
Powdery Mildew of Wheat: Research
Progress, Opportunities, and Challenges 5
Vijay Rana, Aashima Batheja, Ravi Sharma, Amit Rana, and Priyanka

5.1 Introduction

Crops have always been exposed to the perils of various biotic and abiotic stresses to
varying degrees. Unfortunately, global climate change is expected to increase the
incidence and severity of novel biotic stress factors, virulence evolvement, and
broadening of the host range. Resistance response to pests and pathogens has a
major role to play in safeguarding the yield potential of high yielding varieties.

Wheat (Triticum aestivum L.) is one of the most valuable food crops, playing a
critical role in global food supply and defense, but its development is constantly
threatened by a variety of diseases (Ma et al. 2014; Zhang et al. 2017a, b). The
biotrophic fungus Blumeria graminis f. sp. tritici (Bgt) causes powdery mildew,
which is one of the most severe diseases restricting wheat production in many
regions of the world. Blumeria graminis, also known as grass powdery mildew, is
a fungus that affects grass plants in the Poaceae family. Because of its economic
impact on cereal crops (especially wheat and barley), it is considered one of the most
important fungal pathogens, and it serves as a model system for studying biotrophic
pathogens (Dean et al. 2012). Although the management of powdery mildew in
realistic agriculture can vary depending on its economic significance, chemical
control of the most common fungal diseases has been widely considered to be
uneconomic (Wellings and Luig 1984). The ever growing world population
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demands well-organized plant disease management and control in agricultural pro-
duction systems to ensure food security and safety (FAO et al. 2018). An effective
and efficient mechanism for early warning and fast response is very essential to
control phytopathogenic fungi. In this context, novel and effective diagnostic
methods to minimize fungal plant disease are of utmost importance. Molecular
assays can overcome many shortcomings of the conventional and serological
methods in fungal diagnostics (Hariharan and Prasannath 2021). Given the expan-
sion of powdery mildew’s host range, a better understanding of the underlying
genetics of reproductive barriers and self- versus non–self-identification between
species of fungal plant pathogens could help predict hybridization events in various
agroecosystems. The availability of large genome data sets will greatly support
future research, and genome data will be a valuable resource when combined with
experimental methods for analyzing hybrid fungal organisms. Over the last few
decades, breeding achievements for disease resistance are likely to be equally
important as breeding achievement for increased yield potential (Byerlee and
Moya 1993). To maintain global food security by reducing the incidence of disease
epidemics, great efforts are required to breed wheats with diverse and durable
resistance. By reducing reliance on pesticides for disease and pest control, it also
helps to protect the atmosphere and farmer’s income. However, the most important
thing to know is that host resistance might not be enough to control wheat powdery
mildew disease; sound agricultural practices and judicious use of fungicides should
also be considered. Looking at the ever growing economic importance of powdery
mildew, information on various aspects pertaining to the pathogen study, host
resistance, and integrated disease management is reviewed herewith.

To summarize, linkage drag, fungicidal resistance, fast jump and expansion in
host range due to increased pathogenic variability are among the potential challenges
for managing powdery mildew. On the other hand, advancements in the molecular
diagnostic techniques for pathogen identification, cultivar development, artificial
intelligence algorithms, and speed breeding protocols offer vast opportunities to
tackle powdery mildew fungus in future.

5.2 Global Distribution and Host Range of Powdery Mildew
Fungus

Wheat powdery mildew is found all over the world, although it is most prevalent in
the northern hemisphere. It was found to be economically harmful in colder, coastal,
or semi-continental climates until the Green Revolution. However, due to the
introduction of intensive processing techniques, wheat powdery mildew has become
a problem even in some hotter, drier areas in recent decades. This is largely due to
the use of semi-dwarf cultivars, higher population densities, nitrogen fertilizers and
irrigation, which result in thicker, more compact and more humid canopies (Bennett
1984; Cunfer 2002). The disease is more prevalent in areas where there is a lot of rain
and the temperature is relatively low (Bennett 1984). Powdery mildew has been
found in UK, Russia, Germany, Japan, Africa, and much of West Asia (Bennett
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1984). Cooler areas of China, Japan, and Central Asia, as well as North and South
America harbor powdery mildew as a common disease (Roelfs 1977; Saari and
Wilcoxson 1974). The disease is more extreme in warmer, humid areas with mild
winters, such as parts of South America and the southeastern United States. Powdery
mildew is less common in areas where rain is regular and heavy because the spores
are washed away from the leaves (Merchan and Kranz 1986). Powdery mildew is
becoming increasingly problematic in India, especially in the northern and southern
hills along with some areas in the northwest plain zone.

Regarding host range, powdery mildews (Ascomycota, Erysiphales) are known to
infect over 10,000 dicot and monocot plant species around the world (Braun and
Cook 2012). Many powdery mildew species cause economically significant diseases
in agricultural and horticultural crops like wheat, barley, vegetable species, fruits,
grapevine, etc. (Glawe 2008). Some forms of this fungus also affect various forest
plant species (Marcais and Desprez-Loustau 2014). Many parts of the world have
faced invasion by some powdery mildews (Kiss 2005; Desprez-Loustau et al. 2010),
leading to threat to plant health and biosecurity (Desprez-Loustau et al. 2010).
Blumeria graminis infecting cereals and Erysiphe necator infecting grapevine, two
important powdery mildew species, have served as model species in plant pathology
research (Gadoury et al. 2012; Bindschedler et al. 2016). On the other hand, in wild
plant pathosystems (Susi et al. 2015), interactions between Podosphaera plantaginis
and its host Plantago lanceolata have long been the focus of many studies.

B. graminis has eight formae speciales that are each specialized on particular host
species among the wild and cultivated grasses. However, the host range of
B. graminis cultures isolated from cereals in Israel is wider than that of isolates
from elsewhere in the world (Eshed and Wahl 1970). This likely reflects the greater
diversity of B. graminis hosts in the Middle East, which is believed to be the center
of origin and diversity of the wild ancestors and relatives of cultivated cereals
(Wyand and Brown 2003).

Braun (1987) discovered 18 genera and 435 species of the powdery mildews,
which are able to infect a wide variety of hosts from several tree species to herbs. Up
to 9838 species among 1617 genera, 169 families, and 44 orders of angiosperm
plants have been found to be the host of powdery mildews (Amano 1986). Thus, the
powdery mildew fungus is one of the most significant plant pathogens. Host range of
these is exclusively limited to angiosperms and they have never infected ferns or
gymnosperms.

5.2.1 Yield Losses and Adverse Effects

The wheat powdery mildew, Blumeria graminis (DC.) E.O. Speer, f. sp. tritici
Em. Marchal (Bgt) (syn. Erysiphe graminis (DC) f. sp. tritici), is the sixth most
important fungal pathogen in wheat, according to Dean et al. (2012), and is respon-
sible for the eighth highest yield loss due to pests and pathogens worldwide (Savary
et al. 2019). Powdery mildew may occur year-round in many wheat-producing
regions, with output losses of up to 35%, 62%, and 40% in Russia, Brazil, and
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China, respectively (Mehta 2014). Attributes of Bgt, such as short life cycle,
airborne spores equipped for voyaging significant distances, and above all sexual
recombination for producing new virulences, advance quick spread and variation.

The relationship of mildew severity to yield loss depends on the crop growth
stage, methodology used for disease assessment, timing, canopy position, and
intensity of epidemic pressure. Several studies have elucidated this relationship in
experimental field settings. Large and Doling (1962, 1963) found the best growth
stage for relating yield loss in winter wheat to mildew severity (measured as total
photosynthetic leaf area covered by mildew pustules) was at full heading. The grain
yield loss was found to be proportional to twice the square root of severity, using a
data set in which mildew severity from natural epidemics in unprotected plots ranged
from 0% to 16%. However, Dutch researchers noted an effect of canopy position
(Rabbinge et al. 1985). They observed that if preflowering infections were in upper
canopy levels or distributed uniformly throughout the canopy, even low severity
(approximately 4% of leaf area covered by mildew) could cause as much as a 10%
yield loss, with the disproportionate impact attributable to reductions in assimilation
and transpiration rates. The fungus reduces the amount of photosynthates available
in leaves, lowers the leaf assimilation index, and has a negative impact on grain yield
components (Bowen et al. 1991; Henry and Kettlewell 1996; Samobor et al. 2005).
Infection during the tillering, stem elongation, and booting phases has a significant
impact on yield, particularly when it occurs early (Bowen et al. 1991), resulting in
lower kernel weight and yield.

Grain yield losses associated with wheat powdery mildew infection can exceed
upto 40%, with the most extreme losses occurring before or after flowering, when the
flag leaf becomes infected (Royse et al. 1980; Li et al. 2011; Alam et al. 2013).
Blumeria graminis tritici has been confirmed to reduce wheat yield by 10–15% in
most cases, and up to 50% in extreme cases, according to recent studies (Jia et al.
2018; Singh and Sharma 2020).

5.2.2 Symptoms, Disease Cycle, and Epidemiology

Powdery mildew occurs as thick, white powdery fungal fruiting bodies on the leaf
surface, as well as on the awns and glumes under favorable conditions. The
symptoms usually progress from lower to upper leaves, but infection can happen
at any time during the season depending on weather conditions. Rapidly developing
tissue is more vulnerable to infection, so plants in their early stages of development
and after nitrogen application are more likely to have a more severe infection. Fungal
colonies grow in size and eventually merge. The region around the lesion, as well as
the leaf’s reverse side, turns yellow to brown. Older infections turn grey and may
develop black fruiting bodies, known as chasmothecia (formerly known as
cleistothecia), that appear as black specks. Infections that are moderate to severe
are able to cause necrosis. From a distance, a powdery mildew-infected crop seems
yellow and exhibits symptoms similar to that from water logging or nutrient
deficiency.
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Powdery mildew has a fast infection period and develops millions of spores
(conidia), allowing it to spread quickly through the crop. The cycle of spore
germination, infection, and eventual spore development can be completed in as little
as 5 days under ideal conditions (cold and humid). With changing temperatures,
there is significant variation in spore production and the latent period (time between
infection and spore formation). Optimum temperature range of 15–22 �C is required
for disease development. Lower temperatures (5–10 �C) cause the infection cycle to
take 2–3 times longer than at 20 �C, resulting in delayed symptom expression and
reduced spore formation.

Infection and sporulation are stalled at temperatures above 25 �C. If the infection
has taken hold, the white dense powdery mildew conidia are dispersed across the
crop by the wind as a secondary infection. The disease thrives in humid, mild
weather with a moist canopy. Since the fungus does not need wet leaves to infect
them, rain is not needed for disease transmission, but it does promote canopy
humidity. Infection becomes even more common when the relative humidity rises
to 90%, but does not occur when the leaf surfaces are wet (e.g., in a rain shower).
Heavy rain can wash spores from the leaf surface, slowing disease progression
temporarily.

When environmental conditions are unfavorable, infection process is decelerated.
These entail periods of low canopy humidity and temperatures above 25 �C, as well
as dry and warm weather conditions. Experiments have shown that exposure to
25 �C for 6–12 h will defer disease development by 4–6 days and curtail severity by
30–50%. Exposing to 25 �C for more than 24 h dissuades disease development. The
fungus endures the winter in the form of cleistothecia on wheat straw or mycelium
on infected wheat. Under cold, humid conditions, spores germinate and infect plants.
The two forms of pathogenic inoculum for infection are asexual conidia and sexual
ascospores. A specialized germ tube is formed when conidia or ascospores adhere to
a photosynthetically active wheat leaf surface, and it elongates to form a thread-like
hypha with appressoria in as little as 2 h (Acevedo-Garcia et al. 2017). The digitate
hypha then produces a penetration peg and grows into a haustorium, allowing the
host epidermal cell to be breached (Glawe 2008). Bgt can thrive in the absence of a
living crop due to the ascospores produced by chasmothecia/cleistothecia. Jankovics
et al. (2015) characterized the mechanism of ascosporic infection in Bgt. The
outbreak process is aided even further by mild temperatures (10–22�C) (Beest
et al. 2008).

Powdery mildew can live between seasons by growing on volunteer wheat plants
(green bridges) and wheat stubble. The presence of green wheat during the year in a
given area offers an avenue for biotrophic pathogens such as rusts and powdery
mildew to infect new emerging crops, resulting in higher levels of disease inoculum
spreading at the start of the season. In some areas, favorable summer/autumn
weather can allow for the production and persistence of regrowth. After autumn
rains, the fungus lives as fruiting bodies on wheat stubbles (from previously infected
crops) that release spores. Once a crop is affected, disease can be transmitted over
great distances through light, airborne spores from fluffy white outbreaks on leaves.
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5.2.3 Pathogenic Variation and Evolutionary Analysis in Blumeria
Graminis

The classification of B. graminis in numerous formae specialeswas presented for the
first time by Marchal (1902) and it is utilized to characterize “forms” that are
morphologically not discernable but infect different plant species (Schulze-Lefert
and Panstruga 2011). According to this definition, a forma speciales does not
necessarily represent a distinct evolutionary unit (heredity). However, the speciali-
zation on different hosts implies, at least in theory, barriers to gene flow between
different ff. spp. and, therefore, defines ff. spp. as separately evolving lineages,
which is the only necessary property of a species according to the unified species
concept (de Queiroz 2007). The advent of next-generation sequences has provided
researchers the ways that how species evolves and attempts to reconstruct the tree of
life with huge amount of data. One consequence of this has been the full recognition
of the difference between gene trees and species trees and of the processes that cause
it (incomplete lineage sorting and lateral gene flow) (Posada 2016). These processes
have different relevance in different systematic groups and at different timescales in
the same group. Menardo et al. (2017a, b) have suggested to reconstruct evolution-
ary histories with genomics data using a diverse set of methods that are suited for
lineages with a different level of divergence and isolation. The application of these
methods to the grass powdery mildew B. graminis has allowed these researchers to
disentangle a complex evolutionary trajectory that includes coevolution between
pathogen and host, host jumps, and fast radiations. In the recent times, B. graminis
has evolved eight distinct formae speciales (ff. sp.) that display strict host
specialization.

During the past few years, powdery mildew has emerged on triticale, the artificial
intergeneric hybrid between wheat and rye in the early 2000s in many locations,
probably due to a host range expansion of the wheat forma species, Blumeria
graminis f. sp. tritici.Many triticale cultivars have been found to be highly suscepti-
ble to powdery mildew, mainly in seedling stage, revealing a probably narrow
genetic basis for powdery mildew resistance genes (Pm). Moreover, as Blumeria
graminis is an obligate biotrophic fungus, it is very time consuming and difficult to
maintain powdery mildew isolates for a nonspecialized laboratory and evolution of
populations can occur. Interspecific crossing of wheat, resistant to powdery mildew
in seedling stage, and rye has been initiated to introduce potentially interesting genes
for resistance in triticale. Troch et al. (2014) utilized B. graminis isolates sampled
from triticale, wheat, and rye from different breeding regions in Europe. Pathoge-
nicity tests showed that isolates collected from triticale are highly pathogenic on
most of the tested triticale cultivars. Moreover, these isolates were also able to infect
several wheat cultivars (their previous hosts), although a lower aggressiveness was
observed compared to isolates collected from wheat. Phylogenetic analysis of
nuclear gene regions identified two statistically significant clades, which to a certain
extent correlated with pathogenicity. No differences in virulence profiles were found
among the sampled regions, but the distribution of genetic variation demonstrated to
be geography dependent. A multilocus haplotype network showed that haplotypes
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pathogenic on triticale are distributed at different sites in the network, but always
clustered at or near the tips of the network. This study revealed a genetic structure in
B. graminis with population differentiation according to geography and host speci-
ficity. In addition, evidence is brought forward demonstrating that the host range
expansion of wheat isolates to the new host triticale occurred recently and multiple
times at different locations in Europe.

5.2.4 Conventional and Modern Methods for Pathogen
Identification

In the field of phytopathogenic fungal diagnosis, several advancements have been
made. Traditional diagnosis of fungal diseases relied on visible morphological
structures such as sclerotia, conidia, or mycelia found on the outer surfaces of
flora or by the symptoms produced after infection by the fungal pathogens (Nezhad
2014; Tor and Woods-Tor 2017). These widely used traditional approaches includ-
ing isolation, culturing, reinoculation, and biochemical as well as microscopic
techniques are believed to be the foundation for diagnosis of fungal diseases (Tan
et al. 2008; Sharma and Sharma 2016). These methods are time consuming and
requires deep knowledge and experience in plant fungal taxonomy and pathology
(Pryce et al. 2003; McCartney et al. 2003; Sharma et al. 2017). Diagnostic
approaches based on antigen-antibody binding have poor affinity, sensitivity in
assays, and possible interference caused by contaminants (Meng and Doyle 2002).
Further, due to high inconsistency and phenotypic serological plasticity of fungi also
leads to ineffective detection of fungal plant pathogens (Luchi et al. 2020). As a
result, it is critical to introduce and improve innovative and efficient diagnostic
methods to combat plant fungal diseases. Hence, plant-fungal diagnosis has shifted
toward molecular methods which are rather more useful in pathogen identification
and quantification. Moreover, molecular assays can solve the limitations of tradi-
tional and serological approaches.

In context to early plant disease detection, polymerase chain reaction developed
in the mid-1980s has proved to be a fundamental technique in molecular biology.
PCR allows small amounts of the DNA fragments to be amplified in a semi-
conservative way (Mullis and Faloona 1987) and determination of taxonomical
status of fungal isolates. Detection techniques are mainly based on the presence of
specific fragments of fungal DNA or the amplicons. A primer pair was developed by
Zeng et al. (2008) to amplify B. graminis f. sp. tritici DNA. Chen et al. (2015) used
BF-F1/R PCR primers to create a single 464-bp product for multiplex detection of
three pathogens. Later, a nested PCR assay was designed by Zeng et al. (2010). Its
sensitivity was increased by using external and internal primer pairs. The internal
transcribed spacer (ITS) DNA marker is commonly used for fungal identification,
but only three of four powdery mildew samples yield a clear result. In contrast to
ITS, some genes provide improved identification, according to a search for new
markers (Kashyap et al. 2017). Others fail because of problems with amplification
and sequencing, as well as a lack of insightful variability. Some of the powdery
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mildew species are easy to see but hard to identify. There is room for improvement in
current identification and phylogenetic reconstruction methods. With varying
degrees of success, working protocols for amplification and sequencing of seven
genes (actin, tubulin, calmodulin, Chs, elongation factor 1- [EF1-], Mcm7, and Tsr1)
have been established. When used alone and in conjunction with ITS, Mcm7 proves
to be the most useful for phylogenetic reconstruction of closely related,
phylogenetically young, powdery mildew species. As a result, Elingham et al.
(2019) recommended that Mcm7 in addition to the ITS be used as the most
appropriate candidate gene for powdery mildew diagnostics. Even though molecular
diagnostic approaches have advanced significantly in recent years, there is still a
long way to go in terms of their development and application in plant diseases. Aside
from the aforementioned methods and technologies, studies using artificial intelli-
gence for plant disease detection have begun to emerge (Singh and Sharma 2020).

5.3 Identification of Resistance to Wheat Powdery Mildew

Genes for resistance to wheat powdery mildew, whether qualitative or quantitative
are termed Pm genes. Artificial inoculations in controlled environments of
greenhouses or growth chambers are mostly used to carry out genetic studies on
race-specific Pm genes. Isolates are multiplied under most appropriate conditions in
a growth chamber and, thereafter, used to inoculate wheat seedlings growing under
greenhouse conditions (Hua et al. 2009; Li et al. 2009). This method ensures the
elimination of variation in disease reaction response that can be observed due to the
heterogeneity of the pathogen population in the field, but has limitation of interpre-
tation of results to a single isolate or to a small sample of isolates. Because
B. graminis f. sp. tritici is an obligate parasite, propagation of inoculum can only
be done on living plant tissues. Individual isolates with known virulence spectrum
are usually maintained on detached segments of leaves of universally mildew-
susceptible wheat variety. The leaves are floated on agar medium amended with a
low concentration of the fungicide benzimidazole, which slows leaf senescence
(Parks et al. 2008). Isolates can also be increased on seedlings grown in pots
enveloped in plastic bags with a small opening at the bottom for gas exchange.
Powdery mildew spores are short lived but have a short generation time (approxi-
mately 1 week) and can reproduce in very large quantities (Bushnell 2002).

5.3.1 Types of Resistance

Genetic resistance is believed to be the most useful, cost-effective and environmen-
tally sustainable method of controlling powdery mildew. Different plant resistance
levels to a particular pathogen species are determined largely by how the pathogen
interacts with the host, which can be broad spectrum (e.g., quantitative basal
resistance) or race specific (R gene-based resistance). In this sense, race-specific
resistance is often related to life-long immunity and reflects resistance at all times,
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while quantitative resistance is typically effective only after seedling stage. There
are, however, certain instances in which such laws do not apply. The nucleotide-
binding site leucine-rich repeat (NLR) type receptors are a well-known class of
resistance proteins encoded by plant R genes (Deyoung and Innes 2006; Jones and
Dangl 2006). Wheat powdery mildew resistance gene, Pm21, generates a standard
NLR protein, but it confers broad-spectrum Bgt resistance at both seedling and adult
plant levels (He et al. 2018). Some genes, such as the adult-plant resistance (APR)
gene, LR22a, are involved in quantitative resistance. However, this gene also
encodes an NLR protein (Thind et al. 2017). Furthermore, in wheat lines carrying
Pm6 and Pm8, decoupling of race-specific resistance and life-long resistance was
observed, with resistance present at the adult plant stage but not at seedling stage
(Golzar et al. 2016). Since few Pm genes have been sequenced and understanding of
the genetic basis underlying quantitative resistance to disease is still in its early
stages, resistance modes included in resistance breeding schemes (Ning and Wang
2018) are commonly referred to as race-specific resistance or broad-spectrum
resistance.

In plants, reactive oxygen species (ROS) play an important role in their response
to biotic stress. The disparity in subcellular localization of H2O2 and O2 between two
powdery mildew susceptible and resistant wheat cultivars was found to be correlated
with different downregulation of the genes accounting for superoxide dismutase and
catalase. These findings indicated that reactive oxygen species (ROS) are involved in
the process of cell death in wheat roots caused by the powdery mildew fungus.

5.3.2 Race-Specific Resistance

The existence of a major resistance gene (R gene) and cognate pathogen avirulence
gene (Avr gene) causes race-specific resistance (Flor 1971), and this has proven to be
the underlying theory for resistance breeding in wheat for several decades (Wang
et al. 2005; Lillemo et al. 2010; Shamanin et al. 2019). Regardless of plant level, the
resistance (R) gene codes for a receptor that is activated by a pathogen effector. The
dominant R gene and dominant Avr gene are predicted to produce a resistant
outcome, while the interaction of a recessive allele in one or both of the host
and pathogen leads to susceptibility. Only six (Pm2, Pm3, Pm8, Pm17, Pm21, and
Pm60) of the collection of powdery mildew resistance (R) genes (Pm genes and
temporarily assigned genes) and alleles reported in the wheat genome have been
cloned so far, all encoding NLR class proteins. (Yahiaoui et al. 2004; Cao et al.
2011; Hurni et al. 2013; Sánchez-Martín et al. 2016; Xing et al. 2017; He et al. 2018;
Singh et al. 2018; Zou et al. 2018; Kang et al. 2020). The host still has complete
resistance to the pathogen as a result of the gene-for-gene interaction. When the
prevailing pathogen genotype alters, however, R gene resistance is no longer
reliable. As a result, race-specific resistance genes often trigger “boom–bust” disease
cycles over time, with the disease being dominated by a new gene for a period of
time before being resolved by adaptation in the plant pathogen. Strategies based on
gene pyramiding with a variety of Pm genes simultaneously, regional distribution, or
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temporal allocation of R genes are suggested for robust breeding to extend the
durability of race-specific resistance (Li et al. 2014; Burdon et al. 2014). Because
of the genetic variation in the pathogen population, the concurrent existence of
various pathotypes in natural surroundings increases the risk of disease outbreak.
As a result, pyramided genotypes can fail to stop pathogenic intrusion for extended
periods of time and ultimately become ineffective once these genes are overcome. In
plant breeding, allele mining has been proposed as a way to bring value to gene
stacking (Bhullar et al. 2010b). Genetic variation in a phenotype or trait is caused by
allelic diversity at a resistance locus. For example, combining lines with different
alleles of a single resistance gene (Pm3) has demonstrated to be an effective
technique for the successful and long-term use of race-specific genes (Brunner
et al. 2012; Ma et al. 2016), which may be an evolutionary advantage to selection
by particular pathotypes (Yahiaoui et al. 2006). Allele mining of Pm3 gene present
in wheat on chromosome 1AS resulted in the identification of 20 functional alleles.
Seventeen of them have been cloned. These 17 alleles share 97% of the homology
(Yahiaoui et al. 2006; Bhullar et al. 2010a). Comparative analysis between Pm3 loci
of wheat and two rye (Secale cereale)-derived powdery mildew resistance genes
Pm17 and Pm8 suggests that Pm17 and Pm8 of the 1RS translocation are evidently
allelic and are orthologous to Pm3 (Singh et al. 2018). In addition, allele mining of
Pm17/Pm8 is a powerful indicator of the enhancement of the wheat powdery mildew
gene pool by introgression of various rye germplasm alleles.

Evolutionary study suggested that Pm3 alleles originally come from Pm3CS, a
susceptible allele in domesticated tetraploid wheat and widely found in bread wheat
cultivars (Yahiaoui et al. 2006). Transgenic lines with Pm3 allelic series gave greater
resistance to powdery mildew in field tests compared to parental lines with only one
Pm3 allele (Koller et al. 2018). This increase in resistance came from an allelic
conjunction and an additive interaction of alleles.

5.3.3 Quantitative (Broad-Spectrum) Resistance

Arbitrary terminology for quantitative resistance includes the terms “partial resis-
tance,” “horizontal resistance,” “background resistance,” “slow-mildewing,” or
“APR” to represent resistance in plants after seedling stage (Bennett 1984; Tucker
et al. 2007). Thus, unlike race-specific resistance, quantitative resistance has very
distinct characteristics. This type of resistance does not often result in a total absence
of infection; instead, it lessens fungal sporulation and duration of infection (Poland
et al. 2009). Quantitative trait locus (QTL) mapping is an effective method of
detecting quantitative resistance to powdery mildew. Over 100 Bgt QTLs have
indeed been mapped to homoeologous groups from various molecular mapping
studies, some of which are positioned at the same marker intervals (Kang et al.
2020). New QTL identification is still predicted to boost with the development of a
high-resolution genetic map aided by genome-wide genotyping markers. The single
nucleotide polymorphisms (SNPs) array provides a high-performance platform for
the molecular breeding of quantitative traits and is effective for the discovery of

142 V. Rana et al.



genetic variants. They have been used to map the disease resistance loci and identify
four QTLs in the elite wheat line Zhou8425B (Jia et al. 2018).

A fully sequenced and annotated wheat genome (Appels et al. 2018) will also
help in the future to explore certain functional gene groups underlying powdery
mildew QTLs mapped to a similar region. Most studies have found that quantitative
resistance is more durable and robust than qualitative resistance to pathogen evolu-
tion, provided that there is almost no selection pressure on the pathogen (Liu et al.
2001; Li et al. 2014). Some powdery mildew APR genes provide broad efficacy to
multiple pathogens, a trait much desired by breeders.

Isolation of the APR genes, Pm38 and Pm46, found a single gene encoding the
ATP-binding cassette (ABC) transporter (Krattinger et al. 2009) and the hexose
transporter (Moore et al. 2015), respectively, at the multipathogenic resistance locus,
which imparts dual resistance to wheat leaf rust and strip rust along with powdery
mildew. Besides these, many other ground-breaking findings highlight the relevance
of ABA and sugar signaling in modulating plant immune systems not mentioned in
the zigzag model. The complex genetic basis makes it difficult for breeders to
manipulate quantitative resistance. If quantitative resistance has an impact on basal
nonhost defense, then it is fair to expect that it will be more durable (Mundt 2014).
Johnson (1981) assumed that the forecasting of durability is complicated to imple-
ment because the interpretation is made after the allocation of the cultivar to a
favorable environment. As a result, a plant breeder does not know how a cultivar
will perform in the long term until a multiyear field trial is conducted.

Multifaceted genetic interactions of race-specific resistance and quantitative
resistance to powdery mildew are normally found to co-exist in a given cereal
cultivar (Miedaner and Flath 2007). Some studies have already reported that the
promising durability of qualitative R genes can be boosted when combined with
quantitative resistance (Brun et al. 2010). This provides a commitment for breeding
cultivars with long-lasting resistance, taking advantage of both types of resistance,
but yielding far beyond additive benefits. But the assessment of the genetic effects in
the blending of both types of resistance in a cultivar is difficult because quantitative
resistance can only be evaluated when the host lacks qualitative resistance genes
(Miedaner and Flath 2007; Burdon et al. 2014).

5.3.4 Recessive Resistance

Resistance genes or QTLs have been considered to confer resistance to disease, but
susceptibility genes have also been identified to control disease reactions in plants.
Silencing of these susceptibility factors has also been proven to contribute to
resistance to powdery mildew in monocots and dicots (Consonni et al. 2006;
Wang et al. 2014; Appiano et al. 2015; Pessina et al. 2016). MlO (Mildew-Locus-
O) is a very well-explored type of powdery mildew susceptibility gene. It was first
reported in barley toward Blumeria graminis f. hordei (Bgh) in 1942. The recessive
mutation of theMlO gene is observed as an efficient and durable source of resistance
(MlO resistance) to Bgt. In barley, the mlo-mutated gene has conferred resistance to
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most Bgh isolates for more than 30 years (Jorgensen 1992). However, hardly any
natural incidence of a mlo gene has been noticed in wheat (Acevedo-Garcia et al.
2017).

Recently, TaMlo mutants have been produced on the basis of different
technologies, all showing good resistance to Bgt (Wang et al. 2014; Acevedo-
Garcia et al. 2017). Mlo genes are largely conserved in the plant kingdom, with
comparative studies showing that wheat and barley have conserved similarity in the
genome structure. Similarly, host-specific pathogens Bgt and Bgh also coevolved
with each host and showed gene collinearity (Mayer et al. 2011; Oberhaensli et al.
2010). The functional annotation of barley Mlo genes should be able to assist in the
exploration of wheat mlo-based resistance, as TaMlo shows approximately 88%
similarity to barley (Elliott et al. 2002).

Powdery mildew-specific resistance separatesMlO from another type of negative
regulator, enhanced disease resistance 1 (EDR1) (Zhang et al. 2017b), a mutation
that also causes powdery mildew resistance but exhibits more general resistance
(Huckelhoven 2005). EDR1 resistance is another type of disease resistance mecha-
nism, where mutation also causes resistance to powdery mildew. Zhang et al.
(2017b) created Taedr1 mutants by editing wheat EDR1 with regularly interspersed
short palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9) technologies. Bgt
resistance exhibited by the mutant plants, thus, generated was found to be indepen-
dent of mildew-induced cell death. This study clearly highlights the possibility of
using EDR1 as an ideal target for improving resistance to powdery mildew through
the use of new genome-editing tools.

5.4 Breeding and Deployment of Wheat Powdery Mildew
Resistance

5.4.1 Management Strategies: Deployment of Wheat Powdery
Mildew Resistance

Due to the significant yield-limiting economic effects of powdery mildew, the
improvement of disease resistance is given due importance in most wheat breeding
programs worldwide. During the 1996 survey, it was reported that powdery mildew
resistance was one of the top four genetic disease resistance priorities in 115 winter
and voluntary wheat breeding programs worldwide (Braun et al. 1997). Powdery
mildew fungi of cereals are considered by the Fungicide Resistance Action Com-
mittee (FRAC) to be plant pathogens at high risk of developing fungicide resistance
(FRAC 2005). It is, therefore, particularly important to ensure a broad and effective
genetic basis for resistance in cultivars to this disease. Breeding of resistant cultivars
is considered to be the most economically sound and environmentally safe method of
eliminating the use of fungicides and reducing crop losses due to powdery mildew.
The most common breeding strategy was the use of major genes conferring hyper-
sensitive resistance types. This form of resistance, also known as race-specific
resistance, follows the gene-for-gene model (Flor 1955), in which a corresponding
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avirulence gene (Avr gene, now often referred to as elicitor) is present in the
pathogen for each resistance gene (R gene) in the host plant. The interaction between
the host R gene and the pathogen Avr gene determines whether there will be a
compatible (susceptible) or incompatible (resistant) reaction in the host.

Temporal and spatial continuity in the use of cultivars with race-specific resis-
tance genes generally provides immunity or near disease immunity, but exerts
selection pressure on the pathogen population. This causes the pathogen to develop
corresponding virulence, which reduces the life span of these cultivars to a few
years. This scenario occurred with most commercially grown wheat varieties
(McDonald and Linde 2002). Increased virulence and changes in virulence fre-
quency are strongly influenced by resistance genes borne by cultivars grown in a
particular area. Major genes can confer more long-lasting resistance to disease if they
are deployed using disruptive directional selection. Simultaneous deployment of
different Pm genes using cultivar mixtures (Mundt 2002), isolines with different
resistance genes (Zhou et al. 2005), or pyramiding different major genes into a single
cultivar (Liu et al. 2000) increases the number of mutations needed in the pathogen
population to overcome all existing host resistance genes.

Use of cultivar mixtures should be the ideal target for the control of powdery
mildew due to the relatively shallow dispersal gradient of the mildew pathogen and
the large number of pathogen generations per crop season. Manthey and Fehrmann
(1993) reported that the levels of infection with powdery mildew, leaf rust, and
striped rust were significantly reduced with the use of cultivar mixtures and the
greatest reduction in disease development was observed for powdery mildew. Zhou
et al. (2005) have developed near-isogenic lines (NILs) with powdery mildew
resistance using molecular markers. Amplified fragment length polymorphisms
(AFLPs) were used to assess the similarity of NILs to their recurrent parent, and
AFLPs and Pm-linked microsatellite markers were used to select powdery mildew
resistance.

Pyramiding multiple resistance genes in local cultivars is an effective strategy to
increase the durability of powdery mildew resistance. Three powdery mildew
resistance gene combinations Pm2 + Pm4a, Pm2 + Pm21, Pm4a + Pm21, and
Pm4a + Pm21 have been successfully integrated into the elite wheat cultivar
“Yang158” by means of markedly aided pyramiding (Liu et al. 2000). In another
example, Murphy et al. (2009) reported 13 two-gene and 6 three- and four-gene
pyramids, developed using a combination of marker-assisted selection and duplicate
haploid technologies. The combination of various resistance genes in a single
genetic background is expected to provide broad-spectrum resistance through indi-
vidual gene action and complementation between resistance genes. However, the
detection and screening of several resistance genes in the same population at the
same time as conventional methods are hardly applicable in practice. Recently,
Koller et al. (2018) reported that the combined effects of enhanced total transgene
expression level and allele-specificity combination in transgenic allele-pyramided
Pm3 wheat lines resulted in improved powdery mildew field resistance without
negative pleiotropic effects. All four allele-pyramided lines exhibited strongly
enhanced powdery mildew resistance in the field compared to the parental lines.
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5.4.2 Mapping of Powdery Mildew Resistance Genes

In 1930, Australian researcher Waterhouse discovered the first powdery mildew
(Pm) resistance gene in wheat in the wheat variety “Thew” (Zeller 1973). New
powdery mildew resistance genes have been discovered in common wheat and
wheat relatives since then. Meanwhile, the inheritance properties of the powdery
mildew resistance genes and chromosome positions have been extensively studied
(Bhullar et al. 2010a, b; Brunner et al. 2012; Hanusova et al. 1996). Over 91 Pm
resistance genes have been identified so far, with 61 loci mapped to them. Apart from
these, new genes are continually been searched and described in common wheat and
its different relatives (Hao et al. 2015; Li et al. 2017, 2019a, b, c; Tan et al. 2019;
Zhang et al. 2017a, b). These genes provide protection for the wheat crop at the
seedling stage or at the adult plant stage. However, only a few of them have been
widely used in the development of disease-resistant wheat cultivars. For example,
Pm8 was introduced from rye in the form of wheat rye 1BL:1RS chromosome
translocation. Wheat cultivars such as Kavkaz, Lovrin 13, and Aurora, all having
Pm8 gene have been extensively used as parental lines in wheat improvement
programs due to their efficacy against powdery mildew, high yielding ability, and
broad genetic base from the time they were first introduced into China in the 1970s.
Pm8 has been incorporated into local wheat genotypes, resulting in the production of
a number of commercial wheat cultivars that are locally adapted. Another important
Pm gene used in wheat improvement programs is Pm21, which is derived from
Haynaldia villosa L. (Li et al. 2007). With the exception of the fewest, most known
Pm genes, especially those derived from closely or distantly related wheat species
which have not been used in the wheat breeding programs due to the presence
of linkage drag, resulting in decreased agronomic importance. Strong efforts are
needed to improve their agronomic scores, increase their yield potential, and elimi-
nate other undesirable traits. As a result, breeders prefer to use Pm genes identified
from improved genetic backgrounds with promising agronomic performance. Sev-
eral Pm genes have been identified in Chinese wheat cultivars, such as Yumai
66 (Hu et al. 2008), Zhoumai 22 (Xu et al. 2010), Liangxing 66 (Huang et al.
2012), and Tangmai 4 (Xie et al. 2017). The Pm genes in the widely cultivated Jimai
22 (PmJM22) and Liangxing 99 (MlLX99) wheat cultivars were localized on 2BL
chromosome (Yin et al. 2009; Zhao et al. 2013). The MlLX99 was permanently
designated as Pm52 (McIntosh et al. 2014). A saturated generic linkage map of
Pm52 has recently been established (Wu et al. 2019), which allows the target gene to
be precisely detected. Pm52 was effective against 81% of 123 Bgt isolates from
different regions of China (Zou et al. 2017) and 94% of another 49 Bgt isolates from
Northern China (Ma et al. 2018).

Various types of mapping populations such as F2 population, F2:3 populations,
backcross (BC), recombinant inbreed lines (RILs), near-isogenic lines (NILs), dou-
ble haploid (DH), and inbred lines (ILs) can be used for mapping purposes. F2:3
population is the result of the generation of single-generation F2 individuals. Like the
F2 populations, they are also of a mortal nature. Neu et al. (2002) developed a
population of F2 to map the Pm1a allele of the Pm1 gene. The Pm2c gene was
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mapped to the F2 population (Xu et al. 2015). Dong et al. (2020) used the F2
population to map the Pm57 gene in Aegilops searsii. Genes Pm59, Pm63, Pm64,
and Pm65 have been mapped using populations of F2 and F2:3 (Tan et al. 2018; Li
et al. 2019a, b, c; Tan et al. 2019; Zhang et al. 2019). The backcross (BC) population
is formed by crossing the F1 hybrid with one of its parents. They also need less time
to generate. BC population has been used to map several powdery mildew resistance
genes, such as Pm4c, Pm43, and Pm2b (Hao et al. 2008; He et al. 2009; Ma et al.
2015). Recombinant inbreed lines (RILs) are the result of continuous inbreeding of
individual members of the F2 population until complete homozygosity is achieved.
They are immortal in nature and are important for the purposes of QTL mapping.
However, they require a number of seasons to develop.

Chhuneja et al. (2012) mapped two powdery mildew resistance genes, PmTb7A.2
(new allele of Pm1) and PmTb7A.1 in T. boeoticum acc. pau5088, using the RIL
population. The Pm49 gene has also been mapped using the population mapping of
the RILs by Piarulli et al. (2012). Hao et al. (2015) used RILs population to map the
Pm54 gene in soft red winter wheat. Similarly, near-isogenic lines (NILs) can also be
generated by repeated backcrossing of the F1 hybrid with the recurrent parent. Such
lines may be helpful in tagging genes for powdery mildew resistance, which are
generally monogenic. For example, Tao et al. (2000) mapped Pm6 gene on the
chromosome 2BL using NILs population. Nematollahi et al. (2008) successfully
used NILs population for mapping of Pm5d gene. Pm4e gene has also been mapped
with NILs mapping population (Ullah et al. 2018).

Mapping of resistance genes facilitates in locating a particular gene on the
chromosome. There are a large number of powdery mildew resistance genes in
wheat, which have been mapped using different molecular markers. These markers
tend to cosegregate with the gene of interest. With the development of markers
tightly linked with the gene, we can screen population for marker which ultimately
linked to the resistance gene that aids in marker-assisted selection. Already many
powdery mildew resistance genes have been labelled with molecular markers.
Singrun et al. (2003) found that SSR and AFLP marker, GWM344-null–
S13M26–372, was linked to an allele of Pm1 gene, Pm1e, with a genetic distance
of 0.9 cM and 0.2 cM, respectively. Ma et al. (2014) used F2 population for tagging
of Pm4a powdery mildew resistance gene using SSR markers and reported that
Xgwm356, SSR marker, was closely linked to the gene and can be used for marker-
assisted selection. Nematollahi et al. (2008) developed NILs population for screen-
ing of markers linked to the allele of Pm5 gene, Pm5d, and observed that Xgwm611
and Xgwm577 were at genetic distance of 2.1 cM and 2.0 cM from gene, respec-
tively. Luo et al. (2009) reported that the close flanking SSR marker, Xgwm297, with
genetic distance of 0.4 cM will enable marker-assisted transfer of Pm40 gene into
wheat breeding populations. The closely linked molecular marker, BF146221,
congregated with Pm42 gene (Hua et al. 2009). Pm6 was found to be closely linked
with STS markers; CINAU127, distally at 1.1 cM, and CINAU123, proximally at
0.1 cM distance (Qin et al. 2011). The Pm46 gene was located on the 5DS
chromosome and flanked by SSR markers Xgwm205 and Xcfd81 at 18.9 cM apart
(Gao et al. 2012).MlIW172 resistance gene was found closely linked to the Xpsr680
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RFLP probe derived from the Xmag2185 STS marker and the BE405531 and
BE637476 EST markers (Ouyang et al. 2014).

Bulked segregant analysis showed that multiple simple sequence repeat (SSR)
markers, Xgwm499 and Xwmc759, flanked the Pm53 gene with 0.7 cM proximally
(Petersen et al. 2015). Tan et al. (2018) developed STS markers – Xmag1759 and
Xmag1714 – that are tightly linked to Pm59 gene with a genetic distance of 0.4 cM
on the distal side and 5.7 cM on the proximal side. Pm61 was positioned in a
0.71 cM genetic interval and can also be observed in a high-throughput scale by
the Xicscx497 and Xicsx538 SSR markers (Hu et al. 2019). Recently, Pm57 was
physically mapped on the long arm of 2Ss#1chromosome of Aegilops searsii and
was flanked by markers X67593 and X62492 (Dong et al. 2020). These markers will
allow the efficient utilization of genes to the wheat breeding program, thus
contributing to its genetic diversity.

5.5 Challenges

The current populace of 7.6 billion individuals on the planet is assessed to rise to
10 billion by 2050. With quick populace development, the world has grown expo-
nentially in cities and the extent of nourishment producers for food consumers has
dropped drastically. This has put weight on food generation around the world, but
escalated, proficient agricultural production has met these needs. There is, however,
a genuine concern that the anticipated increment in demand for planted crops up to
70% over the following 30 to 40 years cannot be met with expanded efficiency
utilizing current crop varieties and cultivating practices.

Moreover, the Earth’s climate has undergone major changes since the industrial
revolution and is anticipated to change even more in the near future (Pachauri et al.
2014). For illustration, the worldwide mean surface air temperature has expanded by
0.74 � 0.18 �C over a 100-year period (1906–2005) and is anticipated to rise by an
extra 1.0–3.7 �C by the end of the twenty-first century, owing to the aggregation of
nursery gasses (Anderson et al. 2016; Deryng et al. 2014; Huang et al. 2017; Jiang
and Fu 2012; Pachauri et al. 2014; Solomon et al. 2007). Climate change too has
been applying a noteworthy effect on the event and epidemics of crop pests and
infections (Coakley et al. 1999; Fischer et al. 1995; Goudriaan and Zadoks 1995;
Rosenzweig and Parry 1994; Rosenzweig et al. 2001).

In this context, wheat powdery mildew (caused by Blumeria graminis f. sp.
tritici) has ended up becoming one of the foremost vital wheat diseases due to
changing climate conditions, vulnerability of developed varieties, extensive irriga-
tion, and utilization of nitrogen fertilizers (Cao et al. 2010; Cao et al. 2015; Shen
et al. 2015). The frequency dispersion of B. graminis f. sp. tritici segregates with
distinctive temperature sensitivities shows that the pathogen populaces have been
impacted by selection pressure from changing temperature. In this way, given the
seriousness of wheat powdery mildew, the association of pathogens and climate
alterations, and current understanding of the conditions beneath which wheat pow-
dery mildew flourishes, it is imperative to explain the impacts of climate alterations
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on plagues of wheat powdery mildew. Plant growth at higher nitrogen accessibility
may result in expanded disease severity (Mitchell et al. 2003) since the utilization of
nitrogen fertilizer may result in a denser canopy and a more sticky microclimate
(Bremner 1995). Moreover, this issue ought to be considered to decide the relation-
ship between wheat powdery mildew plagues and changing climate under the
biological systems utilizing high nitrogen.

Biodiversity preservation is another major challenge confronting cereal breeders
within the twenty-first century. High yield and other desirable agronomic
characteristics are the main needs of advanced wheat breeding programs, which is
frequently related to a chance of losing hereditary differences for disease resistance.
In conventional farming, agriculturists plant a variety of crops that ordinarily have an
expansive supply of interesting genotypes. The large-scale development of high
yielding varieties and their monoculture has driven an undesirable misfortune in crop
hereditary diversity. Conventional crops have the most elevated gene diversity and
as they wane, those genes disappear. These hereditary diversity losses can be seen all
over the world in areas that actualized green revolution farming strategies. Modern
bread wheat (Triticum aestivum L.) varieties ought to have high yields, high protein
substance, as well as high resistance to biotic and abiotic stresses. High-yielding
varieties of bread wheat seem to account for up to 90% of wheat production around
the world within the twenty-first century. In any case, only a restricted number of
local varieties, a number of which are closely interrelated, can be utilized as breeding
materials, which limits down the diversity of gene pool of bread wheat. For this
reason, closely related taxa of T. aestivum are progressively utilized for advance-
ment of new varieties with alluring agronomic characteristics, high dietary esteem,
handling quality, as well as resistance to the economically critical parasitic
pathogens. Hexaploid spelt (Triticum spelta L.) one of the closely related taxa, for
all intents and purposes, having no crossing obstructions with bread wheat, which
empowers the generation of fertile and steady hybrids characterized by superior
grain quality and resistance to pathogens compared to bread wheat.

Two primary avenues for expanding crop efficiency are, namely, the arrangement
of genetically predominant crop varieties and other, by selection of better manage-
ment practices, which ought to be tended in parallel to provide a step change in
efficiency comparative to what was accomplished through green revolution. Green
revolution depicts the colossal increment of grain yield related with improved
genetics and application of plant protection chemicals and mineral fertilizers.
Whereas it took nearly 10,000 years for people to create 1 billion tons of grain
universally, the green revolution led to multiplying of that amount in just 40 years
between 1960 and 2000. The appearance of smaller, more stable varieties with a
higher gather record went accompanied by a few positive impacts, counting a
progressed allotment of supplements and assimilates to the grains and a reduction
in leftover plant biomass.

Intercropping is supplanted by monocropping, a wide difference of species is
replaced by a small number of commercial assortments. As a result, the awesome
genetic diversity inside the same crop species is replaced by a narrow hereditary
range of fiscally lucrative varieties. The net effect of these and other practices has
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been an enormous uprooting of innate seed varieties, such that within the case of
most major crops now, the larger part of indigenous cultivars are not developed.
Hence, due to a limited genetic base of the current Indian wheats with regard to the
resistance range (most of the high-yielding wheat assortments infer their resistance
to rusts and fine buildup from the 1BL/1RS translocation) and intensive cultivation
practices, there has been an increment in the frequency of rusts and more prominent
severity of powdery mildew and other already minor maladies. Hence, green revo-
lution brought modern challenges to sustain its growth under unused challenges of
genetic defenselessness to maladies and disease management with environmental
contemplations.

5.5.1 Linkage Drag Associated with Introgression of Exotic
Resistance Alleles Using Conventional Breeding

Routine breeding is still the foundation within the trim enhancement pipeline. It is
conducted by crossing plants with characteristics of intrigued and selecting the
offsprings with the ideal combination of characteristics. In any case, linkage drag
leading to the presentation of outside chromosomal segments containing resistance
can come with pleiotropic impacts since harmful qualities related to poor agronomic
performance in yield or quality will also be introgressed at the side the quality of
interest. Yield penalties of resistance in wheat have been detailed for Pch1 (Johnson
1992; Groos et al. 2003) and Pm16 (Chen et al. 2005). A chromosome fragment
from Aegilops ventricosa has carried both the eyespot resistance quality Pch1 and
yield-reducing qualities in wheat (Doussinault et al. 1983; Groos et al. 2003). This
potential “linkage drag” incredibly puts confinements on the coordinated use of Pm
qualities in breeding programs.

In addition, one of the major bottlenecks of plant breeding is the time it takes to
create a progressed trim assortment. In this case, routine breeding strategies take
numerous eras and time (ordinarily 6 years for conventional breeding of self-
pollinating crops) to assess phenotypes and get the target recombination of genes,
which is clearly time devouring (Cowling 2013). Indeed so, significant benefactor
DNA material can still be found alongside genes of interest in eras after different
backcrosses (Young and Tanksley 1989). The issue of linkage drag is exacerbated in
breeding self-pollinating crops, where levels of linkage disequilibrium were found to
be 200 times higher than in out-crossing crops (Rostoks et al. 2006). Additionally,
the rate at which foreign segments recombine with wheat chromosomes is lower than
when a wheat homoeologous partner is utilized. For this reason, confinement of
resistance genes by routine map-based cloning has run into more challenges. Such
challenge in hereditary illustration has been illustrated in cloning of Pm21 on the
6VS arm, beginning from the Triticeae grass D. villosum (Chen et al. 1995).
Recombination hindrance of remote chromosome 6VS through a map-based cloning
technique was not attainable for Pm21 (Qi et al. 1998). More noteworthy exactness
in mapping the physical area of resistance genes is undoubtedly vital for
distinguishing candidate genes, and the position of embedded alien segments within
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the wheat genome too accounts for effective improvement of the crop (Dundas et al.
2007).

The improvement of cytogenetic stocks made a difference to find Pm21 and
recognized a serine/threonine kinase gene Stpk-V upgrading powdery mildew resis-
tance (Cao et al. 2011). However, it was dubious in case Stpk-V gene that whether a
candidate gene or set of genes at the Pm21 locus is responsible for developing resis-
tance. This speculation was upheld by the proven fact that Stpk-V silencing did not
totally compromise resistance of Pm21 (Cao et al. 2011). Later work advance
substantiates the theory where two commonplace NLR qualities, DvRGA2
(He et al. 2018) and NLR1-V (Xing et al. 2018), were found as candidates for
Pm21 and are likely allelic. Subsequently, plant breeders and analysts around the
world are creating unused advances and approaches to assist speed up of the
productivity of crop breeding.

5.5.2 Fungicide Resistance

Cereal mildews have an inherently high resistance risk because of their remarkable
ability to adapt to fungicide treatments. Currently, resistance in mildew to quinone
outside inhibitors (QoIs) is high across Northern and Western Europe. Following an
initial shift toward reduced sensitivity, the sensitivity pattern to the morpholines and
DMIs has remained stable for several years. Isolates with reduced sensitivity to
quinoxyfen have been found in Europe with reports of reduced performance. Isolates
with reduced sensitivity to metrafenone have been found but field performance
remained good. Good resistance management strategies should be followed by
applying fungicide before the disease becomes severe, rotating fungicides, and not
using more than two sprays of any product per season. But the initial genetic changes
(or “gateway” mutations) in wheat powdery mildew strains will always be a threat
leading to fungicide resistance issues in powdery mildew management.

5.5.3 Fast Jump: Expansion of the Host Range Due to Pathogen
Diversity

Climate change is a generic term that explains the recent and forecasted change in
multiple environmental factors. Most of them, including atmospheric CO2 concen-
tration, temperature, and the frequency and amount of precipitation, affect plant
growth. Beyond the temperature optimum, which is very crop and variety specific,
higher temperatures result in heat stress, which is considered a major cause of wheat
yield loss in developing countries. It has been estimated that each �C increase leads
to a decrease in global wheat production by 6%. Increasing temperature can also
indirectly affect crop yields due to an increased occurrence of pests and diseases.
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5.6 Prospects for Broadening the Genetic Basis of Host
Resistance

Need to feed a rapidly growing population in the face of visibly changing climate has
raised concerns for global food security. In times of rapid population growth and
visibly changing climate, the rate of improvement of genetic yield potential and
resistance against fast evolving plant pathogens has to be increased beyond current
rate achieved by the ongoing breeding programs to protect global food security.
While plant breeding has been very successful and has delivered today’s highly
productive crop varieties, the rate of genetic improvement must double to meet the
estimated future demands. For this, a set of new approaches are needed to accelerate
the crop breeding process.

In a broader sense, any breeding program can be broadly classified into three
main processes: (1) the creation of new genetic variation, (2) the selection of best
individuals based on set objective of improvement, and (3) the evaluation, multipli-
cation, and release of improved crop varieties. The conventional way of creating new
genetic variation is to attempt targeted crossing between selected individuals to
create desirable segregants and further to identify genetically superior individuals
from typically large populations of genotypes. Longer generation times taken in
conventional breeding represent a major bottleneck for crop breeding, apart from
multiple breeding cycles, especially due to time-consuming line fixation. For self-
pollinating crops (i.e., wheat), usually six to eight generations are expected for
genetically heterogeneous breeding lines to reach fixation (Lenaerts et al. 2019).
Further, after release of a variety, the adoption of poor or suboptimal management
practices in farmers’ fields results in a yield “gap,” where the potential yields of
varieties are not realized. Therefore, closing the yield gap between potential and
realized yields is considered a challenging and high-priority goal for enhancing
productivity and global food security.

For most important crop species, modern selection strategies have been devel-
oped that incorporate genome information based on next-generation DNA sequenc-
ing technologies in the breeding process. Modern plant breeding programs have
become highly multidisciplinary involving genetics, biochemistry, physiology, bio-
informatics, molecular biology, statistics, agronomy, and economics as well.
Advances in DNA sequencing technologies have revolutionized plant breeding
research, opening up the “genomics era” of crop improvement. Very cost-efficient
genotyping platforms to “DNA fingerprint” plants have been developed and whole-
genome reference DNA sequences are available for most important crop species.
Single nucleotide polymorphisms (SNPs) have become the markers of choice
because of being ubiquitous in plant genomes and very easy and cost-efficient to
score. It has, therefore, become common practice in modern crop breeding to
genotype large populations of plants with several thousands of markers on a routine
basis. Whole-genome sequencing data are becoming increasingly available. Large
amounts of genotype data are being increasingly used for various purposes using the
latest statistical genetics approaches.
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5.6.1 Utilizing Exotic Sources for Resistance

High yield and other desirable agronomic traits are the most important priorities of
recent wheat breeding programs, which are often related to a risk of losing genetic
diversity for disease resistance. Wheat relatives possess untapped diversity for
mildew resistance. In this context, interspecific hybridization for introgressing
disease resistance genes from wild distant relatives is effective for breeding more
resilient cultivars. Among close and wild relatives of Triticum aestivum, rye and
Dasypyrum villosum, respectively, are used for transferring a spread of resistance
genes against mildew and rust fungi (Graybosch 2001; Chen et al. 2013; Li et al.
2018). Genes for resistance to mildew (Pm8 and Pm17), as an example, and rust
(Sr31, Lr26, and Yr9) on chromosome 1RS of “Petkus” rye are successfully
introduced into commercial wheat cultivars worldwide (Jiang et al. 1994; Kim
et al. 2004). For Triticum aestivum, wild wheat, one among the progenitor species,
is additionally an upscale donor of diversity of resistance to varied diseases and may
be exploited for trait improvement (Huang et al. 2016). Wild species and primitive
forms including wild wheat are the source of the many confirmed Pm genes.
Incorporating Pm genes from wild sources into commercial cultivars has been
made possible as wild wheat is crossable with both hexaploid (Triticum aestivum)
and tetraploid durum (Rong et al. 2000; Elkot et al. 2015). Easy crossability of
untamed emmer with both hexaploid Triticum aestivum and tetraploid durum has
made it possible to include Pm genes into commercial cultivars (Rong et al. 2000;
Elkot et al. 2015). On the opposite hand, landraces of bread wheat are genetically
more polymorphic sources of disease resistance thanks to cultivation for thousands
of years under natural environments (Talas et al. 2011; Li et al. 2016), and are rich
reservoirs of adaptive traits to abiotic stressors (Reynolds et al. 2007). Compared to
distant relatives, landraces are ready for direct crossing of interesting traits into new
cultivars. A group of wheat landraces have exhibited highly significant resistance to
mildew, formally designated as Pm2c (Xu et al. 2015), Pm3b (Yahiaoui et al. 2004),
Pm5d (Hsam et al. 2001), Pm5e (Huang and Roder 2003), Pm24a (Huang et al.
2000), Pm24b (Xue et al. 2012), Pm47 (Xiao et al. 2013), Pm59 (Tan et al. 2018),
Pm61 (Sun et al. 2018), Pm63 (Tan et al. 2019), and PmQ (Li et al. 2020). However,
PmQ and Pm63 isolated from two different landraces, from Iran and China, are
found to be located during a similar genomic region, in order that they could also be
allelic. Among others, pyramiding multiple resistance genes into local cultivars is an
efficient strategy to extend the sturdiness of mildew resistance. Identification of
latest sources of resistance to diversify the resistance base of existing cultivars in
wheat is often achieved expeditiously within the north-western Himalayan regions
like states of Himachal Pradesh, where the second wheat crop is often taken in
summer within the dry temperate zone. There is a requirement to specialize in
utilization of diverse sources of slow mildewing resistance to Bgt. Clues might be
taken from genetic analyses of durable resistance in Puccinia graminis diseases
which indicate that effective disease control is often achieved by combining three to
five minor, slow rusting genes during a single cultivar. Such resistance is predicted to
supply sufficient protection to farmers’ crop against all pathotypes over an extended
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period. Efforts will also be needed to use molecular markers in order to identify
chromosomal regions containing genes for slow mildewing resistance present within
the diverse sources.

5.6.2 Marker-Assisted Selection and Precision Phenotyping

Molecular marker may be a fragment of DNA that is readily detected and whose
inheritance is often monitored easily. They are located near a gene or gene of interest
and are used to identify particular locations where the sequences differ among
varieties. They have been successfully used to map mildew resistance genes in
wheat. The identification of molecular markers linked to resistance genes could
facilitate marker-assisted selection. A perfect DNA marker should generate
polymorphisms indicating slight changes within the genome of two different
genotypes. It should be codominant and have multiple alleles to supply adequate
resolution of genetic differences among individuals/lines. As many agronomically
important traits are polygenic/quantitative in nature, like yield and disease resistance,
QTL mapping is used to get marker-trait association (Collard and Mackill 2008).
Valuable markers are then utilized in marker-assisted breeding to screen individuals.
MAS shortens the breeding cycle and has many advantages in selecting disease-
resistant plants compared to phenotyping (Tanweer et al. 2015). With QTL-MAS,
many genes and alleles are often introduced to commercially favored cultivars. MAS
also can be combined with genomic selection (Nakaya and Isobe 2012) to form the
breeding cycle simpler and efficient. Unlike traditional MAS, which mainly selects
for QTLs with modest-to-large effects, an upgraded sort of MAS named genomic
selection captures all minor-effect QTLs also, identifying individuals with high
genomic estimated breeding value (GEBV) for the chosen traits (Desta and Ortiz
2014). It relies on genomic prediction of the likelihood of every individual to possess
a superior phenotype; therefore, GEBV-based selection reduces the number of
generations required (Bassi et al. 2016). Accurate, precise phenotyping plays an
increasingly pivotal role for the choice of resistant genotypes and, more generally,
for a meaningful dissection of the quantitative genetic landscape that underlines the
resistance pattern. Evaluation of quantitative resistance requires reliable
phenotyping data, and accurate genotype-phenotype association is critical for candi-
date gene identification. However, disease estimation by commonly adopted visual
scoring is extremely subjective and error prone (Poland and Nelson 2011), and
within the case of a large-scale screening, this method greatly limits efficiency and
accuracy of phenotyping. MAS is essentially conducted alongside linkage mapping
in family-based populations, genome-wide association mapping in natural diversity
populations, and joint linkage association mapping using both sorts of populations of
these mapping methods to process which requires both genotypic and phenotypic
data. Obtaining reliable phenotype data is pivotal for identifying true trait-associated
markers. Within the case of mildew APR, the phenotype is usually disease severity,
measured either as disease index (i.e., 0–9 scale) or as percentage disease at a
selected adult stage. However, the resistance response might change as plants
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mature, which is seen in some powdery mildewed cereals including wheat (Carver
and Adaigbe 1990; Duggal et al. 2000). This was also observed in QTL mapping of
mildew resistance in mungbean, during which a QTL was found for resistance
effective 85 days after sowing, while no resistance was expressed 20 days earlier
(Young et al. 1993). Multiyear and environment field trials are necessary for QTL
detection because it is common for a QTL identified during one year-environment
scenario to not appear in another year-environment combination.

For durable resistance breeding, resistance QTLs with consistent performance
over several years, environments, and plant growth would be more valuable. Given
the character of the phenotypic expression of slow mildewing, the timing of scoring
the phenotypes is vital for assessing the extent of resistance. Disease severity at one
time point is not the sole component concerning resistance; the length of the latent
period, survival percentage, and area under the disease progress curve (AUDPC)
even have potential in discovery of resistance loci through these traits, very probably
controlled by overlapping QTLs (Wang et al. 1994; Muranty et al. 2009; Chung et al.
2010). Inspired by this, future QTL mapping could address more of those resistance-
relevant components. QTL mapping clarifies significant markers that are beyond an
assigned threshold, mentioned as logarithm of odds (LOD) in linkage mapping and
p value in genome-wide association studies. However, not every QTL exceeding
these criteria may be a true candidate region because it could be a false positive. In
linkage mapping, QTLs of mildew resistance in wheat always function with additive
effects, but in some mapping studies epistatic interactions between these QTLs also
appear (Goldringer et al. 1997). This confounds evaluation of QTLs because the
existence of epistasis can mask latent genetic variation for quantitative traits
(Mackay 2014). Development of high-throughput phenotyping technologies (crop
phenomics) provides a useful set of tools for assisting precision breeding (Zhao et al.
2019). Some image-based technologies like fluorescence imaging and spectral
imaging have already been demonstrated as promising diagnostic tools in detecting
wheat mildew (Yuan et al. 2012; Zhang et al. 2012; Ajigboye et al. 2016).

5.6.3 Advances in High-Throughput Genotyping Technologies
and Genomics

Development and application of molecular markers in crop breeding are impactful in
parental selection, genetic diversity estimation, and reducing linkage drag and, thus,
of paramount importance in genetic mapping and gene discovery (Rasheed et al.
2017). The genome-wide molecular markers derived from modern technologies like
array- and sequencing-based genotyping have overcome the scarcity of genetic
markers, and facilitated the identification of resistance genes or QTLs in mapping
experiments. For instance, array-based SNP platforms improve the marker coverage
and mapping resolution, and may more efficiently and accurately target R genes or
define genomic regions related to quantitative traits. SNPs are important contributors
to phenotypic variation (Saxena et al. 2014), and therefore, the use of a high-
throughput SNP array in wheat is rapid, where a series of fixed SNP arrays were
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produced in wheat from 9 K to 820 K (Cavanagh et al. 2013; Wang et al. 2014;
Winfield et al. 2016; Allen et al. 2017). Alternatively, an ever-increasing throughput
of next-generation sequencing (NGS) technologies is often wont to assess genome-
wide diversity. It is possible to rapidly identify causal variants during a single step by
using NGS (Schneeberger 2014). Embedded in genetic mappings, high-density SNP
genotyping arrays and NGS have helped a substantial number of studies to molecu-
larly detect mildew resistance genes/QTLs during a wheat panel (Liu et al. 2017a, b;
Chao et al. 2019).

In spite of this, the wheat genome (�17Gb in size) remains too enormous to
figure out using NGS processing especially as it is just too cumbersome due
to massive size of wheat genome. To deal with this difficulty, different approaches
are developed to scale back such complexity in large-genome species like wheat.
Rapid isolation of resistance in wheat has been facilitated greatly with the advances
in DNA sequencing and bioinformatics technologies. Exome capture and sequenc-
ing is one such approach, which greatly reduces sequencing volume and costs, while
giving detailed coverage of gene coding regions or sufficient mapping information
of a genomic interval containing causal gene (Mo et al. 2018). Exome capture assays
are used for identification of candidate genes for plant height and resistance to leaf
and yellow rust in wheat mutants (Hussain et al. 2018; Mo et al. 2018). With the
prior map information of the targeted gene and isolation of individual chromosomes,
targeted chromosome-based cloning via long-range assembly (TACCA) is often
used. The success of this approach has been demonstrated by the isolation of
Lr22a, a wheat leaf rust R gene (Thind et al. 2017). Construction of high-density
maps is often bypassed by some novel isolation techniques that use mutational
genomics for resistance gene cloning. Combined with chemical mutagenesis,
another fine mapping-independent strategy employing exome capture and sequenc-
ing was developed to focus on NLR-type resistance genes for cloning (MutRenSeq)
(Steuernagel et al. 2016). This group of researchers applied MutRenSeq for isolation
of two R genes (Sr22 and Sr45) that confer stem rust resistance in wheat. More
recently, a speed cloning approach using high-throughput DNA sequencing
(AgRenSeq) for NLR gene enrichment was reported to spot and isolate four wheat
stem rust R genes from the wheat wild progenitor Aegilops tauschii (Arora et al.
2019), the D genome donor of bread or hexaploid wheat.

These state-of-the art genomic technologies effectively catch up on the reduced
recombination during introgression of foreign sources of disease resistance to wheat
(Wulff and Moscou 2014), paving the way for fast-track identification of resistance
loci and, therefore, the utilization of crop’s wild relatives. The entire reference
genome of hexaploid wheat (Chinese Spring) recently became publicly available
(Appels et al. 2018), providing vast potential for discovery of untapped genetic
resources by enabling the alignment of genetic and physical maps. Realizing the
importance of genome diversity in wheat for crop improvement, ongoing sequencing
efforts have also been applied to different wheat cultivar. The so-called wheat
pangenome allows identification of novel genes and alleles absent within the single
reference accession (Sanchez-Martin and Keller 2019). Available pangenomes of the
wild relatives of wheat is of paramount relevance in wheat resistance breeding,
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which facilitates identifying orthologues for the rationale that wild relative-derived R
genes are usually suppressed by their orthologues in domesticated wheat (Sanchez-
Martin and Keller 2019). The arrival of NGS technologies has begun to provide
insights into genetic diversity for optimizing crop improvement, and also set in
motion, the new landscape of pathogen study, pathogenomics, an emerging geno-
mics era. Field pathogenomics has revolutionized crop pathogen surveillance and
diagnostics, and by increasing understanding of pathogen biology, population struc-
ture, and pathogenesis offers the prospect to predict emerging epidemics (Hubbard
et al. 2015; Möller and Stukenbrock 2017). This approach allows researchers to get
sequencing data directly from field samples of diseased plant tissues. Moreover, it
can trace pathogen evolution to tell development of suitable wheat lines with both
strong and long-lasting resistance.

5.6.4 Potential of New Breeding Technologies and Transgenic
Approaches

Over the past decades, a vast number of technologies have emerged, which will
accelerate plant breeding efforts. Among them, genomic selection, as an example,
has emerged to be a really promising modern selection strategy that comes with
genome-wide DNA marker information, during which statistical models or machine
learning algorithms are deployed to link genomic polymorphisms to phenotypic
variation. This enables breeders to predict genotype performance as soon as DNA
marker profiles are often generated (i.e., at seedling stage) employing a genomic
estimated breeding value (GEBV) for every genotype. Using this approach, the time
until selection decisions are being made is significantly decreased, which results in
increased genetic gain per unit of your time. Till date, genomic selection has led to
tremendous increases in genetic gain in animal breeding with great promises for crop
improvement also. Among others, methodologies like gene editing technology are
fast evolving and protocols are refined for many major crop species. In CRISPR gene
editing systems, guide RNA directs the Cas9 enzyme to the target DNA site and cuts
the DNA. This will be wont to activate or deactivate alleles of a target gene to
reinforce plant performance, for example, through improving disease resistance or
drought tolerance.Despite the promise of gene editing and powerful support from the
scientific literature regarding safety and sustainability, many countries have
employed strict legal restrictions favoring rejection of genetically modified food.
On the other hand, a really widely used and accepted breeding method is mutation
breeding, which uses chemicals or radiation to induce random mutations throughout
the genome rather than genetically engineered (targeted) mutation. This is often why
the bulk of the plant science community contends that mutations induced using
genome editing, where no foreign DNA is introduced, should be considered a
non-GM tool.
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5.6.5 Genetic Engineering

Plant transformation has the advantage of having the ability to interrupt interspecific
crossing barriers and provides an alternative to standard breeding methods for
disease resistance that potentially can expand the available gene pool. However,
the procedure is restricted to genes already cloned; extensive testing is required to
make sure stability and heritability of the transgene and transformation can some-
times have a negative effect on agronomic performance (Campbell et al. 2002).
Wheat, like other cereals, presents the extra challenge of not being amenable to
Agrobacterium-mediated transformation (Wu et al. 2003). In comparison to biolistic
procedures, Agrobacterium transformation has the benefits of providing a more
precise insertion of the transgene, greater stability, and lower copy number (Meyer
and Giroux 2007). Significant progress has been made in improving transformation
procedures in wheat, both on biolistics (Srivastava et al. 1999) and Agrobacterium-
mediated gene transfer (Khanna and Daggard 2003; Wu et al. 2003). Particle
bombardment was used successfully to get transgenic wheat expressing a barley
seed class II chitinase (Bliffeld et al. 1999) and a tobacco β–1,3-glucanase gene was
transferred to wheat seedlings via Agrobacterium transformation (Zhao et al. 2006).
In both cases, increased resistance to mildew was reported. Incorporating monogenic
resistance to mildew by means of gene splicing faces an equivalent challenge as
conventional breeding regarding resistance durability. Transforming wheat with
several antifungal proteins to enhance mildew resistance was attempted by Oldach
et al. (2001). The researchers used three proteins: the antifungal protein AgAFP from
Aspergillus giganteus, a barley class II chitinase, and sort I ribosome inactivating
protein (RIP). They found that simultaneous expression of the AgAFP and, there-
fore, the barley chitinase enhanced mildew resistance quantitatively, whereas the
RIP gene had no effect on this disease. An alternate strategy being explored is that
the use of gene splicing to control defense signaling pathways so as to activate
multiple defense genes and induce the systemic acquired resistance (SAR) (Stuiver
and Custers 2001). The NPR1 gene from Arabidopsis, a key regulator of SAR, was
wont to engineer wheat plants with improved resistance to Fusarium blight (caused
by Gibberella zeae) (Makandar et al. 2006). Genetic modification (GM) and genome
editing are often utilized to expand the genetic tools within the hands of researchers
to enhance disease resistance. GM delivers genetic improvement for wheat breeding
because it enables faster transfer of resistance genes from another species compared
to standard crossing and overcomes sexual barriers. Transgenic wheat lines
expressing antifungal barley seed class II chitinase and exhibiting enhanced resis-
tance against mildew (Bliffeld et al. 1999) are samples of the effectiveness of
GM. Polyploid nature of Triticum aestivum essentially makes it challenging to get
stable inheritance of traits developed by DNA editing tools to induce mutations. The
advances in forward screening make it feasible. Genome editing via sequence-
specific nucleases (SSN) with introduction of transcription activator-like effector
nuclease (TALENs) together simultaneously edited three MLO homoeoalleles
within the same wheat individual; resistance during this triple mutant is complete
and heritable (Wang et al. 2014). However, TaMlo modifications caused leaf
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chlorosis in plants. Limitations of the mlo mutant include the common observation
of coupling to undesirable traits for instance, spontaneous leaf decay, which has been
a symbol of yield penalty, the potential of enhancing sensitivity to another
pathogens, and also as reduced plant size (Jarosch et al. 1999; Zheng et al. 2013;
McGrann et al. 2014; Acevedo-Garcia et al. 2017). The good potential of the
CRISPR/Cas9 technique for improving disease resistance makes it perhaps the
best known and most generally adopted genome editing tool (Hilscher et al. 2017).
CRISPR/Cas9 is demonstrated to achieve success in enhancing mildew resistance of
wheat (Wang et al. 2014), tomato (Nekrasov et al. 2017), and rice blast resistance
(Wang et al. 2016). It had been adapted from a naturally occuring genome editing
system in bacteria, through single-guide (sg) RNA-mediated DNA mutation to
manipulate and encode the new traits in plants (Knott and Doudna 2018).
CRISPR/Cas9 technology does not involve the insertion of a gene from a special
organism; rather, it involves gene/genome editing. Evidence of edited plant progeny
freed from CRISPR genes indicated a possible strategy for producing nontransgenic
crops (Char et al. 2017; Chen et al. 2018). Recently, progress in targeting induced
local lesions in genomes (TILLING) technology has been applied in wheat for the
assembly of economic powdery mildew-resistant varieties. TILLING combines
high-throughput genotyping for mutations with traditional chemical mutagenesis,
which is more efficient to spot single nucleotide mutations in regions of interest
(McCallum et al. 2000). The orthologue of barley Mlo are created using TILLING,
as several combinations of mutant alleles of TaMlo are carried by partially resistant
bread wheat lines (Acevedo-Garcia et al. 2017). Hence, there is no evident abnor-
mality in plant growth due to the loss-of-function of TaMlo homoeologues
which overcame the disturbance of pleiotropic phenotypes.

5.6.6 Transgenic-Based Resistance

Failure in transgenic plants has often been addressed, like poor or maybe no
expression or inheritance of a transgene (Kumar et al. 2016). Also, transgene
expression might be suffering from environment. For instance, field conditions are
generally more complicated than a controlled environment, and in this sense, more
genetic factors might be involved in biological and physiological activities and
interact with transgene (Ueda et al. 2006). Moreover, uncontrolled transgene inser-
tion might end in uncertain detrimental effects on plant growth and development.
The subject surrounding genetic modification is usually related to concerns about
potential hazards from transgenic plants; many countries, especially in Europe, have
announced a ban on planting transgenic seeds. Release of strains employing a
cisgenic approach is taken into similar risk as to standard breeding because cisgenic
plants only have genes from an equivalent species or from a crossable relative
(Schouten et al. 2006). It takes a breakthrough from introgression breeding because
it directly transfers functional genes without multiple transfer steps that involve
linkage of other genes (Jacobsen and Schouten 2007). Further, wheat breeding
projects can use cisgenic methods, as wheat and progenitors and such relatives are
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great sources of resistance genes. Despite the very fact that genome-edited plants are
indistinguishable from those formed by natural or induced mutations (e.g., ethyl
methanesulfonate) or conventional breeding (Duensing et al. 2018), many countries
are still debating whether genome-edited crops should be subject to an equivalent
regulation as genetically modified organisms (GMO). The importance of CRISPR/
Cas9 as a transgenic approach lies in the need to develop transgenic lines to
introduce the CRISPR/Cas9 into the genome of the target plant (Collinge 2018).
However, transgenesis-free methods are developed for vegetatively propagated
crops and perennials (Danilo et al. 2019). Moreover, methods to efficiently eliminate
editing machinery and choose transgene-free CRISPR/Cas9-edited crop plants also
are available for dry seeds (Aliaga-Franco et al. 2019). The regulatory requirements
for genome-edited crops are currently controversial within the European Union
because the European Court of Justice (ECJ) declared products of genome editing
as GMOs in 2018 (ECJ 2018). This supported GMO legislation issued in 2001
(Official Journal of the ECU Communities 2001) did not consider CRISPR/Cas9
approaches. Consequently, scientists and breeders in Europe are urgently calling for
the GMO ruling to be updated to a product-based evaluation instead of a process-
based one (Collinge 2018; Schulman et al. 2019). Several countries outside Europe
have excluded genome-edited crops from GMO regulations, like the USA,
Argentina, and Japan (Schulman et al. 2019). US market pipeline already has a
minimum of 20 genome-edited crops, stated to be exempted from GMO legislation
(Schulman et al. 2019). In spite of the differences in regulatory approach, these new
breeding technologies are believed to represent a sustainable solution to global
agricultural challenges, crucial for reducing pesticides and securing food supply.

5.7 Need for Speed: An Intimidating Priority

Since the green revolution, steady increases in crop productivity have occurred;
however, there is concern that yield improvement is beginning to plateau. The
current rate of annual yield improvement for major crops ranges between 0.8 and
1.2%, which must be doubled in order to meet the highly increased future demand
for plant-based products. In this context, new technology and advances in science
offer new opportunities to further improve the efficiency of agriculture, while
reducing its negative environmental impact, as well as enrich human diets with
more nutritious foods. Without new approaches that help boost productivity of staple
crops through genetic improvement, global food security will be severely
compromised in the next two to three decades, given the current global consumer
behavior. Rapid generation advances or in other terms shortening the fixation stage
is an important component for reducing the time required to develop a new variety.
“Speed Breeding” developed by Dr. Lee Hickey and colleagues provides a non-GM
route to rapidly introgress or pyramid new trait variation. Speed breeding (SB) is an
effective approach for rapid generation (Watson et al. 2018). SB creates rapid growth
conditions by extending the photoperiod in a controlled-environment growth cham-
ber (Ghosh et al. 2018). This method certainly speeds up the line fixation compared
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with the process under typical glasshouse conditions. Extended photoperiod and
controlled temperature regime can help to achieve up to six generations of spring
wheat and durum wheat per year (Watson et al. 2018). Moreover, it can also be
combined with genomic selection for accelerating crop improvement.

Most of the modern technologies have been proven to assist in the development
of improved crop varieties. However, more efficient breeding strategies that effec-
tively combine these technologies could lead to a step change to achieve rate of
genetic gain. Ongoing investment from the public and private sectors is necessary to
build and maintain capacity for sustained crop improvement to ensure the develop-
ment of crops that are capable of feeding the world in the future.

5.8 Integrated Disease Management

Apart from the use of the disease-resistant varieties for any disease, crop monitoring
is a key to control spread of powdery mildew. Powdery mildew is more difficult to
control once it has established itself in crop canopies, so it is always advisable to
monitor crops regularly from early tillering, to detect early symptoms, particularly in
susceptible varieties. Powdery mildew severity can be exacerbated by high seeding
rates, high nitrogen fertilization levels, and semi-dwarf growth habit. (Last 1954;
Tompkins et al. 1992). High nitrogen levels escalate plant height and tillering,
reducing the culm strength which leads to extended leaf wetness and increased
lodging favorable for disease infection (Shaner and Finney 1977). Disease severity
in the following wheat crop may be increased in the subsequent crops due to residual
nitrogen from the previous wheat crop, which received high rates of nitrogen
concentrations, and from legumes that contain nitrogen (Parmentier and Rixhon
1973). Volunteer plants can serve as inoculum source in reduced tillage systems.
Potassium deficiency can make crops more vulnerable to infection in potassium-
deficient soils but its application beyond need will not reduce disease risk. Hence,
improper fertilization levels increase the susceptibility of the crop.

In winter barley, the use of cultivar mixtures to slow a powdery mildew outbreak
has been studied (Wolfe 1984). The expected benefits include slowing the epidemic
progression, reducing or eliminating the need for foliar fungicides, and thus, reduc-
ing the pathogen’s ability toward fungicide resistance. Deploying greater number of
resistance genes in both spring and winter wheat aims to diversify the population of
B. graminis f. sp. tritici, while mixtures of cultivars containing different resistance
genes slowed the progress of the powdery mildew epidemic and improved yield by
5% (Stuke and Fehrmann 1988). Cultivar mixtures have been used on a small scale
despite being shown to be useful in many wheat-pathogen systems. The maturities of
the cultivars in the mixture must be identical, and the end use must be considered,
especially if the crop is to be sold through traditional grain marketing channels.

Powdery mildew infection can be reduced with seed dressing and in-furrow
fungicides that are approved for the control of other wheat leaf diseases, however,
they are not registered for this use. Young plants are the most vulnerable to the
powdery mildew, so minimizing the risk of early disease onset can be helpful in
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high-risk situations. Currently, no seed dressings or in-furrow fungicides for pow-
dery mildew in wheat have been approved and scanty information is available
regarding the integrated disease management approach, but some fungicides have
been approved for powdery mildew in barley, including flutiafol in-furrow and
fluquinconazole as seed dressing (Department of Primary industries and Regional
Development 2020).

Applying registered fungicides can help limit infection in the upper canopy and
heads, and is recommended in the more vulnerable varieties. It should be noted,
however, that yield increases from a single fungicide have ranged from 0 to 25% in
trials, with an average of about 10% (Department of Primary industries and Regional
Development 2020). If the disease symptoms return after 2–3 weeks and the
conditions remain optimal, a second fungicide application may be required. Early
season infection development is regulated by seed-applied systemic fungicides,
particularly in winter wheat. Excess tillering caused by mildew infection early in
the season was reduced by triadimenol seed treatment, which led to a higher grain
yield later in the season, particularly when high temperatures during grain filling
reduced the severity of disease (Everts and Leath 1992; Frank and Ayers 1986; Leath
and Bowen 1989). Difenoconazole also has systemic activity against powdery
mildew. These fungicides have a wide spectrum of activity and may be economical
seed treatments when they also contribute to reduction in smuts and other foliar
pathogens (Leath and Bowen 1989). Powdery mildew is also treated with
difenoconazole, which has systemic activity. These fungicides have a broad range
of application and can be cost-effective crop treatments if they also help to reduce
smuts and other foliar pathogens (Leath and Bowen 1989).

At present most control measures are based on the use of fungicides at the
preflowering stage and in order to find new eco-compatible control methods against
wheat powdery mildew, the biocontrol agents (BCAs) like yeasts Rhodotorula
glutinis (isolate LS11) and Cryptococcus laurentii (isolate LS28) and the yeast-
like fungus Aureobasidium pullulans (isolate LS30) were applied alone or in com-
bination with a low dosage of common fungicides or with natural adjuvants. BCAs
added in conjunction with certain adjuvants (i.e., calcium citrate, calcium chloride,
calcium propionate, soybean oil, and humic acid) as well as a low dose of fungicides
provided the best protection against powdery mildew. Furthermore, leaves treated
with BCAs plus mineral salts had the highest amounts of antagonist population
(De Curtis et al. 2007).

To prevent the development of fungicide resistance, wherever possible, fungicide
mixtures containing several modes of action, such as cyproconazole and
azoxystrobin, epoxiconazole and azoxystrobin, and epoxiconazole and
pyraclostrobin, should be used. If environmental conditions are conducive to persis-
tence, the first appearance of symptoms should be taken seriously and disease
control practices must be implemented as soon as possible. Moreover, it is best to
stop using the same fungicide or mode of action, such as demethylation inhibitor
(DMI) fungicides, after the previous use. Rotation of the wheat crops with nonhost
crops such as canola, barley, or legumes should be frequently practiced. The severity
of powdery mildew can be influenced by fertilizer use. Plants become more

162 V. Rana et al.



vulnerable to increased nitrogen fertilization, and dense crop canopies favor epi-
demic growth. Such crops would necessitate more intensive disease control and
management. As a result, managing nitrogen application is critical for reducing the
incidence of powdery mildew.

An integrated disease management system should be used with genetic resistance
as the cornerstone of the program. Cultural management, including proper manage-
ment of nitrogen fertilization, is essential to minimize risk of crop damage from
powdery mildew. Rotate wheat crops with nonhost crops such as canola, barley, or
legumes. Fungicides should be used in conjunction with a disease monitoring system
employed from planting through the flowering stage of growth to estimate economic
return.

5.9 Concluding Remarks

Molecular genetic research into various resistance forms for wheat powdery mildew
is still ongoing. Exploration of underlying gene functions and interactions will be
crucial in the future to achieve resilient and high levels of resistance. To diversify
their resistance base, more focus will have to be placed on incorporating an array of
resistance genes/QTLs into wheat cultivars. Wheat, as a polyploid, has a diverse
gene pool that serves a variety of disease resistance sources for broadening the
genetic base for powdery mildew resistance. Improvements in genetic techniques
could speed up the detection and characterization of novel resistance genes. Current
and upcoming methods and developments, including recent gene isolation
techniques, would significantly accelerate the excavation of so-called “alien
genes” (from cultivated or wild relatives). In plant pathogens, comparative genomics
and population genomics provide new and effective ways to detect ongoing and past
hybridization (Menardo et al. 2017a, b; Stukenbrock et al. 2012). Experiments on
the genetics of reproductive barriers in model ascomycetes have also shed light on
the genetics of these barriers (Dettman et al. 2007; Turner et al. 2011). Given the
expansion of powdery mildew’s host range, a better understanding of the underlying
genetics of reproductive barriers and self- versus non–self-identification between
species of fungal plant pathogens could help predict hybridization events in various
agroecosystems. Therefore, there is a need to efficiently explore modern
technologies to boost crop improvement in the face of more challenging production
conditions, genetic barriers in alien introgression, and expanding host range of
powdery mildew fungus in future. Examining the vast literature, great prospects
could be foreseen with the advancements in the molecular diagnostic techniques for
pathogen identification, cultivar development, artificial intelligence algorithms, and
speed breeding protocols, which offer great opportunities to combat powdery mil-
dew fungus in future. From the grower’s point of view, the most important thing to
know is that host resistance might not be enough to control wheat powdery mildew
disease; sound agricultural practices and judicious use of fungicides should also be
considered.
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