variety.
Spelt is hexaploidy variety.
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Spelt, emmer are different from other varieties because their grains are not 
obtained by threshing. Harvesting of grains is classified as properties of wheat 
according to marketing point of view. Purchasers’ classification of wheat is different 
according to uses and cultivation and profit [1, 6]. For the sake of the marketplace, 
cultivated wheat grain that undergoes trade is categorized based on grain qualities. 
Wheat buyers have been using categorizations to help them decide which wheat 
to buy because each category has its own set of applications. With this technique, 
wheat growers may identify which wheat varieties are perhaps the most lucrative to 
cultivate.

2.2 Classes used in the United States are

2.2.1 Durum

Semolina flour is made from quite a rigid, transparent, luminous grain.

2.2.2 Hard red spring

Bread and firm caramelized items are made with a hard, brownish, protein rich 
wheat. Hard red springtime wheat is often used to make baking powder and high-
gluten flours. The Minneapolis Grain Exchange is where it’s mostly exchanged.

2.2.3 Hard red winter

Rigid brown and highly protein wheat grains are used for bread and bakery 
products. This flour is used as protein agent in the pie crusts. Hard red wheat is used 
as unbleached form in the market and traded by Kansas City board of trade.

2.2.4 Soft red winter

Cakes, biscuits, muffins, and pastries are made using a low-protein wheat. With 
bakery products, you can use cake flour, pastry flour, self-rising flour, and pastry 
flour. The Chicago Board of Trade is the market for it.

2.2.5 Hard white

Hard and light in color, not transparent, white, and less protein. This variety is dry 
and present in temperate grassland that is used for the bread and brewing.

2.2.6 Soft white

This variety is of white color and very soft containing less protein and grown in 
the moisture places. Soft white wheat is used for pie and pastry. This variety is very 
expensive in the market and has a great demand [7].

3. Uses of wheat

Wheat is a valuable source of carbs in most developed nations and globally protein 
source used for human food, animals used it as dietary fiber. It contains minerals, fat, 
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and vitamins, which are source of micronutrients and dietary fiber. Meat-based diet is 
less important than the wheat-based diet [6, 8, 9]. It is fruitful for the heath, which is 
approved by EFSC; the wheat fiber is very important for the diarrhea glucose response 
and cholesterol control. The significance of wheat is shown by the EU framework 6 in 
the Healthgrain Program [1]. Dough is the sticky flour after water mixing that has vis-
coelastic characteristics [10]. Due to fermentation, it has some swelling problem used 
in the bun and bread and releases the carbon dioxide [11]. Gluten polymer is related 
to the coeliac disease, a chronic inflammation that affects the European countries. 
Respiratory system is also infected, and food allergies are related to wheat [12]. Other 
wheat-related disorders, such as asthmatic and food sensitivities, have been reported, 
prompting a lot of wheat investigation in the human healthcare profession. Wheat 
demand has been increasing over the world, particularly in countries where agricul-
tural production is difficult. Consumption is increased worldwide, and production 
is affected by climate change. Wheat is also used for animal’s feed. Some low-quality 
wheat is used in the industry to make glue, paper adhesive, and several other products 
such as alcohols [1].

4. Wheat gluten proteins and processing properties

Dough formation of wheat from wheat grains has been used in the formation of 
bread, biscuits, cakes, pasta, noodles, and pastry that make the wheat superior to 
other crops of template areas. The wheat dough has the ability to store the protein, 
which forms gluten.

Gluten is the best protein fraction that was discovered by chemist Baccari in 1728. 
This was prepared by washing the wheat and preparing the dough and adding the salt 
solution that contains cohesive mass, which has 75% protein and starch. The gluten 
protein is prepared in an essential pure form by simple method depending upon the 
characteristics. First, they are insoluble in water and soluble in alcohol that was called 
as prolamin. Second, the individual gluten protein has strong covalent bond force, 
which permits the gluten protein to separate as a cohesive mass. Gluten protein has 
high biological and chemical importance that can be discussed in the literature [2].

4.1 What is the origin of gluten?

In the endoplasmic reticulum, gluten releases the protein during the protein 
synthesis that was transferred to lumen of endoplasmic reticulum and stored. Storage 
protein follows the two routes:

Golgi-dependent route.
Golgi-independent route [13].

4.2 Nutritional contents

Wheat is essential for the health of people due to having a large number of diet 
contents and nutritional value. Its important can be guessed to see the developed 
countries that can use only bread, noodle, cakes, pastry, and lactogen. Carbohydrates 
55% and 20% of food calories are present in the wheat grains. Carbohydrates 78%, 
protein 14%, fat 2%, minerals 2.5%, and vitamins such as thiamine and vitamin B, 
as well as minerals such as zinc and iron, selenium, and magnesium make up a small 
percentage of the diet [14–16]. Wheat has pericarp that is classified as true seed. 
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Protein is stored in the endosperm; the protein contents are about 72%. Wheat grains 
are also rich in pantothenic acid, riboflavin and some minerals, sugars, etc. The barn, 
which consists of pericarp Testa and aleurone, is also a dietary source for fiber, potas-
sium, phosphorus, magnesium, calcium, and niacin in small quantities.

Wheat kernels are a treasure trove of nutrients important to human nutrition. 
Endosperm accounts for around 83% of the weight of the kernel and is the origin of 
white flour. The endosperm comprises the majority of the protein, carbohydrates, 
iron, and numerous B-complex vitamins such as riboflavin, niacin, and thiamine in 
the total kernel. Bran makes up roughly 14.5% of the weight of the kernel [17–20]. 
Bran can be present in the whole wheat flour and can also be purchased individu-
ally. Protein is present in small amounts in the bran and significant amounts of the 
B-complex vitamins described above, trace minerals, and indigestible cellulose fiber 
termed dietary flour, among the nutrients in the whole wheat. Wheat germ is the 
wheat kernel’s embryo. High amount of protein, lipids, and numerous B vitamins is 
present in wheat germ and embryo [21]. Wheat germ is high in minerals and low in 
salt and cholesterol. It is high in vitamin E, magnesium (Mg), thiamin, pantothenic 
acid, niacin phosphorus, and zinc (Zn) as well as small amount of ubiquinone (ubi-
quinone) and PABA (para-aminobenzoic acid) are found in it [15, 19, 22].

Wheat germ is abundant in fiber, with 1 g per tablespoon. A high-fiber diet can 
help regulate immune function (i.e., reduce constipation) and may be suggested for 
individuals who are at risk for colon disease, heart disease, or diabetes.

5. Types of wheat flours and its uses

5.1 All-purpose flour

Endosperm of the wheat kernel is used for all-purpose flour, and it is separated 
from barn and germ during grinding process. Hard wheat is used for the manufactur-
ing of all-purpose flour. It can be prepared by using a blend of soft and hard wheat. 
So, it can be used for varieties of baked food such as noodles, cookies, cakes, pastries, 
and yeast breads.

Enriched all-purpose flour is fortified with iron and B vitamins in proportions 
that are equivalent to or greater than whole wheat flour. Enriched bleached all-purpose 
chlorine is added to flour to help it develop, shape the gluten, and enhance the cooking 
condition. Despite the fact that chlorine somehow does not kill the nutrients, it does 
reduce the risk of degradation or contamination. Enriched unbleached all-purpose flour 
is off-white in appearance after being discolored by oxygen in the atmosphere during the 
aging. Unbleached and bleached flour are similar according to the maturational value.

5.2 Bread flour

From the endosperm of the wheat kernel, bread flour is obtained. It is mostly used 
by commercial bakers and major retailers. It has a higher protein concentration than 
all-purpose flour. It is typically used for breadmaking process.

5.3 Self-rising flour

When salt and baking powder were added in all-purpose flour then, this flour is 
known as self-rising flour. It’s one cup containing 11/2 teaspoons baking powder and 
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1/2 teaspoon salt. If you modify the salt and baking powder quantities, you can use 
self-rising flour instead of all-purpose flour in a recipe.

5.4 Whole wheat flour

Whole wheat flour has a rough appearance and contains endosperm of the wheat 
kernel, germ, and barn. Gluten development is slowed when bran is present. Whole 
wheat flour–based baked goods are often heavier and thicker than white flour–based 
goods.

6. Other flours

6.1 Cake flour

Soft wheat flour was used in the milling process. Cakes, cookies, crackers, and 
pastries are all good candidates. Gluten-free and low in nutritional value.

6.2 Pastry flour

Wheat flour that is gluten-free and silky smooth and used in the milling process. 
Protein content is comparable to cake flour; however, carbohydrate content is lower.

6.3 Gluten flour

Bakers use it in conjunction with low-protein flours to improve baking efficiency 
and generate massive gluten bread.

6.4 Durum flour

Produced as a by-product of semolina production. Used to create commercial 
noodles in the United States.

6.5 Farina

Hard wheat endosperm that has been coarsely mashed. Many breakfast cereals in 
the United States contain this component. It’s also used to make low-cost pasta with a 
low saturated fat content. There is no cholesterol, low sodium, and sugar-free, but it 
contained high Mn, P, and dietary fibers [23].

7. Medicinal properties of wheat

Wheat has various therapeutic properties when grown naturally. The nutrients 
that are required by human body all are present in the whole wheat grain. Wheat 
provides heat and energy through starch and gluten. Phosphates and other mineral 
salts are found in the inner bran coatings. The outer bran provides much-needed 
supplements and the nondigestible component that facilitates digestion. Wheat germ, 
vitamins B and E, and protein assist the development and muscle recovery. Wheat 
germ, which is extracted during the purification process, is high in important vitamin 
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E, which can cause heart disease if not consumed. Constipation and other gastro-
intestinal problems and nutritious diseases have become more common as a result 
of the lack of vitamins and minerals in refined wheat flour. Whole wheat protects 
against various illnesses such as constipation, heart disease, diverticulum, obesity, 
appendicitis, ischemia, and diabetes [24]. There have been several claims linking 
wheat, specifically wheat gluten, to a variety of medical disorders, extending from 
unlikely tales in the mainstream media to science research [25]. Autoimmune illnesses 
such as rheumatoid arthritis, which could be more common among celiac patients and 
family, are among them [26]. It may be easier to imagine pathways for links between 
disorders with a comparable immune background than it is to explain the well-known 
link across wheat, celiac disease, and schizophrenia. Others with sporadic idiopathic 
ataxia (gluten ataxia), migraines, acute psychoses, and a variety of neurological 
disorders have been documented [23].

The phenolic acid cross-linking may limit the health benefits of soluble fiber, 
which are not shared by insoluble fiber. Insoluble fiber, on the other hand, may 
help transfer phenolic antioxidants to the intestine, potentially lowering the risk 
of colorectal cancer [17, 27, 28]. Some doctors prescribe a gluten-free, casein-free 
diet because of the link with autism. Some of these effects are immune-mediated, 
while non-immune-mediated effects are extremely impossible to articulate and 
evaluate. They could be caused by the release of bioactive peptides. These peptides 
are produced from gluten protein. Gluten is an important source of large number of 
peptides such as opioid peptides [28] as well as an angiotensin-converting enzyme 
inhibitor [29].

7.1 Wheat bran

Use of wheat barn as dietary fibers helps in the prevention of various gastric and 
digestive ailments. Some of these are cancer of colon, intestinal cancer, irritable bowel 
syndrome (IBS). In addition to these, wheat barn also aids in diminishing the risk of 
hemorrhoid and hiatal hernia, hypertension, breast cancer, hypercholesterolemia, 
gallbladder diseases, and type 2 diabetes [24, 30]. Being rich in iron and phosphorus, 
it helps in easing the consumption by increasing stool output and bowel frequency. It 
has a lot of fiber on the exterior, which helps to balance nutrient uptake and excretion.

7.2 Wheat germ

Wheat germ is a rich source of a number of vitamins and minerals, which has 
increased its employment in both skin care lines as well as for persons of all ages as 
a source of nourishment. Its antibilious, antihidrotic, antivenous, vitamin E and 
minerals such as Zn, Fe, Cu and Mg. Its oil extract is also a huge source of vitamins 
such as E, D, and A, protein contents, and lecithin. In the vast field of skin care, germ 
oil finds its employment as anti-skin irritant and alleviates skin dryness and cracking. 
Due to its antioxidant properties, it finds wide application as carrier oil in number of 
products. Its external application to the skin increases and improves the circulation of 
blood, which in turn helps repair the skin damaged by harmful rays of the sun. Germ 
oil also aids in the prevention of dermatitis. The oil extracted from wheat germ has 
a shelf life of near about 6–8 months. Wheat germ also holds immense nutritional 
values as it contains fatty acids vital for healthy growth of the body. They form 3% 
by weight of the grain but contain only 26% of vitamins, proteins, and minerals. 
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Being rich in various vitamins and minerals, it gives very good results even with lesser 
amount and is generally added as carrier oil [23].

7.3 Wheat stem, fruit, and seed

Different parts of the wheat have different nutritional and medicinal properties. 
Employment of young stems of wheat in curing of biliousness and intoxication is 
widely known. Removal of skin blemishes is done by using ash. Wheat fruits have 
antipyretic and sedative properties. The light grain has antihidrotic properties. It 
treats the night sweats and spontaneous sweating.

Sex harmones in the seed are used in China and are believed to increase the 
fertility of the female. The seed sprouts have antibilious and vinous and constructive 
characteristics. Diseases such as malaise, sore throat, abdominal coldness and spasms, 
constipation, and cough can be treated using the seed sprouts of wheat. The plant of 
wheat is also believed to contain anticancer properties [18].

8. Ways to treat some common aliments

8.1 Internal rejuvenation

The 8% protein content of wheat comprising eight essential amino acids has 
phenomenal rejuvenation properties. The essential amino acids are present in a 
perfect and delicate percentage and offer amazing healing effects ranging from skin 
to muscular and all other organ systems. Firstly, the protein content of the wheat is 
metabolized into amino acids. This nourishes the heart and lungs, healthy skin and 
hair, tendons and ligaments, brain, central nervous system, and glandular network, as 
well as forming durable muscles and clearer vision. The energy and nutritive benefit 
that come with the wheat are because of B-complex vitamins, especially thiamin, 
riboflavin, and niacin, rejuvenating the skin and circulatory system. In addition to all 
these nutritional benefits of wheat, it also nourishes the hormonal system, which in 
turn helps in healing the wounds and regulating the blood pressure. Wheat contains 
nutrients that are important for maintaining internal water equilibrium, such as Fe, P, 
and K. Wheat thus aids in the restoration of internal balance [21, 27].

8.2 Tooth disorders

As chewing wheat consumes some time, it helps in exercising the teeth gems, 
which acts as a facial exercise too. When eaten along with other food items, it pro-
motes the chewing of other food too, which eases up the process of digestion. This 
juice of wheat acts to relieve sore throat and pyorrhea. Chewing wheat grass cleanses 
and draws the toxins and bacterial growth in the gums, thus preventing tooth decay 
and tooth aches.

8.3 Constipation

In milling process of flour, bran of wheat is considered as a by-product and is 
complete in nutrient values as compared with flour. It has qualities of being best agent 
to treat constipation. Fruits and vegetables are also taken for this purpose but are less 
effective than bran. Bran is concentrated in cellulose, which exists in massive form 
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in the intestine and has a function to inhibit as well as to cure constipation. It has 
efficiency in removal of constipation by continuous elastic contraction and relaxation 
of the intestine.

8.4 Skin diseases

Chlorophyll inhibits bacterial growth, which causes diseases in organisms. Normal 
activity and growth of cells are important for a healthy skin. If growth became 
abnormal or affected because of bacterial cells, then wheat grass therapy is used to 
stop the bacterial cells nourishment. In this therapy, intake of wheat grass juice is 
recommended. This flour is used to cure wounds and ulcer. A paste of wheat flour, 
vinegar by boiling these together is used if a surface burns or itching occurs. It also 
acts as sterilizer.

8.5 Digestive system disorders

There are many disorders in digestive system and tracts. Wheat grass juice is used 
to cure these disorders. Enema is given to get rid of constipation. For this purpose, 
first of all, neem water is given, then 90–120 ml wheat grass juice is given after 
20 minutes. This will treat sickness in colon, ulcerative colitis, and mucous.

8.6 Circulatory disorders

For treatment of circulatory diseases, wheat grass juice is taken. Wheat is rich 
in chlorophyll and improves working of the lungs and heart as chlorophyll is rich in 
hemoglobin (iron). It will lower down the effect of CO2. Because of these advantages, 
wheat grass juice is of immense importance [31].

8.7 Wheat for treating boils

For the treatment of boils, which have pus in them, formerly, this was done by 
surgeon’s knife. But now wheat flour is used. Alse (from shop) is grounded in powder 
form and added in fried wheat flour. Add one table spoon of water in it. Allow this 
mixture to thick with continuous stirring. Allow it to cool down. Bandage was made 
by this paste and bound on the boil. This will prove to be beneficial and provide relief. 
Warm water is used to wash the boil. Ointment is used on daily basis. Clean it on daily 
basis.

8.8 Wheat for treating scars

Wheat flour for treating scars is commonly in use. Grounded paste of roasted 
wheat flour is made. Oil is extracted from this paste by pressing paste between a thin 
cloth. This oil treats itching.

8.9 Wheat for curing chest pain

Wheat flour is used for curing chest pain. Paste is made by heating wheat, barn, 
and coarse salt. Paste is placed on a bandage and rubbed on the chest. This will 
provide relief.
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8.10 Wheat for tonsil pain

Wheat flour is used for treating tonsil pain. This is treated by making a halwa 
by heating wheat flour and water. This paste is placed in a bandage and placed on a 
tonsil.

8.11 Wheat for treating acne or pimples

Using whole wheat flour, make a fine paste. On pimples, apply this paste after 
being kept 1 h in the refrigerator. After that, simply wash it away. Make a habit of it.

A meta-analysis of data from much more than 30 well-designed animal studies 
examining the anticancer properties of wheat bran, the section of the grain with the 
largest amount of the insoluble dietary fiber’s cellulose and lignin, was published in 
1998 by scientists at Wayne State University in Detroit. They concluded that animals-
provided wheat bran had a 32% lower risk of colon cancer, and they want to do a 
meta-analysis of human research to confirm their findings. Wheat bran (WB) proved 
to be more important than oat or maize bran at controlling colon tumorigenesis.

9. Other uses of wheat

Straw can be used for a variety of purposes, including biofuel, thatched roofs, 
and garden mulch. Paper is made from a fiber collected from the stems. After the 
seed has been gathered, the stems are split into usable pieces and steeped for 24 h 
in clear water. The fibers produce a tan-green paper. Laundry, resizing textiles, and 
other uses for the seed’s starch. Chappatis are a popular wheat-based dish in India, 
Pakistan, and Iran. Dalia would be a whole flour that is used to make them. Wheat in 
the crushed form known as Dalia is particularly nutritious. In the past, it was a highly 
popular Indian meal. It’s made by immersing two tablespoons of crushed or shred-
ded wheat in water for 30 minutes and then slowly boiling it until the water almost 
evaporates. After that, to taste, add milk and honey. It’s a healthy breakfast option. 
However, fresh data from the long-running Nurses’ Health Study at Brigham Women’s 
Hospital/Harvard University School of Public Health discovered that women who ate 
a high-fiber diet had the same risk of colon cancer as those who ate a low-fiber diet in 
early 1999. Investigators are expecting confirmation proof before modifying dietary 
requirements because this study conflicts hundreds of others performed over the 
previous 40 years [23].

A meta-analysis of findings from more than 30 well-designed animal experi-
ments examining the anticancer impacts of wheat bran, the component of the wheat 
with the greatest percentage of the insoluble dietary fiber’s cellulose and lignin, was 
published in 1998 by scientists at Wayne State University in Chicago. They discovered 
a 32% significantly lower risk of colorectal cancer in animals fed wheat bran, and 
they want to do a meta-analysis of research involving human subjects to confirm 
their findings. Wheat bran is abundant in the whole flours. Wheat bran (WB) proved 
to be more effective than oatmeal or maize bran at inhibiting colorectal cancer. 
According to Liu et al. (2021), overconsumption of whole grains and dietary fiber has 
been linked to a lower incidence of liver cancer and chronic liver disease mortality. 
According to the researchers, primary liver cancer is the most common malignancy 
and the third largest cause of cancer-related death globally, and its number of 
fatalities has been on the rise in the United States. Liver cancer 5-year survival rates 
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increased from 11.7 to 21.3% between 2000 and 2011, illustrating the importance of 
prevention and treatment for this lethal illness [31].

10. Chemical composition and nutritional quality of wheat

Wheat is one of the most extensively grown staple foods on the planet. Wheat 
grains may be treated into semolina, flours, and other products, which makes it very 
essential component for employing its nutrients in numerous of meal items includ-
ing bread, pasta, and other bakery products. The granules of different wheat kinds 
come in many different shapes. They are long, cylindrical, and narrowly flattened, 
although they have always been thought to be oval in shape. The grain is 5–9 mm long, 
weighs 35–50 mg, and also has a wrinkle down one side where it has been formerly 
linked to the wheat flower. It contains 13–17% bran, 2–3% germ, and 80–85% floury 
endosperm. Barn covers the grain’s inner half and is made up of multiple layers of cells 
rich in minerals and vitamin B. Since many bran fibers are insoluble in water, it can 
preserve the interior region. Pentosans, cellulose, and polymers based on arabinose 
and xylose, all of which have been firmly bound to proteins, constitute this fiber’s 
chemical content. Bran dry matter contains minerals, proteins, and carbohydrates 
72% and 16%, respectively. Certain amino acids in the outer layer of endosperm and 
flour are in remarkably different proportions. Glutamine and proline concentrations 
are about half; however, arginine concentrations are tripled, and alanine, asparagine, 
glycine, histidine, and lysine levels are all doubled of what they have been in wheat 
flour. Aleurone has the largest concentration of proteins and enzymes; these enzymes 
and proteins are required for germination. It is also high in dietary fibers and contains 
fats, proteins along with ash 1.5%, 13% and 0.5%, respectively. It also has a high 
concentration of vitamin E. The valuable nutritional contents of the edible wheat 
have been listed in Table 1.

10.1 Protein composition of wheat

Wheat contains between 10% and 18% protein by dry weight basis. The distinct 
protein fractions that can be isolated from powdered wheat include albumins, 
glutenins, globulins, and gliadins. Albumin is water-soluble, glutenins are soluble in 
dilute acid or NaOH solutions, globulins are insoluble in water but soluble in a dilute 
NaCl solution, and gliadins are soluble in 70% ethyl alcohol. Albumins and globulins 
are prominent in seed coats, aleurone cells, and germs. Gliadins and glutenins are 
storage proteins make up for 75%, while globulins and albumins only comprise 
25% of overall amino acid composition. The storage proteins such as gliadins and 
glutenins are absent in seed coat layers and germ but occur abundantly in the mealy 
endosperm.

10.2 Carbohydrate composition of wheat

In most cases, the polymerization of glucose monomers culminates in starch 
production, and this starch is stored energy form of cereals. Amylose and amylopec-
tin were discovered to be two different forms of polymers based on their chemical 
composition. Amylose has a mostly linear structure that results from the 1,4-linkage 
of monomer units comprising 1000–5000 glucose units. Amylopectin is branched 
polymer, which contained 20–25 glucose monomers in each chain. Under normal 
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circumstances, wheat grain comprises approximately 20–30% amylose and 70–80% 
amylopectin. Starch makes between 60 and 75% of the dry weight of wheat. Wheat 
seeds come in two sizes: one is small (5–8 m), which is spherical in shape; and sec-
ond one is large (25–40 m), which is lenticular in shape; and they develop 15 and 
10–30 days after pollination, respectively. The smaller one takes up approximately 
80% of the casing.

10.3 Fatty acid composition of wheat

Fatty acid (FA) synthesis rates in ripe wheat seeds fluctuate. Wheat requires the 
chemical component for lipid synthesis known as acetyl coenzyme A. Glycerides, 
phospholipids sphingosine, waxes, and the isoprenoid series are examples of syn-
thetic compounds. Underdevelopment of malonyl-CoA, NADPH, dehydration, and 
condensation produce palmitic acid, which is then converted to stearic acid via a 
different mechanism. The germ contains the highest proportion of lipids 11%, while 
the endosperm’s bran, proteins, and starch also have significant amounts. Majority of 
the binding lipids are phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl 
serine, and lysophosphatidic derivatives because they contain free -OH group on glyc-
erol monomers-sitosterol, campestral, and saturated sterols C28 and C29 are the most 
common sterols. According to studies, the three fractions have a high level of linoleate 
(C18:2) and lesser amounts of palmitate (C16:0) in total lipids as well as triglycerides. 
It’s composed of indigestible lignin and plant polysaccharide components in the 
human gastrointestinal tract.

S# Nutritional value of wheat Units White wheat flour Whole grain flour

1 Energy kcal 364 340

2 Protein gm 10.3 13.2

3 Total fat gm 1.0 2.5

4 Carbohydrates gm 73.6 61.3

5 Fiber gm 2.7 10.7

6 Calcium mg 15 34

7 Iron mg 1.2 3.6

8 Magnesium mg 22 137

9 Phosphorus mg 108 357

10 Potassium mg 107 363

11 Sodium mg 2.0 2.0

12 Zinc mg 0.7 2.6

13 Thiamin (B1) mg 0.1 0.5

14 Riboflavin (B2) mg 0.04 0.2

15 Niacin (B3) mg 1.3 5

16 Vit. B6 mg 0.04 0.4

17 Folate DFE 26 44

Table 1. 
Nutritional facts of wheat (*USDA datasheet).
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10.4 Soluble dietary fibers

Pectic compounds and hydrocolloids are components that are soluble in water.

10.5 Insoluble dietary fibers

Components including cellulose, hemicellulose, and lignin are water-insoluble, 
and wheat grains are rich in insoluble fiber. Arabinoxylan is a type of insoluble fiber, 
which is regarded to be a suitable site for the fermenting of short-chain fatty acids 
(SCFAs), especially butyrate. Because butyrate fermentation took place in the colon, 
we might conclude that there is an abundance of butyrate in the colon. Butyrate 
is hypothesized to promote bowel health and lower cancer risk through a range of 
techniques when found in excessive amount in the colon. Dietary fiber consump-
tion has numerous benefits, including prevention against cardiovascular disorders, 
serum cholesterol stabilization, glucose uptake and increased insulin modulation, and 
prevention of constipation and diverticular disease. The increased awareness of the 
possible health advantages of high-fiber diets has inspired a spike in interest in whole-
grain and bran bread consumption. Phytates are potentially hazardous compounds 
present in high quantity in whole wheat flours. The bulk of inorganic phosphorus (Pi) 
is stored as phytate in mature grain seeds, which produces complexes with minerals 
such as Ca2+, Fe3+, Zn2+, and Mg2+, lowering their bioavailability. Soluble fibers such as 
(13,14)-D-glucan (also known as -glucan) have been shown to have immunostimula-
tory characteristics and to affect glycemic, insulin, and lipid reactions to meals.

11. Micronutrient malnutrition

Micronutrient deficiency raises morbidity and mortality rates, lowers productivity 
levels, stymies national development efforts, leads to persistently high rates of popu-
lation growth, and lowers the livelihood and standard of living for all those affected.

11.1 Zn deficiency

Micronutrient deficiency in Zn impacts both agriculture and individuals. Zinc 
deficiency is now widely recognized as a severe health risk factor and a major cause of 
mortality.

Zinc insufficiency is consistently ranked among the 20 most important aspects in 
the world, and fifth among the 10 most important concerns in developing nations, 
according to a WHO evaluation of the risk factors for the development of illnesses 
and disorders. Zinc deficiency is linked to a number of major health issues, involving 
delays in muscle hypertrophy, immune function, and level of academic achievement, 
as well as an increased risk of illness, DNA damage, and cancer development.

11.2 Fe deficiency

Fe deficiency has been associated to an increased risk of tissue hypoxia and heart 
failure in young newborns and pregnant women, both of which can result in death. 
The bulk of maternal deaths during childbirth is assumed to be caused by maternal 
anemia, which is aggravated by blood loss during labor, and 20% of all maternal 
deaths are caused by maternal anemia. Babies born to iron-deficient mothers are 
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frequently dwarfed and ill, and attention problems, poor fine motor skills, and loss 
of memory in children are all causes of Fe deficiency. Pregnancy-related iron insuffi-
ciency has been connected to permanent brain damage in the fetus as well as irrevers-
ible cognitive growth in their children. Iron deficiency in pregnant women has been 
associated to premature and low birth weight, which can lead to significant issues 
such as immunologic malfunction and development failure.

11.3 Fe and Zn contents in wheat

In whole grain wheat germplasm, the Fe and Zn percentages are substantial, as 
well as the effects of the climate on these values were studied. According to reports 
and surveys, Zn concentrations in various nations range between 20 and 35 mg kg1. 
The majority of the seed-Zn is found in the embryonic and aleurone layer such as 
150 mg kg1, although the endosperm contains just a small amount such as 15 mg kg1. 
Fe levels ranged from 28.8 to 56.5 mg kg1 in wheat grain from plants grown in Mexico 
in 1994. Clearly, wheat germplasm has considerable genetic variability to considerably 
raise Fe and Zn contents in wheat grain.

11.4 Se contents in wheat

Because of its antioxidant, anticancer, and antiviral characteristics, selenium (Se) 
is a necessary component for humans and other species. According to one study, soils 
are typically deficient in bioavailable Se, resulting in Se deficiency in many countries’ 
food production systems. Despite the fact that Se content in wheat grain fluctuates 
significantly, spanning from 0.02 to 0.60 mg kg1 for most of the world’s wheat, 
an Australian study found that wheat accounted for almost half of most people’s 
Se intake. Selenite is a mineral that is totally soluble and easily absorbed by plants, 
makes up the majority of Se in alkaline soils while in acidic soils, Se is usually found as 
insoluble selenides and elemental Se.

Selenites, which are completely miscible and quickly absorbed by plants, make 
up the majority of Se in alkaline soils. In acidic, poorly oxygenated soils, Se is usually 
found as insoluble selenides and elemental Se [32, 33].

12. Conclusion

Wheat is enjoyed by consumers around the globe in a wide variety of most suitable 
products such as breads, biscuits, cookies, cakes, noodles, breakfast cereals, etc. Many 
different types of bakery formulations have been developed in different regions of 
the world based on the traditional food habits of the people. The behavior of wheat 
flour dough under mechanical manipulation and the quality of the completed product 
are both influenced by the rheological qualities of wheat. As the baking industry 
gets increasingly mechanized, understanding rheological behavior and dough quali-
ties becomes very critical. Water, sugar, yeast, oxidizing and reducing agents, and 
emulsifiers are some of the key ingredients used in bakery products to improve dough 
handling, taste, and life span. Nutritional quality of wheat is much important as it 
is basic staple food for the masses. Nutritional attributes play a vital role toward the 
health status of the consuming population, which ultimately affect the economy of 
the nation.
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Beyond Bread and Beer:  
Value-Added Products from Wheat
Timothy J. Tse, Farley Chicilo, Daniel J. Wiens  
and Martin J.T. Reaney

Abstract

Although wheat (Triticum aestivum) and related cereals [Barley (Hordeum vulgare), 
Rye (Secale cereale) are primarily used for producing baked goods and beverages, cereal 
crops can be used to create many value-added goods beyond these traditional products. 
Fractionation of cereal grains and extraction of valuable phytochemicals allows greater 
access to materials for use in food additives and nutritional supplements. Fermentation 
for beverage and fuel bioethanol production results in not only renewable fuel, but also a 
range of other coproducts, including nootropics. In addition to traditional grain fermen-
tation, straw fermentation is also discussed, which further utilizes the whole plant. The 
main by-product of cereal grain fermentation, wheat stillage, can undergo a range of pro-
cesses to enhance its value as a animal feeds, as well as extraction of useful compounds. 
These methods provide a glimpse of the many sequential and divergent processes that 
may bring us closer to realizing the full potential of wheat and related cereal grains.

Keywords: added-value products, wheat, fermentation, bioactive compounds, 
phytochemicals bioethanol, fractionation, protein

1. Introduction

Wheat is the world’s second most produced grain [1], with global production 
forecasted to reach a new record of 780 million tonnes for 2021–2022 [2]. Wheat end-
uses include food products (e.g., bread, pasta) [1], other consumer goods (e.g., hair 
products, skin care, cleaning agents) [1], and industrial applications (e.g., renewable 
fuels) [3]. In Canada, wheat varieties are often grouped by their functional properties 
and are categorized as Western Canadian or Eastern Canadian varieties, depending on 
the regions where they are grown [4]. These varieties are often used for the food and 
feed industry, although those with high starch and lower protein content are typically 
used as animal feed or for biofuel production [4, 5].

Opportunities to increase the value of wheat start while it is still growing, as 
limited grazing can allow the wheat to serve as both fresh feed for cattle and produce 
a harvestable crop at the end of the season [6]. Under suitable climatic conditions 
(i.e., low early-season rainfall) grazing by domestic animals can even improve crop 
yields by reducing lodging and improving the crops’ response to late-season rain [7]. 
After harvest, the most common processes for adding value to wheat are food related. 
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In areas with high wheat production, flour mills can use the largest portion of avail-
able wheat by far, with most of the remaining wheat going towards production of 
breakfast food, pet food, and feed for livestock [8, 9].

In addition to traditional uses of wheat, fractionation of whole wheat grains 
can add considerable value. It is predicted that by 2024 the wheat starch market 
will exceed $4 Billion (USD) owing to significant use of wheat in agriculture-based 
industries [10]. The extraction of starch from wheat is an involved process requiring 
steeping and degermination [10]. After fractionation, bioactive compounds can be 
extracted and concentrated from individual wheat fractions, such as vitamin E from 
the germ and bran layers [11].

In North America, wheat is one of the predominant feedstocks for starch-based 
bioethanol production, especially where this cereal crop is locally available and 
abundant [12]. Wheat bioethanol is a renewable source of fuel, and its use can reduce 
greenhouse gas emissions when used to displace petroleum-based gasoline. Several 
valuable co-products can also arise from ethanol fermentation, including nootropic 
compounds, organic acids, glycerol, and a variety of fusel alcohols [13].

The recovery of grain by-products also holds crucial opportunities for wheat 
valorization, as waste products such as wheat straw also have value. Historically, wheat 
straw is incorporated into soil after harvest to improve soil quality, or removed and 
used as a component of animal feed or building material [14, 15]. Straw has also been 
investigated as a resource for liquid biofuel production (e.g., ethanol, butanol) [16, 17].

After alcoholic fermentation, additional processing can increase the total added value 
by utilizing the leftover stillage. Although fermentation consumes most available starches 
and sugars, proteins from both the wheat and yeast are left in the stillage after the ethanol 
is evaporated from the mash [18]. This protein-rich mixture can be integrated in animal 
feeds, as well as have valuable components removed to produce industrial chemicals [19].

In this chapter, we review value-added processes and products that go beyond the 
use of wheat for flours and beverages. These processes include fractionating whole 
wheat grain, extracting bioactive phytochemicals, fermenting both milled wheat and 
wheat straw for biofuel production, as well as the use of the resulting byproducts 
from wheat fermentation. Together, these processes provide a multitude of paths 
towards enhancing the total value of wheat.

2. Wheat fractionation

Mature cereal grain like those from wheat, rye, and barley are primarily composed 
of starch, protein, and cell wall polysaccharide (Figure 1). Typically, these materi-
als account for 90% of grain dry weight [20]. Many bioactive components of wheat 
grains (e.g., polyphenols, phytic acid, phenolics, and minerals) are concentrated in 
the bran [21–23], specifically the aleurone layer [24]. The aleurone layer contains 
the highest amounts of bioactive compounds with antioxidant activity [25–28]. 
Additionally, wheat germ is also a source of value-added compounds including 
vitamin E (e.g., tocopherols) and oil.

Wheat bran obtained by milling constitutes about 15% of the mass of milled grain, 
and is composed primarily of the outer pericarp, inner pericarp, testa, hyaline layer, 
embryo, aleurone layer, and residual starchy endosperm (Figure 1) [20–22].

Starch accounts for ~60–70% of the mass of wheat grain [29] and is primarily 
composed of amylose and amylopectin [30], making it suitable for a wide variety of 
industrial applications, food products, and other consumer goods.
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After milling, the endosperm is the primary product that makes up white flour 
(refined flour), while whole wheat flour (whole-grain flour) consists of the bran, germ, 
and endosperm [31]. Compared to white flour, whole wheat flour is richer in vitamins, 
phenolic acids, and minerals, as the whole kernel is included [31]. Meanwhile, due to the 
absence of bran, germ, and the aleurone components, white flour is more suited for use 
in baked food products that require leavening [31]. Further fractionation and milling 
processes can be used to isolate valuable bioactive phytochemicals.

Protein fractionation and extraction is another method of wheat valorization. 
Protein content can be influenced by the application of nitrogen fertilizer, which can 
result in an increased proportion of gliadin proteins, thus affording wheat that pro-
duces dough with increased extensibility [32]. Proteins make up to 7–22% of wheat 
grain dry weight [33], although it is unevenly distributed in the grain. For example, 
5.1% of protein has been reported for the pericarp, 5.7% for the testa, 22.8% for the 
aleurone, and 34.1% for the germ [34].

Solvent fractionation can produce several protein concentrates with unique 
properties. Wheat protein fractions, like all proteins, are classified based on differ-
ences in their solubility: albumins are water soluble, globulins are soluble in dilute salt 
solutions, prolamins are soluble in 70% aqueous ethanol, and glutenin is soluble in 
dilute acids/bases [11]. Each protein fraction imparts different functionality to wheat 
products and when isolated can be used in specific applications. For example, wheat 
albumin can be used as a nutraceutical that controls blood sugar [35]. Wheat globulin 
has been found to increase dough stiffness and can be used in noodle products to 
improve both extensibility and hardness [36].

The other two fractions of wheat protein, gliadin and glutenin, are together know 
as gluten. Gluten is commonly marketed in two forms; vital wheat gluten, which can 
be hydrated using water to recover its elastic properties, and nonvital wheat gluten, 
which is irreversibly denatured [37]. Although nonvital wheat gluten is typically used 
as an ingredient for protein enrichment, vital wheat gluten can also be used for its 
structural properties [38]. Vital wheat gluten can be used to fortify flour and increase 
the elastic properties required for bread-making or can be used to produce textured 
protein products used to imitate or extend meat. Wheat gluten can also be used as a 
stabilizing agent for foods, particularly, commercially produced sauces. Vital wheat 
gluten has recently been gaining attention for its use as a biodegradable polymer 
suited for the manufacture of packaging materials.

Natural antimicrobials are more readily incorporated into wheat bioplastics 
than traditional plastics. Protein-based plastics are prepared at lower temperatures 

Figure 1. 
Anatomy of wheat grain.
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using conditions that are less likely to volatilize and/or degrade antimicrobials [39]. 
Additionally, wheat gluten has been proposed as a sensing material to monitor carbon 
dioxide accumulation within food packaging [40]. In the future, gluten-based foods 
might be available in biodegradable gluten-based packaging that acts as a matrix for 
antimicrobials such as essential oils, and provides feedback on whether the food inside is 
spoiling!

3. Bioactive phytochemicals in wheat

Whole wheat is a rich source of bioactive phytochemicals including, flavonoids, 
phytic acid, phenolic acids, carotenoids, tocopherols, alkylresorcinols, benzoxa-
zinoids, phytosterols, γ-oryzanol, β-glucan, and lignans (Table 1) [75, 76]. Methods 
for extraction of these phytochemicals (Table 1) are further detailed in Luthria et al., 
[76]. Most of the phenolic acids (e.g., ferulic acid) exist in the form of bound insol-
uble complexes and are primarily aggregated in the cell wall matrix of whole grain 
[77]. These compounds have anti-inflammatory properties that promote gastrointes-
tinal health [23]. They can also act as antioxidants to prevent heart disease and lower 
the incidence of colon cancer [23]. Consequently, wheat phenolic acids can have great 
value when formulating functional food products. Destruction of the cell wall matrix 
is necessary to increase the accessibility of these bioactive compounds. This can be 
accomplished using a variety of processes including the use of enzymes, fermentation 
[78], steam explosion, and ultra-fine grinding [79].

Other antioxidant compounds include pigments (e.g., carotenoids). These are 
typically found in the germ, aleurone, and endosperm fractions [80], although the 
distribution of these compounds can vary depending on the type of wheat (e.g., 
einkorn, durum, and common wheat) [81–83]. Carotenoid content in wheat grain 
can range between 1.8 and 5.8 mg/g [84]. These pigments (e.g., lutein, zeaxanthin, 
β-carotene) can have provitamin A activity and provide protection against cardiovas-
cular disease and UV-inducing skin damage, as well as yielding products that impart 
improved antioxidant capacity and can mitigate oxidative stress [11, 80].

Wheat is also a moderate source for vitamin E (e.g., α-tocopherol) [11], providing 
approximately 5-17 mg of α-tocopherol equivalent per 100 g [85, 86]. The sum of all 
tocopherols and tocotrienols (a.k.a. tocols) in wheat is in the range of 49–58 mg/g 
[87–89]. Wheat germ tocols are primarily α- and β-tocopherols, whereas tocols of 
the pericarp, testa, and aleurone are enriched in tocotrienols [11]. α-Tocopherol is a 
fat-soluble antioxidant that protects cell membranes with high contents of polyun-
saturated fatty acids against oxidative damage [90, 91]. When consumed, these tocols 
mitigate the production of reactive oxygen/nitrogen species and modulating signal 
transduction [90] thereby boosting immune response [91].

Wheat β-glucans, lignans, and phytosterols have been investigated as treatments 
for hypercholesterolemia and cardiovascular disease [92–94]. Importantly, a major 
lignan in wheat bran was identified to be secoisolariciresinol diglucoside (SDG), which 
is known to be converted into the mammalian lignans enterodiol and enterolactone 
by intestinal microflora [95, 96]. Wheat also contains lariciresinol diglucoside. These 
lignan metabolites function as antioxidants and free radical scavengers, leading to 
decreased risk of cancer development [95, 97] and hypocholesterolemic properties 
[98]. These compounds are predominantly concentrated in the outer layers of the grain 
(e.g., seed coat and pericarp), and in the aleurone layer; however, small concentrations 
can be found in the inner endosperm [99]. Compared to other cereal grains, wheat 
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is not rich in lignans [100], although they can be a source of SDG. Approximately, 
2 mg/g of secoisolariciresinol can be found in the common wheat germ, refined flour, 
and whole grain flour [99]. Overall, total lignan content in common wheat can range 
from 2 to 52 mg/g in the germ, refined flour, or whole grain flour [99].

Other value-added components include oil content in wheat bran (3–4%) and 
germ (7–9%) [101]. Due to the presence of antioxidant bioactive phytochemicals 
the health benefits of these oils have been investigated [101]. For example, wheat 
germ oil and wheat bran oil were found to contain high amounts of polyunsaturated 
fatty acids, as well as bioactive compounds tocopherols, carotenoids, and oryzanol 
like compounds (e.g., steryl ferulates) [101]. Wheat germ oil can be obtained via 

Compound Location in 
grain

Use Extraction 
method

Market size 
(US dollars)

Alkylresorcinols Outer 
membrane of 
wheat grain

Biochemical markers of 
whole grain diet

CSE, SFE, 
UAE [41–46]

—

Benzoxazinoids Roots and leaves Antiallergenic, anti-
inflammatory, anticancer, 
and appetite-suppressing 
effects

ASE [47] —

β-Glucan Aleurone cell 
walls of wheat 
bran

Hypocholesterolemic 
properties

A/BH [48] $0.73B by 2025 
[49]

Carotenoids Germ, aleurone, 
and endosperm 
fractions

Antioxidant CSE, SFE 
[50–53]

$1.74B by 2025 
[54]

Flavonoids Germ Anti-inflammatory UAE, MAE, 
PLE, SFE [55]

$1.06B by 2025 
[56]

γ-Oryzanol Wheat bran Hypocholesterolemic 
properties

UAE, CSE [57] $2.0B by 2022 
[58]

Lignans Wheat bran Antioxidant A/BH, ED [59] $0.59B by 2027 
[60]

Phenolic acids Outer 
membrane of 
wheat grain

Anti-inflammatory CSE, MAE, 
PLE, SPE, ED 
[61–66]

$2.1B by 2025 
[67]

Phytic acids Outer 
membrane of 
wheat grain

Antioxidant A/BH [68] $0.83B by 2028 
[69]*

Phytosterols Wheat bran and 
germ

Production of therapeutic 
steroids, nutrition, and 
cosmetics

ASE, A/BH 
[70, 71]

$1.3B by 2027 
[72]

Tocopherols/
toocotrienols

Germ, pericarp, 
testa, and 
aleurone

Antioxidant CSE, SFE 
[51–53, 73]

$11.94B by 
2025 [74]

Abbreviations: Conventional solvent extraction (CSE); microwave-assisted extraction (MAE); pressurized liquid 
extraction (PLE); solid-phase extraction (SPE); supercritical fluid extraction (SFE); ultrasonic-assisted extraction 
(UAE); enzymatic digest (ED); acid/base hydrolysis (A/BH).
*Denotes market size for nutraceuticals.

Table 1. 
Use, market size, and extraction methods for bioactive phytochemicals derived from wheat.
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mechanical pressing of separated wheat germ, whereas supercritical CO2 extraction 
[102, 103], or solvent extraction [104] can be used to recover oil from both wheat 
germ and wheat bran. The content of bioactive compounds in these oils could be of 
sufficient quantity to mitigate cardiovascular disease, diabetes, cancer, and other 
diseases [101]. They have also been utilized in a range of medicinal (e.g., fish oil pro-
duction), cosmetic (e.g., shampoo), insect control, vitamin, feed, and food products 
[104]. More recently, the utilization of wheat germ oil and wheat bran fiber have 
successfully been applied as a fat replacer in developing low-fat beef patties, resulting 
in better quality, stability, and reduced cholesterol content [105]. Since wheat germ is 
a by-product of wheat milling and contains extractable oil, isolation and purification 
of these oils can add significant value as a source of bioactive phytochemicals.

In general, the stability of wheat bioactive phytochemicals can be influenced by 
processing (milling, fermentative proofing, baking, enzymatic hydrolysis, extrusion, 
cooking, steaming, malting, etc.) [106] and storage conditions (temperature, light, 
pressure, time, etc.) [107]. For example, cooking of wheat grain can result in a 55% 
loss of tocopherol content [108], and increased temperatures and pressures can result 
the degradation of antioxidant pigments [109]. Therefore, depending on the wheat 
variety, food processing and milling methods can greatly affect the concentration and 
activity of wheat bioactive compounds [76, 110].

4. Wheat grain in biofuel production

Bioethanol can be produced using any sugar or starch-rich crop, and is an increas-
ingly attractive fuel type as it reduces reliance on the limited supply of fossil fuels. 
Biofuels generated from renewable feedstocks can contribute to the reduction of 
greenhouse gases when compared to crude oil. Globally, the total production of ethanol 
is over 26 billion gallons in 2020 [111]. In Canada, wheat is the second most common 
feedstock used for bioethanol, and wheat fermentation is of interest for developing local 
and renewable energy supplies across many parts of Asia, Europe, and North America.

Ethanol production for biofuels is typically accomplished with a simplified 
process. Wheat entering the process is typically coarsely milled then rapidly heated 
with steam to destroy any microbial contamination and produce a thick mash. Sugars 
are released from the starch by an enzymatic process called saccharification. Initially, 
starch is treated with heat tolerant alpha-amylase that can function at temperatures 
as high as 95°C. Subsequently, glucoamylase is added to release more sugars. Other 
enzymes are optionally added to decompose pectins and hemicellulose. After sac-
charification, nutrients are added to accelerate the fermentation [112]. Fermentation 
using yeast (typically Saccharomyces cerevisiae) converts the sugar to ethanol, with 
many factors affecting the final ethanol yield [113]. After fermentation, the mixture, 
called beer, is transferred to a distillation system where ethanol is distilled from the 
beer [13]. Finally, the ethanol mixture is further purified through rectification and 
dehydration, resulting in a final ethanol concentration of 95% or higher [114].

A relatively recent improvement to the fermentation process, referred to as very 
high gravity (VHG) fermentation, involves the use of the highest possible concentra-
tion of sugar in the mash. Select yeasts strains have been identified that can tolerate 
both the high initial sugar concentration and high ethanol concentrations (>15%) 
[114, 115]. By fermenting high concentration solutions, considerable amounts of 
water can be saved, allowing plants to operate at higher capacity without the need 
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for additional space and equipment [116]. The yield of ethanol from wheat can be 
improved through selection of high starch and low protein cultivars [117].

During fermentation of wheat grain, additional value-added compounds 
are also produced including glycerol, succinic acid, acetic acid, lactic acid, and 
α-glycerylphosphorylcholine (e.g., a nootropic compound) [13, 118]. The nootropic 
compound α-GPC has been investigated as a treatment for Alzheimer’s disease and 
strokes [119]. Production of α-GPC varies significantly with cultivar, and several culti-
vars have produced promising amounts of this substance when fermented [118, 120].

5. Wheat straw/waste in biofuel production

Despite the potential positives of bioethanol as a replacement for fossil fuels, there 
have been many criticisms of the use of food sources for bioethanol production. A 
major concern is that using crops in large-scale production of bioethanol will divert 
food to the energy sector. It is feared that this competition will increase food prices 
and contribute to the scarcity of available products as the world population grows 
[121, 122]. As production of biofuel expands, the materials used must be based on 
non-food sources such as byproducts, waste, or agricultural losses to remain economi-
cally viable and sustainable. Most wheat produced is used for human consumption; it 
is grown in over 120 countries, and accounts for approximately 1/5 the world’s caloric 
needs [123]. To avoid competing with food crops for agricultural land, bioethanol can 
instead be produced using less nutrient-rich parts of the crop, such as the straw.

Wheat straw is one of the most abundant agricultural byproducts and is of low 
commercial value. Straw is primarily used for cattle feed, disposed of, or even burned 
as waste. On average, 1 kg of straw is collected for every 1.3 kg of grain [124], and 
this straw can be used as a feedstock for producing bioethanol. Pre-treatment of 
lignocellulosic products such as wheat straw is required prior to fermentation and is 
performed using hydrolysis to make cellulose more conducive to enzyme action [125]. 
Commonly, steam explosion is used as a pre-treatment method and combined with an 
acid catalyst in wheat straw bioethanol production [124, 126–128]. Other studies have 
demonstrated success in using H2SO4 prior to steam treatment to improve sugar, and 
therefore ethanol, yields [129]. Production of biofuels from cellulose-rich materials is 
generally more complex and requires new technologies, but the prices of raw materi-
als such as wheat straw are significantly less and act as an incentive for the biofuel 
industry to pursue lignocellulosic resources. Currently, the overall production of 
bioethanol from grain is less costly than from wheat straw [130], however, as the tech-
nology develops and government restrictions on greenhouse emissions increase, the 
use of cellulose-rich materials in bioethanol production is likely to grow significantly.

Biofuel production also provides an opportunity to reclaim damaged and spoiled 
crops [131]. Damaged grains (e.g., discoloration, breakage, cracking, fungi infection, 
insect damage, chalky grain) used for ethanol production can reduce feedstock costs 
by a factor of 10 when compared to grains of higher quality [131]. Alcoholic fermenta-
tions of wheat damaged from some of these materials, such as Fusarium fungal infec-
tions, can produce stillage/wet grains that are unsuitable to use as feed for cattle due 
to the presence of mycotoxins [132], however, these byproducts need not go to waste. 
Fermented Fusarium infected wheat can be fed to black soldier fly larvae which are able 
to degrade the toxins, allowing the wheat’s nutrients to be recovered [133, 134]. The lar-
vae can then be dried and sold as a highly nutritional and protein-rich feed ingredient.
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6. Adding value to fermented wheat byproducts

Alcoholic fermentation of wheat depletes available simple sugars and starches, as 
these are used for the yeast to grow and produce ethanol. However, after the ethanol 
is distilled from the beer, the remaining stillage contains protein, oils, fiber, and 
non-starch carbohydrates. These residual nutrients can also add significant value to 
fermented wheat through a variety of different processing options. Most commonly, 
whole stillage is separated into thin stillage (liquid containing suspended solids) and 
distillers’ wet grains (wet solid portions) using physical processing techniques such 
as screening and centrifugation [135]. The thin stillage can then be dewatered and 
heated, resulting in a condensed syrup known as distillers’ soluble. By mixing the 
syrup with wet grains as they dry, a nutritional cattle feed referred to as distillers’ dry 
grains with soluble (DDGS) is produced [136].

Compared to unprocessed stillage/wet grains, DDGS has a much greater shelf life 
and is more readily transported [137]. The DDGS also contains a higher concentra-
tion of protein (~38%) than unfermented wheat [19], and the sale of cattle feed 
typically provides 10–20% of an ethanol producer’s revenue [137]. Fermented wheat 
can also be further enhanced as a feed product through various protein concentra-
tion methods [18], including secondary fermentation using lactic acid bacteria. 
Secondary fermentation can result in an increase in higher value compounds such 
as 1,3-propandiol, and a feed with up to 60% protein [138] and greater probiotic 
content [139].

Alternatively, protein from DDGS can be solubilized and extracted to allow amino 
acids to be removed individually [19]. By leaving essential amino acids in the DDGS, 
the product can retain value as an animal feed, while allowing valuable non-essential 
amino acids to be extracted. The extracted amino acids can include aspartic acid, 
glutamine, glycine, l-arginine, l-lysine, l-phenylalanine, proline, and serine [19]. 
These non-essential amino acids can have further value added through various chemi-
cal transformations, such as aspartic acid into acrylamide [140].

Protein can also be concentrated by the removal of other substances, such as fiber, 
from the fermented wheat products. Fiber can be removed via aspiration of DDGS 
coming from dry-grind ethanol facilities [141]. This can allow the fiber-rich fraction 
to be valorized through the extraction of phytosterols, which are concentrated in the 
fraction. The reduced fiber content of the remaining fraction results in higher protein 
and fat content, improving its value as a feed [142]. DDGS can also be fractionated 
into high protein and high fiber fractions through sieving [143]. By using a combina-
tion of both air classification (winnowing) and sieving, a fiber fraction of around 
50% reduced protein, and a fraction with an additional 30% protein can be produced, 
compared to the whole DDGS [117]. Oil is another component of wheat that is still 
present after fermentation. Although there are patented techniques for extracting oil 
from corn DDGS and thin stillage [144, 145], the lower oil content of wheat and other 
grains has resulted in oil extraction techniques remaining largely undeveloped for 
fermented wheat products.

7. Conclusion

Wheat is one of the largest grain crops produced in the world, second only to corn, 
with United States and Canada being the two largest exporters of wheat globally. 
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Typically, the end products of wheat are used as food sources for either human or ani-
mal consumption, however, the production of biofuel using feedstocks such as wheat 
is steadily expanding. The fractionation and appropriate selection of harvested wheat 
crops is crucial to increase economic value; wheat varieties can be tailored for specific 
applications, such as biofuel production, or the extraction of bio-active phytochemi-
cals. Furthermore, the stability, quality, and concentration of bioactive compounds 
can be affected by the processing and storage conditions of wheat, which contribute 
to the value of these products in cosmetics or antioxidant and anti-inflammatory 
supplements. Typically, biofuel production uses wheat grain with high starch content 
to create efficient and productive fermentations. This type of biofuel production is 
under increasing criticism for the diversion valuable food sources and agricultur-
ally productive land. By using grain production by-products such as wheat straw, 
or damaged grained crops, ethanol production can be accomplished with reduced 
greenhouse gas emissions and less expensive, renewable feedstocks. Lignocellulosic 
by-products can add significant value to wheat through fermentation and will be of 
growing interest with increasing societal and economic pressures to reduce depen-
dency on petroleum. Even after fermentation, the remaining stillage can be used as 
high protein feed, and have valuable products diverted to industrial streams. Overall, 
these processes can substantially enhance the value of wheat and reduce agricultural 
waste. The future will likely lead to new techniques and further improvements in 
wheat processing.
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