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impact input decisions and ultimately determine net profit.
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Preface

Wheat (Triticum aestivum L.) remains a cornerstone of global food systems, feeding
billions and making a substantial contribution to human nutrition and economic
development. As the global population rises and climate patterns shift unpredict-
ably, ensuring the sustainable intensification and resilience of wheat productionisa
paramount challenge and opportunity for the scientific community, policymakers,
and farming stakeholders alike.

This edited volume brings together multidisciplinary perspectives to explore key
dimensions of wheat research and development. The contributions address integrated
approaches to pest management that minimize ecological footprints while main-
taining productivity. They emphasize the role of genetic improvement, innovative
breeding strategies, and advanced genomic technologies in developing resilient and
high-yielding wheat varieties that are adapted to diverse agro-climatic conditions.

A major focus of the volume is the growing threat of abiotic stresses, such as
salinity, drought, and post-flowering heat, as well as the emerging tools available
to combat them. Genome editing, stress physiology, and gene expression analyses
are highlighted as frontiers for enhancing stress tolerance in wheat. Alongside
abiotic challenges, the book examines biotic stresses, particularly those posed by
pathogens and mycotoxin-producing fungi, offering insights into host immune
responses, pathogen resistance, and safe grain management.

The volume also contextualizes wheat research within the broader goals of food and
nutritional security. Discussions on sustainable agriculture, circular economy prin-
ciples, and green capitalism provide a socio-economic lens through which wheat pro-
duction and policy can be reimagined. Furthermore, the role of wheat in combating
hidden hunger through biofortification strategies is underscored, presenting the crop
as not only a staple for caloric intake but also a vehicle for improved human health.

Regional variability, especially under climate change, is another recurring theme. The
changing phenology and yield stability of wheat in Mediterranean and tropical systems
are examined, revealing the necessity for location-specific adaptation strategies and
integrated management practices that link agronomic knowledge with climate-smart
innovation.

Together, the chapters provide a comprehensive synthesis of current knowledge, tech-
nological advancements, and future directions in wheat science. The contributors,
ranging from geneticists and agronomists to food safety experts and socio-economic
analysts, demonstrate how wheat can remain a cornerstone of sustainable agriculture
and food security in the decades ahead.

We would like to extend our sincere appreciation to all the contributing authors for
their insightful work and to the peer reviewers whose feedback strengthened the



scholarly quality of this volume. We are also grateful to the editorial and production
teams at IntechOpen for their invaluable assistance throughout the publication process.
Special thanks are due to our research collaborators and institutional colleagues who
supported this endeavor in many forms.

We hope that this volume serves as a valuable resource for researchers, educators,
policy experts, and practitioners committed to building a sustainable and food-secure
world, one that is anchored by the enduring legacy of wheat.
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Chapter1

Challenges in Wheat Breeding in
the Twenty-First Century

Leon Muntean, loana Vivginia Berindean, Ionut Racz
and Andreea Ona

Abstract

The chapter “Challenges in Wheat Breeding in the 21st Century” explores the
profound impact of climate change and population growth on wheat cultivation,
emphasizing the urgent need to develop high-performing cultivars. The depletion of
natural resources, such as water and soil, further complicates this process. The role of
wheat in the circular economy is highlighted, providing insights into the efficient use
of agricultural resources. New genomic techniques and next-generation sequencing
are revolutionizing wheat breeding, accelerating the identification of favorable genes
for adaptability and constant high yield, which are vital for future food security. To
address current and future challenges, an integrated approach combining new breed-
ing techniques, sustainable agricultural practices, and circular economy principles
is essential. Wheat breeding programs should focus on developing varieties that
are resilient to abiotic stresses, resource-efficient, and adapted to local conditions.
International collaboration and interdisciplinary research are essential to support-
ing innovation and ensuring global food security. Furthermore, lobbying for the
extensive adoption of improved, cost-effective cultivars will ensure accessibility
for farmers. By aligning breeding goals with market demands and environmental
sustainability, the foundation for a resilient and sustainable agricultural future can be
established.

Keywords: climate changes, population growth, genetic resources, new genomic
techniques, next-generation sequencing, circular economy

1. Introduction

Wheat, a staple crop for over 35% of the global population, plays a pivotal role
in food security and economic stability [1]. However, the twenty-first century has
ushered in a series of challenges threatening wheat production. Climate change
intensifies abiotic stressors, such as heat and drought, while shifting population
dynamics demand higher yields and better grain quality [2]. Simultaneously, finite
natural resources, such as water and arable land, strain agricultural systems [3].
Furthermore, consumer preferences lean toward sustainably produced, nutrient-rich,
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and environmentally friendly products [2]. Modern wheat breeding programs must
address these challenges by incorporating advanced genomic technologies, such as
CRISPR-Cas9 and marker-assisted selection, alongside interdisciplinary approaches.
These innovations aim to improve yield, resilience, and resource-use efficiency [4].

The advancement of wheat breeding aligns with technical evolution, resulting
in the integration of modern techniques into the successful development of new
wheat breeding cultivars. For example, thanks to doubled haploid technology, the
Plant Breeding Institute at the University of Sydney has decreased the 10-to 12-year
time it takes to generate new wheat varieties in half, down to 6 years. Producing
homozygous lines at a rapid rate, this strategy speeds up breeding efforts [5]. A new
approach to wheat breeding is being developed at the International Maize and Wheat
Improvement Center (CIMMYT) by combining state-of-the-art Al with genetic
variety. To combat issues of food insecurity on a worldwide scale, this strategy seeks
to breed wheat types with increased yield and tolerance for difficult environments
[6]. Significant progress has been made with the production of HB4 wheat, which
has been genetically modified with sunflower genes to increase drought tolerance.
Pending additional experiments, the United States Department of Agriculture has
determined that this wheat is safe to cultivate [7].

Considering the above, the present paper provides a comprehensive analysis of the
current barriers and opportunities in wheat breeding, emphasizing the importance of
collaborative research and sustainable practices to meet future demands.

2. Impact of climate change

Climate change significantly impacts wheat productivity and adaptability. Rising
temperatures have led to shifts in cultivable areas, with some regions experiencing
increased potential for wheat growth due to warmer climates, while others face yield
reductions due to heat stress. Figure 1 illustrates the negative impact of heat and
water stress on wheat plants. For instance, wheat yields are projected to decrease by
up to 6% for every degree of temperature increase beyond optimal ranges (16-23°C
during vegetative and generative stages). Conversely, new areas may become suit-
able for wheat cultivation, particularly at higher latitudes, improving global wheat
distribution.

Over time, plants have demonstrated their ability to adapt to different environ-
mental conditions, but the sharp increases in temperatures in recent decades are
pushing wheat plants’ ability to adapt to the limit. Temperature is one of the major
concerns influencing wheat growth and development, limiting its genetic potential.
The global temperature is predicted to increase by 2.5-5.8°C until the 2100s; there-
fore, the frequency of temperature shocks will be much higher for wheat plants,
generating profound disturbances at the plant level. Depending on the biological
material, the overoptimal temperature declines by 0.07% per °C grain yield. The
percentage of yield reduction can reach up to 6%, depending on the wheat stage, for
each degree increase in temperature [8]. Even if wheat is a C3 plant type, and the
optimal temperature for plant development—depending on the phenophase, ranges
between 16°C and 23°C during the main vegetative and generative stages [9], each
degree increase in temperature has a crucial effect on plant developing traits. Heat
stress, depending on its magnitude and duration, causes the slowing down of the
growing process and morpho-physiological alterations, hindering the development
processes and increasing yield loss. High temperature and thermal stress affect cell
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Figure 1.
Climate change consequences on wheat plants. Original design by I. Racz.

homeostasis [10], causing enzyme denaturalization and leaf dehydration, disrupt-
ing the osmotic regulation mechanisms of plants. Rising temperatures over optimal
(>32°C), especially in the reproductive stage, disrupts the process of microgameto-
genesis and microsporogenesis, causing abnormal gamete development and spore
abortion [11]. A high temperature of 42°C declines the main oxido-reducing enzyme
synthesis and efficiency by reducing green leaf area due to the decrease in chlorophyll
and carotenoids content, which causes leaf senescence [12].

Climate change and water are indissolubly linked the linkage between these being
more intense due to global warming, which favors the increased intensity of extreme
events—drought and precipitation. The water status is generally found to be disor-
derly under changing temperatures, the rainfall patterns being unpredictable, which
promotes both water scarcity and water-related hazards. Pre-generative and genera-
tive stages are the most important phenophases of wheat, the plant’s requirements for
water are high in these periods, which can lead to decreased productivity. Vogel [13]
observes that climate changes in Europe, especially rainfall anomalies, can determine
a large variation of 28-63% in wheat grain yield. On the other hand, the influence of
water availability on wheat grain yield is not generated by the rainfall level but rather
by precipitation dispersion during the growth season, which is unevenly distributed
throughout the development phases of winter wheat [14].

Extreme weather events are expected to create precarious situations in wheat
crops, pushing their adaptability to marginal limits. Long periods without rainfall
during the intensive plant growth or generative stages, accompanied by short or
prolonged high temperatures, have been increasingly present in the last few years.

In order to normal development and to reach its yield potential, wheat plants need
anormal and equitable distribution of 350-550 mm of water during the growing
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season, especially in the pre- and post-anthesis stages. Unfortunately, in the last
decade, even if the rainfall level is close to these requirements, the distribution of
rainfall is quite chaotic, alternating periods of drought with periods of torrential rain,
and the predictions for these events are predicted to be four times as frequent by 2080
[15]. Regarding the temperature, in previous years, new records were set for recorded
temperatures. Unseasonal periods of extremely high temperatures occurred for short
periods in winter, late spring, or summer and affected plant development due to the
hazardous atmospheric circulation [16].

If a positive effect of global warming can be highlighted [17], it is because the
increase in global temperatures has allowed wheat to be cultivated in areas where a
few decades ago this was not favorable. This is because the increase in temperatures
has caused certain land surfaces previously characterized as having a low degree of
favorability to higher degrees of favorability, while certain favorable areas for wheat
crops have been downgraded because of soil erosion.

Climate change has an important impact on wheat grain yield and quality
indices. As one of the main food sources, high grain yield and superior quality
must be the main attributes of each wheat harvest. Both are complex genetic
traits that are influenced by genetic factors, environmental conditions (biotic and
abiotic factors), and their interaction. Environmental conditions (abiotic factors)
can limit the expression of the genetic potential of wheat genotypes. In the case
of wheat productivity, both water availability and temperature can have a crucial
effect depending on the level and timing, which can cause a global average reduc-
tion of over 50% [18]. For grain quality, high temperature can have an antagonis-
tic effect on protein content, improving the total protein content but decreasing
the end-use protein quality [19], as an effect of decreasing the albumin and
globulin content [20]. The same effect was observed on starch content [21]; high
temperature inhibits the starch accumulation in grains. A positive correlation was
observed between gluten content and heat stress during the final plant stages [22],
alongside post-anthesis high temperature, which decreases the starch granules due
to the low amylopectin content [23].

Wheat plant adaptation to different stress factors can be achieved using
two mechanisms: by avoiding the factors that cause that stress or by improving
tolerance, respectively increasing resistance, to the respective factors. In the case
of avoiding the mechanism of stress factors, there are several opportunities to
achieve this goal through crop management: different sowing times, tillage or
crop systems, chemical treatments—osmoprotectants, phytohormones, signaling
molecules, trace elements, etc. The second mechanism for improving wheat plants
involves strategies for genetic modification against stress factors. The improve-
ment of various physiological traits and biochemical compounds/parameters
has been found to contribute to heat stress and drought tolerance through higher
photosynthetic rates, staying green, and chlorophyll content [24]; antioxidant
enzymatic activity and malondialdehyde content, proline content, canopy tem-
perature depression, cell membrane injury, and transpiration rate [9, 25]. Salt
stress is one of the abiotic stress factors that limits wheat productivity due to the
limiting morpho-productive expression traits and poor tolerance to this element,
which can influence seed properties and plant growth by inhibiting the physi-
ological attributes [26]. The improvement of wheat tolerance to salt stress involves
crossbreeding this species with its wild relatives, which exhibit salt tolerance
(Elytrigia sp., Thinopyrum sp., Leymus sp., etc.).
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3. Population growth and food demand

The global population growth predicted to exceed 10 billion by the 2080s, will
significantly increase demand for wheat, with estimates indicating a 60% rise in
consumption by 2050. This trend highlights the urgent need for breeding programs to
enhance yield and quality. Climate change poses additional challenges in meeting this
demand, particularly in South Asia and Africa, where wheat yields are expected to
decline by 15-16% by mid-century due to heat and drought stress.

In addition to an increasingly large population globally, a variety of other factors
are continuously influencing the evolution of consumer preferences. Climate change,
better health, increased awareness of food waste, urbanization, worries about animal
welfare, and a desire to reduce the environmental implications of food production
[2] directly affect global wheat demand. Countries in South Asia and Africa are
expected to see the most severe effects of climate change, with average yield losses of
15% and 16% by 2050, respectively, leading to a 1.9% fall in world wheat production
by mid-century. Though wheat breeding for new traits offers hope for adapting to
climate change, the impact of these efforts will differ by region and may be mini-
mal in rainfed areas due to water and nitrogen stress. Adaptations to new growing
regions may be necessary in response to rising temperatures and drought [27]. Wheat
consumption habits might change in response to these developments since they will
all have an effect on the global price of wheat. The increasing demand for healthier
products among customers is also driving a change in the food and beverage business
worldwide. The industry needs to adapt in order to meet the growing purchasing
power of younger generations who are more concerned about the effects of their deci-
sions on their health and the environment [28]. A trend toward organic, gluten-free,
genetically modified organism (GMO)-free, and organic grains has emerged in recent
years [29]. Forecasts indicate that the worldwide organic grain farming industry will
grow from its 2023 valuation of $40.34B to a whopping $131.18B by 2032 [30]. Labels
that indicate farms have a low environmental impact, such as organic, non-GMO,
cage-free, grass-fed, and solar/wind-powered, will become increasingly significant
since younger generations have become wiser and are willing to pay a premium for
products that meet the most stringent certification standards [31].

Wheat is a primary cereal for food processing because of its unique chemical
composition and remarkable technological qualities; in many countries, it is known
as a “bread cereal” [32]. Agricultural practices, genotype, and habitat conditions are
among the numerous factors that determine the quality and yield of wheat cereal [32].
Improving agronomic performance while simultaneously improving qualitative traits
to suit the needs of various international markets and end-users, including producers,
millers, bakers, and consumers, is a frequent problem for wheat breeding programs
worldwide [33]. It is challenging to produce wheat with superior bread-making
quality, especially in organic agriculture, due to reduced nitrogen availability, which
results in lower grain protein concentrations [34]. Worldwide wheat output could be
endangered by both biotic and abiotic factors. Global warming and other forms of cli-
mate change are expected to reduce wheat productivity and nutritional value, posing
a threat to food security. Breeding research and technology have come a long way, but
there are still opportunities to create high-yielding, high-quality cultivars. Modern
plant breeding and advancements in management practices have significantly con-
tributed to the annual increase in crop productivity, which is approximately 0.8-1.2%.
However, this rate of progress is insufficient to meet the dietary and nutritional
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requirements of the projected global population [30]. An annual increase of 1.4-1.7%
in world wheat output is required to meet the anticipated rise in global demand, as
well as the abiotic and biotic threats to food security [35].

4. Depletion of natural resources

Water and soil resources are critical for sustaining wheat production. Agriculture
accounts for 71% of global freshwater use, making water efficiency vital. Strategies
such as precision irrigation, drought-tolerant varieties, and conservation tillage
can mitigate resource depletion. Advances in soil health through crop rotation and
organic amendments also help preserve productivity.

Strategies must be adapted to the water regime of each area to effectively manage
water resources. Better water retention in soil is required in rainfed agriculture, by
encouraging minimum soil disturbance, maintaining permanent soil cover with crop
residue and live mulches, and diversifying plant species [3], as well as by using rain-
water collecting techniques [36]. In contrast, for drought-prone areas, strategies such
as drip irrigation, which minimizes water loss through evaporation [37], the reuse of
treated wastewater for irrigation [38], and the cultivation of drought- or heat-tolerant
varieties [39] can be implemented.

Investing in new irrigation systems or the rehabilitation and modernization of
current ones will greatly increase the output of irrigated systems [40]. The most prof-
itable alternative and thus the most adopted in irrigated systems with good control
over water is precision agriculture [41]. Solar-powered irrigation pumps that improve
water efficiency, lower groundwater usage, reduce dependence on fossil fuels, dimin-
ish greenhouse gas emissions, and give farmers consistent income would be another
alternative [42].

Wheat, a crop with high water consumption and low water use efficiency, is one
of the main cultivated plants in arid and semiarid regions [43]. In water-deficient
areas, better water management could close production gaps and improve food
security and nutrition. Irrigation methods significantly influence the growth and
development of wheat plants, resulting in better control over productivity and
quality [44]. Still, the lack of rainfall can drastically reduce cereal production even in
irrigated areas [45]. In countries aiming at wheat self-sufficiency, the water resources
utilized for irrigation must be handled carefully since they have been vital in declin-
ing groundwater levels [46].

Wheat'’s irrigation techniques offer a set of benefits and limitations as well: surface
irrigation is low-cost but labor-intensive and prone to water loss and soil erosion [47];
sprinkler systems offer good control of the water microclimate, evapotranspiration,
and fertigation, and reduce ambient crop temperature but come with high capital
costs and potential wind loss [48]; and micro-irrigation provides excellent water and
fertilizer efficiency and controls soil salinity but requires high initial investment and
maintenance [49].

The expansion and intensification of agriculture have caused considerable
pressure on global resources, leading to the extreme deterioration of 25% of the
agricultural land on Earth [50]. The main factor of soil deterioration, erosion has had
a significant impact on agricultural output, particularly in nations including India,
China, Iran, Israel, Jordan, and Pakistan, where yields have dropped by as much as
20%. According to Pimentel [51], annual production losses from worldwide soil ero-
sion come to $400 billion.
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By regular tillage, which damages soil structure and causes compaction, intensive
farming techniques can negatively affect wheat harvests, thus reducing water and air
penetration and so restricting root development [52]. Monocropping exhausts miner-
als and nutrients, thereby increasing the need for synthetic fertilizers [53]. Synthetic
fertilizers used excessively reduce organic matter and humus levels, acidify the soil,
and lower microbial biodiversity [54]. The absence of plant waste amplifies wind- and
water-related soil erosion, thereby depleting the layer of rich soil and lowering the
water retention capacity [55].

To prevent soil degradation, a combination of sustainable practices and advanced
technologies is essential for wheat crops. Conservation tillage systems (no-till,
ridge-till, and mulch-till) [56], strip cropping [57], cover cropping [58], crop residue
retention [59], crop rotation [60], and organic fertilization [61] have demonstrated
their ability to rebuild soil structure, increase water infiltration, reduce erosion,
and enhance soil organic matter content. Precision agriculture technologies, such
as variable-rate fertilization [62], drip irrigation [63], and soil moisture sensing
[64], facilitated by drones and satellite imagery [65], offer the potential to optimize
resource use and minimize environmental impacts. Nevertheless, challenges such as
the high initial costs of precision agriculture technologies and the longer-term nature
of improvements associated with practices like crop rotation and organic fertilization
must be considered.

In the context of the depletion of natural resources, plant breeding can be a viable
alternative to many of the challenges mentioned. The introduction of wheat cultivars
that can tolerate drought and heat, which are able to perform well in water-limited
situations, has the potential to reduce the dependency on too much irrigation and
lower water stress on soils [66]. In a similar line, wheat cultivars showing effective
nutrient absorption can reduce the reliance on chemical fertilizers, hence reducing
soil pollution and degradation [67]. By reducing pesticide use, creating wheat geno-
types resistant to pests and pathogens could help to improve soil biodiversity [68, 69].

5. Circular economy

From a wider point of view, the importance of a circular economy in agriculture
resides in the fact that it supports sustainable resource management, reduces waste,
and increases system resilience [70]. As far as wheat is concerned, it enables the
development of high-yielding and resource-efficient varieties that contribute to food
security and environmental conservation [71]. The circular economy principles can
help wheat cultivation change from an input-intensive linear model to a closed-loop
system that is much more resource-efficient and has less environmental impact [72].

The main goals of wheat breeding in a circular economy are to reduce waste,
recycle, or give new purpose to by-products, and to maintain resource efficiency
within the system [73]. In Figure 2 we can see the wheat production process in a
circular economy. The key elements of this approach include increasing nutrient use
efficiency by breeding wheat varieties that uptake and utilize nutrients efficiently,
thereby reducing dependence on synthetic fertilizers and minimizing nutrient runoff.
Similarly, breeding drought-tolerant wheat varieties to increase water use efficiency
helps conserve valuable water resources, especially in drought-prone regions [74].

The other main emphasis is on root system architecture, in which breeding aims
to improve root systems to increase soil structure, reduce erosion, and promote soil
health [73]. In addition, developing wheat varieties that contribute to soil organic
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Figure 2.
Key pillars of wheat production in a circular economy. Original design by L. Muntean.

matter via root exudates [75] and crop residues [59] will further improve long-term
soil fertility. Another important area is straw utilization, where breeding programs
aim to develop wheat varieties whose straw can be transformed into bioenergy [76],
animal feed [77], or biodegradable materials [78] to reduce agricultural waste.
Improvement of grain quality is equally important to reduce postharvest losses
and to have higher benefits in terms of nutrition [79]. Moreover, breeding for wheat
varieties possessing bran and germ, usable in food, nutraceuticals, or animal feed,
will increase the value of the by-products while reducing waste [80, 81].
Participatory breeding is the way that farmers and other stakeholders can be
involved in the breeding process to ensure new varieties are suited to local needs and
conditions, which enhances adoption and sustainability. Another important focus
is low-input wheat varieties that can grow well with minimal resources, thus reduc-
ing the ecological impact of cultivation. It is equally important that the new wheat
varieties should be economically feasible for farmers to encourage wide-scale adop-
tion and long-term sustainability. Aligning breeding goals with market requirements
for sustainable and high-caliber wheat products enhances both economic stability and
environmental sustainability [82, 83].

6. Advances in genomic techniques and next-generation sequencing

Genome-wide association studies (GWAS) are techniques frequently
used to explore genotype-phenotype connections, aided by developments in
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next-generation sequencing (NGS) technologies [84-86]. Recent progress in NGS
has enabled the identification of high-density SNPs, significantly enhancing
marker resolution [87, 88].

GWAS methods analyze the connection between markers, like single nucleotide
polymorphisms (SNPs), and the phenotype of a target trait noted in large material
collections [89]. Key factors, like population structure, phenotypic variability, linkage
disequilibrium (LD), and allele frequency influence the statistical power of GWAS
[89]. GWAS data analysis relies on linkage disequilibrium (LD) and offers signifi-
cantly higher resolution for understanding the genetic architecture of complex traits
compared to traditional QTL mapping [90, 91]. GWAS has become a robust method
for unraveling the genetic core of complex traits by pinpointing specific genomic
regions, referred to as quantitative trait loci (QTLs), that influence phenotypic varia-
tion [85]. This is accomplished by utilizing a sufficient number of genetic markers
and leveraging linkage disequilibrium (LD) between alleles [92, 93].

GWAS has limitations, including its inability to identify rare alleles and the impact
of unaccounted or overcorrected population structure [94, 95].

Even though GWAS is used in wheat, it is challenging due to its polyploidy, large
genome, and incomplete genome sequence, which complicate the assignment of
markers to highly similar homologous chromosomes [96]. Still, it has been effectively
applied to map QTL for traits like grain yield, disease, and quality in wheat [97] and
for the identification of genomic regions related to grain morphology and stripe rust
resistance in synthetic hexaploid wheat [98, 99]. Figure 3 illustrates the genomic
approaches employed in wheat breeding.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR-Cas9) isa
revolutionary gene-editing technique that allows for precise modifications to DNA
within organisms. It has quickly become one of the most influential tools in molecular
biology and genetic engineering [23, 85]. The CRISPR/Cas9 system has particularly
transformed plant biology and agriculture, offering unique opportunities for accurate
genetic alterations and the creation of enhanced crop varieties [85].

CRISPR/Cas9 expression cassettes, along with selectable marker genes, are
typically delivered to plant cells using Agrobacterium tumefaciens or biolistic transfor-
mation methods [23]. However, these approaches require time-consuming, labor-
intensive callus culture and regeneration processes, making them only suitable for
genotypes that can undergo cell culture and regeneration, limiting their use in major
crops like wheat, maize, and soybean [23]. To address these limitations, the in-planta
particle bombardment (iPB) method was developed, which targets the shoot apical
meristem (SAM) for transformation in wheat, offering a more efficient alternative.

Thanks to its remarkable simplicity and efficiency, CRISPR/Cas9 has rapidly been
applied across a wide range of organisms. The technologys first use in bread wheat
involved introducing targeted mutations in the A genome homoeoallele of TaMLO
[100-102]. In addition, high-amylose wheat was produced through targeted muta-
genesis of TaSBEIIa in the modern winter wheat cultivar Zhengmai 7698 (ZM) and
the spring wheat cultivar Bobwhite using CRISPR/Cas9. This approach offers a new
pathway for breeding wheat varieties with enhanced nutritional value [103].

Gene silencing is a process through which cells deactivate large regions of chromo-
somal DNA without altering the genetic code. It refers to the “turning off” of a gene
by cellular mechanisms that do not involve genetic modification. In this process, a
gene that would normally be expressed is silenced by cellular machinery. The silenc-
ing occurs when the target DNA is incorporated into heterochromatin, a form of
DNA that is naturally inactive [104]. Gene silencing is a broad term encompassing
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Genomic techniques in wheat breeding. Original design by I. Berindean.

epigenetic gene regulation mechanisms and plays a key role in the differentiation

of various cell types [104]. Genes can be regulated at both the transcriptional and
posttranscriptional levels. Transcriptional gene silencing occurs when histone modifi-
cations create a heterochromatin environment around a gene, preventing access by
transcriptional machinery such as RNA polymerase and transcription factors [104].
“Silencing” refers to the temporary inhibition of a specific gene’s expression, prevent-
ing it from producing a message that could otherwise lead to an undesired effect. It is
used in several categories of plants, including wheat.

In wheat, gene silencing is used in the case of insects, nematodes, viruses, and
fungi [105].

Gene pyramiding (GP), or gene stacking, involves incorporating multiple resis-
tance (R) genes into a single plant to enhance its disease resistance, resulting in a
genotype that carries all the targeted genes, thereby improving resistance durability
[85, 106]. In addition to providing stronger protection against pests and pathogens,
gene pyramids increase resistance stability over time, lowering the likelihood that
all genes will be overcome at once, particularly when broad-spectrum R genes are
used [107].

Stripe rust, caused by Puccinia striiformis f. sp. tritici (Pst), is a major disease of
wheat, and developing resistant cultivars is the most effective control method [108].
While many Yr resistance genes have been identified, only a few are effective against
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the current epidemic Pst races [108]. Research shows that the number of pyramided
Yr genes is strongly correlated with increased resistance to stripe rust, so genes like
Yr15, Yr62, and Yr65 are effective against current Pst races, and pyramiding more
than four effective or partially effective Yr genes provide sufficient resistance [108].
Additive and epistatic effects were also observed in certain gene combinations, such
as Yr26 + Yr48, Yr30 + Yr64, and Yr30 + Yr48, and additionally, Yr-gene pyramiding
lines with favorable agronomic traits were developed, offering a durable solution for
controlling stripe rust in wheat breeding [109].

Marker-assisted selection (MAS) is an innovative technique that uses molecular
markers linked to resistance genes and enables rapid and precise selection of desir-
able traits in crops [85]. Recently, molecular markers have become valuable tools in
agronomic sciences for analyzing genetic variation, effectively linking phenotypic
and genotypic differences [109].

MAS improves crop breeding by overcoming the limitations of traditional
phenotype-based methods, enhancing efficiency in pyramiding multi-allelic traits for
high-yielding cultivars [110]. Also, MAS allows selection based on individual plants,
efficient identification of recessive genes, and trait evaluation under limited field
conditions, such as root traits or disease resistance, reducing replication needs and
increasing selection intensity [110].

7. Importance of interdisciplinary research

Innovative strategies are needed in the agricultural sector, particularly in crop
breeding, to deal with the pressing concerns of climate change and food security
on a worldwide scale [111]. The complex process of plant breeding involves
numerous different fields of study and activities [112]. For wheat breeding
programs to be successful, it is vital to bring together professionals focused on
adaptation to abiotic stress, control of wheat pathogens and pests, wheat breeding
and genomics, nutritional quality, resource conservation, efficiency of nutrient
use, and wheat agronomy [113]. In order to preserve or improve crops for human
use, wheat breeders must also have a broad understanding of environmental,
social, and economic factors in addition to genetics [112]. Complex traits may be
analyzed successfully nowadays through genetics thanks to genomic advance-
ments [114]. Experts in computer science, bioinformatics, computer simulation,
artificial intelligence, machine learning, and statistical data processing are essen-
tial for collaborating on the massive amounts of data used in wheat improvement
to increase the success of breeding programs. The use of artificial intelligence has
been a game-changer in wheat breeding, opening-up new possibilities for making
crops more resilient to and productive in the face of climate change challenges,
making it easier to identify genotypes that work well in different environments
through Al-driven phenotyping tools [111].

In order to encourage wheat breeding through cooperation, innovation, and the
exchange of resources, public-private partnerships and international organizations
have become indispensable [115]. Therefore, to solve the difficulties of wheat breed-
ing, international organizations conduct research and development worldwide,
genetic resource conservation, dissemination of knowledge, and international coordi-
nation of breeding plans to guarantee food security. Wheat breeding is revolutionized
by multinational organizations and public-private partnerships, which use creativity
and cooperation to address regional and global issues. Their work is essential to
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supply the rising demand for wheat while maintaining sustainability and adaptability
to coming challenges [116]. Some of the most noteworthy organizations working to
enhance wheat are:

International Maize and Wheat Improvement Center (CIMMYT) is leading in
researching areas for some of the basic cereal crops like maize, wheat, triticale,
sorghum, and millets. Wheat research at CIMMYT seeks to create disease- and pest-
tolerant wheat lines that are rich in nutrients and high-yielding; develop genetically
varied wheat varieties using more accurate phenotyping techniques such as remote
sensing to achieve yearly genetic yield gains of at least 0.7% worldwide; offer possibil-
ities for training in crop management research and wheat breeding; examine potential
new markets for small-scale farmers [117]. The wheat collection stored at CIMMYT
Genebank comprises around 150,000 accessions from over 100 countries, including
bread wheat, durum wheat, and triticale landraces, cultivars, genetic stocks, breeding
materials, and wild relatives [118].

The Food and Agriculture Organization (FAO) facilitates worldwide initiatives
to improve wheat breeding, especially in developing nations, through technical help,
financial resources, and policy promotion. Improving institutional capacity for effec-
tive crop variety creation and their dissemination through seed systems is FAO’s goal
through the multi-partner platform known as The Global Partnership Initiative for
Plant Breeding Capacity Building (GIPB) [119].

The Wheat Initiative, formerly known as the International Research Initiative for
Wheat Improvement (IRRIWI), is a rebranding effort that aims to strengthen part-
nerships among wheat researchers and national and international research programs
that aim to improve food safety, nutritional value, and security in response to societal
demands for more resilient and environmentally friendly agricultural production
systems [113].

Together with plant scientists, wheat farmers, and public and private breeders,
the International Wheat Genome Sequencing Consortium (IWGSC) set out in 2005
to collaborate on wheat genome sequencing. The goal of the IWGSC is to provide a
high-quality bread wheat genome sequence that will enable both basic and applied
wheat research, speed up the process of developing superior varieties, and enhance
profitability across the sector.

Heat and Drought The Wheat Improvement Consortium (HeDWIC), a collabora-
tion involving Consultative Group on International Agricultural Research (CGIAR),
governments, and private partners to enhance climate-resilient wheat breeding,
includes more than 90 countries. In order to better prepare wheat for a world where
heat and drought are more common, researchers from around the world have come
together to form this consortium. Specifically, it disseminates new technologies to
wheat breeders all over the globe and helps the wheat growers and consumers to have
more stable food supplies. Additionally, farmers will have the necessary skills to adapt
to a changing climate, which will reduce the risk of devastating wheat crop losses [120].

The Durum Wheat Breeding Program, supported by collaborations between
CIMMYT and private seed companies, enhances yield and quality. The primary
objective of the CIMMYT Durum Program is to help developing countries increase
the productivity of durum by providing germplasm that is disease-resistant, widely
adapted, and high-yielding, with desirable end-use qualities. Also, acceptable levels
of gluten strength are presently seen in CIMMYT germplasm [121].

International Wheat Yield Partnership (IWYP), whose objective is to enhance
the genetic yield potential of wheat by 50% within a 20-year timeframe. IWYP is a
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worldwide, multi-year research project that combines resources from a wide variety
of public and private organizations across several nations in order to provide wheat
breeders with new elite genotypes. Through the creation of novel models, ideotypes
of wheat in relevant breeding material, and related genetic tools for breeding,
research is carried out to comprehend the physiological and genetic basis of increas-
ing yield potential [122].

A multidisciplinary approach must be employed to both understand the fun-
damental processes of wheat breeding and find potential genes, QTLs, and traits
that can be used to generate superior crops [123]. By combining the best features of
public-private partnerships, this type of collaboration becomes an important force
in contemporary wheat breeding. The knowledge and experience of public research
institutions in basic science complement the cutting-edge technologies of private
companies: molecular markers, genome editing tools (e.g., CRISPR), and high-
throughput phenotyping [4]. To overcome the challenges posed by wheat breeding,
a coordinated effort including a wide range of experts, technologies, and stakehold-
ers is required. To guarantee global food security in the face of climate change and
population expansion, an integrated strategy for wheat breeding is necessary in light
of the current global concerns.

8. The role of international collaboration

To overcome and reduce the negative effects of climatic changes on wheat perfor-
mance, the integration of various research entities into an international program is a
primary goal. After all, the foundations of these collaborations were laid a long time
ago, more than 80 years ago, along with the creation of International Agricultural
Research Centers (IARCs), which included the International Maize and Wheat
Improvement Center (CIMMYT), established in 1965 [124]. The International Center
for Agricultural Research in the Dry Areas (ICARDA) represents an international
organization that conducts agricultural research in nontropical drylands to provide
the development of innovative, science-based solutions for communities across
Central and West Asia, North Africa (CWANA), and the Middle East. Another
international collaborative consortium (IWGSC) was founded in the early 2000s
to enhance wheat breeding through an increased understanding of the molecular
basis of wheat. Around the same time, the Borlaug Global Rust Initiative (BGRI) was
founded as a global collaboration of scientists, farmers, and agricultural research
institutions to improve genetic gain and increase disease resistance and climate
resilience in wheat [125]. The Wheat Initiative (WI) was born in 2011 as a ministerial
agreement of the G20 countries aimed at reinforcing synergies between members
of the wheat research community and national and international research programs
targeted to increase food security, nutritional value, and safety for sustainable and
resilient agricultural production systems [113].

Common approaches have proven to play a crucial role in world food security
through the so-called “Green Revolution” [124]. The success of international pro-
grams and initiatives supporting wheat breeding is difficult to estimate, but the role
that these collaborations have in supporting food security can be appreciated based
on the multitude of genotypes created. International programs and cooperation
achieved through various entities have made it possible to maintain a high degree
of improvement in wheat performance in different regions of the globe through the

15



Triticum — The Pillar of Global Food Security

exchange of genetic materials [126] through the development and distribution of
germplasm. Another successful international collaboration was the complete genome
sequencing of wheat, which must help to understand traits inheritance and accelerate
improvements in wheat breeding.

The impact of agricultural policies on wheat cultivation can have a significant
role by adopting measures that can limit or expand both the areas occupied by this
crop and the level of performance that this plant can achieve. The different views of
independent states or groups of states on the use of unconventional plant breeding
techniques, including wheat, can have a negative effect on both the effectiveness of
this crop and its competitiveness. Also, the engagement of these entities in various
global agreements to reduce negative anthropogenic effects on the environment can
have a significant impact on how this plant will be continuously improved.

The genetic potential of wheat has reached a plateau in terms of improving per-
formance, so international collaborations aimed at identifying old genotypes, local
populations, or wild relatives to them will be key to continuing progress that will sup-
port demographic growth. Also, interdisciplinary approaches targeting plant physi-
ology, phytopathology, agrochemistry, pyrotechnics, pedology, and other related
disciplines will require the formation of working groups to create those ideotypes in
which the specific characteristics for specific areas can be found.

9. Conclusions

The advancement of wheat breeding relies on the successful incorporation of
innovative technologies, collaborative research efforts, and eco-friendly farming
methods. The pressing challenges of climate change, population growth, and the
depletion of natural resources demand immediate efforts to create resilient wheat
varieties that achieve a balance between high yields and environmental sustainability.
Essential strategies involve utilizing genomic tools, enhancing resource efficiency via
precision agriculture, and embracing participatory breeding methods to guarantee
solutions that are adapted to local conditions. Global cooperation will be essential in
reaching these objectives, promoting innovation and fair access to enhanced wheat
germplasm across the globe.

To ensure food supplies for future generations, the global wheat research commu-
nity must focus on adaptability and sustainability. Integrating traditional knowledge
with contemporary advancements allows wheat breeding to address existing chal-
lenges and create a sustainable agricultural future.
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Chapter?2

Enhancing Wheat Resilience to
Abiotic Stress: Genetic Mechanisms
and Genome Editing Approaches

Ommnia Osama

Abstract

Abiotic stress, including drought, heat, and salinity, is a major yield-limiting factor
for wheat production, which is crucial for facing food scarcity. With the growing
challenges posed by climate change, improving wheat’ resilience to abiotic stresses
is essential for ensuring food security. This chapter explores the damaging effects of
these stresses on wheat and examines the genes, pathways, and mechanisms involved
in tolerance, focusing on key stress-related genes and their regulatory networks, such
as the TaDREBI gene, which enhances drought tolerance by regulating water-use effi-
ciency; TuHKT1;5, which plays a pivotal role in salinity tolerance by maintaining ionic
balance; and TaHSP17.4, which improves heat tolerance by reducing oxidative damage
and stabilizing cellular functions. It also discusses the potential of genome editing,
like CRISPR-Cas9 and TALENS, to improve wheat tolerance to these abiotic stresses,
offering a sustainable approach to enhancing crop performance to meet future food
demands.

Keywords: abiotic stress, drought, salinity, heat stress, transcription factors, genome
editing, CRISPR Cas9

1. Introduction

Wheat is one of the most important staple crops worldwide, with approximately
35% of the global population depending on it for feeding. Its cultivated area globally
is over 220 million hectares, making it one of the most widely grown crops in the
world. In 2023/2024, global wheat production reached approximately 785 million
metric tons, which is considered a decrease compared to the previous marketing year
789 million metric tons [1]. This decline shows the vulnerability of wheat production
to various environmental factors, such as climate change and abiotic stresses, includ-
ing drought, heat, and salinity. Abiotic stresses such as drought, heat, and salinity
significantly reduce wheat yields and are considered among the primary limiting
factors for production. Drought alone can lead to yield losses of up to 50-60%,
particularly during the flowering and grain-filling stages. Heat stress, which affects
wheat during critical growth periods, has been shown to reduce yields by 20-40%,
with higher temperatures disrupting reproductive processes. Salinity, which impacts
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more than 20% of irrigated agricultural lands globally, can reduce wheat yields by
30-50%, depending on the severity of the stress and the wheat variety’s tolerance [2].
The severity of these stresses is maximized by present climate change. Climate change
is expected to increase variations in both abiotic and biotic stresses over time, which
could lead to substantial shifts in wheat yields and grain quality. Predictions of a 2°C
rise in global mean temperatures suggest that these stresses will change in both timing
and intensity, with their geographic distribution expanding [3], making it crucial to
explore effective strategies for enhancing wheat’ resilience to these abiotic stresses.
Genome-editing technologies, such as CRISPR-Cas9, have emerged as powerful tools
for developing wheat varieties with improved tolerance to abiotic stresses. Recent
advancements, such as editing stress-related genes like TaHKT1;5-D for salinity
tolerance and TuDREB?2 for drought resilience, offer promising results in mitigating
the damaging effects of these stresses. These innovations align with global efforts to
secure food production and strengthen climate resilience [4, 5]. This chapter explores
the genetic mechanisms underlying wheat’s resilience to abiotic stresses and discusses
how genome-editing technologies can be leveraged to improve wheat productivity,
contributing to the achievement of SDG 2: Zero Hunger and SDG 13: Climate Action.

2. Drought
2.1 Drought damaging effect on wheat

Water scarcity is a major global threat to agricultural sustainability worldwide,
raising serious concerns about food insecurity. In wheat, drought stress has been
reported to drought stress significantly reduce wheat yield, with reported reduc-
tions ranging from 25 to 62.75%, depending on severity. This impact extends to yield
components, including grain numbers per spike (38-50%), 1000-kernel weight
(16.4-19.42%), and plant height (14.7-34.45%). These figures underscore the urgent
need for developing drought-tolerant wheat varieties to sustain productivity under
water-limited conditions. Drought is an adverse abiotic stress factor that significantly
reduces crop yields, inhibits root development and limits water uptake, disrupts
photosynthetic activity by inhibiting leaf growth and increasing photorespiration.
These effects collectively hinder plant growth and development [6, 7].

Drought stress increases the production of reactive oxygen species (ROS) leading to
oxidative stress. In response, antioxidant enzymes such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), and glutathione reductase (GR) are activated to
mitigate cellular damage. The concentration of malondialdehyde (MDA) as drought
intensifies can indicate the degree of oxidative stress to which the crop is experiencing,
the rapid rise level of malondialdehyde causes cellular damage. Plants improve mem-
brane stability by the synthesis of soluble protein, soluble sugar (SS), and proline (Pro).
Therefore, photosynthesis, plant morphology, antioxidant properties, and osmoregula-
tion are essential indicators for studying the effects of drought stress [8].

2.2 Drought coping mechanisms

Plants have evolved various mechanisms to mitigate the adverse impacts of
drought across morphological, physiological, biochemical, and molecular levels. These
mechanisms include: (1) Drought avoidance includes morphological adjustments to
enhance water usage under mild or moderate drought stress conditions by reducing

30



Enhancing Wheat Resilience to Abiotic Stress: Genetic Mechanisms and Genome Editing Approaches
DOI: http://dx.doi.org/10.5772/intechopen.1009174

water loss via leaf rolling, increasing epidermal waxes accumulation, maintaining cell
membrane stability and cell wall elasticity maintain normal cellular water potential
and osmotic pressure, reduce oxidative damage and improve cell antioxidant capacity
enhancing the water uptake ability through adjustments of architecture of root system
either by deep root system to access groundwater or lateral roots for surface moisture,
enhancing the water storage abilities in specific organs. (2) Drought escape where
plants adjust their life cycle by accelerating developmental stages in response to mois-
ture availability with early flowering and shorter life cycles. (3) Drought tolerance

is the plant ability to maintain physiological activities at the molecular level under
severe drought stress conditions through the regulation of drought-responsive genes
involved in ABA signaling and antioxidant defenses. Under drought stress conditions;
sensitive wheat plants accumulate H,0, resulting in the downregulation of antioxidant
enzyme activities. Tolerant plants respond by overexpression of genes that are related
to signal transduction factors, protein kinases, transcription factors, and ABA recep-
tors or proteins involved in metabolisms, osmotic regulation, and ROS transportation,
other stress-responsive genes such as transcription factors, WAX INDUCER/SHINE1
(WIN/SHN), Drought Response Element Binding Factor (DREB), WRKY, Nuclear
Factor (NF-Y), MYB, NAC) (4) Drought recovery refers to the plant capability to
resume growth post-drought through rehydration capacity, osmotic adjustments,
photosynthetic recovery, and root regrowth (Figure 1) [7, 9-12].

2.3 Drought stress responsive genes

Wheat is known to have a complex genome. Drought stress triggers a series
of molecular processes involving crosstalk between different genetic networks
and endogenous factors such as plant hormones, reactive oxygen species (ROS)
Scavenging genes, transcription factors, and others all of which play a role in drought
stress tolerance.

ABA is a primary stress hormone that regulates plant response to drought.
ABA signaling mediates the expression of various drought-responsive genes such
as stomatal movement, the modulation of the root system, and the expression of
various stress-related genes. The overexpression of the TuHsfC3-4 gene, which is a
member of the heat shock transcription factor C (HsfC) subclass enhanced tolerance
to drought, shows that TuHsfC3-4 has a positive role in the ABA signaling pathway
and drought tolerance [13]. Overexpression of TuABFs (ABA-Binding Factor)-
enhanced TzPYL1-1B (acid ABA receptor) ABA sensitivity leading to improved
drought tolerance [14]. Calcium-dependent protein kinases TaCPK34 protein
upregulation in wheat under drought stress indicates that the TaCPK34 gene plays
positive roles in wheat response to drought stress through regulating ABA-dependent

Drought coping mechanisms

drought
avoidance

Drought escape Drought Drought

tolerance recovery

Figure 1.
Drought coping mechanisms.
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genes [15]. Overexpression of wheat bZIP transcription factor gene TaFD-Like2-1A
(TaFDL2-1A) improved wheat drought stress tolerance by enhancing ABA bio-
synthesis, ABA responses, and ROS scavenging. TaFDL2-1A binds directly to the
promoter of both TaRAB21s and TuNCED?2s activates their expression, resulting in
enhanced ABA responses and endogenous ABA accumulation. Moreover, overexpres-
sion of TuFDL2-1A increased the activities of SOD and GPX in wheat under drought
conditions by promoting the expression of TaSOD1 and TuGPx1-D, which indicate
enhanced reactive oxygen species (ROS) scavenging [16].

ROS scavenging genes are antioxidant genes that neutralize ROS accumulated
during drought, enabling photosynthetic and cellular recovery. Overexpression of
TaEXPA2, activated by the MYB transcription factor of wheat named TuMPS through
promotor binding, enhanced the antioxidant capacity in wheat plants by increasing
antioxidant enzyme activity and the increase of the transcripts of some ROS scaveng-
ing enzyme-related genes. TaEXPA? also positively affected lateral root formation
under drought conditions [7]. The wheat TuZFP13D gene, encoding Zinc Finger
Protein 13D, improves drought tolerance by regulating genes related to oxidative
stress, including key ROS producers during photosynthesis [17]. Overexpression of
the wheat F-box protein TuFBA1 enhanced antioxidant capacity, maintained stomatal
opening, and reduced water loss [18].

Transcription factors regulate various stress responses, including interactions with
ROS and ABA signaling pathways. They modulate drought tolerance mechanisms,
influencing either by enhancing or reducing drought stress tolerance.

Overexpressing Ta WRKY31 enhances antioxidant enzyme activities SOD, POD,
and CAT, decreased levels of MDA and ROS, and activates stress-response gene
expression. Plants exhibited reduced stomatal opening and longer roots under
drought treatment indicating that TaWRKY31 improves drought stress in wheat [19].

Overexpression of the wheat NAC gene (TaINACO071-A) significantly enhanced
drought tolerance through improved water-use efficiency and increased expression
of stress-responsive genes [20]. TANAC48 increased sensitivity to ABA by mediating
crosstalk between the ABA signaling pathway and drought stress responses in wheat,
TaAREBS3 binds to cis-acting ABA-responsive element (ABRE). Overexpression of
TaNAC4S8 significantly improved drought tolerance by increasing proline content,
decreasing water loss, malondialdehyde (MDA), and H,0, and O, content [21].

Overexpression of wheat MYB gene TuMpc1-D4 which is involved in proline
biosynthesis reduced proline content remarkably, and decreased POD, SOD, and
CAT activities. Moreover, it downregulated P5CS1, RD29A, RD29B, DREB2A, ABF3,
CBF1, CBF2, CBF3, ERF1 genes indicating that TauMpc1-D4 negatively affecting
drought tolerance [22].

Squamosa promoter binding protein-like (SPL) transcription factors have a critical
role in regulating plant response to different stresses. TaSPL6-A gene overexpression in
wheat increased water loss, ROS, MDA contents, and decreased ROS scavenging genes
indicating that TaSPL6- is a negative regulator for drought stress in wheat [23].

AtSHNI overexpression enhanced wheat drought tolerance by increasing surface
wax reducing water loss [11].

The TaNHX2-Tu GAD1 module enhances drought tolerance, as TaNHX2 (potas-
sium/proton exchanger) targets the inhibitory domain of TaGAD1 (key enzyme for
Synthesizing y-Aminobutyric acid (GABA) acid from glutamate) thus, mediating
crosstalk between the stomatal aperture and GABA (y-Aminobutyric acid) accu-
mulation. This positively regulates wheat drought stress by affecting plant stomatal
movement mechanism [24].
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TaXTH17 a member of the xyloglucan endotransglucosylase/hydrolase (XTH)
family which is a cell wall modifying enzyme was found to play a negative role in
plant resistance to drought stress [25].

3. Heat

Heat stress is an important factor that limits crop productivity, particularly when
extreme temperatures occur at plant growth stages as for cereal. It causes morphologi-
cal, physiological, and biochemical changes.

3.1Impacts of heat stress on wheat

Heat stress accelerates developmental rates and shortens the crop cycle, reducing
the expression of leaf area and leading to chlorosis during grain filling. Reduced leaf
area and chlorophyll levels lower growth rates and yield. High temperatures affect
grain size, grain protein content (GPC), and other quality parameters. At the molecu-
lar level, heat stress increases ROS production, and reduces antioxidant enzymatic
activity, this way it triggers ROS-induced oxidative injury, such as lipid peroxidation
and membrane leakage.

Moreover, heat stress, particularly terminal heat exceeding 30-35°C, can reduce
wheat yield by up to 20-40% during the grain-filling stage due to accelerated
senescence and impaired photosynthesis. High temperatures reduce grain size,
protein content, and overall quality, underscoring the need for heat-tolerant variet-
ies to ensure crop productivity under rising global temperatures. Also, terminal
heat affects pollen viability, fertilization, and kernel development, it shortens the
grain-filling period by accelerating senescence and reducing nutrient translocation,
resulting in smaller grains, lower grain weight, and ultimately reduced yield [26-32].

3.2 Heat tolerance mechanisms

Plants employ a range of mechanisms for heat stress tolerance including short-
term mechanisms of avoidance or acclimation and/or long-term mechanisms to
survive and adapt to heat stress, thermo-tolerance is one of the heat tolerance
mechanisms to protect photosynthesis under heat stress. In addition, plants can avoid
heat wave damage by increasing both stomatal conductance and transpiration rates,
thereby enhancing leaf cooling. Under heat stress, plants with appropriate water
supply maintain open stomata for enhancing leaf cooling through transpiration, while
under water scarcity plants close their stomata to avoid excess water loss resulting in
increased leaf temperature. Thus, mechanisms to heat stress tolerance can be catego-
rized into physiological, biochemical, and molecular responses.

3.2.1 Physiological mechanisms

* Stomatal regulation: Heat stress triggers stomatal closure to reduce water loss.
However, this can limit cooling through transpiration.

* Canopy temperature maintenance: Heat-tolerant plants maintain lower canopy
temperatures by optimizing leaf orientation, wax deposition, and cuticle
thickness.
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* Stay-green trait: Delays leaf senescence, ensuring photosynthesis continues dur-
ing grain filling under heat.

3.2.2 Biochemical mechanisms

* Osmolyte accumulation: Compounds like proline, glycine betaine (GB), and
sugars stabilize proteins, protect membranes, and maintain osmotic balance.

* Reactive oxygen species (ROS) scavenging: Enhanced antioxidant enzyme activ-
ity mitigates oxidative damage caused by heat stress.

3.2.3 Molecular mechanisms

* Heat shock proteins (HSPs): Heat shock proteins (HSPs) play a crucial role in
maintaining protein stability, preventing denaturation, and activating stress-
response pathways. HSPs act as molecular chaperones to stabilize and refold
damaged proteins. Families like HSP70 and HSP90 play crucial roles in stress
tolerance, their expression is regulated by heat shock factors (HSFs) that activate
stress-responsive genes. Wheat activates stress-associated proteins, including
HSPs and antioxidants, which mitigate oxidative damage and protect cellular
functions. HSPs like Hsp70 and Hspl7 act as molecular chaperones, stabilizing
and refolding denatured proteins during heat stress.

* Heat shock factors (HSFs): HSFs regulate HSP gene expression and help maintain
cellular homeostasis.

* Reactive oxygen species (ROS) antioxidants: Heat stress triggers oxidative stress
in wheat due to the overproduction of reactive oxygen species (ROS), such as
hydrogen peroxide (H,0,) and superoxide anions (O,"). These ROS can damage
proteins, lipids, and nucleic acids, leading to reduced growth and productivity.
To combat this, wheat employs a robust antioxidant defense system, classified
into enzymatic and nonenzymatic antioxidants, which are critical for maintain-
ing cellular homeostasis under high temperatures.

Enzymatic antioxidants are the first line of defense against ROS and are crucial
for detoxifying harmful by-products of oxidative stress. They can be classified as:
follows: Catalase (CAT): Breaks down H,0, into water and oxygen, ensuring cellular
protection under severe heat stress. Its activity increases proportionally with stress
intensity. Glutathione Peroxidase (GPX): Plays a pivotal role in H,0, detoxification,
safeguarding the photosynthetic apparatus. Superoxide Dismutase (SOD): Converts
the superoxide anion (O,") into H,O,, which is further processed by CAT and GPX.
Ascorbate Peroxidase (APX) and Peroxiredoxins (Prx): Enhance the elimination of
peroxides, reinforcing the antioxidant network. Thioredoxins (Trx): Maintain redox
homeostasis by regulating thiol-disulfide interactions.

Nonenzymatic antioxidants complement enzymatic defenses by neutralizing ROS
directly and preventing their formation. They include: Phenolic Compounds: Act as
key players in scavenging ROS and reducing oxidative stress. Polyphenols: Serve as
additional safeguards, preventing auto-oxidation and cellular damage.
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* Cell wall modifications: Genes like cellulose synthase-like (Csl) and xyloglucan
endotransglucosylases (XTHs) contribute to cell wall elasticity and integrity
under heat [31-34].

The expression of 10 heat-responsive genes associated with heat shock proteins
(sHsp-1, Hspl7, and HsfA4), flavonoid biosynthesis (F3'-1 and PAL), f-glucan
synthesis (CslF6 and CslH), and xyloglucan metabolism (XTH1, XTH2, and XTH5)
resulted in significant increase in the relative fold expression with increasing temper-
ature indicating their involvement in providing heat stress tolerance (Figure 2) [31].

TaHSP17.4 and TaHOP are key players in stress tolerance mechanisms.
Overexpression of these proteins improved tolerance to drought, salinity, and heat
stress, by inducing stress-responsive genes related to ROS scavenging and ABA signal-
ing, and by reducing oxidative damage (lower malondialdehyde levels), thus increas-
ing proline content [35].

The heat shock transcription factor gene Tu HSFA6e undergoes alternative
splicing in response to heat stress, producing two major functional transcripts:
TaHSFA6e-1I and TuHSFA6e-111. TaHSFA6e-III has a 14-amino acid variation that
enhances its transcriptional activity compared to TaHSFA6e-11, leading to greater
upregulation of heat shock protein genes (e.g., TaHSP70s). Knockout mutants of
TaHSFA6e and TaHSP70s exhibit increased sensitivity to heat, confirming their
critical roles in heat stress tolerance. Heat shock proteins localize in stress granules,
aiding in mRNA stabilization and translation reinitiation during recovery from
heat stress [36].

Stomatal
Regulation

nopy
Temperature
Maintenance

Stay-Green Trait

1- Physiological Mechanisms

2. Biochemical
Mechanisms

Heat Tolerance
Mechanisms

3- Molecular Mechanisms

Figure 2.
Heat tolevance mechanisms.
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The heat shock transcription factor HSFA2h regulates the expression of sHSP-17 (a
small heat shock protein). Under heat stress, plants overexpressing HSFA2h displayed
higher expression of sHSP-17 and enhanced thermos tolerance. The improved toler-
ance is linked to increased activity of antioxidant enzymes (e.g., SOD, CAT, GPX) and
higher total antioxidant capacity under heat stress [37].

Wheat, combined drought and heat stress have more severe effects on the rates
of growth and development, as well as photosynthetic rate, stomatal conduc-
tance, and chlorophyll fluorescence, compared to the effect of individual stress.
Heat stress adaptations in wheat plants rely heavily on activating heat stress-
sensitive transcription factors, heat shock proteins (HSPs), and ROS scavenging
capacity.

3.3 Connection between heat and drought tolerance mechanisms

Both heat and drought stresses often co-occur, especially in arid and semiarid
environments. Consequently, plants exhibit overlapping mechanisms to address
these stresses such as stomatal regulation: Both stresses trigger stomatal closure
to conserve water and reduce transpiration. Osmolyte accumulation: Proline, GB,
and sugars accumulate in response to both stresses, stabilizing cellular struc-
tures and maintaining osmotic balance. ROS scavenging: Antioxidant enzymes
like SOD and CAT are activated to manage oxidative stress caused by heat and
drought. HSPs and HSFs: Heat shock proteins and their regulators protect cellular
components under both stresses. There is also a Molecular Crosstalk as Abscisic
Acid (ABA): A key hormone in drought response, ABA also regulates stomatal
closure and stress-responsive gene expression under heat stress. Transcription
factors: Shared transcription factors, such as drought-responsive element bind-
ing proteins (DREB) and NAC, are involved in both heat and drought tolerance
(Figure 3) [31, 38-42].

However, there are key differences between heat and drought tolerance mecha-
nisms as indicated in the following Table 1.

Stomatal Osmolyte
Regulation Accumulation

HSPs and HSFs: ROS Scavenging

overlapping
hanis
eenanisms Abscisic Acid
between (ABA)
Drought and
Heat stresses

Transcription

Factors (such as
DREB/NAC)

Figure 3.
Connection between heat and drought tolerance mechanisms.
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Aspect Heat tolerance Drought tolerance

Primary Stress High temperatures cause protein Water deficit reduces turgor pressure
denaturation and membrane and disrupts nutrient transport.
destabilization.

Cooling Relies on transpiration cooling and heat Prioritizes water conservation through

Mechanism dissipation via HSPs. stomatal closure.

Hormonal Primarily regulated by ethylene and HSFs, Dominated by ABA, which mediates

Regulation alongside ABA. water-saving responses.

Cell Wall Enhanced elasticity to withstand heat- Reinforcement to prevent collapse

Dynamics induced expansion. under dehydration.

Photosynthesis Damaged chloroplasts reduce Reduced photosynthesis due to limited

Impact photosynthesis directly. CO; availability.

Table 1.

Key differences between heat and drought tolevrance mechanisms.

4. Salinity
4.1 Salinity damaging effects

Salinity is an abiotic stress that severely impacts wheat growth and reduces its
productivity. Globally, Salinity stress affects approximately 20% of irrigated lands
and 33% of agricultural lands globally, severely impacting wheat productivity. Excess
sodium ions reduce water uptake, impair nutrient balance, and decrease grain yield
by up to 50% in highly saline soils, emphasizing the critical need for salinity-tolerant
wheat varieties to maintain productivity. The primary effects of salt stress are ionic
toxicity caused by excess sodium and chloride ions, which disrupt cellular homeo-
stasis, and osmotic stress which reduces water uptake by plants. These factors lead to
nutrient imbalance, decreased nutrient availability, and impaired physiological and
biochemical functions. Salinity severely reduces seed germination, root elongation,
and ultimately grain yield. Furthermore, modifies soil properties including texture
and porosity leading to reduced water uptake by plants [43-46].

4.2 Salinity coping mechanisms

Salinity tolerance in wheat is a critical factor for growing in areas with high
soil salinity. Wheat is sensitive to salt stress, especially during its early growth
stages, but it has developed some mechanisms to cope with it. These mechanisms
include: (1) Osmotic adjustment plants accumulate compatible solutes (osmolytes)
like proline, glycine betaine, and sugars to maintain cell turgor and water uptake
under osmotic stress caused by salinity, (2) Ion homeostasis where plants regulate
the ion transport to prevent toxic accumulation in cells. This includes sequestering
Na" into vacuoles or excluding it from roots to maintain cellular function, and (3)
Antioxidant defense systems salinity induces oxidative stress generating reactive
oxygen species (ROS) plants activate antioxidant enzymes such as SOD, CAT, and
POD to mitigate oxidative damage, (4) Maintaining K*/Na* balance which is criti-
cal for enzyme activities and cellular functions, this involves specific transporters
such as HKT1, SOSI1 to retain K* and exclude Na*.
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4.3 Salinity-stress responsive genes
4.3.1 Ion transporters and antiporters

NHX gene family encodes vacuolar antiporters crucial for managing ion
homeostasis under salt stress. The expression of TaNHX1 and TuNHX2 genes
upregulate under salt stress suggesting their critical role in vacuolar Na* seques-
tration, which is necessary to alleviate ionic toxicity. These genes facilitate the
sequestration of Na" into vacuoles reducing cytosolic sodium levels and preventing
toxicity. Under salt-stress conditions, upregulation of NHX-Na*/H" antiporter
activity fueled by the electrochemical proton gradient in the vacuole sap that H*-
ATPase creates helps reduce Na® toxicity through restricting Na* presence to the
vacuole [47, 48].

Na® movement inside the plant is controlled and regulated by a high-affinity
potassium transporter (HKT). HKT transporters are essential for reducing Na*
toxicity and ensuring proper K" availability, both of which are critical for cellular
function under salt stress. HKT transporters function as Na* selective uniporters,
playing a crucial role in regulating Na* transport to shoots through the xylem vessels
by unloading the ion from the xylem in the root into the xylem parenchyma, inhibit-
ing Na" delivery to the shoot tissues. When Na* accumulates in the shoot, HKT loads
Na® into shoot phloem cells to be transferred back to the roots through the downward
stream. In wheat, TaHKT1; 5-D significantly improve salinity tolerance by reducing
Na® accumulation in leaves. Combining HKT-mediated ion transporter with other
stress tolerance pathways, such as NHX and SOS systems, can further improve plant
resilience to salinity [45, 48].

4.3.2 Transcription factors

Role of transcription factors in salt tolerance:

Transcription factors (TFs) regulate gene expression by binding to specific
promoter regions, enabling plants to adapt to salinity stress. Transcription factors
regulate broader stress responses, including osmotic adjustment, ROS detoxification,
and gene activation through hormone pathways (e.g., ABA), they are key players in
long-term plant adaptation to salt stress.

Key TF families: (1) AP2Ethylene Response Factor (ERF) includes DREB/CBF
subfamily, which regulates genes with dehydration-responsive elements (DRE/CRT)
as in DREB2 which enhances salt tolerance by regulating osmotic stress-responsive
genes. (2) NAC where wheat TaNAC69 promotes salt stress tolerance by activating
downstream stress-responsive genes involved in ion transport and osmotic adjust-
ment. (3) bZIP (Basic Leucine Zipper) these TFs regulate ABA-dependent pathways,
TabZIP6 and TabZIP13 in wheat modulate ABA-responsive genes, contributing to
salt stress resilience. (4) WRKY plays a dual role in abiotic and biotic stresses by
binding to W-box elements in target promoters. WRKY33 enhances salt tolerance
by controlling ROS detoxification pathways. (5) MYB transcription factors regulate
flavonoid pathways and stress-responsive genes, TaMYB32 and TaMYB73 in wheat
are upregulated under salinity, supporting osmotic balance and antioxidant defense,
the overexpression of TtMYBI into transformed wheat, enhances proline and soluble
sugar levels while reduces malondialdehyde levels suggesting improve salinity toler-
ance in wheat [43, 49].
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4.3.3 ROS defense mechanisms

Overexpressing Tu CHP (Calcium-binding protein) enhances plant antioxidant
capacity by activating SOD, CAT, and POD enzymes, stably enhancing wheat yields
under salt-stress conditions indicating the potential of this gene for improving salt
tolerance in wheat [49].

4.3.4 Epigenetics

Adenine methylation acts as an epigenetic regulator of SSADH gene during salt
stress. SSADH gene plays a significant role in salt tolerance by regulating the GABA
shunt, which helps control ion homeostasis, ROS detoxification, and energy metabo-
lism under stress conditions. Increased methylation of specific promotor sites enhances
transcriptional activation, helping the adaptive response of wheat to salinity [50].

4.3.5 Salt overly sensitive (SOS) pathway

The SOS pathway is a crucial signaling mechanism in plants that helps coping high
salinity in the environment. This pathway is primarily involved in regulating sodium
(Na") and potassium (K") ion balance to reduce the detrimental effects of Na* toxicity
in plant cells. SOS pathway also interacts with other stress-response pathways, such
as (1) The NHX and HKT transporter systems, the increased Na* efflux through SOS1
can complement the Na* sequestration into vacuoles through NHX transporters, thus

(CBL4: Calcium-

protein)

Upon sensing the
calcium signal,
S0S3 activates

Activation

kinase)

phosphorylates
5051

Activation

Na* transport
and

sequestratior
into vacuoles

5051 removes
Na* from the
cytosol

Figure 4.
SOS pathway for salinity tolerance.
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Gene/Pathway Function Mechanism

NHX (Na‘'/H* Sequesters Na" into vacuoles to Vacuolar compartmentalization of Na* using

Exchangers) reduce cytosolic Na" toxicity. proton gradients created by H'-ATPases and
H*-PPases.

HKT (High- Reduces Na* accumulation in Retrieves Na* from xylem sap and returns it to

Affinity Potassium shoots and maintains K*/Na* roots via phloem.

Transporters) balance.

Salt Overly Sensitive Regulates Na* efflux and SOS1 (Na*/H* antiporter) removes Na*; SOS2

(SOS) Pathway

ensures K* homeostasis.

(kinase) and SOS3 (calcium-binding protein)
activate this process.

Transcription Factors
(e.g., DREB, WRKY,
NAC)

Regulate expression of stress-
responsive genes.

Activate genes for osmotic adjustment, ROS
detoxification, and ion homeostasis.

TaCHP (Calcium- Enhances antioxidant capacity Activates SOD, CAT, and POD enzymes for
Binding Protein) and stabilizes yields under ROS scavenging.
stress.
Epigenetics (e.g., Regulates ion homeostasis Adenine methylation increases the expression
SSADH) and stress tolerance through of genes like SSADH in response to salinity.
transcriptional activation.
Table 2.

Key genes involved in wheat tolevance to salinity and their mechanisms.

working synergistically to reduce overall Na* toxicity. (2) ABA, which is involved in
regulating stomatal closure and other drought responses. The integration of these
pathways contributes to the overall salt tolerance of plants.

The key components of this pathway SOS1, SOS2, and SOS3 coordinate to maintain
Na* homeostasis: (1) SOS1: A plasma membrane Na'/H" antiporter responsible for
removing excess Na* from the cytosol, it is activated by phosphorylation through the
SOS2 kinase. This step is critical for reducing Na* accumulation in root cells and mini-
mizing its transport to shoots. (2) SOS2: serine/threonine protein kinase that acts as
the central mediator of the SOS pathway, when activated by SOS3, it phosphorylates
and activates SOS1 to enhance Na* efflux. (3) SOS3 (CBL4): A calcium-binding pro-
tein that senses cytosolic Ca** changes triggered by salt stress, it interacts with SOS2 to
form a kinase complex, guiding the activation of SOS1 (Figure 4, Table 2) [44].

5. Genome editing for improved abiotic stress tolerance

Wheat being a staple crop worldwide is severely affected by abiotic stress, as it
affects plant growth and crop yield, limits agricultural productivity, influences key
physiological processes like photosynthesis and cell growth, and leads to metabolic
changes. Thus, improving its resilience to abiotic stresses such as drought, salin-
ity, and heat stress is crucial for ensuring food security under changing climatic
conditions. Genome editing has emerged as a transformative technology in agricul-
tural research, with the ability to enable precisely targeted modifications in plant
genomes for crop enhancement to address the challenges of global food security
and environmental sustainability. Transcription Activator-Like Effector Nucleases
(TALENS) are another powerful genome-editing tool for enhancing wheat’s resil-
ience to abiotic stresses. They can be effectively utilized in various crops to enhance
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resilience against abiotic stresses. In rice, TALENs have been employed to modify
genes such as OsPDS, OsBADH?2, and OsMPK2, which are involved in responses

to abiotic stress, as well as the genes TaMLO-A1, TaMLO-B1, TaMLO-D1 in wheat

to improve resistance to powdery mildew (biotic stress) [51]. These applications
demonstrate the potential of TALENS in improving crop resilience to environmental
stresses. While specific examples in wheat are limited, the successful use of TALENSs
in other crops provides a foundation for future research aimed at enhancing wheat’s
tolerance to abiotic stresses.

This section focuses on the advancements and applications of genome editing
technologies, particularly (Clustered Regularly Interspaced Short Palindromic
Repeats) CRISPR-Cas systems, in improving wheat tolerance to abiotic stresses.

Engineering transcription and signaling factors as a strategy for improving plant
stress tolerance could develop robust, abiotic stress-tolerant crops, but challenges
remain in understanding regulatory mechanisms and achieving stable field perfor-
mance. Transcription factors (TFs) are master regulators in stress responses, modu-
lating the expression of multiple genes. Families such as Dehydration Responsive
Element Binding (DREB), basic leucine zipper (bZIP), MYB, and NAC are commonly
engineered for drought tolerance. Overexpressing TFs like DREBIA improves drought
tolerance by enhancing traits such as water-use efficiency, yield, and stress-related
protein expression. Moreover, Signaling Factors (SFs) regulate plant stress responses
through pathways involving calcium sensors (e.g., CBL-CIPK systems) and kinases
(e.g., MAPKs, SnRKs). Engineering these pathways improves drought tolerance by
enhancing water retention, oxidative stress protection, and signal transduction,
including examples such as TaSnRK2.9 in wheat, which improves stress resistance and
physiological traits. Advances in tools like synthetic zinc-finger proteins enhance the
efficiency of gene activation or repression [52].

CRISPR/Cas9-mediated genome editing can be used to target abiotic stress-
related genes for overexpression to enhance their function and improve abiotic
stress tolerance such as; TaCERI-6A, TaHAG1, TaPGK which are related to drought
(Overexpression increased wax alkane levels, reducing water loss and improv-
ing drought tolerance), salinity (Overexpression improved antioxidant activity,
ionic balance, and salinity tolerance), and cold (Overexpression enhanced energy
metabolism, reducing cellular damage under cold stress) receptively. It can also
be used to knockout genes to remove their activity and study their role in stress
responses or eliminate undesirable traits such as TaCER1-6A, TaHAG1, TaHSFAG6e,
TaHSP70, TaPGK, TaPHT1;9 that are related to drought (Knockout reduced wax
alkane levels, leading to increased water loss and reduced drought tolerance),
salinity (Knockout reduced antioxidant activity, increased Na" levels, and dimin-
ished salinity tolerance), heat (heat shock transcription factor Knockout reduced
survival rates under heat stress), cold (Knockout reduced energy metabolism,
increasing cellular damage and cold sensitivity) and heavy metals (phosphate
transporter Knockout reduced arsenic uptake and improved growth under arsenic
stress) respectively [53].

CRISPR/Cas9-mediated genome editing can also be used to study gene function,
for example the Overexpression of DIW1 gene (TaPP2C158) showed drought-sensi-
tive phenotypes with faster water loss and higher leaf rolling index (LRI), reduced
stomatal closure under drought, leading to increased water loss. While Knockout
mutants created using CRISPR/Cas9 displayed improved drought tolerance, including
lower LRI and reduced water loss. Suggesting that DIW1 gene (TaPP2C158) nega-
tively regulates drought tolerance in wheat [54].
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Feature CRISPR TALENs
Targeting Requires a PAM sequence near No PAM requirement, highly customizable
target site
Specificity High but may have off-target effects Very high with minimal off-target effects
Ease of Design Easier and faster to design More labor-intensive (protein engineering)
Cost Relatively low Higher due to design complexity
Applications Widely used for multiplex editing Preferred for challenging targets (e.g., no PAM
site)
Editing Uses RNA-guided DNA cleavage Uses protein-DNA binding for specificity
Mechanism
Table 3.

Comparison between CRISPR-Cas9 and TALENS.

Targeting root system architecture (RSA) TaRPK1 gene which is a receptor-like
protein kinases involved in abiotic stress responses with CRISPR/Cas9-mediated
genome mutagenesis achieved 41.93% mutation efficiency, increased root length,
depth, surface area, and volume leading to improved root traits contributed to better
water and nutrient uptake [55].

In conclusion, genome editing has a great potential for enhancing wheat’s toler-
ance to abiotic stresses through the following:

1. Precise modification of stress-related genes: Including techniques such as over-
expression, knockout, and targeted mutations to directly influence genes that
play key roles in stress responses.

2.Functional analysis of genes linked to abiotic stress tolerance: Genome editing
enables the study of gene functions, offering insights into how specific genes
contribute to wheat's resilience under challenging environmental conditions.

To understand the suitability of different genome-editing tools for improving
wheat tolerance to abiotic stresses, the following Table 3 compares CRISPR-Cas9 and
TALENS in terms of their applications, efficiency, and challenges.

6. Challenges and future prospects of genome editing

Genome editing offers a promising and sustainable solution for addressing food
security by enhancing crop tolerance to abiotic stresses, such as drought, heat, and
salinity, under changing climate conditions. While plants developed using these
strategies have shown promising results, most studies have been conducted in con-
trolled environments, with limited field trials to assess their real-world performance.
Therefore, a better understanding of complex regulatory networks and more exten-
sive field testing are required to develop these plants into high-yield, stress-tolerant
crops able to address the food gap. Combining genome editing with other biotechno-
logical tools, such as marker-assisted breeding and transcriptomics, could open up
new possibilities for improving wheat’s stress resistance. Additionally, advancements
in CRISPR technologies, including multiplex editing, hold great promise for making
more precise and comprehensive changes to complex traits.
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7. Policy implications of enhancing wheat resilience

The increasing frequency and intensity of abiotic stresses, driven by climate
change, presents a severe threat to global food security. Wheat, as one of the world’s
staple crops, is particularly vulnerable to drought, heat, and salinity stresses, causing
significant yield losses annually. To address these challenges, an integrating innova-
tive solutions such as genome-editing technologies are required, to be incorporated
into agricultural policies and practices. Enhancing wheat resilience ensures stable and
increased production under stressful environmental conditions.

By reducing the yield losses caused by abiotic stresses, stress-tolerant wheat variet-
ies contribute to ending hunger and improving nutrition, particularly in regions heav-
ily reliant on wheat for sustenance achieving SDG 2: Zero Hunger. Besides, developing
wheat varieties that can adapt to drought, heat, and salinity directly supports climate
change adaptation strategies. These advancements mitigate the negative impacts of
extreme weather events, ensuring food security in the face of global warming to fulfill
SDG 13: Climate Action.

8. Policy recommendations

To maximize the impact of genome editing and other advancements for improving
wheat resilience to abiotic stresses, the following policy measures are recommended:

1.Research funding: Increasing investment into genome-editing technologies, such
as CRISPR-Cas9, as they can accelerate the development of stress-tolerant wheat
varieties.

2. Collaboration and knowledge sharing: Promote international partnerships be-
tween research institutions, policymakers, and private sectors to share knowl-
edge, tools, and best practices in wheat improvement.

3. Capacity building: Training programs for scientists and breeders on genome-edit-
ing techniques can help integrate these tools into breeding programs worldwide.

4. Regulatory frameworks: Simplifying the approval processes for genetically edited
crops while maintaining safety standards can encourage innovation and adoption.

5.Focus on climate-resilient agriculture: Integrate wheat genome-editing initiatives
into broader climate adaptation policies, aligning with Sustainable Development
Goals 2 (Zero Hunger) and 13 (Climate Action).

6.Public awareness and acceptance: Educate stakeholders, including farmers and
consumers, about the benefits and safety of genome-edited crops to enhance ac-
ceptance and adoption.

9. Future directions

As wheat resilience improves through genome-editing advancements, future
research should focus on:
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* Expanding the understanding of stress-response pathways and identifying new
stress-related genes.

* Conducting field trials in diverse agroecological zones to ensure the adaptability
of edited wheat varieties.

* Exploring multi-stress tolerance to address combined stresses, such as heat and
drought, simultaneously.

By incorporating these policy measures and aligning scientific advancements
with global goals, we can pave the way for a resilient, sustainable, and secure wheat
production system capable of feeding a growing global population under changing
environmental conditions.

10. Conclusion

Addressing abiotic stresses such as drought, salinity, and heat is critical for ensur-
ing better wheat productivity and global food security in the face of climate change
and a growing global population. This chapter highlights the molecular mechanisms
underlying stress tolerance and the transformative potential of genome-editing
technologies, including CRISPR-Cas9 and TALENS, in enhancing wheat resilience.

The integration of advanced genetic tools into wheat improvement programs
offers a sustainable and efficient approach to developing multi-stress-tolerant vari-
eties. These technologies can significantly mitigate yield losses, improve resource
efficiency, and support the transition to climate-resilient agriculture.

Future research should focus on exploring stress-response networks at the
molecular level, encouraging editing for multi-stress tolerance, and conducting
extensive field trials to validate the performance of edited varieties under real-world
conditions. Furthermore, aligning scientific advancements with supportive policies
and public engagement will be essential to maximize the impact of genome editing on
agricultural sustainability and food security.

Author details

Omnia Osama

Agricultural Genetic Engineering Research Institute (AGERI), Agriculture Research
Center (ARC), Giza, Egypt

*Address all correspondence to: omniaosama@gmail.com

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

44



Enhancing Wheat Resilience to Abiotic Stress: Genetic Mechanisms and Genome Editing Approaches

DOI: http://dx.doi.org/10.5772/intechopen.1009174

References

[1] Statista. Production of Wheat
Worldwide from 1990 to 2023/2024
[Internet]. 2023. Available from: https://
www.statista.com/statistics/267268/
production-of-wheat-worldwide-
since-1990/ [Accessed: 2025 January 15]

[2] Zhang H, Shi L, Liang W, et al.
Abiotic stress and its mitigation in
wheat. Frontiers in Plant Science.
2024;15:1386174. DOI: 10.3389/
fpls.2024.1386174

[3] Robles-Zazueta CA, Crespo-
Herrera LA, Pifiera-Chavez FJ,
Rivera-Amado C, Aradottir GI. Climate
change impacts on crop breeding:
Targeting interacting biotic and abiotic
stresses for wheat improvement. Plant
Genome. 2024;17:¢20365. DOI: 10.1002/
tpg2.20365

[4] Khan M, Khan M, Zhang X, et al.
Advances in CRISPR-Cas9-based
genome editing for enhancing salt
tolerance in wheat. Frontiers in Plant
Science. 2021;12:715881. DOI: 10.3389/
fpls.2021.715881

[5] Zhao X, Wang Y, Li X, etal. CRISPR/
Cas9-mediated targeted editing of
TaDREB2 enhances drought resistance in
wheat. BMC Plant Biology. 2021;21:364.
DOI: 10.1186/s12870-021-03129-3

[6] Bapela T, Shimelis H, Tsilo TJ,
Mathew I. Genetic improvement of
wheat for drought tolerance: Progress,
challenges and opportunities.

Plants. 2022;11:1331. DOI: 10.3390/
plants11101331

[71XuW, Guo L, Wang C, Wei L,
Wang Q, Ren Q, et al. Transcriptome
analysis reveals drought-responsive
pathways and key genes of two

oat (Avena sativa) varieties.

45

Plants. 2024;13:177. DOI: 10.3390/
plants13020177

[8] Wu H, Yang Z. Effects of drought
stress and postdrought rewatering

on winter wheat: A meta-analysis.
Agronomy. 2024;14:298. DOI: 10.3390/
agronomy14020298

[9] Nyaupane S, Poudel MR, Panthi B,
Dhakal A, Paudel H, Bhandari R. Drought
stress effect, tolerance, and management
in wheat—A review. Cogent Food

& Agriculture. 2024;10(1):2296094.

DOI: 10.1080/23311932.2023.2296094

[10] Koua AP, Oyiga BC, Baig MM,
LéonJ, Ballvora A. Breeding-driven
enrichment of genetic variation for
key yield components and grain

starch content under drought stress

in winter wheat. Frontiers in Plant
Science. 2021;12:684205. DOI: 10.3389/
fpls.2021.684205

[11] Kumar R, Masthigowda MH, Kaur A,
Bhusal N, Pandey A, Kumar S, et al.
Identification and characterization of
multiple abiotic stress tolerance genes

in wheat. Molecular Biology Reports.
2020;47:8629-8643. DOI: 10.1007/
s11033-020-05906-5

[12] Fang Y, Xiong L. General
mechanisms of drought response and
their application in drought resistance
improvement in plants. Cellular and
Molecular Life Sciences. 2015;72:673-689.
DOI: 10.1007/s00018-014-1767-0

[13] Ma Z, Zhao B, Zhang H, Duan §,
Liu Z, Guo X, et al. Upregulation of
wheat heat shock transcription factor
TaHsfC3-4 by ABA contributes to
drought tolerance. International Journal
of Molecular Sciences. 2024;25:977.
DOI: 10.3390/ijms25020977



Triticum — The Pillar of Global Food Security

[14] Mao H, Jian C, Cheng X, Chen B,
MeiF, LiF, et al. The wheat ABA receptor
gene TaPYL1-1B contributes to drought
tolerance and grain yield by increasing
water-use efficiency. Plant Biotechnology
Journal. 2022;20:846-861. DOI: 10.1111/
pbi.13764

[15] Li GZ, Li HX, Xu MJ, Wang PF,
Xiao XH, Kang GZ. Functional
characterization and regulatory
mechanism of wheat CPK34 kinase
in response to drought stress. BMC
Genomics. 2020;21:577. DOI: 10.1186/
s12864-020-06985-1

[16] Wang B, Li L, Liu M, Peng D,

Wei A, Hou B, et al. TaFDL2-1A confers
drought stress tolerance by promoting
ABA biosynthesis, ABA responses, and
ROS scavenging in transgenic wheat.
The Plant Journal. 2022;112:722-737.
DOI: 10.1111/tpj.15975

[17] Bouard W, Ouellet F, Houde M.
Modulation of the wheat transcriptome
by TaZFP13D under well-watered and
drought conditions. Plant Molecular
Biology. 2024;114:16. DOI: 10.1007/
s11103-023-01403-y

(18] Li Q, Zhao X, Wu ], Shou H, Wang W.
The F-box protein TaFBA1 positively
regulates drought resistance and yield
traits in wheat. Plants. 2024;13:2588.
DOI: 10.3390/plants13182588

[19] Ge M, Tang Y, GuanY, Lv M,

Zhou C, Ma H, et al. TaWRKY?31, a
novel WRKY transcription factor in
wheat, participates in regulation of
plant drought stress tolerance. BMC
Plant Biology. 2024;24:27. DOI: 10.1186/
s12870-023-04709-7

[20] Mao H, Li S, Chen B, Jian C, Mei F,
ZhangY, et al. Variation in cis-regulation
of a NAC transcription factor contributes
to drought tolerance in wheat. Molecular
Plant. 2021;15:276-292. DOI: 10.1016/j.
molp.2021.11.007

46

[21] Chen], GongY, GaoY, Zhou,

Chen M, Xu Z, et al. TaNAC48 positively
regulates drought tolerance and ABA
responses in wheat (Triticum aestivum
L.). The Crop Journal. 2021;9:785-793.
DOI: 10.1016/j.¢j.2020.09.010

[22] Li X, Tang Y, Li H, Luo W, Zhou C,
Zhang L, et al. A wheat R2R3 MYB gene
TaMpcl-D4 negatively regulates drought
tolerance in transgenic Arabidopsis and
wheat. Plant Science. 2020;299:110613.
DOI: 10.1016/j.plantsci.2020.110613

[23] Zhao Y, He J, Liu M, Miao J, Ma C,
FengV, etal. The SPL transcription
factor TaSPL6 negatively regulates
drought stress response in wheat.
Plant Physiology and Biochemistry.
2024;206:108264. DOI: 10.1016/j.
plaphy.2023.108264

[24] Li], Liu X, Chang S, Chu W, Lin J,
Zhou H, et al. The potassium transporter
TaNHX2 interacts with TaGAD1

to promote drought tolerance via

modulating stomatal aperture in wheat.
Science Advances. 2024;10:eadk4027

[25]1 BiH, Liu Z, Liu S, Qiao W,

Zhang K, Zhao M, et al. Genome-wide
analysis of wheat xyloglucan
endotransglucosylase/hydrolase (XTH)
gene family revealed TaXTH17 involved
in abiotic stress responses. BMC Plant
Biology. 2024;24:640. DOI: 10.1186/
s12870-024-05370-4

[26] Dutta D, Karmakar S, Hossain A,
Sadhukhan R, Atta K, Pramanick S.
Wheat and abiotic stress challenges:
An overview. In: Abiotic Stresses in
Wheat. Amsterdam, The Netherlands:
Elsevier; 2023. pp. 1-13. DOI: 10.1016/
B978-0-323-95368-9.00006-0

[27] Chaouachi L, Marr’n-Sanz M,
Barro F, Karmous C. Genetic diversity
of durum wheat (Triticum turgidum
ssp. durum) to mitigate abiotic stress:



Enhancing Wheat Resilience to Abiotic Stress: Genetic Mechanisms and Genome Editing Approaches

DOI: http://dx.doi.org/10.5772/intechopen.1009174

Drought, heat, and their combination.
PLoS One. 2024;19(4):e0301018.
DOI: 10.1371/journal.pone.0301018

[28] Omar AA, Heikal YM, Zayed EM,
Shamseldin SAM, Salama YE, Amer KE,
et al. Conferring of drought and heat
stress tolerance in wheat (Triticum
aestivum L.) genotypes and their
response to selenium nanoparticles
application. Nanomaterials. 2023;13:998.
DOI: 10.3390/nan013060998

[29] Langridge P, Reynolds M. Breeding
for drought and heat tolerance in wheat.
Theoretical and Applied Genetics.
2021;134:1753-1769. DOI: 10.1007/
s00122-021-03795-1

[30] Angon P, Das A, Roy AR,

Khan JJ, Ahmad I, Biswas A, et al.

Plant development and heat stress:

Role of exogenous nutrients and
phytohormones in thermotolerance.
Discover Plants. 2024;1:17. DOI: 10.1007/
s44372-024-00020-3

[31] Sihag P, Kumar U, Sagwal V,

Kapoor P, Singh Y, Mehla S, et al. Effect
of terminal heat stress on osmolyte
accumulation and gene expression
during grain filling in bread wheat
(Triticum aestivum L.). Plant Genome.
2024;17:€20307. DOI: 10.1002/tpg2.20307

[32] Kayastha P, Barsha KC, Pandey B,

Roka Magar B, Chand H, BhandariJ, et al.

Molecular basis of heat stress tolerance
in wheat. Journal of Applied

Biology and Agriculture. 2024;4(1):11-
19. DOI: 10.11594/jaab.04.01.02

[33] Mondal S, Karmakar S, Panda D,
Pramanik K, Bose B, Singhal RK. Crucial
plant processes under heat stress

and tolerance through heat shock
proteins. Plant Stress. 2023;10:100227.
DOI: 10.1016/j.stress.2023.100227

[34] Abasi F, Raja NI, Mashwani Z,
Ehsan M, Ali H, Shahbaz M. Heat and

47

wheat: Adaptation strategies with respect
to heat shock proteins and antioxidant
potential; an era of climate change.
International Journal of Biological
Macromolecules. 2024;256:128379.

DOI: 10.1016/j.ijbiomac.2023.128379

[35] Wang YX, Yu TF, Wang CX,

Wei JT, Zhang SX, Liu YW, et al.

Heat shock protein TaHSP174, a
TaHOP interactor in wheat, improves
plant stress tolerance. International
Journal of Biological Macromolecules.
2023;246:125694. DOI: 10.1016/j.
ijpiomac.2023.125694

[36] Wen ], Qin Z, Sun L, Zhang Y,
Wang D, Peng H, et al. Alternative
splicing of TaHSFA6e modulates heat
shock protein-mediated translational
regulation in response to heat stress in
wheat. New Phytologist. 2023;239:2235-
2247. DOI: 10.1111/nph.19100

[37] Kumar RR, Dubey K, Goswami S,
Rai GK, Rai PK, Salgotra RK, et al.
Transcriptional regulation of small

heat shock protein 17 (sHSP-17) by
Triticum aestivum HSFA2h transcription
factor confers tolerance in Arabidopsis
under heat stress. Plants. 2023;12:3598.
DOI: 10.3390/plants12203598

[38] Barnabas B, Jager K, Fehér A. The
effect of drought and heat stress on
reproductive processes in cereals. Plant,
Cell & Environment. 2008;31(1):11-38.
DOI: 10.1111/j.1365-3040.2007.01727.x

[39] Farooq M, Wahid A, Kobayashi N,
Fujita D, Basra SMA. Plant drought
stress: Effects, mechanisms, and
management. Agronomy for Sustainable
Development. 2009;29(1):185-212.

DOI: 10.1051/agro:2008021

[40] Chaves MM, Flexas ], Pinheiro C.
Photosynthesis under drought and salt
stress: Regulation mechanisms from
whole plant to cell. Annals of Botany.



Triticum — The Pillar of Global Food Security

2009;103(4):551-560. DOI: 10.1093/aob/
mcnl25

[41] Rizhsky L, Liang H, Mittler R. The
combined effect of drought and heat
stress on gene expression in tobacco.

Plant Physiology. 2002;130(4):1143-1151.

DOI: 10.1104/pp.008532

[42] Vile D, Enjalbert ], Dufresne M.
Arabidopsis growth under prolonged
mild heat stress involves multiple
adaptive responses at the physiological
and molecular levels. Plant, Cell &
Environment. 2012;35(11):174-191.
DOI: 10.1111/j.1365-3040.2011.02424.x

[43] Trono D, Pecchioni N. Candidate
genes associated with abiotic stress
response in plants as tools to engineer
tolerance to drought, salinity and
extreme temperatures in wheat:

An overview. Plants. 2022;11:3358.
DOI: 10.3390/plants11233358

[44] Acharya BR, Gill SP, Kaundal A,
Sandhu D. Strategies for combating
plant salinity stress: The potential

of plant growth-promoting
microorganisms. Frontiers in Plant
Science. 2024;15:1406913. DOI: 10.3389/
fpls.2024.1406913

[45] Zhang Z, Xia Z, Zhou C, Wang G,
Meng X, Yin P. Insights into salinity
tolerance in wheat. Genes. 2024;15:573.
DOI: 10.3390/genes15050573

[46] Zhou Y, Feng C, Wang Y, Yun C,
Zou X, Cheng N, et al. Understanding
of plant salt tolerance mechanisms

and application to molecular breeding.
International Journal of Molecular
Sciences. 2024;25:10940. DOI: 10.3390/
ijms252010940

[47] Bhat BA, Mir RA, Mir WR,
Hamdani SS, Mir MA. Transcription
factors—Golden keys to modulate the
plant metabolism to develop salinity

48

tolerance. Plant Stress. 2024;11:100409.
DOI: 10.1016/j.stress.2024.100409

[48] Hussein MAA, Algahtani MM,
Alwutayd KM, Aloufi AS, Osama O,

Azab ES, et al. Exploring salinity tolerance
mechanisms in diverse wheat genotypes
using physiological, anatomical,
agronomic, and gene expression analyses.
Plants. 2023;12:3330. DOI: 10.3390/
plants12183330

[49] Mu Y, Shi L, Tian H, Tian H,
Zhang ], Zhao F, et al. Characterization
and transformation of TtMYB1
transcription factor from tritipyrum to
improve salt tolerance in wheat. BMC
Genomics. 2024;25:163. DOI: 10.1186/
s12864-024-10051-5

[50] Fedorin DN, Novoseltseva DP,
Eprintsev AT. The role of the methyl
status of adenine in the regulation of
the expression of the gene of succinic
semialdehyde dehydrogenase in wheat
leaves under salinity. Journal of Stress
Physiology & Biochemistry.
2024;20(1):105-110

[51] Yadav RK, Tripathi MK, Tiwari S,
Tripathi N, Asati R, Chauhan S, etal.
Genome editing and improvement of
abiotic stress tolerance in crop plants.
Life. 2023;13:1456. DOI: 10.3390/
1ife13071456

[52] Ahmed RF, Irfan M, Shakir HA,
Khan M, Chen L. Engineering drought
tolerance in plants by modification of
transcription and signalling factors.
Biotechnology & Biotechnological
Equipment. 2020;34(1):781-789.

DOI: 10.1080/13102818.2020.1805359

[53] Haber Z, Sharma D, Selvaraj KSV,
Sade N. Is CRISPR/Cas9-based
multi-trait enhancement of wheat
forthcoming? Plant Science.
2024;341:112021. DOI: 10.1016/j.
plantsci.2024.112021



Enhancing Wheat Resilience to Abiotic Stress: Genetic Mechanisms and Genome Editing Approaches
DOI: http://dx.doi.org/10.5772/intechopen.1009174

[54] Wang ], LiC, LiL, GaoL, Hu G,
ZhangY, et al. DIW1 encoding a clade
PP2C phosphatase negatively regulates
drought tolerance by de-phosphorylating
TaSnRK1.1 in wheat. Journal of
Integrative Plant Biology. 2023;65:1918-
1936. DOI: 10.1111/jipb.13504

[55] Abdul Rahim A, Uzair M, Rehman N,
Fiaz S, Attia KA, Abushady AM, et al.
CRISPR/Cas9 mediated TaRPK1

root architecture gene mutagenesis
confers enhanced wheat yield. Journal

of King Saud University, Science.
2024;36:103063. DOI: 10.1016/j.
jksus.2023.103063

49






Chapter 3

Plant Disease Resistant in the
Triticum

Abdulkreem Alsalmo, Tareq Hamijo, Mukaddes Kayim
and Ahmad Al-Mourrh

Abstract

Wheat, a global food security crop as well as a source of livelihood, is essential
to global food security. Nonetheless, its production has been threatened by biotic
stresses, particularly fungi-form diseases being a big hindrance to yield since it
reduces the annual yield by over 62 million metric tons worldwide. Some of these dis-
eases include leaf rust, stem rust, stripe rust, and Fusarium head blight, among oth-
ers, and these affect developed as well as developing worlds economically and socially.
These risks can be managed by the Integrated Disease Management (IDM) approach
that deals with genetic resistance, cultures, and chemical and biological treatments.
However, there are challenges associated with IDM: pathogen development, fungicide
resistance, and how climate change affects pathogen-host relationships. New knowl-
edge in molecular genetics and plant pathology has led to the discovery of many QTLs
and resistance genes and the possibility of developing new adapted wheat varieties.
Novel enabling technologies like CRISPR, gene editing, and high-throughput omics
tools have a fast-paced change in resistance breeding, but genetic and crop context
are key to the durability and effectiveness of resistance sources. To ensure sustainable
wheat production and global food security, significant investments in research and
development are crucial. This includes advancing pathogen surveillance, accelerating
the deployment of molecular breeding technologies, and promoting farmer education
programs to implement IDM strategies effectively. Collaborative global efforts must
prioritize the development of climate-resilient, disease-tolerant wheat varieties to
address current and emerging challenges.

Keywords: wheat, pathogen, hypersensitive response, enzymes, genomic selection
and breeding
1. Introduction

As one of the four foundational crops in the world, wheat plays a significant role
in underpinning food security and providing the capacity for billions of people to

earn their livelihood. It is also critically important to the world’s food supply not only
as a major source of a portion of humanity’s total daily calorie intake but also as part
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of animal feed and non-food industrial uses [1, 2]. Nevertheless, wheat production
is in growing danger from a variety of biotic stresses that include over one hundred
diseases that can be both costly and socially disruptive. Annual yield cuts in the
United States can increase up to 20%, mainly attributed to pathogenic agents for
leaf rust, stem rust, stripe rust (Figure 1A), Fusarium head blight, and powdery
mildew (Figure 1C), just to name a few in bacterial, viral, and fungal diseases [3, 4].
Such losses not only influence the productive levels of agricultural systems and their
revenues but also intensify the problem of the world’s hunger. Integrated Disease
Management (IDM) has been developed as the key approach to address all these
challenges through the use of genetic resistance, chemical and biological controls, and
cultures. Of the available resistance strategies, genetic resistance is widely regarded as
the first, most effective, sustainable, and cost-efficient means of controlling diseases
[3]. However, IDM’s pragmatic application falls on significant challenges such as the
emergence of more virulent aggressive pathogen strains, rising cases of fungicide
resistance, as well as the interaction of complex effects of climate change on disease
dynamics and pathogen host-parasite relationships [5]. A plethora of quantitative
trait loci (QTLs) and resistance genes have been identified in modern plant pathology
and molecular biotic wheat genetics, enabling the understanding of the wheat-pest
disease relationship in light of advanced techniques and genetics. Such findings have
great potential in selecting higher disease tolerance and climate change tolerance
germplasm for future wheat improvement programs.

To date, fungal pathogens have been reported to be the most threatening biotic
constraint in wheat-growing WA, and it is alarming that approximately 90% of
the world’s wheat-growing areas are vulnerable to diseases like stem rust, stripe
rust (Figure 1A), leaf rust, Fusarium head blight, and septoria tritici blotch [6].
Combined, they cause an annual yield loss of up to 62 million metric tons, or about
8.5% of the global yield of wheat. These contain long-term consequences, resulting
in a caloric deficit with the capacity to impact 173,000,000 individuals every year
and lead to economic losses worth $4.2 billion-10.8 billion [3, 7]. By now, it is quite
apparent that certain parts of the geographic world are much more exposed to the
risks because of propitious climatic conditions and a lack of healthcare facilities to

Figure 1.
Stripe rust of wheat (A), teliospores of strip rust (B), and powdery mildew (C).
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contain potential diseases [8]. Even the developed countries that are growing wheat
today are not safe from these challenges, and thus, a global problem is in front of

us. These biotic threats are alarming; hence, there is so much required investment

in the global research and development for the improvement of disease-tolerant
wheat varieties, improved infrastructure, epidemiological surveillance, and effective
farmer education programs. To address this problem, the annual global investment
in Research and Development (R&D) is estimated at $350-974 million, and signifi-
cant economic and social benefits can be obtained to reduce the impact of diseases
on global food security [8, 9]. In order to do this, the development of disease man-
agement strategies for specific geographical locations, together with strong pathogen
surveillance and efficient, long-term resistance development programs, are required.
Such measures are needed not only to protect the crop and boost its yield but also to
stabilize world agricultural food production systems facing new climate and ecologi-
cal conditions [10].

2. Genetics of disease resistance in wheat
2.1 Basics of plant-pathogen interactions

Thus, unique genetically encoded immune mechanisms in plants do not include a
circulatory system and immunity to microbes, while the animal system uses far more
flexible adaptive immunity. This immunity exists at the cellular level in the plant
organs and at cellular levels throughout the plant body. The foundational framework
of plant immunity is built upon a two-tiered defense mechanism: Two of the well-
documented forms of defense response include: PAMP-Triggered Immunity (PTI)
and Effector-Triggered Immunity (ETI) [11].

The first tier involves PTI, which is triggered when receptors on the plant surface,
PRRs, recognize PAMPs, highly conserved molecules required for pathogen viability.
Some of the best-illustrated PAMPs are bacterial flagellin and fungal chitin, among
many others. Once detected, PRRs trigger a signal transduction pathway that results
in defense responses, including the production of reactive oxygen species (ROS), acti-
vation of mitogen-activated protein kinase (MAPK) pathways, synthesis of defense-
related genes, and cell wall strengthening through callosing. These responses are
useful for halting the advancement of a majority of non-scientific sickness-causing
microorganisms. However, specific microorganisms can modulate PTI through the
use of effector molecules, thus creating effector-triggered susceptibility (ETS) [12].

In response to ETS, plants have developed the second still effective line of defense,
that is ETI, controlled by intracellular resistance (R) proteins, many of which repre-
sent the Nucleotide-binding Leucine-rich Repeat (NLR) protein family. Depending
on the source, these R proteins either directly identify particular pathogen effectors
or identify the changes by these effectors on the host targets. NEIn that context, ETI
escalates the defense response launched by PTI to enhance immune activation and
respond more quickly to the invader. An equally important characteristic of ETI is the
hypersensitive response, or HR, a form of cell necrosis designed to confine pathogen
proliferation, although the infected and adjacent cells will die [13]. The process of
plant-pathogen communication is summarized in the plant immune model known as
the zigzag model. This model explains how activation and suppression take turns as
plants and pathogens learn from each other. In the first phase, PRRs identify PAMPs
leading to PTI and the overall decrease of pathogen load. In the second phase, the
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successful pathogens translocate effectors to suppress PTI and thus lead to ETS.

The third phase involves ETI, wherein R proteins come into play; they can discern
the effectors themselves or their activities, and the plant’s immunity is restored. Last,
pathogens may switch the recognized effectors or even gain new effectors in order to
suppress ETI, which results in an ongoing co-evolution [12].

Combined, PTI and ETI are two well-coordinated structures that shape the
elaborate and efficient immune system with generalized and specialized immunity.
These mechanisms offer valuable information about the recognition of the molecular,
signaling, and co-evolution of plants with their diseases. Such knowledge provides
the underlying knowledge of ways to improve crop resistance through current genetic
techniques and breeding.

2.2 Types of resistance

Resistance to pathogens in plants can be put into two groups: major gene resis-
tance and polygenic resistance. Molecular plant resistance is generally controlled by
single major R genes that usually involve a dominant resistance against the pathogen.
This form of resistance is often race-specific, that is, it acts against specific races
of a pathogen and is linked with hypersensitive response (HR), which results in
localized death of cells to limit the movement of the pathogen. Polygenic resistance
entails the earth of a number of genes that individually have small but cumulative
effects qualified as seminal or mild but lengthy-terminus resistance [14]. It is often
race non-graphic and offers coverage across multiple pathogen strains with a single
formulation. However, it may be a temporary measure because major genes often
provide durable resistance; pathogens learn how to overcome it, whereas the poly-
genic resistance might take longer to develop but is less violent in nature. Using these
strategies in breeding programs can improve the efficiency of these two aspects and
also the duration of plant resistance [15].

Specifically, the hypersensitive response (HR) is an important component of plant
PI, especially in major gene (qualitative) resistance. This is a controlled Programmed
cell death (PCD) process that takes place at the site of infection when plant R proteins
identify specific pathogen-derived effectors. This rapid cell death sets up a physical
and biochemical blockage that slows and contains further pathogen development and
spread.

2.2.1 Programmed cell death (PCD) in plants

Apoptosis, or programmed cell death (PCD), is an indispensable and highly controlled
phenomenon in plants that plays a key role in plant growth and development, as well as
in response to stress. While necrosis is the passive, pathological form of cell death that
results from injury or intensive stress, PCD is an activated, endogenous plant cell death
[16]. PCD manifests in two primary contexts: ontogeny of physiological and biochemical
processes and stress by biotic and abiotic factors. Developmental PCD controls aspects of
plant architecture and several other functions, including processes that involve the elimi-
nation of cells during xylem formation, endosperm degradation in seeds, and senescing
processes in the leaf. In contrast, pathogen-triggered PCD, more relevant to the hypersen-
sitive response (HR), is a controlled pathogen-directed program leading to the death of
infected cells to discourage the growth of biotrophic pathogens. This defense is initiated
by molecular phenomena such as changes in concentration of calcium ions, generation
of ROS, or production of hormones, ethylene, or jasmonic acid for dismantling the next

54



Plant Disease Resistant in the Triticum
DOI: http://dx.doi.org/10.5772/intechopen.1009386

cell. The main participants of PCD are proteases, nucleases, and mitochondria as effectors
of cellular degradation and autophagy as degradation with regard to order. PCD is also
involved in environmental stress tolerance, including drought, salinity, and UV-B stress
responses. The process is tightly regulated by an intricate genetic and molecular network
of R genes, transcription factors, and hormones to control the survival of plant cells and
their programmed death. Current knowledge of PCD has implications with regard to
application in increased crop productivity, greater control over plant growth, and better
protection from diseases and other forms of biotic and abiotic stress [17].

2.2.2 Resistance genes (R genes)

In wheat, Resistance (R) genes are involved in the defense system of plants against
pathogens such as fungi and bacteria, viruses, and nematodes. These genes produce
proteins that directly identify pathogen-derived effector molecules and then cause
a specialized immune reaction called effector-triggered immunity (ETI). R genes
may be part of the nucleotide-binding leucine-rich repeat (NLR) family, which acts
to recognize and transmit the signal during the pathogen invasion. Wheat, being an
important food crop, has been analyzed for its R genes, as the disease resistance is
crucial for developing resistance resistant crop varieties [18]. The genetic-engineering
tools in the form of genomics and molecular biology have enhanced the identification
of cloning of several R genes to give culture of wheat to counter threats such as rust
and powdery mildew (Figure 1A).

2.3 Genetic mapping and identification of resistance genes

Molecular breeding has, for the first time, accurately identified the exact sites in
chromosomes that contain genes controlling desirable traits in wheat, such as resistance to
diseases. Instead of constructing low-resolution linkage maps, researchers use molecular
markers such as single nucleotide polymorphic sites (SNPs) and simple sequences repeats
(SSRs) to provide clear patterns of inheritance [19, 20]. This strategy has been used suc-
cessfully in the past for map-based cloning of resistance genes like Lr34 and Lr67, which
are vital for developing durable sources of resistance in wheat.

QTL mapping extends genetic mapping by finding chromosomal regions linked
with complex quantitative traits phenotypes that are controlled by multiple genes and
environments. This technique also calculates the relative contribution of these regions
to other characteristics so desired, such as disease resistance and yield. In wheat, tens
of genes and quantitative trait loci (QTLs) behind important traits such as leaf rust
resistance have been mapped from hundreds using Genome Wide Association Studies
(GWAS) and bi-parental mapping [21].

Marker-Assisted Selection (MAS) takes wheat improvement to another level by
identifying molecular markers with defined attributes on the plants. As for the MAS use
of genes, it can create such a gene combination at least introgression such favorable genes
as resistance to the diseases irrespective of phenotypic characteristics. This process has
created varieties for stem rust resistance genes, including Lr34, Lr46, and Lr67, whereby
genes are pyramided in a single cultivar and act as a buffer against pathogens [19].

Among all the technology improvements, the transfer and incorporation of
resistance genes and QTLs into wheat have had a big impact. The major (qualitative)
and polygenic (quantitative) resistance genes coordinated in breeding protect against
continually changing pathogens in a broad-spectrum and long-lasting manner. This
pyramiding increases the durability of resistance in wheat varieties to a very high
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level. Today, the global use of the techniques of genetic mapping, QTL analysis, and
MAS has greatly impacted wheat breeding programs [22]. These have promoted the
creation of resistant cultivars to severe diseases, including leaf rust and powdery mil-
dew, hence enhancing food security in agriculture. Modern instruments have refined
practices of selection that are more conducive and accelerated than the previous
conventional techniques, and different diseases and climate change issues have been a
major concern for breeder selection.

3. Mechanisms of disease resistance
3.1 Plant immune responses

3.1.1 Recognition of pathogens

3.1.1.1 PAMP-triggered immunity (PTI)

Entails identification of conserved microbial or pathogen associated molecular
patterns (PAMPs/MAMPs) by cell surface localized transmembrane receptors
referred to as PRRs [23].

* Example: Flagellin and ELONGATION FACTOR TU (EF-Tu) are sensed by PRRs

such as FLS2 and EFR in Arabidopsis. PTI is known to stop the early steps of
infection by activating the defense mechanisms molecular patterns (PAMPs/

MAMPs) by transmembrane Pattern Recognition Receptors (PRRs).

* Example: Flagellin and elongation factor Tu (EF-Tu) are recognized by PRRs like
FLS2 and EFR in Arabidopsis.

* PTI halts early stages of infection by triggering defense responses.
3.1.1.2 Effector-triggered immunity (ETI)
* Mediated by intracellular NB-LRR proteins encoded by R genes.
* Recognizes pathogen effectors either directly (via physical interaction) or indi-
rectly (monitoring changes in host targets caused by effectors, as in the “guard

hypothesis”) [23].

* ETIleads to an enhanced defense response and often triggers a hypersensitive
response (HR) to contain the pathogen.

3.1.1.3 Indirect and direct recognition

* Indirect: Example includes the Arabidopsis protein RIN4, which is modified by
multiple bacterial effectors and subsequently activates NB-LRR proteins RPM1
and RPS2.

* Direct: Interaction between fungal Avr proteins and NB-LRR proteins like those
in flax rust [6].

56



Plant Disease Resistant in the Triticum
DOI: http://dx.doi.org/10.5772/intechopen.1009386

3.1.2 Signaling pathways in plant immunity
3.1.2.1 PAMP signaling pathways

Engagement of PRRs activates signaling cascades, including Mitogen-Activated
Protein Kinase (MAPK) pathways, leading to transcriptional reprogramming and
production of defense molecules [23].
3.1.2.2 ETI signaling pathways

ETI responses are faster and stronger than PTI, involving reactive oxygen species
(ROS) production, salicylic acid accumulation, and transcriptional activation of
resistance genes.

Crosstalk between salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)
pathways determines the nature of the response based on pathogen type (biotrophs
vs. necrotrophs) [24].
3.1.2.3 Systemic responses

Systemic Acquired Resistance (SAR): Mediated by SA signaling, providing long-
lasting immunity throughout the plant [8].

Signal molecules like small RNAs and mobile defense signals play a role in ampli-
fying systemic defense responses [25].

3.1.2.4 Pathogen suppression mechanisms

Pathogens use effectors to suppress PTI and ETI by targeting key components of
the immune signaling pathways, such as MAPK cascades or hormone signaling [26].

3.2 Structural barriers (e.g., cell walls, cuticles)
3.2.1 Structural barriers in plant immunity
3.2.1.1 Cell wall
* The plant cell wall serves as a primary structural barrier against pathogen entry.

* During infection, plants reinforce their cell walls by depositing callose, lignin,
and other materials to strengthen the barrier at the site of pathogen attack.

* Mutants like pen (penetration-deficient) in Arabidopsis show compromised cell
wall defenses, allowing partial pathogen penetration [16].

3.2.1.2 Cuticle

* The outermost layer of plants, primarily composed of wax and cutin, prevents
pathogen adhesion and penetration.

* The cuticle acts as a passive physical barrier to many pathogens, especially fungi
and bacteria.
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3.2.1.3 Cell wall appositions (papillae)

* Localized thickening of the cell wall occurs at attempted pathogen entry sites.

* Papillae are enriched with antimicrobial compounds and enzymes, providing a
reinforced defense mechanism.

3.2.1.4 Pre-invasion defense mechanisms

* Components like PEN1 syntaxin and PEN3 ABC transporters are involved in
secreting defense-related compounds to the site of pathogen attack.

* The actin cytoskeleton supports the transport of vesicles and other materials
required for rapid cell wall reinforcement [27].

3.2.1.5 Extracellular matrix

¢ The matrix surrounding the plant cells interacts with pathogens and contributes
to defense.

* Haustorial interfaces in biotrophic infections (e.g., by fungi and oomycetes) are
tightly regulated to limit pathogen access to host resources.

3.3 Biochemical mechanisms (production of enzymes, toxins, etc.)
3.3.1 Biochemical mechanisms in plant immunity
3.3.1.1 Engyme production

* Hydprolytic enzymes

Plants produce enzymes like chitinases, glucanases, and proteases to degrade
pathogen cell walls (e.g., fungal chitin and glucans) [28].

¢ Peroxidases

Catalyze the production of reactive oxygen species (ROS) and contribute to cell
wall strengthening through lignin polymerization.

* Lipases

Break down lipid components of pathogen membranes, playing a role in direct
defense.

3.3.1.2 Toxin production

* Phytoalexins

Low molecular weight antimicrobial compounds were synthesized in response to
pathogen attack [29].
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Examples include camalexin in Arabidopsis and glyceollin in soybean.
* Pathogen-inhibitory proteins

Examples include defensins and thionins, which disrupt pathogen membranes or
inhibit growth [30].

3.3.1.3 Hormone-mediated defense responses
* Salicylic acid (SA)

Accumulates during biotrophic infections and activates systemic acquired
resistance (SAR).

Jasmonic acid (JA) and ethylene (ET)

Important for defense against necrotrophs and herbivory. JA also represses auxin
signaling, reducing pathogen advantage.

* Abscisic acid (ABA)
Modulates stomatal closure to prevent bacterial entry.
3.3.1.4 Reactive oxygen species (ROS)

Produced during the oxidative burst, ROS have direct antimicrobial properties and
signal the activation of downstream defenses.

3.3.1.5 Production of secondary metabolites
o Alkaloids, Terpenoids, and Phenolics

Act as antimicrobials, inhibit pathogen enzymes and contribute to structural
defense (e.g., lignification) [31].

¢ Flavonoids

Serve as antioxidants and defense signals in certain plant-pathogen
interactions.

3.3.1.6 Microbe-associated molecular pattern (MAMP) vecognition

Induces the production of antimicrobial peptides and secondary metabolites upon
detection of molecules like flagellin or EF-Tu.

3.3.1.7 Inhibitors of pathogen effectors

Example: Tomato Cf-2 protein recognizes the inhibition of Rer3 protease by the
fungal effector Avr2, activating downstream defenses.
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3.3.1.8 Detoxification of pathogen toxins

Some plants produce enzymes to neutralize pathogen-derived toxins, minimizing
damage.

4. Breeding techniques, molecular tools, and sustainable disease
management

The integration of molecular tools, advanced breeding techniques, and sustainable
disease management strategies offers a holistic approach to addressing the persistent
challenges posed by wheat diseases. By combining innovations in genetics, biotech-
nology, and agronomy, it is possible to develop durable and eco-friendly solutions that
ensure global food security.

4.1 Traditional breeding techniques for resistance

Traditional breeding techniques have been a cornerstone in the development of
disease-resistant wheat (Triticum) varieties. These approaches focus on selecting
and crossing wheat lines with desirable traits to produce offspring with enhanced
resistance to specific diseases [12, 32] (Figure 2). Traditional breeding relies
heavily on phenotypic evaluation, which involves observing physical traits under
natural or controlled conditions, making it a time-tested yet resource-intensive
method.

50% 25% 129 6% 3%

F4

Traditional Breeding

Figure 2.

Traditional breeding: Scientists move desivable plant pollen to flowers carrying desived traits during the plant
pollination process. Over time, they can identify new plant combinations through a process of selection. Desirable
characteristics: The desived features eventually emerge in a novel plant variety during selection.
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4.1.1 Key steps in traditional breeding
4.1.1.1 Germplasm selection and screening

The breeding process begins with the identification of resistant traits in diverse
wheat germplasm, including landraces, wild relatives, and existing cultivars.
Screening is conducted in disease-prone environments or controlled settings to
pinpoint genetic sources of resistance.

4.1.1.2 Hybridization

Resistant donor varieties are crossed with high-yielding but susceptible recipient
varieties to combine resistance with favorable agronomic traits, such as grain quality,

and yield potential [33].
4.1.1.3 Backcrossing

To preserve the desirable characteristics of the recipient parent while introducing
resistance traits, backcrossing is employed [14, 34]. Offspring from each generation
are repeatedly crossed with the recipient parent, with careful selection for resistance
at each stage.

4.1.1.4 Phenotypical selection

Progeny is evaluated under field conditions exposed to pathogens or in controlled
trials. Selection focuses on identifying plants that exhibit strong resistance alongside
desirable agronomic performance. Multi-location trials further ensure the stability of
resistance across varied environments [5].

4.1.2 Advantages of traditional breeding

* Leverages natural diversity: Traditional methods capitalize on the inherent genetic
diversity within wheat and its wild relatives.

* Cost-effectiveness: These methods are generally less expensive compared to mod-
ern molecular techniques, making them accessible for low-resource agricultural
systems [35].

* Sustainability: Breeding programs rooted in traditional techniques are environ-
mentally friendly as they reduce reliance on chemical controls.

4.1.3 Challenges in traditional breeding

Despite its effectiveness, traditional breeding faces several challenges:

* Time-intensive process: Developing resistant varieties often requires 10-15 years
due to the multi-generational nature of selection and evaluation.

* Environmental dependency: The expression of resistance traits can be influenced
by environmental conditions, which may complicate the selection process.
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* Pathogen evolution: Rapid adaptation and evolution of pathogens, particularly in
response to monogenic resistance, can lead to breakdowns of resistance [34].

* Limited precision: Phenotypic selection may not always accurately reflect the
underlying genetic basis of resistance.

4.2 Advanced breeding techniques for durable resistance

Modern breeding techniques complement molecular tools to create wheat varieties
resilient to diseases and environmental stresses.

4.2.1 Pyramiding vesistance genes

Combining multiple resistance genes (R genes) into a single genotype enhances
durability and prevents rapid pathogen adaptation. This approach is particularly
effective for combating fungal diseases like rusts and Fusarium head blight.

4.2.2 Pre-breeding with wild relatives

Wild relatives of wheat (Triticum monococcum and Triticum dicoccoides) harbor
untapped genetic diversity. Pre-breeding programs introduce these novel resistance
genes into cultivated varieties, ensuring a broader genetic base for disease resistance.

4.2.3 Multi-environment testing

Phenotypic evaluation across diverse environments ensures the stability of
resistance traits under varying climatic conditions and pathogen pressures, aiding in
the selection of robust cultivars.

4.3 Marker-assisted selection (MAS)

MAS employs molecular markers like SNPs, SSRs, and DArTs to select resistance
traits. These markers are useful because they are heritable, accurate, and unaffected
by environmental conditions [20, 36]. MAS techniques, including backcrossing and
pyramiding of resistance genes, have been successfully applied in developing wheat
varieties with enhanced disease resistance [37].

4.3.1 Commonly used molecular markers include

Simple Sequence Repeats (SSRs): Also known as microsatellites.

Single Nucleotide Polymorphisms (SNPs): The most common type of genetic
variation.

Amplified Fragment Length Polymorphisms (AFLPs) and Restriction Fragment Length
Polymorphisms (RFLPs).

4.3.2 Selection process
* MAS relies on detecting the presence of markers linked to the desired traitsin a

plant’s genome.

* Once identified, these markers enable breeders to select offspring with the
desired genetic makeup before the traits are fully expressed.
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4.4 Genomic selection (GS) and CRISPR technology

* GS is a powerful approach that complements marker-assisted selection
(MAS), focusing on estimating breeding values for complex traits using
genomic data rather than requiring specific knowledge of individual genetic
loci [14].

* Advances in genotyping tools, such as high-throughput sequencing, have enabled
precise identification of quantitative trait loci (QTLs), aiding GS to accelerate
breeding cycles and improve prediction accuracy for various traits, including
yield and stress resilience.

* GS integrates large-scale genotypic and phenotypic data, incorporating advanced
statistical models such as genomic best linear unbiased prediction (G-BLUP) and
Bayesian methods for trait prediction ISPR Technology.

* CRISPR-Cas systems have revolutionized precision breeding, enabling targeted
gene editing to enhance traits such as disease resistance, stress tolerance, and
productivity [38].

* Recent advancements include base editing and prime editing tools for more
refined and precise modifications.

Examples include editing genes responsible for improving disease resistance
or modifying key traits in economically significant crops like wheat and rice (25t
source) on CRISPR with genomic selection strategies (Figure 3) further accelerates
crop improvement by combining targeted genome editing with robust predictive
modeling [39].

4.5 Genetic modification and gene editing for disease resistance

Genetic modification (GM) and gene editing are powerful biotechnological
resources that can help to improve the disease resistance of diverse organisms.
Thanks to molecular biology advancements, such as the ability to locate certain
genes that respond to diseases, one can enhance the body and shield it from
pathogens [34].

Some of the major areas include one of the greatest uses has been in the produc-
tion of pest- and disease-resistant crops in agriculture. For example, genes from
pest-resistant sources can be transferred to economically important crops to eliminate
the need for using poisonous chemicals and also increase food production. Similarly,
CRISPR-Cas9 (Figure 3) an exact gene editing technology has been used to knock out
susceptibility genes in plants that provide customized protection against eye-striking
pathogens like fungal rusts and bacterial blights [40]. That is why, in the field of
medicine, it is easy to discern the potential of genetic editing in the framework of
measures designed to prevent genetic diseases and infections. In people, therefore,
gene editing has the potential to cure or at least erase diseases like sickle cell anemia
and cystic fibrosis by correcting defective genes. In addition, scientists are study-
ing gene editing techniques to introduce virus immunity into cells with the help of
CRISPR to destroy HIV genomes in humans. Another example is the development of
disease-resisting animals [14].
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Figure 3.

A i‘ngle Cas9 enzyme functions in a monomeric protein complex that forms alliances with guide RNA (gRNA).
crRNA and trans-activating CRISPR RNA (tracer RNA) make up the guide RNA (gRNA), which has crRNA
functionality to recognize 2022 bp host DNA. A single 2—6 bp sequence named the protospacer adjacent motif
(PAM) serves as an essential requirement for the Cas9 nuclease to activate its function. The PAM site exists 3—4
nucleotides behind where the cut will occur. A PAM motif exists 5 nucleotides above the seed sequence. The binding
of gRNA to target DNA together with Cas9 DNA cutting depends on correct matching between seed sequences
and PAM sites. The CRISPR/Cas9 system produces single-stranded nicks together with double-strand breaks.
The components deliverable to cells evadicate the need for cloning the built construct. The target recognition
performance of this system proves strong, with minimal vulnerabilities and low toxicity levels. The system can be
easily combined with other methods and delivers maximum value for its cost.

4.6 RNA interference (RNAi) and its role in pathogen control

RNA interference (RNAIi) refers to a naturally occurring mechanism and cellular
pathway that is involved in gene silencing and defense of an organism against patho-
gens. Originally identified in plants and subsequently finding its utility in animals
and fungi, RNAIi runs via small RNA molecules consisting of small interfering RNAs
(siRNAs) and microRNAs (miRNAs) that target messenger RNA (mRNA) by pairing
and leading to the mRNA’s degradation or repression of translation [6].

Discussing RNAi applicable to pathogen control, two main areas were identified:
agriculture and medicine. Of course, plants employ RNAi to defend against viruses since.
This mechanism has been used by scientists in genetically modified crops that can pro-
duce siRNAs that give resistance to destructive pathogens; the pathogens include viruses,
fungi, and insect pests. For instance, RNA interference reduces vulnerability to insects;
pests cotton bollworm and maize rootworm are combated through RNA interference in
protecting crops such as cotton and maize from chemical pesticides [28].

In human medicine, RNAi opens several potential lines of treatment against infec-
tious diseases. RNAi-based therapeutics are being developed to treat viral diseases like
HIV, hepatitis B, SARS-COV-2, and others. In so doing, these treatments offer an exact
and reversible means of controlling disease by preventing viral genes or host factors
important for viral replication.

Thus, the high focus and the ability to target practically any gene make RNAi an
indispensable instrument for studying pathogen biology. Biologists use RNAI to gen-
erate dysfunctional pathogens to understand the role and flaws of a particular gene in
assisting in the creation of drugs or a vaccine.
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However, issues like delivery efficiency and target specificity remain obvious
issues holding back RNAi technology. These concerns are being tackled through
improvements in nanoparticle delivery and tissue-directed techniques, opening the
possibilities for the use of RNAi in pathogen control.

4.7 Sustainable disease management strategies

Integrated Disease Management (IDM) remains the cornerstone of sustainable
agriculture, offering a comprehensive approach to minimize losses and environmen-
tal impact. While IDM is a holistic disease management approach different from
other singular control measures, it incorporates cultural, biological, chemical, and
mechanical tools and seeks to reduce economic losses together with environmental
and health hazards. This approach targets the disease cycle, parasite-host-environ-
ment interactions, and the host’s response to provide effective control measures that
are ecosystem-specific [41].

The persistent use of resistant crop varieties remains an effective intervention on
the basis of which IDM has been founded upon. For example, resistant rice variet-
ies like IR64 are important in controlling the rice blast by Magnaporthe oryzae [42].
This fungal disease is also prevented by water management, adequate spacing during
planting to reduce humidity, and by using organic enemies like Trichoderma spp. in
combination with fungicides [43].

Likewise, IDM strategies have been found quite useful in controlling late blight in
potatoes, a disease resulting from infection by Phytophthora infestans. Like Sarpo Mira-
resistant cultivars, rotation farming to ensure that pathogen accumulations do not
affect the plants and weather-based forecasting are key measures. Further, beneficial
microbes, including Pseudomonas fluorescens, play a dual role of inhibiting the patho-
gen; fungicides are applied only during outbreaks following Fry and Goodwin [44].

As applied to wheat rust disease caused by Puccinia spp., IDM encompasses grow-
ing resistant varieties such as those containing the Sr31 gene, crop rotation to avoid
subjecting an area to one disease at a time, and the use of biocontrol agents such as
Bacillus subtilis to build up the plant’s immune system. Chemical fungicides, on the
other hand, act as a standby, used at sensitive stages of disease progress [45].

Like other crops, IDM also plays an important role in tomato crops, especially
against Fusarium wilt, which is caused by Fusarium oxysporum f. sp. lycopersici.
BHN-1025 developed as a resistant hybrid, solarization to sterilize soil infected by
the pathogen, and inoculation with Trichoderma harzianum take up the practice of
disease management. Further, biofungicides and minimal chemical treatments such
as methyl bromide are utilized for particular control [7].

5. Environmental and agronomic factors influencing resistance
5.1 Impact of environmental stress on disease resistance

Stress in this context is defined as any pressure that exerts influence on the organ-
isms they affect, thereby reducing their capacity to fight diseases, as well as, in most
cases, compromising their immune systems, making them more susceptible to infec-
tions. Factors such as water stress, heat shock, high salinity, or pollution interfere with
physiological and biochemical processes that are well-needed to support a resilient
immune response [46].
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There is evidence that the immune system is often exacerbated by environmental
stress in areas where the disease resistance is threatened [11]. For instance, drought
stress reduces the mobility of ROS in wheat, which is central in signaling pathogen
attacks. In animals, heat stress decimates immune cell production in dairy cattle,
therefore making it easy for them to be infected with diseases such as mastitis and
respiratory infections. Likewise, in the growing of shrimp, the toxins such as ammonia
and heavy metals reduce the overall health-combating ability of those natural defense
system of the crustaceans, which results in bacterial diseases like vibriosis [47].

Stress conditions also reduce the strength of defenses that are put in place to ward
off infectious agents. Consequently, high salinity of tomato tissue can lead to tissue
decay that creates a point of entry for some fungi, such as the Fusarium oxysporum
[41]. Damaged epithelial layers in fish exposed to pollutants in aquatic environ-
ments have a higher susceptibility to parasitic diseases, including those caused by
Ichthyophthirius multifiliis.

Stress also aggravates hormonal imbalances and affects immunity in a reverse
manner. For example, in grapes, ABA accumulation because of drought stress inhibits
SA-dependent defenses, making resistance to powdery mildew. In poultry, high
temperature increases the level of corticosterone, which decreases the capacity of
birds to combat diseases such as coccidiosis, a parasitic disease that affects growth and
production [12].

Further, stress makes organisms give up defense and focus on how to survive.
Under drought stress, rice plants have low investment in defense proteins, including
pathogenesis-related (PR) proteins, thus making them more susceptible to sheath
blight disease caused by Rhizoctonia solani. Likewise, in bees, exertion resulting from
exposure to pesticides or loss of habitat leads to a drain of energy away from colony
defense against diseases such as Nosema and Varroa destructor mites [48].

The measures taken in order to combat half of the solution involve developing
stress-resistant crops and animals. For example, there are drought-tolerant maize
qualities that retain ROS production when water is scarce, improving pathogen com-
bat. In cattle, agents like vitamin E and selenium, which are nutritive supplements,
work to enhance immune response during heat stress promotion. Further, mecha-
nized practices like mini and subsurface irrigation, integrated nutrient management,
and soil salinity slowly affect stress on plants, thereby decreasing disease threats [5].

This makes it obvious that using a comprehensive approach that includes stress
reduction measures alongside improved disease control measures will be important.
Such efforts are crucial for the purpose of developing sustainable productivity of
natural and agronomic systems in the climate change circumstances.

5.2 Role of crop rotation, tillage, and other management practices

Crop rotation, tillage, and integrated management practices are several important
measures for sustainable agriculture, as they support soil conservation, enhance
yield, and reduce pests and diseases. These practices ensure an optimal agroecosystem
by controlling pathogen accumulation, improving nutrient recycling, and improving
the population of friendly soil insects.

5.2.1 Crop rotation

Crop rotation is perhaps one of the earliest and most successful techniques of
soil management and disease control. In this way, by growing different crops in a
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sequence, a cycling of definite pests and pathogens that are crop-specific is prevented.
For instance, they mentioned that cereal crops are rotated with legumes like soy,
hence improving the nitrogen status of the soil as well as decreasing incidences of dis-
eases, for instance, root rots and Fusarium wilt. Non-host crops also reduce nematode
prevalence, such as the root-knot nematodes, which prefer monoculture crops to the
exclusion of other crops in a rotation cycle [41].

5.2.2 Tillage practices

Intensive and selective tillage, therefore, impacts disease management and soil
structure when appropriately applied. Conservation agriculture, such as minimum
tillage or nil tillage farming, or no-till farming, retains the organic matter in the
soil and stimulates soil microbial activity that, due to competition with the patho-
genic ones, suppresses their activity. But, deep and frequent tilling has negative
effects on biological factors of the soil, resulting in enhanced erosion mainly due
to harsh weather and nutrient loss and enhanced diffusion of soil-borne diseases.
Conservation tillage, where crop residues remain on the field, is most useful in weed
suppression and encouraging tiny predatory insects [49].

5.2.3 Other management practices

1. Cover cropping: Winter crops like clovers, rye, and vetch improve soil structure,
minimize erosion, and conserve fertilizers by covering the ground during the
off-season. They can also lock up pathogens on the soil surface and prevent them
from infecting the next planted crops.

2. Integrated pest management (IPM): Focus on biological, chemical, and cultural
methods makes Integrated Pest Management different from traditional chemi-
cal use and hence reduces pesticide dependency. For example, the use of such
friendly pesticides as ladybugs to control aphids or the use of pheromone traps to
monitor bug populations is environmentally friendly [50, 51].

3.Soil amendments: Compost, manure, or biochar enhance the fertility of the soil
and also increase microbial richness. These amendments improve a plant’s ability
to withstand diseases by fending off a weak or damaged rhizosphere.

4. Irvigation management: Good timing and practices like drip irrigation reduce water
stress and conditions that encourage fungal diseases such as the powdery mildew.

5.Sanitation and field hygiene: Gerbils must avoid keeping crop residues on the farm
since they host overwintering bugs and diseases. Controlling cleaning of equip-
ment and rotational fields helps to minimize the spread of disease.
6. Pathogen evolution and resistance breakdown

6.1 How pathogens evolve to overcome resistance

The ability of pathogen agents to evolve and adapt gives disease manage-
ment a major problem with its sustainability. As expected, pathogens share a high
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recombination rate, which allows them to evade host immunity through different
evolutionary processes. These include gene mutations, horizontal gene transfer, and
recombination that make input to the development of resistance-breaking strains.
But, it is specifically the relentlessly strong selective pressures created by large-scale
use of single-gene resistance in crops that has been a leading cause of resistance
breakdown [52]. However, such resistance genes prove to be effective only at the
beginning, experiencing strong directional selective pressure, where the subsequent
pathogens are allowed to evolve means to overcome the resistance process. This, in the
long run, weakens the resistance and brings back diseases, which are hugely trouble-
some. Further, pathogens may undergo epigenetic changes by altering gene expres-
sion, the pathogens’ effectors may produce multiple similar proteins and metabolic
rates may be tuned up or down to avoid host immune response. The parasite-host
co-evolution supports the evolved complexity of patents and genes in the pathogen,
with relation to the selective advantage of the host defense genes. To design sustain-
able ways of addressing resistance breakdown, it is important to know the molecular
and evolutionary processes behind it. This involves the use of quantitative resistance,
the stacking of different resistance genes, and the adoption of cultural practices that
will lower the intensity of participants to pathogen populations [44]. Integrating
genomic tools and other prediction models into pathogen surveillance represents
tractable strategies with regard to identifying pathways of evolution and preventing
the breakdown of resistance.

6.2 Examples of resistance breakdown in wheat cultivars

Evolution of pathogen strains is one of the most significant concerns in world
agriculture, especially in the area of wheat production. At times, pathogens become
capable of incubating genetic resistance developed in the wheat cultivars, and this
has an inherent disadvantage of resistance breakdown and disease susceptibility.
This is mainly due to the genetic variation and high rates of mutation in the patho-
gen’s gene pool and increased production of high-resistance wheat varieties with
similar genes [22].

A striking example of the breakdown of this kind of resistance has been recorded
in wheat-rust diseases, specifically Puccinia graminis f.sp. tritici causing stem rust.
The use of the Sr31 resistance gene in widely grown wheat cultivars enabled to protect
them against rusts for decades. However, the discovery of the highly aggressive Ug99
lineage of East Africa in the late 1990s reduced the efficacy of Sr31, leading to severe
epidemics and yield losses [53]. This drew emphasis on the need to introduce more
resistance genes and use approaches like pyramiding, whereby a number of resistance
genes are combined in order to extend the time the pathogen takes to evolve resistance
to the gene.

Likewise, the studies have been conducted on the degradation of resistance
against Zymoseptoria tritici, the pathogen associated with septoria tritici blotch
(STB), in various wheat varieties. Although resistance genes such as Stb6 gave
initial control, these failed due to the fact that the pathogen is capable of adapting
and, hence, overcoming the launch of single-gene resistance. This explains why
a combination of strategies and approaches, such as using quantitative resistance
and enhanced and sustainable agronomic practices, is necessary to avert STB
effects [54].

The life cycle and evolutionary trends of the pathogens call for constant sur-
veillance, propagation, and adoption of integrated pest management approaches.
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Understanding the wheat genes and its proteins through molecular and genomic tools
is very useful for locating new resistance genes and estimating prospective break-
downs of resistance, thus sustaining wheat production from the stranglehold of new
threats [39].

6.3 Strategies to mitigate pathogen adaptation

Crop protection is a complex process that reflects the struggle that is an unceasing
biological evolutionary process between plants and pathogens. As such, the generic
concept of pathogens, which are fungi, bacteria, or viruses, for instance, has an inher-
ent flexibility that allows them to outcompete inherent host defense mechanisms.
These coincide with the breaking down of resistance whereby the former protection
mechanism is no longer sufficient to release the host from the strain of the new
pathogen genotypes [41]. This is a result of the positive Darwinian selection by host
resistance genes, which act proactively to disallow the pathogen to infect the plant, yet
this pressure creates an avenue for the development of other variants of the pathogen,
thus overcoming the host immune system.

Population heterogeneity is perhaps the most significant factor influencing
resistance breakdown among the pathogens. Viruses, in particular, and especially
those with high mutation rates, can relatively quickly produce new, dangerous types
of pathogen. Such variants may possess mutations that help them colonize crops
that have developed resistance genes against them. Moreover, the concentration,
especially in breeding programs, of single-resistance genes to improve crop resistance
to pathogens shortens this cycle as pathogens are subjected to constant selective
pressure. For resistance not to be easily overridden by pathogens, several approaches
are needed [9]. One of the promising approaches in the practical implementation
of this approach is the integral incorporation of several resistance genes into a given
crop. This approach ensures that methods of resistance that develop in the pathogen
do not consistently overpower all of the mentioned forms of resistance at once. This
approach postpones the breakdown of resistance and also provides lasting control
of pathogens for shorter and longer terms if needed. The other mechanism involves
diversification and crop rotation. This may be done by growing crops with varying
resistance factors or different crop varieties in the same field or by growing different
crops from different genetic strains so the amount of pressure put on any one patho-
gen is less. This practice can help disrupt the life cycles of pathogens and minimize
the probability that a pathogen which happens to have developed resistance to a
particular mechanism. Integrated Pest Management (IPM) is also another important
factor when addressing long-term pathogen persistence [27]. Thus, IPM has an
extensive approach of using both biocontrol and chemical control, as well as cultural
control, in order to heavily reduce the instances of resistance issues. This study shows
that through the adoption of agricultural, and cultural practices, including the use
of resistant cultivars, proper irrigation and integrated soil health, and management
with biological control agents and thoughtful chemical application, the principles of
IPM can provide an environmentally friendly and more sustainable approach toward
the control of pathogens. Last but not least, conePCR and recently evolved CRISPR/
Cas9 have prospective angles for countering pathogen adaptation. These technologies
make it possible to exert fine control on plant genomes, which can then be used to cre-
ate new resistance types or to increase existing ones. These techniques help breeders
develop crops resistant to a wide range of pathogens without the likelihood of high-
velocity breakdown of resistance [14, 36].
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7. Emerging threats and future prospects
7.1 Emerging wheat diseases due to climate change

Global warming has emerged as one of the leading causes of new wheat diseases
that are a threat to production and food security. Increased temperatures, changes in
precipitation regimes, and more frequent and severe storms and floods have created
favorable conditions for pathogens that infect wheat crops. Climatic diseases that
used to occur in certain geographical locations are today migrating to other parts,
with disastrous effects [55].

For instance, Puccinia graminis (stem rust) and Zymoseptoria tritici (septoria
leaf blotch) diseases are appearing more frequently in areas where they were
previously tamed. Milder weather conditions result in the survival of germs over
winter periods, while humidity differences result in the rapid dissemination of
fungal spores. For instance, new pathogen races that cause increased virulence
were observed in stem rust where Ug99 was identified, therefore incurring the
need for developing competently durable wheat varieties and efficient manage-
ment practices [22].

Moreover, climate change affects one or the other by creating opportunities
for the development of new diseases within the host-pathogen model. Fusarium
species causing Fusarium head blight (FHB) have recently increased in temperate
regions and are aggravated by increased growth seasons with humidity. These
resultant plant pathogens are not only known to lower yields for the grain but also
affect the quality and safety of wheat products as a result of the mycotoxins they
produce [5].

To overcome these challenges, therefore, future research should aim at develop-
ing durable resistant wheat varieties as well as disease early warning systems using
information and communication technology tools such as artificial intelligence and
remote sensing. Like most crop protection measures employed in IPM, crop rotation
and the selective use of fungicides also depend on climate change.

7.2 New technologies for disease monitoring and forecasting

Plant diseases present one of the most complex problems in the world today in
terms of the availability of food due to its dynamic nature occasioned by climatic
changes, the emergence of new diseases, and international trade. Technology has,
however, evolved in neighboring fields to change how these threats are detected, fore-
casted, and mitigated. Given improvements in the use of remote sensing and machine
learning, researchers are now capable of detecting diseases and providing responses
depending on the breakout incidents in record times [56].

7.2.1 Remote sensing technologies

Eradicating diseases can be made easier by using satellite imagery and aerial
sensors from drones because they help map out large areas on the health status
of crops in real time. Both multispectral and hyperspectral imaging are able to
diagnose variations in plant functions invisible to the human eye, for example,
chlorophyll fluorescence or thermal stress, which could precede the formation
of disease symptoms. It facilitates early intervention, thus minimizing diseases’

effects on yield [56].
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7.2.2 Machine learning and artificial intelligence

These breakthroughs are changing the disease forecast models, especially through
the use of big data analytics and machine learning algorithms. Most of them involve
disease data from previous years, climate data, and data on the health of the soil, and
they are able to give a highly accurate prediction of disease outbreaks [39]. Bases like
these enable farmers, together with policymakers, to make effective decisions in rela-
tion to resources to be used, plus a reduction in losses encountered in crop farming.

7.2.3 Genomic surveillance and pathogen tracking

Recent developments in other areas of genomics, including biosensors based on
CRISPR and short portable sequencing, allow for the quick identification of strains
and mutations of pathogens. These tools not only enhance knowledge on pathogen
evolution but also enable early generation of resistant crop varieties and optimum
biocontrol measures [13].

7.3 Future research directions and breeding strategies

With the ever-increasing global population and the ever-increasing demand for
food, Triticum species are under increasing pressure. Increased challenges like climate
change, new virile diseases infecting wheat, and reduced genetic stock for wheat
varieties call for new ways of production [39]. Therefore, there is a need for future
research to undertake the challenges by applying developments in genomics and
modern biotechnology, as well as precision agriculture.

This has made the improvement of climate-resilient wheat cultivars that can perform
well under abiotic stresses, including drought, heat, and salinity stresses, a focal area
of improvement. The inclusion of technologies such as CRISPR-Cas9 in breeding sys-
tems provides unique chances to advance defined characteristics quickly. Additionally,
attempts must be made to harness the wild gene pool in wild relatives of wheat, which
actually harbors genes for resistance to disease and other environmental stresses [14].

In like manner, breeding strategies have to address other problems to feed the
people in the world today; one of these is disease and malnutrition because the nutri-
tional value of wheat has to be enhanced. Other strategies for reducing micronutrient
malnutrition include biofortification of crops for zinc and iron will go a long way in
solving the hidden hunger problem in vulnerable groups.

Last but not least, the establishment of cross-sectorial networks of geneticists,
agronomists, and data scientists can help lead this adoption of predictive breeding
models. Such bred models based on artificial intelligence and big data shall assist the
breeders in selecting the right genotypes more efficiently and more accurately. The
global wheat industry should respond to these emerging threats by shifting focus on
strategic research and innovative breeding strategies to help the industry grow in its
fight for food security for the future generation.

8. Case studies
8.1 Case study of rust resistance in wheat (Puccinia spp.)

Diseases being a real threat to the growth of the wheat produce are the rust
diseases, including stem rust that is in the order Puccinia graminis f. sp. tritici, leaf
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rust that is in the order P. triticina, and stripe rust that is in the order P. striiformis f. sp.
tritici. These diseases can drastically cut crop yields, and this is a big danger to food
security in the world today. In recent years, breeding activities have concentrated

on improving rust-resistant wheat through genetics and a combination of major
Resistance (R) genes and Adult Plant Resistance (APR) genes.

8.2 Genetic approaches to rust resistance

Resistance (R) genes: R genes give race-specific resistance through pathogen rec-
ognition of effector molecules [6]. They provide very strong barriers and frequently
are transient in nature simply because of what this pathogen does to overcome these
barriers. For example, the Sr31 gene, which was very effective for several years, has
been rendered less effective by the appearance of the Ug99 vigorous race. In reality,
though, they are extremely sensitive to pathogen pressures, but they are useful for
the first line of defense, especially when the R genes are in gene stacks to mitigate the
pathogen angle side of things [22].

Adult Plant Resistance (APR) genes: These genes, which function at or post-mature
plant stage, offer a measure of resistance. The genes, for example, Sr2 and Lr34, delay
pathogen reproduction and lessen lesion size but do not eradicate the pathogen. As
compared to R genes, APR genes have less strong effects, but under field conditions,
APR genes are more effective. For instance, Sr2 has already been mentioned as one of the
main reasons for using this gene in global breeding programs, although it cannot provide
reasonable protection on its own under high disease pressure [57].

8.2.1 Challenges in breeding rust-vesistant wheat

Like any other source of resistance, breeding for rust resistance needs to combine
sources of R and APR genes for both short-term and long-term resistance. R genes are
thought to command immediate and successful defense mechanisms against a patho-
gen, but the genetics of pathogens mutate and result in an outbreak of the particular
disease. Some APR genes are durable but need to be pyramided with other genetic
resources to give a reasonable level of resistance [36].

Past victories show how it is possible to integrate these styles. For instance, the
wheat variety “Hope” that came into the market in the 1920s possessed both Sr2 as
well as other resistance genes to overcome stem rust during the interleukin epidem-
ics in the early twentieth century. In the same way, CIMMYT (International Maize
and Wheat Improvement Center) has used the APR genes, such as Sr2 and Lr34, to
develop the wheat lines nearly resistant to rust diseases [19].

8.2.2 Molecular insights and future divections

New knowledge of rust resistance has emerged due to the progress in molecular
biology. The cloning of other APR genes, Lr34 and Yr36, has helped understand their
function and shown that they encode proteins like ABC transporters and protein
kinases. These insights directly enable precision breeding to harnessfully stack R and
APR genes toward enhancing resistance durability [58].

The deployment of molecular technologies such as DNA and, molecular breeding,
and gene editing tools provides an exciting prospect of transcending the drawbacks
of conventional breeding. For instance, a concept known as resistance gene cassettes,
where many resistance genes are condensed into one area and then put into wheat
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genomes to hasten generations and enhance stable resistance across various settings,
is being researched [11].

8.3 Case study of Fusarium head blight (FHB) resistance

Fusarium Head Blight, commonly known as a head scab disease, which is mostly
produced by Fusarium graminearum, is a dangerous and effective disease of wheat
and other cereal species [59]. In addition to lowering grain yield, this disease infests
the harvested grain with such toxins as deoxynivalenol (DON), which is dangerous to
human and animal consumption. Selecting for FHB resistance has now emerged as a
top priority of cereal breeding programs across the globe [60].

8.3.1 Types of FHB resistance

FHB resistance is categoriged into several types based on specific traits:

Type I resistance: Susceptibility of the initial infection site as a barrier to decrease
the ability of the fungus to penetrate the plant tissue.

Type 11 resistance: Stabilitycntrolling resistance to the spread of the fungus within
the spike, which has been described to provide the highest level of FHB resistance.

Type III resistance: One is the capability to limit the accumulation of this mycotoxin
that lowers the concentration of DON in the grain.

8.3.1.1 Breeding strategies

FHB resistance is categorized into several types based on specific traits:

Type I resistance: Susceptibility of the initial infection site as a barrier to decrease
the ability of the fungus to penetrate the plant tissue.

Type Il resistance: Stability and expression of major genes controlling resistance
to the spread of the fungus within the spike, which has been described to provide the
highest level of FHB resistance.

Type III resistance: One is the capability to limit the accumulation of this myco-
toxin that lowers the concentration of DON in the grain.

8.3.1.2 Challenges in FHB vesistance breeding

* Environmental influence: This is because FHB severity is influenced by generous
environmental factors, and it is hard, often compared to achieving the similarity
in resistance.

* Complexity of resistance: Resistance is most frequently a quantitative and
polygenic response that needs rigorous breeding and evaluation for efficacy in
different environments.

* Balancing traits: The development of FHB resistance should not be at the cost of
yield, grain quality, or other desirable quality attributes.

* Future directions: But for the crop, resistance to FHB has remained a chimera until
recent developments in genomics offered new avenues. Genomic tools such as the
GWAS and genomic selection are being used to discover new resistance genes as
well as to improve the accuracy of predicting resistant phenotypes. Furthermore,
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they admit genetic editing options that include CRISPR-Cas9 tools, which
may be useful to manipulate the genes that make a plant susceptible to pests or
amplify protective loci [26].

9. Policy implications of wheat disease management

As a major source of global food security and income, wheat disease control needs
strong policies that meet these essential needs. The combined harm from wheat diseases
to the economy, society, and environment shows the need for urgent policy action. Our
wheat policies need to create systems that prevent threats while controlling diseases
through innovation and equal access to resources for sustainable results (Figure 4).

9.1 Strengthening food security policies
Wheat forms the foundation of millions of diets worldwide, but its yearly harvest can

suffer from plant diseases that threaten global food availability. These diseases reduce crop
yields, which increase food shortages most strongly in impoverished areas.
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Figure 4.
Policy implications of wheat disease management.
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9.1.1 Recommendations

* Invest in disease-resistant varieties: Public funds should go to wheat breeding
projects for creating and spreading disease-resistant wheat types that pro-
duce well.

* Subsidized access to resistant seeds: Make crucial new plant varieties affordable for
smallholder farmers living in poor countries.

* Global food reserves: Keep emergency wheat stores ready to deal with plant
diseases that harm farms.

9.2 Encouraging Research and Development (R&D)

Good disease management depends on constant new ideas and solutions
(Figure 4). Rules need to reward scientists developing new molecular tools as well as
techniques to breed plants and defend crops from emerging diseases.

9.2.1 Recommendations

* Public-private partnerships: Help different research groups work together with
private businesses and international groups to share resources for research
projects.

o Increased Rey’D funding: Allocate substantial government budgets to research in
genomics, gene editing (e.g., CRISPR), and Integrated Disease Management
(IDM).

* Open data platforms: Help set up worldwide databases to watch pathogens and
their genes so teams can take action quickly.

9.3 Climate change adaptation and sustainability

Wheat health problems grow worse because of climate change, which affects how
diseases impact plants and fungi. Policies must encourage farmers to adopt farming
methods that help the climate today and in the future.

9.3.1 Recommendations

* Climate-resilient varieties: supports wheat breeding research to create new variet-
ies that fight diseases while enduring varied weather patterns.

* Forecasting and early warning systems: Put money into weather-based disease
forecasting tools to help us predict breakouts and plan prevention steps ahead of
time.

* Environmentally friendly practices: Support IDM strategies by reducing chemical
applications while allowing workers to use natural pest fighters and farming
techniques.
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9.4 Supporting smallholder farmers and equity in disease management

Smallholder wheat farmers make up most of global production yet struggle to fight
diseases because they lack modern tools and good information (Figure 4).

9.4.1 Recommendations

* Capacity building: Public education centers should teach farmers how to spot
plant diseases and take action.

* Subsidies and financial support: Offer monetary support for people who use
disease-resistant farming materials and implement IDM strategies.

* Technology transfer: Help farmers in developing nations receive the latest molecu-
lar testing tools and diagnostics through easy access.

9.5 International collaboration and regulatory alignment

Countries worldwide must unite to fight wheat diseases effectively (Figure 4). The
government must develop rules that fit all countries and help teams work together
across borders.

9.5.1 Recommendations

* Pathogen surveillance networks: Wheat disease experts need to connect worldwide
to track and share new wheat threats.

* Harmoniged regulatory frameworks: Strengthen biosafety rules worldwide to help
speed up the process of getting genetically modified and gene-edited wheat to
market.

* Capacity building in developing nations: Support developing nations with technol-
ogy and money to build their agricultural disease control systems.

9.6 Addressing economic and trade implications

Agricultural disease outbreaks affect international trade markets, causing market
prices to change unpredictably and hurting world financial systems. Policies need
to control wheat disease’s impact on markets and protect both traders and market
participants (Figure 4).

9.6.1 Recommendations

* Stabilizing wheat markets: Create trading rules to protect products from going
missing when diseases strike.

* Disease-free certification: The government needs to enforce strong plant health
rules that stop dangerous wheat diseases from moving between countries.

76



Plant Disease Resistant in the Triticum
DOI: http://dx.doi.org/10.5772/intechopen.1009386

9.7 Ethical and social considerations

Our society and ethics need attention when scientists use complex tools such as
CRISPR and transgenic methods. Decision-makers need to tackle scientific develop-
ment risks while gaining community acceptance of new technologies (Figure 4).

9.7.1 Recommendations

* Public awareness campaigns: Share important information about how modern
breeding practices protect people and help agriculture.

* Ethical oversight committees: Set up separate groups to assess potential ethical
troubles from wheat genetics changes.

* Regulatory transparency: Make all decision-making about new technologies open
and include everyone whose work will be affected by these decisions.

10. Conclusion

This chapter discussed various complex bilateral interactions among gene sets,
gene expression, and the resistant phenotype in Triticum [61]. In our previous sec-
tions, we discussed the various ways through which plants defend themselves against
diseases, embracing physical and chemical barriers. The debate on breeding for
disease resistance underlined the use of traditional and advanced tools in the develop-
ment of high-resistance wheat cultivars [34]. However, the chapter also talked about
threats and the future discussion of them, stating how threat novelty and constant
changes in climate and pathogens require adaptations [5]. The evolution of the
pathogens and breakdown of resistance highlighted the fact that there is an urgency in
regard to the co-evolution cycle between wheat and its pathogen enemies.

Other factors, such as environmental and agronomic factors, were also examined
in order to show how external conditions affect resistance genes and allele expres-
sion or their stability [9, 62]. Lastly, we explored the molecular-level strategies for
increasing resistance and explored how genetic engineering, CRISPR, and omics
technology are the future of wheat protection against diseases. Looking to the future,
QTL-based approaches with active support of modern technologies accompanied by
an understanding of ecological and agronomic factors are necessary for maintaining
and improving disease resistance in Triticum [12, 53]. The improvement of wheat
resilience against future threats requires researchers to work together with breeders
and policymakers to establish adaptable systems that enhance wheat security com-
bined with sustainable environmental solutions [55].
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Chapter 4

Wheat Phenology and Yield in a
Mediterranean Scenario of Climate
Change

Maria Concei¢do Gomes, Rita Costa, Sava Rodrigo, Victor Rolo,
Nuno Pinheiro, Ana Sofia Bagulho, Armindo Costa and
Benvindo Magas

Abstract

Wheat is a crucial crop for food and nutritional security worldwide, but it has
special importance in the Mediterranean basin. Nowadays, the wheat crop is facing
significant challenges due to climate change; modification in the rainfall patterns
or temperature increases are boosting the probability of yield production gaps. In
this study, we evaluated the effect of winter and spring rainfall, as well as minimum
and maximum temperature in these two seasons and sowing date, on multiple
composes of wheat yield in the Mediterranean area. Low winter rainfall (<100 mm)
together with a late sowing date (later than December 31) was described as the factor
decreasing to a greater extent, wheat grain yield, yielding any tested genotype less
than 4200 kg ha™. Similarly, sowing date and its interaction with minimum winter
temperature decrease TGW (Thousand Grain Weight). Protein content seemed to be
more influenced by crop management than by climatic conditions; even when late
sowing in cold winters or rainy winters can help to achieve higher grain protein con-
tent, close to 80% of the protein data ranged between 11 and 17%. The sowing date
correlates negatively with days to heading (DTH), implying that the later the sowing
date, the shorter the DTH period.

Keywords: phenology, soft wheat, climate change, breeding, food security

1. Introduction

Wheat grains are one of the major sources of calories (provides 50% of the world’s
caloric intake) and essential nutrients for human health: proteins, minerals (Cu, Mg,
Zn, P, and Fe), vitamins (B-group), and dietary fiber [1]. An average of 130 kg per
capita is consumed in the Mediterranean region, and the highest is in North African
countries, where it is 200 kg per capita. Every year, 12.1 thousand to 6.6 million
hectares of wheat are harvested; it is the main staple crop and key to food security in
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the region. Despite the efforts to develop cereal agriculture and increase production,
countries in the Mediterranean basin and North Africa can no longer produce enough
wheat to meet their domestic demand. Today, more than 50% of the cereals consumed
in those regions are imported [2].

It is well known that the Mediterranean area is one of the regions worldwide most
susceptible to episodes of drought and heat [3]. This fact is aggravated by climate
change, predicting the literature [4] a warmer and drier future scenario, with a
shift to less uniform rainfall distributions resulting from higher temperatures [5].
According to Todaro et al. [6] and Tarin-Carrasco et al. [7], from the mid-1980s to
the beginning of the twenty-first century, annual rainfall has decreased by 10-40%,
with hot spots for changes in wetter periods (spring and autumn). In addition,
the projections show an increase in the global temperature from 1 to 5°C, with the
highest warming rates occurring in summer [8], but with more than 1°C increase in
spring [9], which can severely affect winter cereals cropping. Wheat varieties have an
optimal temperature between 15 and 25°C, making them highly sensitive to climate
change. The annual mean temperature in a warmer region like the Mediterranean
basin had been supposed to be increased by 3-4°C, which may lead to a yield reduc-
tion of 6.0 + 2.9% [10, 11]. In addition, water scarcity will present a major limiting
factor for crop production, both with respect to lowering the total amount and also
due to more irregular precipitation patterns, as well as the higher evapotranspiration
resulting from higher temperatures and larger vapor pressure deficit [12]. According
to Ait-El-Mokhtar et al. [13], rising temperatures will lead to 20% higher evapotrans-
piration by 2050 and 40% by 2080.

Climate change also plays a negative impact on plant-pathogen interactions: at
the level of pathogen dynamics, the environmental shifts enable pathogens to extend
their geographic range, helping in their adaptation to new agroecological zones,
and making easier more virulent episodes, conferring to the pathogens the ability to
overcome host resistance or even to infect new host species. On the plant side, many
resistance genes are temperature sensitive and/or in view of the aggressiveness of
the pathogen, they become ineffective. Thus, it is known that many wheat resistance
genes are temperature sensitive, including those for Hessian fly [14], rust [15], and
Fusarium head blight [16]. Climate models predict that heat and drought will favor
more wheat diseases in the Mediterranean region than before [17, 18]. Another impor-
tant aspect of wheat is its nutritional value. Drought and heat events differentially
regulate protein and starch accumulation, and mineral metabolism in wheat grains
and change grain quality. These changes affect grain weight, nutrient and anti-nutri-
ent content, fiber, protein content and composition, starch granule structure, and
free amino acid composition [19], all of which are important for human nutrition. In
addition to that, different agronomical practices have been adopted to ensure sustain-
able wheat yields across the Mediterranean basin. Thus, literature recommends some
practices to increase soil water retention, such as the enhancement of soil organic
matter [20], the reduction of the tillage [21], or the management of a crop rotation
with legumes, irrigation or nitrogen fertilization [22, 23]. To address all the above-
mentioned constraints we need to develop climate-resilient, multi-stress tolerant
and nutritionally enhanced wheat varieties. This is in line with Mediterranean and
global agricultural goals. However, breeding to high-yielding wheat varieties showing
adequate technological quality and resistance to biotic and abiotic stresses, is not an
easy task, since these traits can be negatively correlated or not correlated at all. Even
so, the use of genetic diversity seems to be the key to sustaining and improving wheat
varieties. The genetic variation within specific wheat genotypes that allows them to
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grow and yield under heat and drought stress conditions, highlights the importance
of identifying traits for drought and heat tolerance, disease resistance, and high
nutritional quality; hence, landraces including drought-tolerant genes that have been
naturally selected over time, are a source of desirable genes for better adaptation to
climate change, being a promising way to increase gene flow.

On the other hand, wheat cultivars’ phenology (especially crop cycle) plays an
important role, modulating their tolerance to climatic variations regarding yield
maintenance. Thus, days to flowering or days to maturity have an important rela-
tionship with wheat yield and are strongly influenced by temperature. However,
it is important to stand out that, in a scenario of climate change with increasing
temperatures, days to maturity are more severely affected than days to flowering,
reducing considerably the grain-filling period and shortening, to a greater extent,
the grain yield [24]. However, another important genetic trait should be taken into
account regarding the relationship between wheat yield-phenology-climate change:
CO2 presence influence. It has been studied that higher CO2 level in the environment
significantly affects the tolerance of wheat to heat, maintaining or slightly reducing
(<10%) wheat yield with a proposed temperature increase.

In this research, three decades of wheat (numerous genotypes) data are studied to
determine the relationship between climate change, especially rainfall patterns and
temperatures in winter and spring, grain yield and wheat phenology.

2. Material and methods
2.1 Wheat germplasm

This study was performed during 33 years with 299 field trials and an aver-
age of nine trials per year. The germplasm used were bread wheat genotypes with
Portuguese and CIMMYT (International Maize and Wheat Improvement Center by
its initials in Spanish) origins (parental) and predominantly spring types, even when
some of them were facultative. To perform the analyses, from each field trial, were
selected the five most yield productive genotypes.

2.2 Environmental conditions and field experiments

Data collection comprises the grain yield, test weight, TGW (Thousand Grain
Weight) and phenological data (days to heading — DTH) from 1991 to 2024.

Field experiments were conducted in the region of Alentejo, in Portugal, which
is considered the most important area in Portugal for bread wheat crop. Daily cli-
matic data of the area (rainfall, minimum temperature and maximum temperature)
were taken from the weather station whose GPS coordinates are: 38°53'03.4”N,
7°08'22.0”W, located in one of the farms used to grow most of the experiments, with
no more than nine kilometers of the furthest farm (Figure 1).

According to the Food and Agriculture Organization (FAO, https://www.fao.org/
soils-portal/data-hub/soil-classification/en/), soils in the wheat sowing area are clas-
sified as vertisols, ranging the pH between 6.8 and 7.8, showing a low organic matter
content (< 1.6%), and presenting high contents of P (>200 ppm P205) and Ca (circa
3500 ppm Ca), and medium-high K content (between 68 and 168 ppm for K20).

Each plot comprises six rows, 6-8 m long each (Figure 2), 20 cm apart, and har-
vest was carried out using a 1.5 m wide Nurserymaster Elite Plot Combine. Usually, all
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Figure 1.
Elvas region in Alentejo (Portugal); two main locations for the experiments along the years of the study (up).
National plant breeding station in Elvas in a Google Earth view in 2023 (down). https://earth.google.com/

Figure 2.
Pictures of the expeviments in the national plant breeding station.
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treatments were fertilized by adding 40-42 UN at sowing time and three top-dressed
fertilizations (40 tillering — 60 booting - 40 heading/flowering). Weed controls were
applied twice, at pre-emergence and post-emergence, and, when necessary, two
antifungal treatments (stem elongation (Growth sstage-GS30-GS33) and booting
(GS41-GS47)) were applied. Agricultural management also included conventional
tillage treatment with moldboard plowing and disk harrowing at the beginning of the
season and vibrating tine cultivation to prepare the seedbed before sowing. The seed-
ing rate ranged between 350 and 400 g m™* and sowing dates were properly recorded
annually, being the earliest sowing date 13/11 (in 2001) and the latest 25/01 (in 2023).

2.3 Measurements

During the wheat life cycle, both plant height (cm) and DTH were recorded.
After the wheat harvest grain yield, TGW (in grams) and test weight (kg hl™)
were also taken, as well as total N content in grain by means of NIRs technology,
but only from 2002 on. Protein content (%) was obtained by multiplying the total
N content by 5.7 [25].

2.4 Statistical analyses

Temporal trends in climatic variables were assessed following a Theil-Sen regres-
sion. Visual exploration of the data showed non-linear trends between response
variables (grain yield, thousand-grain weight, test weight, and N content) and
predictors (i.e., year of sowing, date of sowing and climate variables). GAMs were
used to account for these non-linear relationships [26]. To assess potential interactive
effects between date of sowing and climate, the interaction between both types of
variables was tested in the model. The date of sowing was measured as the number
of days lasting since November 1 for each year. Climate variables (average minimum
and maximum temperatures and cumulative rainfall) were calculated for winter
(December, January and February) and spring (March, April and May). Models
were fit using reduced maximum likelihood (REML) and non-informative smooths
were manually penalized one by one, refitting the model each time. After selecting
the most parsimonious model, variables concurvity and model fit were assessed.

All analyses were conducted in R v4.4.2 [27].

3. Results

Our results showed significant temporal trends in climate variables during the
period studied (Figure 3). Maximum winter (December, January and February) and
minimum spring (March, April and May) temperature significantly increased at a
rate of 0.03 and 0.02°C year ™, respectively. Maximum temperatures in spring tended
to increase marginally, while minimum temperature in winter fluctuated enormously,
showing differences of more than 3°C in consecutive years on several occasions.
Regarding the rainfall, winter rainfall mainly ranged between 70 and 250 mm (24 out
of 33 years were in this range), with 4 years with extremely low values (< 50 mm),
while spring rainfall range was narrower, with almost all years between 50 and
200 mm. No temporal trends were observed for rainfall.

91



Triticum — The Pillar of Global Food Security

Winter Spring

P 204 p-value < 0.001 § 301 p-value = 0.083

o 15+ g

o - p-value = "J'S 5 p-value = 0.005

Q. - o> w [ o e 2 o . )

E 5 =y =) -"\—‘ L - "':_ [ ) % 10 = —_-:H‘H'ﬁ""_\f"&’--‘li_ﬂ\é”‘-"u,--

= 0= T T T = T T T T
Winter Spring

. 500 - 400

£ 400 = £ 300 o

= 3007 = 200 -

= 200 =

c c

T 100 ‘g 100 4

o o

O-I ) I T T T T l:Jldl T T T T I I
¥ 5 o5 &8y 5 95 v
hand (o] ot © v © ™~ r~ o - [€s] — © —
)] 2] =] =] ™ ~ (2] D D [=) [=] ™ o [\
2 2§ &§ § & & 2 2 & § &§ § &
Growing season Growing season
Figure 3.

Winter (left-up) and spring (vight-up) maximum and minimum temperature, and winter (left-down) and
spring (vight-down) rainfall diagrams of the 33 years of study in the experimental area. Solid lines represent
significant temporal trends following the Theil-Sen approach.

The temporal dynamics of the studied variables are presented in Figure 4.
Regarding grain yield, it is observed that this variable shows an increasing tendency
along the years of the experiments, only interrupted by a substantial valley noticed
between the years 2000 and 2010. A similar evolution is observed in TGW, with a
decrease in the recorded data of this variable during the first decade of the twenty-
first century (Figure 4). However, test weight shows a clear increase up to the year
2000, when the growth stabilizes, with the values really close to 83 kg hl™". Regarding
the protein, a linear growth is observed in the data, starting in values lower than
10% in the mid-1990s and finishing in the last years of the study in values above 15%
(Figure 4).

Wheat yield was influenced by maximum temperature, both in winter and
spring, with a negative effect (Table 1). Including the sowing date in the model,
wheat grain yield was highly influenced by the interaction of winter rainfall
and sowing date. Thus, Figure 5 shows how November (early) and December

(medium) sowings were barely influenced by winter rainfall, while January (late)
sowings produced a reduction of yield when winter rainfall was scarce. The model
predicted a reduction of about 70% in yield in low winter rainfall (~40 mm), as
compared to high winter rainfall (~250 mm), corresponding to the 10th and 90th
percentile.

Supporting the temporal dynamics results for test weight (Figure 4), only two
of the studied climatic variables were significant: spring rainfall (p-value <0.001),
which positively influences test weight, and winter minimum temperature when
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Figure 4.

Temporal dynamics of wheat grain yield (kg ha™), test weight (kg hl™), thousand grain weight (g) and protein
content (%) of wheat genotypes during 33 years of study in Alentejo region (Portugal).

interacting with sowing date. Figure 5 shows how early and medium sowing
(November and December) barely affect test weight values in any type of winter
(warm and cold; 10th and 90th percentile, respectively), while late sowing (January)
can cause a decrease of about 50% in test weight when winter minimum temperatures
are low (10th percentile). In the case of TGW, minimum and maximum spring

93



Triticum — The Pillar of Global Food Security

Component Term Estimate  Stderror  t-value p-value
Parametric Intercept 229854 1206.3 191 <0.001
coefficients Max. Temp. Winter -640.1 728 -838 <0.001
Max. Temp. Spring —357.8 195 -184 <0.001

Component Term edf Ref. df F-value p-value
Smooth terms Interaction Sowing and Rainfall 6.5 73 120.7 <0.001

Winter
Year of sowing 4.0 4.0 268.0 <0.001

Adjusted R-squared: 0.637, Deviance explained 0.642.

Table 1.
GAM Yield model showing the linear effect of maximum temperature in winter and spring and rainfall in spring
and non-lineal effects of year of sowing and the interaction between date of sowing and precipitation on winter.

temperature influenced it positively and negatively, respectively (p-value <0.001
in both cases). The interaction of minimum winter temperature with sowing date
indicates the high sensitivity of TGW to a cold winter when late sowing (January)
takes place (Figure 5).

Finally, spring rainfall negatively influenced the protein content, while winter
rainfall positively affected it (p-value <0.001 in both cases). In case of the interaction
of minimum winter temperature with sowing date, protein content seems to increase
with late sowing in cold winters (Figure 5), showing about a 50% increase in protein
content in a cold winter compared to a hot winter.

Regarding the phenological data, DTH was proven to be highly correlated in a
negative way with the sowing date (Figure 6), which implies that the longer the sow-
ing date, the shorter the DTH period, shortening, therefore, the period to generate
biomass.

4. Discussion

Our results are in accordance with the literature regarding not only the irregular-
ity in the rainfall patterns between years [28] but also the domination of the rainy
months each year [29]. Thus, as Gonzdlez-Hidalgo et al. [29] previously stated for
the Spanish mainland, in Portugal, rainfall distribution shows a clear dominance
in autumn-winter regarding not only the amount (usually higher amount in winter
than in spring) but also the irregularity, which greatly affects the behavior of wheat
crop. Taking into account the data presented in Figure 3, the decrease in the yield and
TGW could be explained by the small amount of winter rainfall in the first decade
of 2000 years, combined with low